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Abstract 

 

Mechanisms of neuropathic pain associated with 

metabotropic glutamate receptor 5 in the brain 

 

 Neuropathic pain is a pathological pain caused by damage to the peripheral or 

central nervous system. As symptoms of neuropathic pain are often intractable, 

patients suffer from long-lasting severe pain and easily develop abnormal mental 

problems such as depression and anxiety. However, underlying mechanisms are not 

fully understood.  

 I investigated the brain-level mechanisms of neuropathic pain in an animal model 

of spinal nerve ligation, using brain imaging techniques of positron emission 

tomography (PET), electrophysiological recording, pharmacological and genetic 

manipulation and animal behavior analysis. Metabotropic glutamate receptor 5 

(mGluR5) was a particular target, as this molecule plays a pivotal role in the plastic 

change of the neurons. 

 This thesis consists of three research parts and a review part. In chapter 1, it is 

shown that the mGluR5 level in the medial prefrontal cortex (mPFC) is increased in 

neuropathic pain state, and this upregulation is responsible for the amplified aversive 

perception and negative moods. Chapter 2 deals with brain patterns of the mGluR5 

levels which encode the degree of neuropathic pain behavior. A method I developed 

for the objective evaluation of neuropathic pain using the patterns in the PET image 

is introduced. In chapter 3, mGluR5 activity in the periaqueductal gray (PAG) region 
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is focused. I found that the mGluR5 within the PAG is persistently active in normal 

state, and a conditional inactivation of it drives chronic pain. Chapter 4 discusses 

molecular mechanisms underlying the sustained activation of mGluR5. 

 As a whole, this thesis illustrates how the pain becomes chronic and why it is not 

treated well. The alteration of the brain in neuropathic pain state and underlying 

mechanisms are revealed, focusing on the mGluR5. Based on the mechanisms, this 

thesis identifies mGluR5 in the brain regions as therapeutic targets for the treatment 

of chronic neuropathic pain. In addition, a method for decoding the status of the 

individual neuropathic pain subject is demonstrated. This method evaluates the pain 

status objectively using the information of mGluR5 patterns in the brain, and thus is 

applicable for a diagnostic purpose in the clinic. This thesis provides new insight 

into the brain signature of neuropathic pain, and offers a novel perspective on the 

status of mGluR5 in physiological and pathological conditions. 

 

Keywords : Neuropathic pain, Metabotropic glutamate receptor 5, Medial prefrontal 

cortex, Periaqueductal gray 
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Chapter 1. 

Upregulation of prefrontal metabotropic glutamate receptor 5 

mediates neuropathic pain and negative mood symptoms after 

spinal nerve injury in rats 

 

Summary 

 Patients with chronic pain easily accompany the negative mood symptoms such as 

depression and anxiety, and these disturbances, in turn, affect the aversive perception 

of pain. However, the underlying mechanisms are largely unknown. I hypothesized 

that the alteration of metabotropic glutamate receptor 5 (mGluR5) level in the brain 

region underlies such a comorbidity of aversive states. I scanned the brain of chronic 

neuropathic pain model rats using positron emission tomography (PET) technique 

with an mGluR5-selective radiotracer [11C] ABP688 and found various brain 

regions with higher or lower level of mGluR5 compared to control rats. Among the 

brain areas, a prominent upregulation of mGluR5 was shown in the prelimbic region 

(PrL) of the medial prefrontal cortex (mPFC) of chronic neuropathic pain animals. 

A pharmacological blockade of upregulated mGluR5 in the PrL ameliorated the 

negative symptoms including tactile hypersensitivity and depressive-like behavior, 

which relieved the subjects from the unpleasant state of chronic neuropathic pain 

condition. Conversely, lentiviral overexpression of the mGluR5 in the PrL of naïve 

rats successfully induced comorbid pain and negative moods. These data provide 

deeper insight into the shared mechanism of pain perception and negative emotions, 

identifying a therapeutic target for the treatment of chronic pain and mood disorders.  
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Introduction 

Neuropathic pain persists even after the healing phase following an injury, and 

patients suffer from symptoms including allodynia, hyperalgesia, and spontaneous 

pain. Central sensitization mechanisms of the pain system including the spinal cord 

and the brain are considered to be the main reason of such an unrelenting chronic 

pain. 

As the pain becomes chronic, supraspinal brain centers become crucial for how the 

patients perceive pain. Previous studies have demonstrated that the long-term pain 

arising from peripheral nerve injury induces maladaptive changes in the various 

cortical structures (Maihöfner et al., 2005; Metz et al., 2009; Seifert and Maihöfner, 

2009; Seminowicz et al., 2009; Thompson et al., 2014; Zhuo, 2008) including the 

prefrontal cortex (PFC) which are also involved in the affective and emotional 

processing of the brain. Chronic neuropathic pain easily accompanies the abnormal 

mental states such as depression or anxiety (Gupta et al., 2007; Radat et al., 2013; 

Turk et al., 2010), and these emotional mood symptoms in return affect the 

manifestation of the sensory pain symptoms (Leite-Almeida et al., 2015; Li, 2015; 

Shi et al., 2010; Suzuki et al., 2007). This indicates that the shared supraspinal brain 

mechanisms play a critical role in the pathologically amplified negative perception 

in chronic pain condition. 

One possible candidate is the alteration of metabotropic glutamate receptor 5 

(mGluR5) in the brain. The mGluR5 is a G protein-coupled receptor which plays an 

important role in the modulation of neuronal excitability and is involved in the 

pathophysiology of various neurological and psychiatric disorders. The changes of 

mGluR5 expression in the brain regions and their functional impact have been 

reported from studies of chronic pain (Kim et al., 2016; Kolber, 2015; Matos et al., 

2015) and negative mood disorders (Bannerman et al., 2014; Duman et al., 2016; 
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Marsden, 2013). Both of pain processing and mental disorders are modulated by 

mGluR5 actions, implicating change of this receptor in the brain circuit as their 

common mechanism. In the processing of pain and negative mood, the affective and 

cognitive interactions actively participate in the perception, and the maladaptive 

sensitization of this system in chronic pain condition amplifies negative appraisal 

and aversive sensations (Baliki et al., 2006; Bushnell et al., 2013; Yalcin et al., 2014). 

My primary hypothesis is that the persistent unavoidable pain would trigger the 

alteration of mGluR5 in the brain area related to the negative appraisal such as the 

PFC, and this alteration, in turn, mediates pain facilitation and precipitates negative 

mood. 

 I sought to identify the brain alteration underlying the comorbidity of chronic pain 

and negative mood disorders. I used the mGluR5 as a target molecule, as this 

molecule is known to be involved in the pathophysiology of pain as well as negative 

moods. The common brain circuit was pursued by investigating the altered mGluR5 

in the chronic pain state and was verified by effects of the local mGluR5 

manipulation on the pain and mood behaviors. To assess the regional expression of 

mGluR5 among brains of chronic neuropathic pain rats and control rats, positron 

emission tomography (PET) technique was used with [11C] ABP688, a highly 

selective radiotracer of mGluR5. After this step, I went on further tests with 

pharmacological modulation and viral manipulation of mGluR5 in the identified 

brain area to investigate the specific role of the local mGluR5 alteration in the pain-

related and mood-related behaviors. 

  



10 

 

Results 

Altered mGluR5 level in the brain following nerve injury-induced neuropathic 

pain 

 Right L5 spinal nerve ligation (SNL) surgery-performed rats were used for chronic 

neuropathic pain group (Kim and Chung, 1992) and sham surgery-performed rats 

were used for the control group. After surgery, paw withdrawal threshold was 

measured using von Frey test. SNL rats showed a consistent reduction of paw 

withdrawal threshold, which represents altered behavioral response due to nerve 

injury-induced mechanical allodynia (Fig. 1A). To identify the regional difference of 

brain mGluR5 in the chronic pain condition, [11C] ABP688-PET scans were 

performed to SNL and sham group animal 15-24 days after surgery (Fig. 1B). The 

non-displaceable binding potential (BPND) of [11C] ABP688 were calculated from 

each brain image with cerebellum as a reference region to assess the level of mGluR5 

(Fig. 1C and 1D) and compared between groups on a voxel-by-voxel basis. The BPND 

of mGluR5 was found to be significantly different between SNL and sham rats in 

multiple pain-related brain regions (Fig. 2A and 2B, Table 1 and Table 2). SNL rats 

showed a significantly higher level of mGluR5 in the bilateral medial prefrontal 

cortex (mPFC) including caudal part prelimbic area (PrL), dysgranular zone of the 

primary somatosensory cortex (contralateral to nerve injury), the somatosensory 

cortices and caudate putamen (ipsilateral to nerve injury), retrosplenial cortex, and 

the medial septum (Fig. 2A). Conversely, the insular cortex (contralateral to nerve 

injury), the rostral pole of nucleus accumbens (ipsilateral to nerve injury), the 

endopiriform nucleus (ipsilateral to nerve injury), small areas of corpus callosum 

which contact to caudate putamen (ipsilateral to nerve injury), and piriform cortices 

and olfactory tubercle (contralateral to nerve injury) showed lower level of mGluR5 

in the SNL group (Fig. 2B). 
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Figure 1. Experimental design and assessment of mGluR5 level in the brain 

A. After the surgery, SNL group animals showed reduced hindpaw withdrawal 

threshold compared to control group (n=10 per each group, ***p <0.001, 

Two-way repeated measures ANOVA with Bonferroni test). 

B. Experimental design of [11C] ABP688 PET scan and sample image. PET 

scan was performed to animal 15-24 days after the SNL or sham surgery. 

C. Time-activity curve of [11C] ABP688 in the cerebellum. The cerebellum 

was used as a reference region for the quantification of the mGluR5, as this 

region is devoid of the mGluR5 

D. Averaged [11C] ABP688 images from each group. The images without 

proportional scaling were used. The anterior-posterior (AP), mediolateral 

(ML), dorsoventral (DV) coordinates in the representative plane images are 

the distance from the bregma (mm). 
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Figure 2. Comparison of mGluR5 level between SNL group and sham group animals 

A. Brain regions of which the mGluR5 level was higher in the SNL group 

compared to the sham control group. The PrL region of the SNL group 

showed the prominently higher level of mGluR5. 

B. Brain regions with the lower mGluR5 level in the SNL group.  

C. The mGluR5 level was higher in the mPFC cluster of SNL group animals 

(**p=0.0011 with two-sample t-test. Data of the cluster were extracted from 

proportionally scaled images).  
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Upregulation of mGluR5 in the mPFC of chronic neuropathic pain animals 

I sought to identify a brain region with an altered mGluR5 level which affects to 

the amplified aversiveness in the chronic pain condition. Among the brain regions 

which showed prominent alteration of the mGluR5 level in neuropathic pain group, 

I focused on the mPFC cluster because of its suggested major roles in the mood 

disorders and affective perception (Alexander and Brown, 2012; Baliki et al., 2006; 

Etkin et al., 2011; Lemogne et al., 2012; McEwen et al., 2012; Treadway et al., 2015). 

According to previous studies, mGluR5 in the mPFC mediates depressive-like 

behavior (Lee et al., 2015), and depressive and anxious symptoms following chronic 

pain are mediated by PrL subregions of the mPFC (Wang et al., 2015a; Zhang et al., 

2015). Brain images from the PET experiment showed that the mGluR5 level of the 

mPFC is increased in the neuropathic pain group (Fig. 2A). I conducted additional 

region-of-interest (ROI) analysis using BPND extracted from the mPFC cluster of 

each animal, which confirmed the significant increase of the mGluR5 level in the 

mPFC of SNL rats (Fig. 2C). I found that the significant cluster of the mPFC 

extracted from the analysis mainly consists of cingulate area 2 (Cg2) and caudal part 

PrL, and includes a small dorsal portion of the infralimbic cortex (IL). In the 

posterior part (anterior-posterior range (AP) +1.4~2.4 mm from bregma) of the 

cluster, significant voxels were located in the Cg2 and the PrL, and the voxels of the 

deep layer ipsilateral to nerve injury were mainly included to the significant cluster. 

In the anterior part of the cluster (AP +2.4~3.0 mm from bregma), significant voxels 

were located bilaterally in the ventral part of the PrL and dorsal part of the IL. The 

dorsoventral (DV) range of significant voxels in the mPFC cluster was -3.2~-5.2 mm 

from bregma. 
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Pharmacological inactivation of mGluR5 in the caudal PrL ameliorates 

neuropathic mechanical allodynia 

I wondered whether the increased mGluR5 in the mPFC affects the neuropathic 

pain behaviors. To identify its action on the peripheral nerve injury-induced tactile 

hypersensitivity, I injected mGluR5 antagonist 2-methyl-6-(phenylethynyl)pyridine 

(MPEP) into the bilateral mPFC (caudal part of the PrL) 20 days after SNL surgery 

via pre-implanted cannula and measured change of the paw withdrawal threshold 

(Fig. 3A). Administration of MPEP (PrL-MPEP treatment) evoked potent analgesic 

effect and significantly increased the paw withdrawal threshold. Consequently, 

mechanical allodynia was disappeared and paw withdrawal threshold returned to the 

pre-SNL level within 30 minutes following MPEP injection (Fig. 3B).  

 Interestingly, the analgesic effect induced by PrL-MPEP treatment did not 

completely disappear with the time in a subset of SNL rats. Although mechanical 

allodynia was rebounded, paw withdrawal thresholds of SNL rats were slightly 

ameliorated at 24 hours after PrL-MPEP treatment compared to the pre-MPEP level. 

To further investigate this long-lasting effect, I repeated PrL-MPEP treatment for 3 

consecutive days and measured paw withdrawal thresholds at 24 hours after the last 

injection (Fig. 3C). The paw withdrawal thresholds of SNL rats measured at 24 hours 

after the repeated PrL-MPEP treatment were significantly increased compared to the 

pre-MPEP level, which confirms the residual effect of the treatment (Fig. 3D). 

To exclude the possibility that the effects I observed from MPEP injection were 

caused by the diffusion of the drug, I injected MPEP into the off-target sites and 

measured paw withdrawal threshold (Fig. 3E and 3F). The injection of the MPEP 

into the off-target sites failed to increase the paw withdrawal threshold of 

neuropathic pain animals. Administration of another mGluR5 antagonist MTEP also 

evoked similar analgesic effect (Fig. 3G). Taken together, these data clearly 
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demonstrate that mGluR5 in the specific mPFC region plays a significant role in the 

pain processing. The effective mPFC subregion corresponds to the caudal part of the 

PrL. 
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Figure 3. Blockade of mGluR5 within the PrL subregion of mPFC induces analgesic 

effect 

A. Experimental design. The MPEP injection and behavioral tests were 

performed at least 20 days after the SNL surgery. 

B. Effect of MPEP injection into the mPFC on SNL-induced tactile 

hypersensitivity. PrL-MPEP treatment ameliorated SNL-induced 

mechanical allodynia symptom (n=4~6 per each group, ***p<0.001, Two-

way repeated measures ANOVA with Bonferroni test). 

C. Consecutive injection of MPEP into the PrL of SNL animals. The arrow 

indicates injection to the PrL. 

D. The residual analgesic effect was shown 24 hours after the repeated PrL-

MPEP treatment (n=4~5 per each group, **p=0.0066 with a paired t-test, 

ns=not significant). 

E. Off-target injection of MPEP failed to induce analgesic effect, which 

confirms that the effect of mPFC-MPEP injection on mechanical allodynia 

is PrL-specific (n=3~7 per each group, ***p=0.0003, paired t-test) 

F. Confirmation of injection sites. 

G. The injection of another mGluR5 antagonist MTEP into the PrL also 

successfully induced analgesic effect (n=3, *p=0.0273, paired t-test). 
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Blockade of increased mGluR5 in the PrL relieves neuropathic pain-induced 

depressive-like behavior 

 Comorbid chronic pain and mood disorder have been reported from animal models 

of neuropathic pain (Leite-Almeida et al., 2015; Li, 2015) as well as patients with 

various chronic pain diseases (Gupta et al., 2007; Radat et al., 2013). To study 

whether the upregulation of the mGluR5 in the PrL contributes to the comorbidity, I 

assessed the effect of the PrL-MPEP injection on the depressive-like behavior using 

forced swimming test (FST) paradigm. Consistent with previous reports (Leite-

Almeida et al., 2015; Li, 2015), neuropathic pain animals showed increased 

immobility time in the FST chamber compared to sham control (Fig. 4A). I next 

tested the effect of MPEP injection into the bilateral PrL using separate groups of 

model animals. I found that the single-time PrL-MPEP treatment evokes rapid 

antidepressant effect on neuropathic pain animals. MPEP-treated SNL rats showed 

significantly reduced immobility time in FST compared to vehicle-treated SNL rats. 

Consequently, the immobility time of MPEP-treated SNL rats returned to the control 

level (Fig. 4A). Notably, the PrL-MPEP treatment was effective only in SNL animals, 

as the immobility time of MPEP-treated sham group rats was comparable with that 

of the vehicle-treated sham group. Regarding the upregulation of mGluR5 shown 

from PET imaging analysis, these data suggest that the increased mGluR5 action in 

the caudal PrL plays an important role in the pain-induced depressive-like behavior. 

To rule out the possibility that the reduction of immobility time of SNL rats in the 

FST was mediated by an effect on the basal activeness of the animals rather than 

anti-depressive effect, I measured the activity level of the rats in the open field test. 

Indeed, the PrL-MPEP treatment could not alter the activity level of the animals in 

the open field in both SNL and sham groups (Fig. 4B). Interestingly, the PrL-MPEP 

treatment significantly increased center zone visiting duration only in SNL group 

animals, suggesting its relieving effect from unpleasantness also leads to induction 
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of a powerful anxiolytic effect (Fig. 4C). 
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Figure 4. PrL-MPEP treatment induces antidepressive and anxiolytic effect only in 

SNL group 

A. SNL-induced increase of immobility time in FST was rescued by PrL-

MPEP treatment (n=8-10 per each group, **p<0.01, Bonferroni test in one-

way ANOVA) 

B. Neither SNL nor PrL-MPEP treatment altered total distance traveled in 5 

min open field test (ns: not significant).  

C. Treatment of PrL-MPEP increased center zone duration only in SNL group 

(n=4-7 per each group, *p<0.05, Newman-Keuls test in one-way ANOVA)  
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The antagonism of the mGluR5 in the PrL attenuates the aversive state of 

neuropathic pain condition 

The mPFC has previously been shown to play an important role in the goal-directed 

behavior via processing of motivation coding and decision making. Thus, one might 

argue that the effects of the PrL-MPEP on the withdrawal behavior and immobility 

behavior I observed above might be caused by disturbance of these executive 

functions rather than intervention to the affective perception of the aversive state. To 

verify this issue, I assessed the effect of the PrL-MPEP on the formation of 

preference memory using conditional place preference (CPP) test. Before drug 

conditioning process of SNL animals, time spent in each chamber was identical 

between each chamber (Fig. 5A). After conditioning process, SNL animals spent 

significantly more time in the chamber in which they were conditioned with MPEP 

treatment into the PrL (Fig 5B). As the place preference is formed by reinforcement 

memory related to the treatment, this result indicates that the SNL animals perceived 

the PrL-MPEP treatment as a reward (relief from the aversive state). In contrast, 

animals of sham surgery group showed no preference to the chamber conditioned 

with the PrL-MPEP treatment (Fig. 5C and 5D). I interpret that the animals without 

chronic pain perceived the PrL-MPEP treatment as neither reward nor punishment, 

as the time spent in each chamber was not altered compared to the pre-conditioning 

level in the sham group. The chamber preference appeared only in SNL group (Fig. 

5E). A number of midline crossings to other chambers was not significantly different 

between groups during the test period (Fig. 5F), which confirms that the effect of the 

intervention on the basal activeness of the animals was not different between groups 

(Zhang et al., 2015). These results imply that the chamber preference formed by the 

PrL-MPEP in SNL group is caused by the relief from pain and/or pain-induced 

depression, and supports that the PrL-MPEP effect on the withdrawal behavior and 

immobility time is also mediated by the reduction of unpleasant affection. Taken 
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together, these data demonstrate the effect of the mGluR5 blockade in the PrL on 

relieving the aversive state of the chronic pain condition. 
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Figure 5. Neuropathic pain animals show preference to the PrL-MPEP treatment. 

A. The absence of chamber preference before the conditioning, SNL group (ns: 

not significant). 

B. SNL group animals showed preference to the MPEP-conditioned chamber 

(n=6, **p=0.0043, Mann-Whitney test). 

C. The absence of chamber preference before the conditioning, sham group. 

D. The preference to MPEP-conditioned chamber was not produced in sham 

group animals (n=6). 

E. The difference of the time spent in the MPEP-chamber before and after the 

conditioning. The time spent in the MPEP-conditioned chamber was 

significantly increased only in SNL group animals (**p=0.007, paired t-

test between pre- and post-conditioning data). 

F. The number of crossings to the other chamber was not different between 

groups during the post-conditioning test period. 
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mGluR5 overexpression in the PrL induces mechanical allodynia, depressive-

like behavior, and anxiety-like behavior. 

I asked whether the upregulation of mGluR5 in the PrL is sufficient to cause both 

of pain behavior and depressive-like behavior. To confirm the causal relationship 

between the molecular change and the behavior, I injected lentivirus expressing 

mGluR5 (mGluR5 LV) into the bilateral PrL of naïve animals and observed the 

behavioral change (Fig. 6A and 6B). Lentivirus expressing ZsGreen1 (ZsGreen LV) 

was used as a control. In the behavior experiments, I observed that the rats subjected 

to the lentiviral overexpression of mGluR5 in the PrL showed reduced paw 

withdrawal threshold in the von Frey test (Fig. 6C) even though the SNL surgery was 

absent in these animals. In consequence, tactile hypersensitivity comparable to nerve 

injury-induced mechanical allodynia was manifested. Furthermore, subjects 

developed depressive-like behavior shown by increased immobility time in the FST 

(Fig. 6D). Basal activity level in the open field was not altered (Fig. 6E). In addition 

to the higher level of the despair behavior, animals showed the decreased center-zone 

duration (Fig. 6F) in the open field test. This implicates that the anxiety-like state 

was also developed in the subjects. These data demonstrate that the overexpression 

of mGluR5 in the PrL altered the behavioral coping strategy to aversive events 

without alteration of basal activeness, and implies that this treatment made animals 

more vulnerable to depression and anxiety. 

These findings indicate the elevated mGluR5 in the PrL induce both pain and mood 

disorders, showing the causal relationship between upregulation of the PrL-mGluR5 

in the chronic pain state and behavioral alterations. 
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Figure 6. Lentiviral overexpression of mGluR5 in the mPFC induces comorbid pain 

and mood disorder 

A. Experimental design of lentiviral overexpression of mGluR5 and behavioral 

tests. 

B. Confirmation of reporter gene expression in vitro (HEK293 cells) and in 

vivo (the PrL). 

C. The injection of mGluR5 LV into the mPFC of naïve rats resulted in a 

reduction of the hindpaw withdrawal threshold (n=10 per each group, *** 

p<0.001, Bonferroni test in two-way repeated measures ANOVA). 

Consequently, tactile hypersensitivity comparable to SNL-induced 

mechanical allodynia was manifested. 

D. The animals with mGluR5 LV injection showed higher immobility time in 

the FST (n=10 per each group, *p<0.05 with two sample t-test, #p<0.05 

with Bonferroni test in two-way repeated measures ANOVA). The higher 

level of this despair behavior implies that the animals with mGluR5 LV 

treatment were more vulnerable to depression compared to control. 

E. Total distance traveled in the OFT was not altered by mGluR5 

overexpression (n=10 per each group), which confirms that the basal 

activeness was not affected. 

F. The center zone duration in the OFT was decreased by the mGluR5 

overexpression (n=10 per each group, *p=0.0118 with two sample t-test), 

which could be interpreted as increased anxiety level. 
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Discussion 

 As a modulator of the glutamatergic transmission, mGluR5 is involved in the 

neuronal alteration observed from various neurological disorders (Bordi and Ugolini, 

1999). The mGluR5 not only mediates plastic change of the nervous system but also 

shows expressional plasticity of itself in physiological and pathological conditions. 

In this study, I found that the mGluR5 level in the brain shows a plastic change in 

chronic pain condition and this alteration is a crucial mechanism of pain facilitation 

and negative mood behaviors. 

 I identified brain regions with the altered mGluR5 level in chronic neuropathic pain 

state and sought for specific brain region of which the alteration is responsible for 

comorbid chronic pain and depression. My findings provide evidence which shows 

that the upregulation of mGluR5 level in the mPFC region is critical for the chronic 

neuropathic pain. I further showed that the upregulated mPFC-mGluR5 also plays a 

significant role in the manifestation of depressive-like behavior as well as pain 

behavior. Indeed, pharmacological blockade of mPFC-mGluR5 in the chronic 

neuropathic pain model animal was sufficient to relieve the both of the nerve injury-

induced pain and the depression symptoms which are experimentally assessed by 

paw withdrawal threshold in von Frey test and immobility time in FST respectively. 

Conversely, lentiviral overexpression of mGluR5 in the mPFC of naïve animals 

resulted in the manifestation of tactile hypersensitivity and depressive-like behavior, 

further supporting the causal role of the increased mGluR5 in the mPFC. 

A significant role of the mPFC has been implicated from both research fields of 

pain and depression performed with human and animal subjects. The rodent mPFC 

consists of subregions of ACC, PrL, and IL and each subregion show distinct actions 

on the pain as well as mood symptoms. The PrL was mainly focused on the 

pharmacological experiments of the current study, as I found that the mPFC cluster 
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with a higher level of mGluR5 mainly consisted of caudal part PrL. The neurons 

located in the region are known to project to pain-related brain areas including ACC, 

insular cortex, periaqueductal gray, caudate putamen, amygdala, somatosensory 

cortex, thalamus and nucleus accumbens (Cheriyan et al., 2016; Gorelova and Yang, 

1996; Hoppa et al., 2015; Sesack et al., 1989; Vertes, 2004). Interestingly, several 

target brain areas overlap with the brain regions in which the mGluR5 level was 

significantly altered in pain state in my PET analyses. Regarding the known role of 

these brain regions in the multiple aspects of pain and relevant emotional affection, 

the pain-induced alteration of the mGluR5 level in these regions would be also 

involved in the processing pathological and/or physiological aversiveness.  

Although I focused on the higher level of mGluR5 level in the PrL subregion of the 

mPFC in the current study, mGluR5 in other brain regions should be the target of 

further studies to elucidate the mechanisms of encoding aversion and depression. Of 

interest, the lower level of mGluR5 was shown in the brain regions of insular cortex 

and nucleus accumbens of neuropathic pain group in my PET analyses. Given that 

these brain areas are involved in the altered sensory processing, abnormal perception 

related to unpleasantness, and decreased motivation in chronic pain state (Benarroch, 

2016; Chang et al., 2014; Kaneko et al., 2017; Schreckenberger et al., 2005; 

Schwartz et al., 2014; Starr et al., 2009), down-regulation of the mGluR5 in these 

areas would play a part in pain chronification and following negative affection. I 

produced the brain map of altered mGluR5 in the pathological pain condition, 

providing the basis for studying the actions of the neural circuits on the pain and 

negative emotion. 

Whether the mGluR5s are altered in a specific subpopulation of mPFC neurons in 

pain state remains unknown in my study. Previous studies suggested that the 

decreased activity of pyramidal neurons in the PrL plays an essential role in pain and 
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pain-induced affective symptoms (Kelly et al., 2016; Wang et al., 2015a), and 

increased GABAergic inhibition is responsible for the reduction of pyramidal 

neuronal activity (Zhang et al., 2015). Although activation of mGluR5 generally 

promotes neuronal excitability, these previous studies raise the possibility that the 

upregulation of mGluR5 observed in my PET data might enhance inhibitory effects 

to the pyramidal neurons. This can be achieved by (1) upregulation of mGluR5 in 

the GABAergic inhibitory neurons. A recent study performed in non-pain animal 

showed that the systemic injection of mGluR5 antagonist induces the anti-depressive 

effect in naïve mice, and this effect is mediated by mGluR5 expressed in 

parvalbumin-expressing GABAergic interneurons in the mPFC (Lee et al., 2015). 

Alternatively, (2) the mGluR5 might be upregulated in the glutamatergic neurons in 

the mPFC which drive excitation of GABAergic neurons. This view is supported by 

a recent study which showed that the increased GABAergic activity in the PrL of 

neuropathic pain animal critically depends on the enhanced excitatory synaptic input 

onto the GABAergic neurons (Zhang et al., 2015). Thus, upregulation of the mGluR5 

might occur in the specific glutamatergic neurons in the mPFC area, which leads to 

facilitation of feed-forward inhibition to the pyramidal neurons via increased 

glutamate release to the GABAergic neurons. By dissecting the subpopulation of 

neurons associated with upregulated mGluR5 in the further study, more detailed 

mechanisms and novel therapies could be discovered. 

Currently, both chronic pain diseases and depressive disorders lack methods for 

objective evaluation in the clinic, and the techniques to investigate mGluR5 level in 

the brain are considered to be a promising approach for the assessment of the pain 

and/or depression in clinical trials. In the case of non-pain depression, however, there 

is an inconsistency in the previous studies regarding the alteration of brain mGluR5 

(Abdallah et al., 2017; DeLorenzo et al., 2015; Deschwanden et al., 2011; Esterlis et 

al., 2017; Gray et al., 2015). A previous study has reported that the female patients 
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with major depressive disorder showed the higher levels of mGluR5 gene expression 

in the PFC subregion whereas male patients showed the lower levels of mGluR5 

(Gray et al., 2015). Interestingly, a previous animal study has reported that male rats 

but not female rats show higher levels of prefrontal mGluR5 in the depressive state 

induced by prenatal chronic mild stress (Wang et al., 2015b). Other studies have 

reported that male mice with mGluR5 knockout showed increased depressive-like 

behavior, indicating that the activity of the mGluR5 primarily facilitates the 

depression (Lee et al., 2015; Witkin et al., 2007). In that, the inconsistency shown 

from human studies is likely due to differences in gender (Gray et al., 2015), age, 

onset time, pathophysiological differences of the subjects (DeLorenzo et al., 2015), 

and a specific subpopulation of the neurons in which mGluR5 is altered (Lee et al., 

2015). As the depression is the complex mental problem, there might be 

discrepancies as well as common mechanisms between non-pain depressive 

disorders and depression following pain. Thus, whether suffering negative mood 

with the different origins for a long period in the certain circumstances eventually 

upregulate or downregulate prefrontal mGluR5 might be case-specific. In this 

regards, further studies are necessary for the diagnostic application of the prefrontal 

mGluR5 measurement to human subjects. A translational step is also required 

regarding the debate over the homology between regions in rodent and primate 

prefrontal cortex. 

The anti-depressive effect of mGluR5 antagonists, in contrast, has been consistently 

reported from both of pre-clinical and clinical studies (Chaki et al., 2013; Fuxe and 

Borroto-Escuela, 2015; Hashimoto et al., 2013; Hughes et al., 2013; Kato et al., 2015; 

Lee et al., 2015; Lindemann et al., 2015; Palucha and Pilc, 2007; Park et al., 2015; 

Pilc et al., 2008). As such, the PrL-MPEP treatment in my study showed a rapid anti-

depressive effect comparable to fast-acting antidepressant drugs, as the treatment 

reduced immobility time in the FST which was performed at 30 minutes after single-
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time injection. In addition, the current study supports that the mPFC-mGluR5 could 

be an attractive therapeutic target for the chronic pain as well as depressive disorder. 

In the von Frey test, the effect of consecutive PrL-MPEP treatment on the paw 

withdrawal threshold had not fully disappeared after 24 hours, suggesting the 

possible long-term plastic change. These characteristics make the mPFC-mGluR5 an 

attractive target of intervention which might overcome the limit of current 

therapeutic approaches. 
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Table 1. Brain regions with significant differences between sham and SNL rats 

(Sham < SNL, two-sample t-test, p < 0.005, Ke > 20). The peak voxel location is 

represented by the distance from the bregma (mm). 

 

Sham < SNL 

Brain region Ke T Z Peak p Location (mm) 
ML AP DV 

Medial prefrontal cortex 
(Prelimbic and infralimbic 

cortices) 
97 5.50 4.06 2.54E-

06 0.2 2.6 -4.8 

Primary somatosensory 
cortex 

(Dysgranular zone) 
24 5.88 4.23 1.16E-

05 -4.6 -0.2 -3.4 

Primary, secondary 
somatosensory cortices and 

caudate putamen 
37 4.42 3.52 0.0002 4.8 -0.4 -5.2 

Retrosplenial cortex 25 6.70 4.56 2.45E-
05 0.2 -4.6 -2.4 

Medial septum 30 3.51 2.98 0.0014 0.4 -0.8 -4.8 

 

  



34 

 

 

Table 2. Brain regions with significant differences between sham and SNL rats 

(Sham > SNL, two-sample t-test, p < 0.005, Ke > 20). The peak voxel location is 

represented by the distance from the bregma (mm). 

 

Sham > SNL 

Brain region Ke T Z Peak p Location (mm) 
ML AP DV 

Insular cortex and piriform 
cortex 102 

7.64 4.89 4.98E-
07 -3.2 3.6 -7.0 

4.73 3.69 0.0001 -3.4 3.0 -7.6 
4.60 3.62 0.0001 -3.6 2.6 -5.8 

Insular cortex and primary 
somatosensory cortex 31 4.12 3.35 0.0004 -4.8 3.4 -4.8 

Endopiriform nucleus 20 4.06 3.32 0.0005 3.8 1.4 -7.2 

Nucleus accumbens 30 3.74 3.12 0.0009 1.6 1.8 -6.4 

Piriform cortex 61 3.72 3.11 0.0009 -6.2 -4.8 -8.6 

Corpus callosum and caudate 
putamen 36 3.71 3.11 0.0009 1.6 -0.4 -3.4 

Corpus callosum and caudate 
putamen 76 3.65 3.07 0.0011 3.6 -2.0 -3.8 
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Chapter 2. 

Distinct corticolimbic patterns of metabotropic glutamate 

receptor 5 encode the degree of neuropathic pain 

 

Summary 

 Susceptibility to neuropathic pain and the degree of pain amplification vary among 

individuals. However, methods for objective evaluation of pain status have not been 

well established. Using an animal model, I identified the brain signature of 

neuropathic pain, and developed a method for the objective evaluation of pain degree. 

I analyzed paw withdrawal thresholds from rats that were subjected to right L5 spinal 

nerve ligation (SNL) surgery, and regressed them to the brain levels of metabotropic 

glutamate receptor 5 (mGluR5) using [11C] ABP688 PET image data from my 

previous research. I found clusters with a significant correlation to paw withdrawal 

threshold localized in brain areas involved in sensory, cognitive, and affective 

aspects of pain processing. Strikingly, mGluR5 levels in the identified brain regions 

showed distinct patterns in the neuropathic pain group but not in the control group. 

I successfully elucidated the degree of pain sensing behavior using the neuropathic 

pain-specific pattern of mGluR5 levels. This study provides new insight into the 

signature of neuropathic pain in the brain, and offers a novel diagnostic method for 

objectively decoding the status of individual neuropathic pain.  
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Introduction 

Once neuropathic pain is established, patients perceive normally innocuous 

external sensory stimuli as noxious, and suffer from intractable pain. For many 

patients, neuropathic pain symptoms are not treatable with conventional methods, 

and the direct cause of neuropathic pain cannot be identified even with close 

examination. Moreover, there is currently no established standard method for 

objective assessment of neuropathic pain status, although studies on neuropathic 

pain have been actively conducted over the past decades. The manifestation of 

chronic pain symptoms after nerve injury and the degree of pain experienced vary 

among individuals, making it difficult to identify common circuits and develop 

standard evaluation methods. 

Research in humans with neuropathic pain is difficult because of the variation in 

symptoms and degree of pain as well as psychosicial effects. Therefore, identifying 

factors that determine the execution of the pain behavior in the animal model is 

advantageous for understanding mechanisms of neuropathic pain. Various animal 

models of neuropathic pain have been developed and studied to clarify mechanisms 

underlying abnormal sensory information processing in the nervous system of 

patients with neuropathic pain. In many rodent models of neuropathic pain, 

mononeuropathy is surgically induced by unilaterally injuring the nerve innervating 

hind paw, leading to tactile mechanical allodynia in the affected paw. In such models, 

evaluation of the paw withdrawal response using the von Frey test is the most 

commonly applied method for assessing tactile mechanical allodynia. When 

successful, surgically induced neuropathic pain reduces the tactile threshold and 

evokes sensitized withdrawal behavior in response to a mechanical stimulus applied 

to the affected paw.  
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Interestingly, the degree of reduction in paw withdrawal threshold following 

neuropathic pain modeling varies among individual animals, despite being subjected 

to the same surgical procedures and experimental environment, and being of the 

same genetic background (Hogan et al., 2004). Reduction of the paw withdrawal 

threshold involves supraspinal as well as spinal mechanisms (Detloff et al., 2010; 

Ossipov et al., 2000; Saadé et al., 2006), and the stochastic neural responses to an 

aberrant pain signal in the circuits are thought to underlie such variation. Previous 

studies have revealed various neural factors that correlate with paw withdrawal 

thresholds in animal models of neuropathic and inflammatory pain (Baliki et al., 

2015; Coffeen et al., 2010; Kras et al., 2014; Massart et al., 2016; Wei et al., 2017). 

Recent neuroimaging techniques have provided a strong foundation for the study 

of the functional relationship between brain parameters and animal behavior 

(Litaudon et al., 2017). The significance of higher cortical functions in pain behavior 

has been the subject of much attention based on observations from clinical studies. 

Indeed, neuroimaging studies of animal models of neuropathic pain and human 

patients with chronic pain emphasize the critical role of corticolimbic structures of 

the brain in accounting for the probability, severity, and duration of pain symptoms, 

independently from spinal level mechanisms (Baliki and Apkarian, 2015; Baliki et 

al., 2012, 2015; Davis et al., 2016; Vachon-Presseau et al., 2016). 

In this study, I focused on the metabotropic glutamate receptor 5 (mGluR5), a key 

player in the modulation of the neural transmission in the brain. mGluR5 plays a 

significant role in information processing of neurons, and thus the levels of mGluR5 

in various brain regions are critically involved in the physiological and pathological 

functions of the brain circuitry. My primary hypothesis was that the sensitized paw 

withdrawal behavior observed during neuropathic pain is tightly connected to 

mGluR5 levels in sensory and limbic brain structures. I analyzed brain images from 
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my previous study (Chung et al., 2017) of chapter 1, which were acquired using 

positron emission tomography (PET) with mGluR5-specific radiotracer [11C] 

ABP688. These brain images contain information of the non-displaceable binding 

potential of [11C] ABP688, which reflects the level of mGluR5 availability. I 

analyzed the variation in paw withdrawal threshold of neuropathic pain rats and 

regressed the thresholds to the [11C] ABP688-PET images. Here, I report the brain 

regions in which the mGluR5 levels are involved in the paw withdrawal behavior in 

response to tactile stimuli in neuropathic pain rats. Strikingly, mGluR5 levels showed 

distinct regional patterns in the brain of neuropathic rats but not control rats. Further, 

I show that the withdrawal threshold of the individual neuropathic pain subject could 

be successfully determined from an [11C] ABP688 PET image using this pattern. 
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Results 

Variation of the paw withdrawal threshold following nerve injury-induced 

neuropathic pain 

 I adopted the data from 103 rats that were subjected to the right L5 SNL surgery 

during the study period of my previous research (Chung et al., 2017) of chapter 1. 

The paw withdrawal threshold was successfully and persistently reduced after the 

SNL surgery in the majority of subjects (Fig. 7A). As previously described, there 

was some variation in the degree of behavioral responses of the animal models of 

neuropathic pain, despite being subjected to identical procedures (Hogan et al., 2004). 

Consistent with previous studies, paw withdrawal thresholds were distributed with 

positive skew (Fig. 7B), and in approximately 15 % of the animals (14 out of 103 

rats) the threshold was merely reduced (> 50% of baseline threshold) despite SNL 

surgery. This ratio is in agreement with reports of SNL surgery in the same rodent 

strain (Sprague-Dawley rats) (Felice et al., 2011). I focused on the brains of animals 

that demonstrated successful induction of neuropathic pain; non-allodynic animals 

did not undergo [11C] ABP688-PET scan. Rats with appropriately non-sensitive 

hind paw response during baseline measurement (paw withdrawal threshold > 10 g) 

and successful induction of mechanical allodynia (paw withdrawal threshold at 15 

days post-surgery < 5 g) were subjected to PET scan (n=10 SNL rats; Fig 7B and 7C, 

red data points). I further confirmed that the observed variation was common across 

the 31 surgery batches performed during the research period (Fig. 7C).  
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Figure 7. Distribution of paw withdrawal thresholds of the SNL rats 

A. SNL surgery reduces withdrawal threshold of the affected hind paw in the 

majority of subjects. The paw withdrawal thresholds measured 1 day before 

and 1, 5, 9, and 15 days after the SNL surgery are plotted (n=103). 

B. The paw withdrawal thresholds measured at 15 days post-surgery are 

plotted by rank order (n=103). Histogram analysis of the SNL-induced 

reduction of paw withdrawal threshold (inset) revealed the positively 

skewed distribution of the data, as the paw withdrawal threshold was merely 

reduced (> 50% of baseline threshold) in 14 out of 103 rats in spite of SNL 

surgery. I further set the experimental criterion for the PET scan (the paw 

withdrawal threshold < 5 g), and [11C] ABP688 PET images were 

successfully acquired from the 10 SNL rats (red dots). 

C. Paw withdrawal thresholds measured at 15 days post-surgery plotted by 

surgery batch (n=103). The data points from 103 rats were acquired from 31 

batches of surgery during a year of the study period. The variation was 

common across surgery batches. 
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Brain regions in which mGluR5 level is correlated to behavioral response 

 In the next analysis, I sought to identify the brain regions involved in the processing 

of behavioral coping strategy in SNL animals. Using regression analysis of the [11C] 

ABP688-PET images from this group, I investigated the brain regions in which 

mGluR5 levels are tightly connected to paw withdrawal thresholds. The results of 

this analysis revealed that mGluR levels in several sensory and limbic brain 

structures were correlated with paw withdrawal thresholds in SNL animals (Table 3 

and Table 4).  

 A negative interaction with the paw withdrawal thresholds was shown in (1) the 

striatum cluster including the caudate putamen (contralateral to nerve injury) 

connected to the secondary somatosensory cortex (Fig. 8A), (2) the rostral striatum 

(contralateral to nerve injury) (Fig. 8B) connected to the insular cortex (Fig. 8C), 

and (3) the hippocampus (ipsilateral to nerve injury) (Fig. 8D) of SNL animals. This 

translates into a greater mGluR5 levels in these regions, with more sensitive paw 

withdrawal behavior. 

 Conversely, a positive interaction with the paw withdrawal thresholds was shown 

in (1) the cingulate cortex (Fig. 9A), (2) the ipsilesional trunk region of the primary 

somatosensory cortex connected to the hippocampus (Fig. 9B), (3) the hypothalamus 

(Fig. 9C), (4) the contralesional trunk region, dysgranular zone, and barrel field of 

the primary somatosensory cortex (Fig. 9D), (5) the ipsilesional secondary 

somatosensory cortex (Fig. 9E), and (6) the ipsilesional hindlimb region of the 

primary somatosensory cortex (Fig. 9F) of SNL animals. This translates into a 

greater mGluR5 level in these regions, with a less sensitive paw withdrawal behavior. 

 Based on the significant clusters from the regression analysis, regions-of-interest 

(ROIs) were set as the 0.5 mm radius sphere in each region (Fig. 10A). The mGluR5 

levels of each ROI was extracted from the SNL group, and correlations between the 
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paw withdrawal threshold and the individual BPND from each ROI were calculated. 

These analyses confirmed significant correlations between paw withdrawal 

threshold and mGluR5 levels of each region (Fig. 8 and Fig. 9). 
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Figure 8. Brain regions in which mGluR5 level is negatively correlated to paw 

withdrawal threshold in the SNL group. This translates into higher levels of mGluR5 

in regions with a more sensitive right hind paw. 

A. A cluster including the left striatum (caudate putamen) connected to the 

secondary somatosensory cortex. 

B. A cluster in the left striatum (caudate putamen). 

C. A cluster in the left insular cortex connected to a small portion of 

orbitofrontal cortex. 

D. Clusters in the left striatum (caudate putamen) and right hippocampus (CA3). 
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Figure 9. Brain regions in which mGluR5 level is positively correlated to the paw 

withdrawal threshold in the SNL group. This translates into higher levels of mGluR5 

in regions with a less sensitive right hind paw. 

A. A cluster in the cingulate cortex. 

B. A cluster in the right primary somatosensory cortex (trunk region). 

C. Clusters in the hypothalamus and right hippocampus. 

D. Bilateral clusters in the primary somatosensory cortices. The cluster in the 

left primary somatosensory cortex includes the trunk region, dysgranular 

zone, and barrel field. The cluster in the right primary somatosensory cortex 

is largely constituted by the trunk region and connected to the right 

hippocampus. 

E. A cluster in the right secondary somatosensory cortex. 

F. A cluster in the right primary somatosensory cortex (hindlimb and forelimb 

regions). 
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Figure 10. Extraction of ROIs from the brain regions of SNL group and sham group 

animals.  

A. Extraction of ROIs. ROIs were set as the 0.5 mm radius sphere in the 

significant clusters of somatosensory cortices and the limbic areas.  

B. The paw withdrawal thresholds of SNL group animals. 

C. The paw withdrawal thresholds of sham group animals. 
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Correlation of mGluR5 levels between brain regions of SNL animals 

 As the brain regions were chosen on the basis of their interactions with functional 

outcome (i.e. paw withdrawal thresholds), the mGluR5 levels in each region should 

have inter-subject correlations with each other. Indeed, the SNL group showed a high 

correlation between ROIs (Fig. 11A). There was a clear contrast between the clusters 

of positive and negative correlations in the matrix of r-value (Fig.11A, left). These 

correlations were significant (P-value summary, Fig. 11A, right). 

 I aimed to assess whether this manifestation of inter-subject correlations is a feature 

specific to neuropathic pain group, rather than an intrinsic feature of the brain. To 

investigate this, the BPND of each ROI was extracted from the sham group and their 

correlations were computed. Sham group showed only a few significant correlations 

in the matrices (Fig. 11B). The majority of the ROIs did not correlate with other 

regions, with only a few significant correlations in the matrices (Fig.11B). 

 The significant regions that were correlated with paw withdrawal threshold in SNL 

group were not overlapped with the significant regions extracted by voxel-by-voxel 

two-sample t-test between SNL group and sham group. Therefore, it is suspected that 

the mGluR5 levels in the regions of correlation would not be different between the 

SNL and sham groups. To confirm this, the BPND measurements of each ROI were 

compared using two-sample t-tests and F-tests. No significant differences were 

observed (Fig. 12). This suggests that the mGluR5 levels in these brain regions of 

the SNL group are in a normal range, despite the abnormal paw withdrawal threshold 

(Fig. 10B and 10C). 

 These results demonstrate that mGluR5 levels in the sensory and limbic regions 

form distinct patterns in animals that underwent the neuropathic pain procedure, but 

not in controls. This raises the prospect that from a group-level perspective, mGluR5 

levels in these regions are ‘re-aligned’ according to the paw withdrawal threshold 



50 

 

following neuropathic pain. Consequently, the mGluR5 levels of the ROIs show 

inter-subject correlations with each other in the neuropathic pain group. Notably, this 

re-alignment of mGluR5 level following neuropathic pain does not make the 

mGluR5 levels in these regions exceed the physiological range. 
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Figure 11. The correlation coefficient between mGluR5 levels in the brain. mGluR5 

levels in the corticolimbic areas show distinct correlation patterns in the SNL group 

only.  

A. Correlation coefficient matrices of SNL group. A clear contrast between the 

clusters of positive and negative correlations was shown in the matrix of r-

value (left). The significances of the correlations were further confirmed by 

their p-values (right). 

B. Correlation coefficient matrices of the sham group. The majority of the ROIs 

did not correlate with other regions, shown by small r-values (left). The 

majority of the p-values did not reach significance (right). 
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Figure 12. Comparisons of the mGluR5 levels between SNL group and sham group 

animals. BPND of each ROI were compared using two-sample t-tests and F-tests. No 

significant differences were observed from each test, indicating that the mGluR5 

levels in the ROIs of the SNL group were in a normal range. 
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Decoding of the paw withdrawal threshold based on the mGluR5 patterns of 

neuropathic pain brain 

 To assess the distribution range of the mGluR5 levels in each region, the BPND of 

each ROI was plotted by group (Fig. 13A and 13B). For normalization, all values 

were scaled in proportion to the average values of each region in the sham group 

(Fig. 13C and 13D). A representative template of the SNL group pattern was 

produced by regression of the normalized mGluR5 levels to the paw withdrawal 

thresholds (Fig. 13E). Thus, each row of the template represents the pattern of 

normalized mGluR5 levels in each brain regions of a hypothetical SNL rat that has 

a corresponding paw withdrawal threshold. 

 The degree of match of the original pattern with the regressed pattern was computed 

using Pearson’s correlation coefficient method. The correlation coefficient between 

the pattern of each SNL rat (Fig.13C) and the template (Fig.13E) was calculated row-

by-row, and the results of each rat were plotted in the columns (Fig. 14A and 14B). 

Thus, each column of the r-value and p-value matrices represents the result from an 

individual rat. As the template was produced from the SNL data which had been 

normalized in proportion to the average value, high correlations (r > 0.5) were shown 

on either side of the average level, depending on the original paw withdrawal 

threshold value of the subject. The matched patterns were shown by the range of the 

r-value (Fig. 14C). The range of r > 0.595 or r > 75 percentile value was plotted to 

show the best-match between the mGluR5 pattern of the subject and the template, 

with the original paw withdrawal threshold of the subject assessed using the von 

Frey test (Fig. 14C). Only the correlations satisfying p < 0.05 (Fig. 14B) were 

considered. The results showed a good match between the original mGluR5 patterns 

of the SNL group animals and the patterns of the regressed template. 



54 

 

 I questioned whether the mGluR5 patterns of the sham group animals matched the 

patterns of the SNL template by chance. To investigate this, the patterns of sham 

group animals (Fig. 13C) were compared to the SNL template (Fig. 13E) with the 

same method. No match showed a significant correlation (Fig. 14D and 14E). To 

classify the image into SNL or sham group, values of the columns were investigated 

in the matrices of both groups. The columns that contain the match satisfying r > 

0.595 and p < 0.05 were predicted to be the SNL group. In the criteria, individual 

PET image could be predicted with 100% accuracy, regardless of the experimental 

group (Fig. 14F).  

 Further, I investigated the sensitivity of my method using a leave-one-out cross-

validation paradigm. In this method, the pattern data of one subject (a row in the Fig. 

13C) were left out, and the regressed template was created from data of the remaining 

nine subjects. Then data of the subject which had been left out were applied, to 

calculate the degree of match. This method was repeated subject-by-subject to 

predict all the paw withdrawal thresholds of SNL subjects. I observed that all the 

SNL subjects were correctly predicted by the method with 100% sensitivity, showing 

the existence of matches satisfying r > 0.595 and p < 0.05 in all of the SNL subjects 

(Fig. 14G and 14H). The high correlation range in this leave-one-out analysis was 

plotted with the paw withdrawal thresholds assessed using the von Frey test (Fig. 

14I). All the paw withdrawal threshold values were in a range of good-match (range 

of r > 0.595). This confirms that the paw withdrawal threshold of the SNL animal 

can be precisely predicted by decoding the pattern of regional mGluR5 levels in the 

brain. 

 Together, these results show that once a model template is established from the 

[11C] ABP688 PET images of neuropathic pain group, the status of the individual 

subject can be decoded using the pattern of the regional mGluR5 levels. I could 
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precisely predict which group the sample subject belonged to with 100% accuracy, 

and further estimate the extent of paw withdrawal threshold of SNL group animal 

using mGluR5 patterns. Regarding the significant role of mGluR5 in regulating 

neuronal excitability, I propose that the mGluR5 “fingerprints” imprinted within the 

sensory and limbic structures of neuropathic pain brain reflect the functional 

crosstalk between sensory perception and behavioral coping. 
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Figure 13. mGluR5 levels in each ROI, and a representative template of mGluR5 

pattern in the SNL group.  

A. The distribution range of mGluR5 levels in each ROI in the SNL group. 

B. The distribution range of mGluR5 levels in each ROI in the sham group. 

C. The mGluR5 levels in each region of SNL animals were scaled in proportion 

to the average values of each region in the sham group. 

D. Scaled mGluR5 levels in the sham group. 

E. A representative template of the SNL group pattern. Proportionally scaled 

mGluR5 levels of SNL rats were regressed to the paw withdrawal thresholds. 

Each row of the template represents the pattern of normalized mGluR5 

levels in each brain region of a hypothetical SNL rat which has a 

corresponding paw withdrawal threshold. 
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Figure 14. The correlation between mGluR5 patterns of the regressed template and 

model animal predicts the presence and degree of neuropathic pain.  

A. The correlation coefficients between the pattern of each SNL rat and the 

regressed SNL template. Each column represents the result from an 

individual rat. mGluR5 values from SNL rats showed high correlation with 

values of the SNL template. 

B. The p-value matrix of SNL group. The matches of high correlation reached 

the significance (p < 0.05)in the SNL group. 

C. Best-match ranges. The match ranges of the pattern correlation successfully 

predicted the original paw withdrawal threshold of the subject. 

D. The correlation coefficients between the pattern of each sham rat and the 

regressed SNL template. The mGluR5 values of sham rats showed poor 

correlations with the values of the SNL template. 

E. The p-value matrix of the sham group. The vast majority of the matches did 

not reach significance in the sham group. 

F. Receiver- operating characteristic curve. The subject which contained an r-

value above the cut-off level was predicted as SNL group. The subject could 

be predicted whether it belonged to the SNL or sham group with 100% 

accuracy, when the cut-off level was in the range of 0.595 < r < 0.754. 

G. The r-values of the SNL group derived from leave-one-out cross-validation. 

H. The p-values of the SNL group derived from leave-one-out cross-validation. 

I. The best-match ranges from leave-one-out cross-validation. 
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Discussion 

Variation in paw withdrawal threshold in neuropathic pain animals (Fig. 7) might 

involve the degree of peripheral hypersensitivity, amplified aversive perception of 

the nervous system, and altered response strategy for coping behavior following 

nociception. With the analysis of [11C] ABP688-PET images, I demonstrated the 

brain regions in which the mGluR5 level is correlated with paw withdrawal threshold 

of neuropathic pain model animals. The brain regions are mainly constituted of 

sensory and limbic structures which are known to participate in sensory processing, 

decision making, and coping behaviors. Although it is difficult to interpret whether 

these correlations reflect passive change of mGluR5 following peripheral pain 

amplification or intrinsic regional function of mGluR5 as a determinant responsible 

for the execution of pain behavior, the critical role of the corticolimbic system in 

defensive avoidance behaviors is in agreement with previous studies. 

I found that the striatal (caudate putamen) mGluR5 is negatively correlated (Fig. 8 

A, 8B and 8D) whereas the somatosensory mGluR5 is positively correlated (Fig. 9B, 

9D, 9E and 9F), with paw withdrawal thresholds (with the exception of a negative 

correlation of the left secondary somatosensory cortex in Fig. 8A). Thus, the higher 

levels of striatal mGluR5 or the lower levels of somatosensory mGluR5 are 

connected to a more sensitive paw withdrawal behavior to tactile stimulus. The 

hippocampus showed both a positive and negative correlation depending on 

subregion. Strikingly, these brain areas overlap with the regions identified by a 

previous analysis of fMRI-based connectivity. Baliki et al (Baliki et al., 2015) 

demonstrated that the hippocampus shows increased functional connectivity to the 

striatum and decreased functional connectivity to the sensorimotor cortex in 

neuropathic pain animals, and that these changes correlate with the degree of nerve 

injury-induced reduction of paw withdrawal thresholds. According to that study, the 
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hippocampus-striatum connectivity is negatively correlated whereas the 

hippocampus-sensorimotor cortex connectivity is positively correlated with the paw 

withdrawal thresholds. Thus, the higher level of hippocampus-striatum connectivity 

or the lower level of hippocampus-sensorimotor connectivity of neuropathic pain 

animals is connected to a more sensitive paw withdrawal behavior for tactile 

stimulus. They proposed that the interconnection between these brain regions plays 

a significant role in the manifestation of neuropathic pain. The results from my PET 

analysis support this view, and further implicate mGluR5 as a determinant of 

connectivity between these brain regions. 

Besides the hippocampus and the striatum, significant clusters of mGluR5 were 

also located in other limbic structures such as the cingulate cortex (Fig. 9A) and the 

hypothalamus (Fig. 9C). In the case of the cingulate cortex, the anterior-posterior 

range of the significant cluster was -0.4 mm ~ -1.4mm from bregma, located in the 

anterior part of the midcingulate cortex (aMCC) (Vogt and Paxinos, 2014). This 

region is involved in error detection (conflict monitoring) and cognitive control 

(Parvaz et al., 2014; Procyk et al., 2014), and engaged in evaluating the necessity of 

behavioral adaption (Wessel et al., 2012). My data suggest that mGluR5 in this 

region affects decision making related to the execution of behavioral coping, and 

thus correlates with the von Frey stimuli-induced avoidance behavior. In the case of 

the hypothalamus, a significant mGluR5 cluster was located on the posterior nucleus 

of the right side. Regarding the sympathetic dependency of SNL-induced 

neuropathic pain (Kim et al., 1997), the positive correlation of a significant cluster 

suggests that mGluR5 in the posterior nucleus of hypothalamus suppresses 

withdrawal behavior via control of autonomic nervous tone.  

One unexpected result was the significant correlation of paw withdrawal threshold 

with the hindlimb region of ipsilateral but not contralateral primary somatosensory 
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cortex. SNL rats were subjected to the right L5 SNL surgery, and therefore the 

withdrawal threshold of the right hind paw was assessed and used for regression 

analysis. Although many significant clusters in other subregions of primary 

somatosensory cortices were located bilaterally (Fig. 9D), correlation with hindlimb 

region was shown only in the right (ipsilateral to nerve injury) primary 

somatosensory cortex (Fig. 9F). mGluR5 level in the hindlimb region of the right 

primary somatosensory cortex was positively correlated with the paw withdrawal 

threshold, which indicates that the higher mGluR5 level was, the less withdrawal 

behavior of the right hind paw was elicited. This might be explained by 

interhemispheric inhibition of the contralateral corresponding hindlimb area by the 

ipsilateral primary somatosensory cortex (Clarey et al.; Hlushchuk and Hari, 2006). 

Unilateral somatosensory cortex participates in interhemispheric inhibition of the 

contralateral sensorimotor cortices, and thus influences sensory discrimination of 

transcallosal somatosensory cortex and aids in the motor control (Iwata et al., 2016; 

Lei and Perez, 2017; Zapallow et al., 2013). 

In the case of the secondary somatosensory cortex, the left and right secondary 

somatosensory cortices showed an opposite direction in terms of the correlation to 

paw withdrawal threshold (Fig. 8A and Fig. 9E), further supporting the idea above. 

The positive correlation of right secondary somatosensory cortex, and the negative 

correlation of left secondary somatosensory cortex with paw withdrawal threshold, 

translate into a less sensitive hind paw with higher mGluR5 levels in the right 

secondary somatosensory cortex and/or lower mGluR5 levels in the left secondary 

somatosensory cortex. This suggests that among the bilateral somatosensory cortices, 

only mGluR5 in the left secondary somatosensory cortex exacerbates tactile 

hypersensitivity of the right hind paw. In contrast, mGluR5 levels in the right 

secondary somatosensory cortex, trunk region of the bilateral primary 

somatosensory cortices, and hindlimb region of the right primary somatosensory 
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cortex mitigate the hypersensitivity of the right hind paw. 

In the previous analysis (chapter 1), I compared the mGluR5 levels in the brains of 

SNL surgery animals and sham surgery animals using voxel-by-voxel two-sample t-

tests (Fig. 2). The resulting significant ROI clusters did not overlap in a coordinated 

space with the results of current regression analysis, although some clusters were 

located within the same anatomical structures (e.g., insular cortex, somatosensory 

cortices, and striatum). This disagreement between clusters with SNL-induced 

mGluR5 alteration and clusters which correlate to the withdrawal thresholds implies 

that the mGluR5 levels of each neural circuits represent separate stages of pain 

processing. According to the dynamic causal model of a recent study (Roy et al., 

2014), a system of interconnected regions including the caudate putamen, 

hippocampus and ventromedial prefrontal cortex (vmPFC) encodes expectancies of 

behavioral outcome (expected pain and avoidance value), and activity of the 

putamen is most closely related to the expected value. In this causality model, the 

expected value signals from the putamen and the prediction error signals calculated 

in the midbrain periaqueductal gray are then transmitted to orbitofrontal cortex and 

anterior midcingulate cortex (aMCC), updating the value in the dorsomedial 

prefrontal cortex (dmPFC). While that study was conducted in humans and the model 

was produced based on fMRI experiments, participating brain regions revealed in 

that model largely overlap with ROIs extracted from my analyses. I interpret the 

aberrant levels of mGluR5 in affected brain regions (such as the prelimbic subregion 

of the mPFC) in the SNL-sham group comparison analysis of chapter 1 as 

maladaptation in the chronic pain state which affects updating appraisal of internal 

perception. In contrast, mGluR5 levels in the brain regions of behavioral correlation 

in the current regression analysis were in a normal range (Fig. 12), and thus their 

correlation with withdrawal threshold might reflect the normal physiological 

mGluR5 function of the system which affects encoding behavioral strategies (Roy et 
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al., 2014) or regulating the sensory perception. This is in agreement with the view 

that the altered paw withdrawal thresholds of SNL animals stem from pathologically 

intensified aversive perception and resulting reactive coping strategy, rather than 

normal perception and proactive behavioral decision making. Furthermore, as the 

identified regions overlap with sensory and limbic areas which are well known to 

play a significant role in pain processing, the correlations imply that the mGluR5 in 

certain brain regions actively participates in the manifestation of pain behavior, 

rather than being passively affected by information transfer from the peripheral 

sensation. I propose that mGluR5 in the significant brain regions affects the 

withdrawal threshold of nerve-injured subjects via functional regulation of sensory 

processing and behavioral coding in the somatosensory and limbic circuitry.  

 In conclusion, I report the correlation between brain mGluR5 levels and nerve 

injury-induced reduction of paw withdrawal threshold in a rodent model of 

neuropathic pain. A correlation was observed in the somatosensory cortices and 

limbic structures of the brain, emphasizing a critical role of mGluR5 in these regions 

with respect to neuropathic pain perception and resulting reactive behavior. These 

findings suggest that despite the fact that peripheral nerve injury is capable of 

inducing neuropathic pain, the manifestation of pain behavior is eventually 

determined by functional influences from relevant brain regions, possibly via 

interaction between interconnected circuitry. Owing to the interactions between 

sensory perception and behavioral coping, regional mGluR5 levels form distinct 

patterns in the brain of neuropathic pain subjects. Using the distinct “fingerprints” 

of mGluR5 levels, the status of individuals could be precisely predicted. Together 

with the study of chapter 1, the current study reveals a significant involvement of 

brain mGluR5 in the manifestation of neuropathic pain, and identifies brain circuits 

that may be further studied to clarify the mechanisms underlying altered sensory 

perception and behavioral coping in neuropathic pain subjects.  
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Table 3. Brain regions in which mGluR5 levels show negative correlations with the 

paw withdrawal threshold (Multiple regression with paw withdrawal threshold of 

SNL group, p < 0.005, Ke > 20). The peak voxel location is represented as distance 

from bregma (mm). 

 

Negative interaction with paw withdrawal threshold 

Brain region Ke T Z Peak p Location (mm) 
ML AP DV 

Striatum (left; caudate 
putamen) and secondary 

somatosensory cortex (left) 
543 

9.92 4.44 4.5E-
06 -4.2 -1.6 -5.8 

9.42 4.36 6.6E-
06 -4.4 0 -6.0 

5.02 3.29 0.0005 -5.0 -1.8 -5.6 

Striatum (left; caudate 
putamen) and insular cortex 

(left) 
179 

6.37 3.70 0.0001 -2.6 2.4 -5.2 

4.96 3.26 0.0006 -3.4 4.2 -5.6 

Hippocampus (right; rostral) 27 4.20 2.97 0.0015 1.4 -1.8 -3.6 

 

  



66 

 

 

Table 4. Brain regions in which the mGluR5 levels show a positive correlation with 

the paw withdrawal threshold (Multiple regression with paw withdrawal threshold 

of SNL group, p < 0.005, Ke > 20). The peak voxel location is represented as the 

distance from bregma (mm). 

 

Positive interaction with paw withdrawal threshold 

Brain region Ke T Z Peak p Location (mm) 
ML AP DV 

Cingulate cortex 53 6.40 3.71 0.0001 0.4 -0.8 -1.4 

Primary somatosensory cortex  
(right; trunk region) and 

hippocampus (right; caudal) 
395 

5.73 3.51 0.0002 3.0 -3.2 -2.2 

5.50 3.44 0.0003 3.4 -2.6 -1.8 

4.85 3.22 0.0006 2.2 -2.8 -1.8 

Hypothalamus  
(right; posterior nucleus) 43 5.60 3.48 0.0003 0.4 -3.8 -8.2 

Primary somatosensory cortex  
(left; trunk region, dysgranular 

zone, and barrel field) 
66 

5.37 3.40 0.0003 -3.8 -3.2 -2.6 

4.72 3.17 0.0008 -4.6 -3.0 -2.6 

3.51 2.65 0.0040 -3.4 -3.0 -1.6 

Secondary somatosensory 
cortex 
(right) 

23 4.55 3.11 0.0009 6.0 0.6 -5.6 

Primary somatosensory cortex 
(right; hindlimb and forelimb 

region) 
26 4.40 3.05 0.0012 3.6 -0.2 -1.2 
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Chapter 3. 

Dysregulation of metabotropic glutamate receptor 5 in the 

periaqueductal gray perpetuates neuropathic pain 

 

Summary 

 The pain becomes chronic with dysfunction of an endogenous pain processing 

system in the central nervous system. However, underlying mechanisms remain 

largely unknown. Here I demonstrate that the metabotropic glutamate receptor 5 

(mGluR5) in the periaqueductal gray (PAG) is persistently active in normal 

condition to maintain an appropriate sensory transmission, and decline of the activity 

is responsible for chronic pain. In the condition of peripheral nerve injury, the 

activity-dependently expressed immediate early gene Homer1a is expressed in the 

PAG and causes the decline of mGluR5 activity, which results in reduced excitability 

of PAG neurons. Notably, I found that single-time inactivation of the PAG-mGluR5 

results in long-lasting pain even in the absence of peripheral injury, which is related 

to long-term depression of the excitatory drive on the endogenous pain modulatory 

pathway. Conversely, activation of mGluR5 in the PAG of chronic neuropathic pain 

rat eliminated pain behavior and completely reversed pain-induced alteration of 

brain activity. These findings reveal novel mechanisms underlying maintenance of 

neuropathic pain and provide new insight into how the pain becomes chronic with 

the maladaptive coping of the PAG to pain sensation. 
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Introduction 

 Decreased endogenous pain inhibition and increased pain facilitation are shared 

characteristics of many pathological chronic pain conditions including nerve injury-

induced neuropathic pain (Staud, 2012). Owing to the malfunction of endogenous 

pain modulatory system, neuropathic pain patients suffer from long-lasting severe 

pain still after the nerve injury-induced peripheral change is diminished (Tracey and 

Mantyh, 2007; Ossipov, Dussor and Porreca, 2010; Ossipov, Morimura and Porreca, 

2014). In contrast to detailed understandings of increased pain transmission in the 

primary afferent and spinal cord, however, mechanisms underlying abnormal pain 

modulation in the brain in the chronic neuropathic pain state are largely unknown. 

 Periaqueductal gray (PAG), the key area of the endogenous pain modulatory system, 

regulates sensory signals via rostral ventromedial medulla (RVM). Excitatory drive 

on the PAG mainly suppresses pain although the action of the RVM can be engaged 

to promote as well as prevent pain signals. The decline of excitatory influences on 

the PAG might produce modulatory dysfunction and distort sensory signals to be 

painful (Ho, Cheng and Chiou, 2013). I focused on the role of metabotropic 

glutamate receptor 5 (mGluR5) in the PAG. Group I mGluRs including mGluR5 play 

dual roles in the pain processing of the nervous system, enhancing pain transmission 

in ascending pathways and inhibiting pain at endogenous modulatory pathway of 

PAG-RVM (Kim, Calejesan and Zhuo, 2002). According to previous studies, 

activation of the mGluR5 in the PAG (PAG-mGluR5) enhances neuronal activity and 

induces analgesic effect (Drew, Mitchell and Vaughan, 2008; Wilson-poe, Mitchell 

and Vaughan, 2013; Kolber, 2015).  

Activation of mGluR5 triggers various downstream signaling cascades and affects 

neuronal excitability. Although mGluR5 has been shown to be persistently active in 

certain circumstance (Young et al., 2013) and promote firing of neurons (Davies et 
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al., 1995; Young, Bianchi and Wong, 2008; D’Ascenzo et al., 2009), the in-vivo 

existence and physiological roles in brain function of such an activity have not been 

reported. Here I report that the mGluR5 in the PAG is persistently active in normal 

state, and its conditional inactivation underlies chronic pain. I demonstrate that the 

persistent activity of PAG-mGluR5 is required for regulation of neuronal excitability, 

and suspension of it is sufficient to induce long-lasting pain in the naïve animal. 

Further, I investigate the alteration of whole-brain activity in chronic pain animal 

using PET imaging and reveal the basal PAG-RVM activity is down-regulated. 

Activation of the PAG-mGluR5 completely reverses the pain-induced alteration of 

brain activity and rescues neuropathic pain behavior. My results demonstrate a 

critical involvement of persistent PAG-mGluR5 activity in pain processing and 

provide new insight into how the PAG-RVM pathway becomes dysfunctional as it 

contributes to chronic pain.   

  



70 

 

Results  

Activation of the PAG-mGluR5 eliminates neuropathic pain symptom 

 I questioned whether the PAG-mGluR5 activates the endogenous pain modulatory 

function sufficient to reverse chronic neuropathic pain. Spinal nerve ligation (SNL) 

was adopted as a neuropathic pain model (Kim and Chung, 1992) and paw 

withdrawal threshold of affected hindpaw was measured from model animals to 

confirm the emergence of mechanical allodynia. Then I administered 3,5-

dihydroxyphenylglycine (DHPG), the agonist of mGluR5, into the unilateral PAG 

of the model animal via implanted cannula (Fig. 15A) and measured paw withdrawal 

threshold. DHPG treatment into the PAG (PAG-DHPG) evoked powerful analgesic 

effect and completely abolished SNL-induced mechanical allodynia (Fig. 15C and 

16A). This analgesic effect lasted more than an hour and disappeared within next 24 

hours (Fig. 15C and 16A). 
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Figure 15. Microinjection of DHPG into the PAG and FDG-PET experiments.  

A. Location of microinjection site in the PAG.  

B. Experimental design for the FDG-PET scans.  

C. Mechanical hypersensitivity induced by SNL surgery is abolished by PAG-

DHPG.  

D. Brain regions showing higher activity in SNL group compared to sham 
group (PAG-vehicle condition, independent two-sample t-test, p<0.001, Ke 
> 20). 
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Activation of the PAG-mGluR5 rescues chronic neuropathic pain-related 

alteration of brain activity 

 To measure the alteration of the whole-brain activity in neuropathic pain state and 

PAG-driven analgesic state in vivo, I performed two separate brain scans to each 

animal using [18F] - fluorodeoxyglucose (FDG) – PET imaging technique, with 

microinjection of vehicle (PAG-vehicle) and DHPG (PAG-DHPG) into the PAG, 

respectively (Fig. 15B and 15C). First, I compared the brain activity of SNL group 

and sham surgery group using images of vehicle-treated state (SNL-vehicle vs. 

Sham-vehicle) with a conventional threshold of uncorrected p < 0.001. In this PAG-

vehicle condition, SNL group showed significantly lower activity from the PAG and 

the RVM compared to sham group (Fig. 16B, Table 5). The orbitofrontal cortex 

(OFC), insular cortex (IC), retrosplenial cortex (RSC), thalamus and basal ganglia 

(BG), which are brain regions involved in pain processing, showed higher activity 

in SNL group compared to sham group (Fig. 15D, Table 5). Next, I compared SNL 

and sham animals of analgesic state using images of DHPG-treated state (SNL-

DHPG vs. Sham-DHPG). Under the PAG-DHPG condition, inter-group differences 

were completely eliminated and no significant alteration was observed. PAG, RVM, 

OFC, IC, RSC, thalamus and BG no longer showed activity differences even at the 

more relaxed statistical criterion of uncorrected p < 0.005. 

 Further, I analyzed the effect of the PAG-DHPG on brain activity using pairs of 

images from each animal. Differences between vehicle-treated state and DHPG-

treated state were compared with a conventional threshold of uncorrected p <0.001 

by each group. In SNL group (SNL-vehicle vs. SNL-DHPG), DHPG-induced 

metabolic increase was observed from entire PAG (Fig. 16D), although unilateral 

caudal ventrolateral PAG was targeted, implying broad excitatory connection among 

the region (Beitz, 1989). RVM as well showed a metabolic increase in this condition 
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(Fig. 16D, table 5), which is in line with the well-known PAG-RVM pathway. 

Interestingly, however, the response was different in the sham group (Sham-vehicle 

vs. Sham-DHPG). The metabolic increase was observed from only dorsal part of the 

PAG and focal injected site of ventral part (Fig. 16C). Activity increase of the ventral 

or rostral part PAG was less prominent in sham group compared to SNL, for voxels 

of these areas could not survive significance level in the sham group. I further 

explore these phenomena using merged results of the drug-status and surgery-status 

analyses with a more relaxed p-value threshold of uncorrected p <0.005, showing: 

(i) In SNL group, PAG-DHPG increases the activity of the PAG region which is 

related to neuropathic pain (Fig. 16F), which is consistent with my model. (ii) The 

PAG-DHPG effect is insufficient to increase the activity of the same region in the 

sham group (Fig. 16E), possibly because of a ceiling effect. (iii) The decrease of 

activity is observed mainly from remote cortical areas in both groups (Table 6 and 

Table 7). Fig. 16E and 16F clearly show the difference of DHPG effect on the PAG 

activity between sham and SNL group, and imply altered activity of the PAG region 

in neuropathic pain condition is related to the mGluR5 status. Taken together, these 

data show the decline of the PAG-RVM activity during chronic neuropathic pain 

state and suggest the involvement of PAG-mGluR5 activity. 
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Figure 16. Activation of PAG-mGluR5 ameliorates pain behavior and rescues pain-

induced alteration of brain activity.  

A. Effect of DHPG microinjection into the PAG on SNL-induced mechanical 

allodynia (n=5 animals per each group, ***p<0.001, repeated ANOVA with 

Bonferroni).  

B. Brain areas of which the activity is lower in SNL group compared to sham 

group (n=11 animals per each group).  

C. Brain areas which responded to DHPG microinjection into the PAG in sham 

rats. 

D. Brain areas which responded to DHPG microinjection into the PAG in SNL 

rats. 

E. Merged results from each analysis (analyses used in B and C) with a p-value 

of 0.005. Ventral part PAG does not respond to the DHPG treatment in the 

sham group. The distance from bregma is indicated in the lower left corner 

(in mm). Voxels with a significant difference are shown as blue or green 

color. Voxels in the images are thresholded at the indicated p-value in 

independent (surgery-status, blue) or paired (drug-status, green) two-sample 

t-test, and overlaid to MRI template image. Brain regions and their 

significances are listed in Table 5, 6 and 7. 

F. Merged results from each analysis (analyses used in B and D) with a p-value 

of 0.005. PAG-DHPG treatment increases glucose metabolism in the entire 

PAG, including ventral regions. 
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PAG-mGluR5 is persistently active in normal state, and a suspension of it is 

sufficient to induce chronic pain 

 I then questioned why the DHPG treatment could not increase activity from the 

broad ventral PAG regions in the sham group. One possible explanation is that the 

neurons within this area are already active to a considerable degree in a normal state, 

and therefore DHPG could not promote a further increase in the sham group. 

mGluR5 is known to be persistently active in certain circumstance (Young et al., 

2013) and promote firing of neurons (D’Ascenzo et al., 2009; Davies et al., 1995; 

Young et al., 2008). To identify the persistent activity of mGluR5, I administered 

mGluR5 inverse-agonist (antagonist which can block the persistent activity) 2-

methyl-6-(phenylethynyl)pyridine (MPEP) into the bilateral PAG of naïve rats, and 

measured behavioral change. Pharmacological blockade of the PAG-mGluR5 using 

MPEP (PAG-MPEP) resulted in tactile hypersensitivity manifested by a reduction 

of paw withdrawal threshold, which was comparable to nerve injury-induced 

mechanical allodynia (Fig. 17A). The inverse-agonist of mGluR1 also induced 

similar effect (Fig. 18A). These findings show that PAG-mGluRs are persistently 

active to consistently modulate sensory signals in a normal state. Furthermore, tactile 

hypersensitivity produced by PAG-MPEP did not decay along with the time. The 

stability of this hypersensitivity was independent to diffusion of the injected drug in 

that the allodynia was not attenuated even a month after single-time administration 

of MPEP (Fig. 17A). These data indicate that the malfunction of the pain modulatory 

system induced by conditional inactivation of regional mGluR5 is eventually able to 

produce chronic pain even in the absence of amplified ascending pain signal 

originating from peripheral damage. 
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PAG-mGluR5 is persistently active to regulate neuronal excitability in normal 

condition and is attenuated in chronic pain condition 

 Previous findings reported the persistent effect of mGluR5 activation under certain 

circumstances (Ireland and Abraham, 2002; Sourdet et al., 2003). To identify the 

persistent action of mGluR5, I assessed the excitability of PAG neurons from brain 

slices of naïve rats before and after MPEP treatment. Bath application of MPEP 

significantly decreased the number of action potentials (AP) from 10 out of 14 

recorded neurons (total 40.96% reduction of AP numbers averaged from 14 neurons) 

(Fig. 17B, 17C, and 17G). Reduction of APs accompanied decrease of input 

resistance (Fig. 17D) and was expressed by abrupt cessation of firing (Fig. 17B, left) 

or increased spike frequency adaptation (Fig. 17B, right), which was rescued by bath 

application of mGluR5 agonists after washout of MPEP (Fig. 17B and Fig. 18B). 

These results are coherent with the previous report which showed that the activation 

of mGluR5 in hippocampal neuron leads to an increase in input resistance and a 

reduction in spike frequency adaptation (Davies et al., 1995). Together, my findings 

demonstrate that mGluR5 is persistently active to regulate the excitability of vlPAG 

neurons in normal condition.  

 In the following sets of experiments, I tested whether the persistent mGluR5 activity 

is declined in PAG neurons of chronic pain animals. Intrinsic excitability of PAG 

neuron was measured in sham surgery control and SNL surgery animal before and 

after MPEP treatment. Consistent with results from naïve rats, MPEP treatment 

resulted in a reduction of excitability of PAG neurons from sham surgery-performed 

rats, showing AP attenuation from 13 out of 19 neurons tested (total 39.74% 

reduction of AP numbers averaged from 19 neurons) (Fig. 17E and 17G). In contrast, 

MPEP could not reduce excitability from the majority of PAG neurons in SNL group 

in that only 7 out of 19 neurons showed AP attenuation (total 15.74% reduction of 
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AP numbers averaged from 19 neurons) (Fig. 17F and 17G). The occlusion of the 

MPEP effect suggests that the persistent PAG-mGluR5 activity is readily attenuated 

in neuropathic pain condition. I propose that the decline of mGluR5 activity resulted 

in a reduction of PAG neuronal excitability in SNL rats, as the proportion of 

transient-spiking cells before MPEP treatment was more prominent in SNL rats (Fig. 

17H). 
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Figure 17. PAG-mGluR5 is persistently active in a normal state to regulate neuronal 

excitability, and a disturbance of it is responsible for neuropathic pain.  

A. Long-lasting mechanical allodynia induced by MPEP microinjection into 

the PAG in naïve rats (n=5 each, ***p<0.001 at all the time points, repeated 

ANOVA with Bonferroni).  

B. Bath application of MPEP results in abrupt cessation of firing (left) or 

increased spike frequency adaptation (right) of PAG neurons from naïve rats.  

C. Reduction of spike firing after MPEP treatment in PAG neurons from naïve 

rats (MPEP n=14, vehicle n=10).  

D. The decrease of input resistance after MPEP treatment.  

E. Effect of MPEP on the excitability of PAG neurons from the sham group 

(MPEP n=19, vehicle n=10). Wilcoxon matched pairs test was used for the 

excitability analyses (*p<0.05, **p<0.01, ***p<0.001) 

F. Effect of MPEP on the excitability of PAG neurons from SNL group (MPEP 

n=19, vehicle n=10). 

G. The ratio of MPEP responder neurons in naïve, sham and SNL group.  

H. The ratio of transient-spiking PAG neurons in each group (baseline state).  
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Figure 18. Persistent activity of PAG-mGluRs in naïve rats.  

A. Inactivation of PAG-mGluR1 using BAY 36-7620 induces mechanical 

hypersensitivity which decays along with the time.  

B. MPEP reduces excitability of PAG neurons from naïve rats. Bath application 

of mGluR5 agonist CHPG rescues a cease of spike firing induced by MPEP. 

C. Administration of MTEP reduces excitability of PAG neurons from naïve 

rats, which is consistent with the effect of MPEP. 

D. MTEP decreased the number of APs from 2 out of 3 recorded neurons (total 

53.67% reduction of AP numbers averaged from 3 neurons). 
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Decline of PAG-mGluR5 activity in chronic pain state results in reduced 

excitatory drive on the PAG-RVM pathway 

 As the PAG itself is the major source of glutamatergic input to the PAG (Beitz, 

1989), reduced excitability of glutamatergic PAG neurons would result in decreased 

excitatory output to other PAG neurons. To assess the effect of mGluR5 on the 

excitatory activity of the PAG network, I recorded spontaneous excitatory 

postsynaptic currents (sEPSC) of PAG neurons before and after mGluR5 antagonism 

in brain slices from naïve rats. 3-((2-methyl-1,3-thiazol-4-yl)ethynyl)pyridine 

(MTEP) was used in this experiment. Blockade of persistent mGluR5 activity with 

MTEP also reduced neuronal excitability (Fig. 18C and 18D). As I expected, MTEP 

treatment resulted in a reduction of the frequency of sEPSC in PAG neurons from 

naïve rats showing 41.54% reduction (Fig. 19A and 19B). Change of amplitude was 

not significant, although a subset of neurons showed reduced sEPSC amplitude after 

MTEP treatment (Fig. 19C). 

 I wondered whether the alteration of mGluR5 property in neuropathic pain state 

changes excitatory network activity and affects PAG-RVM circuit. To investigate 

the sEPSC on PAG neurons which project to RVM (PAG-RVM neuron) specifically, 

I identified the PAG-RVM neurons by retrograde tracing technique and recorded 

sEPSC in these neurons from each group animals (Fig. 20A and 20B). The PAG-

RVM neurons from sham animals responded to MTEP and showed reduced 

frequency of sEPSC (Fig. 19D, left), which is consistent with the result of PAG 

neurons from naïve rats. In the case of SNL rats, in contrast, neurons barely 

responded to MTEP treatment (Fig. 19D, middle and right), indicating occlusion of 

the effect. Change of amplitude was not significant in both groups (Fig. 19E). Inter-

group analysis revealed that sEPSC before MTEP treatment is already lower in SNL 

group compared to sham group (Fig. 19F and 19G), which suggests that the loss of 
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persistent mGluR5 activity resulted in the reduced excitatory drive across the PAG. 

On the contrary, GABAergic spontaneous inhibitory postsynaptic currents (sIPSCs) 

were increased in SNL group (Fig. 20B and 20D), implicating that the decline of the 

mGluR5 activity could not reduce the activity of inhibitory neurons. Taken together, 

these data show that mGluR5 persistently regulates excitatory influences on the 

PAG-RVM pathway in a normal state, and confirm decline of the effect in 

neuropathic pain state.  
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Figure 19. Persistent PAG-mGluR5 activity is attenuated in neuropathic pain state, 

which results in a reduction of excitatory input on the PAG-RVM pathway.  

A. Effect of MTEP on spontaneous EPSC of vlPAG neurons from the naïve rats. 

B. Effect of MTEP on the frequency of spontaneous EPSC of vlPAG neurons 

from the naïve rats. 

C. Effect of MTEP on the amplitude of spontaneous EPSC of vlPAG neurons 

from the naïve rats. 

D. Effect of MTEP on the frequency of spontaneous EPSC of PAG-RVM 

projection neurons from sham or SNL groups (n=7 each, *p<0.05, Wilcoxon 

matched pairs test). The effect of MTEP is absent in SNL group, implicating 

the occlusion. 

E. Effect of MTEP on the amplitude of spontaneous EPSC of PAG-RVM 

projection neurons from sham or SNL groups (n=7 each, *p<0.05, Wilcoxon 

matched pairs test).  

F. The frequency of spontaneous EPSC is reduced in SNL rats compared to 

sham control in baseline state (n=7 each, before the MTEP treatment, 

***p<0.001, Kolmogorov-Smirnov two-sample test). 

G. The amplitude of spontaneous EPSC in baseline state (n=7 each, before the 

MTEP treatment). 

  



86 

 

 

Figure 20. Identifying PAG neurons which project to the RVM (PAG-RVM 

projection neurons) and recording postsynaptic currents.  

A. Microinjection of retrograde tracer (DiI) into RVM.  

B. The distinct distribution pattern of PAG-RVM neurons can be seen from 

midbrain slice. Dorsolateral columns of the PAG lacks PAG-RVM neurons. 

C. The frequency of spontaneous GABAergic IPSC is increased in SNL rats, 

shown by the decreased inter-event interval (n=16 each, ***p<0.001, 

Kolmogorov-Smirnov two-sample test). 

D. The amplitude of spontaneous GABAergic IPSC is increased in SNL rats 

(n=16 each, ***p<0.001, Kolmogorov-Smirnov two-sample test). 
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Homer1a is involved in the decline of PAG-mGluR5 activity in chronic 

neuropathic pain state 

 Functions of mGluR5 are regulated by intracellular interacting molecules, such as 

scaffolding protein Homer (Brakeman et al., 1997; Xiao et al., 1998). Among the 

Homer family, a short splice variant Homer1a is activity-dependently expressed, and 

acts as a dominant negative competitor for other long-form Homer proteins. 

Although the Homer1a induces long-lasting constitutive activity of mGluR5 in 

certain circumstances (Fagni et al., 2003), the functional effect of Homer1a on the 

sustained activation of mGluR5 seems to differ based on neuronal conditions (see 

chapter 4). In the current study, I found the Homer1a counteracts sustained activation 

of PAG-mGluR5. 

 I observed the increased Homer1a expression in the vlPAG of SNL rats (Fig. 21A). 

To see the functional effect of the Homer1a induction on the pain behavior, I injected 

virus expressing Homer1a into the bilateral PAG of naïve rats, and measured paw 

withdrawal threshold for 21 days. The overexpression of Homer1a resulted in the 

manifestation of tactile hypersensitivity in naïve rats (Fig. 21B), which was 

comparable to SNL-induced mechanical allodynia. This implicates the Homer1a 

expression in the PAG acts as a pain inducer. Thus, the functional effect of the 

Homer1a expression was same with the PAG-MPEP treatment. 

 To further confirm the functional effect of the Homer1a within the PAG, 

experiments were performed with knock-down strategy using virus expressing 

Homer1a shRNA (shHomer1a). The virus expressing luciferase shRNA (shLuci) 

was used as a control. The SNL surgery was performed 3 weeks after the virus 

injection into the bilateral PAG. As I expected, the knock-down of Homer1a in the 

PAG prevented the transition to chronic pain following SNL surgery (Fig. 21C). 

Despite the mechanical allodynia was successfully developed by the surgery, the 
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symptom was gradually recovered along with the time in the shHomer1a-treated 

group. These data demonstrate that the increased Homer1a in the PAG is the cause 

of the maintenance of chronic pain after the peripheral nerve injury. 

 In the slice patch-clamp experiment of the PAG-MPEP treatment, the decline of 

mGluR5 activity in the control group resulted in reduction of neuronal excitability 

(Fig. 17C and 17E). On the contrary, the MPEP treatment could not further reduce 

neuronal excitability in the PAG slices from SNL rats (Fig. 17F), implicating the 

occlusion. In that, I supposed the excitability of PAG neuron would be decreased in 

SNL group due to the decline of the persistent mGluR5 activity. Indeed, PAG 

neurons of SNL group showed significantly lower baseline excitability compared to 

sham group (Fig. 21D). Consistent with the behavior experiment, the neuronal 

excitability was rescued by knock-down of Homer1a prior to SNL surgery (Fig. 

21D). The excitability of the PAG neurons from shHomer1a-injected SNL group 

was comparable to, or even higher than, the sham group. Furthermore, the persistent 

activity of mGluR5 in the PAG neurons was preserved despite of the SNL surgery 

in the shHomer1a-injected group, shown by reduction of the excitability in response 

to the slice MTEP treatment (Fig. 21E). 

 Taken together, these data demonstrate the increased Homer1a within the PAG is 

involved in the decline of mGluR5 persistent activity in neuropathic pain condition. 

I propose a model of Homer1a-mediated maintenance of chronic neuropathic pain 

as follows: In the early stages, peripheral nerve injury directly induces pain. 

Homer1a within the PAG is increased activity-dependently, with the activated 

endogenous pain modulatory system. Sustained activation of the system accumulates 

Homer1a, which eventually leads to the decline of persistent mGluR5 activity. This 

causes reduction of neuronal excitability, followed by a hypoactivity of PAG 

neurons which project to the RVM. Consequently, the dysfunction of endogenous 

pain modulatory system is fixed by the positive feedback, and pain goes chronic.  
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Figure 21. Identifying PAG neurons which project to the RVM (PAG-RVM 

projection neurons) and recording postsynaptic currents.  

A. Homer1a is increased in the PAG of SNL rats.  

B. Homer1a overexpression in the naïve rat PAG induces mechanical allodynia 

(n=6 each). 

C. Homer1a knock-down in the PAG prevents chronic pain following SNL 

surgery (shHomer1a, n=8; shLuci, n=6). 

D. Intrinsic excitability of PAG neuron is reduced in SNL group, which can be 

prevented by Homer1a knock-down prior to SNL surgery (Sham, n=21; SNL, 

n=15; shLuci + SNL, n=26; shHomer1a + SNL, n=14). 

E. Homer1a knock-down prevents SNL-induced attenuation of MTEP effect 

(shLuci, n=9; shHomer1a, n=13). 
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Discussion  

 These findings primarily support the involvement of endogenous pain modulatory 

system in the pathophysiology of chronic neuropathic pain. In my FDG-PET scan, 

neuropathic pain rats showed lower activities of the PAG and RVM compared to 

control rats. It is noteworthy that these brain images contains information of 

conscious, resting-state brain activity, as rats were kept to be in a fully awake state 

in their home-cage and no external noxious stimulus was given during the uptake 

period of FDG. Thus, these data confirm that the basic state of the PAG-RVM system 

is maladjusted in the chronic neuropathic pain state, even in the condition without 

the external nociceptive stimulus.  

 I have identified that PAG-mGluR5 is persistently active in normal state and the 

activity is attenuated in neuropathic pain state. Although the persistent activity of 

mGluR5 has been reported from previous brain slice studies, the in-vivo 

physiological existence of such an activity has not been reported. In addition, 

persistent mGluR5 activity has been reported only from the condition of wash-out 

following agonist-induced activation in the brain slice. Thus, previous researchers 

have used the agonist of mGluR5 in baseline condition to activate it, assuming that 

mGluR5 is not in the active state in the normal condition. I used inverse-agonist 

(antagonist) in baseline condition to reveal that the mGluR5 is an active state already. 

Regarding the essential role of the mGluR5 in the plastic change of the nervous 

system, my approach has implications on the broad fields of neuroscience. 

 Persistent PAG-mGluR5 activity turned out to regulate the excitability of PAG 

neurons, which is consistent with the findings from previous agonist studies of other 

brain regions (D’Ascenzo et al., 2009; Davies et al., 1995; Ireland and Abraham, 

2002; Sourdet et al., 2003; Young et al., 2008, 2013). Regarding the results from the 

occlusion experiments, I contend that decline of persistent PAG-mGluR5 activity 
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following peripheral nerve injury, and ensuing reduction of neuronal excitability, 

causes a hypofunction of PAG-RVM system and leads to dysfunction of pain 

modulation. Activation of PAG-mGluR5 in neuropathic pain animals cancels out 

mechanical allodynia and restores the alteration of the PAG-RVM activity, 

supporting the idea above. Furthermore, pain-related facilitation of activity in the 

OFC, IC, RSC, BG and thalamus was also reversed by pharmacological activation 

of the PAG-mGluR5, implying the causal relationship between down-regulation of 

pain modulatory system and altered pain perception in the brain. 

 Conversely, single-time pharmacological deactivation of PAG-mGluR5 in naïve 

animals induced long-lasting mechanical allodynia. These findings are of especial 

interest because, as yet, the emergence of chronic pain has been reported to be the 

consequence of the injury-induced peripheral and spinal change. The long-term 

potentiation (LTP) in the spinal cord, one of the most studied mechanisms of chronic 

pain, cannot explain the spread of pain sensation to distant body regions and 

mechanical allodynia typical for chronic pain (Ruscheweyh et al., 2011). In addition, 

the hyperalgesia induced by spinal LTP eventually decays after 6-9 days (Price and 

Inyang, 2015; Sandkühler and Gruber-Schoffnegger, 2012). My study fills the gap 

and presents a novel explanation for the prolonged amplification of nociception. 

 The functions of mGluR5 are regulated by intracellular interacting molecules. I 

found that the intracellular scaffolding protein Homer (Xiao et al., 1998) is involved 

in the initial deactivation of PAG-mGluR5 in the neuropathic pain condition. Homer 

proteins modulate mGluR5 coupling to intracellular effectors (Kammermeier and 

Worley, 2007) and are tightly connected to the constitutive activity of mGluRs 

(Ango et al., 2001). Homer1a, the short-form splice variant of Homer family, is 

activity-dependently expressed and acts as a dominant negative competitor for other 

long-form Homer proteins. Homer1a expression in the PAG neuron leads to the 

decline of the sustained activity of mGluR5, which results in the reduced neuronal 
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excitability. I propose this Homer1a upregulation in the PAG causes dysfunction of 

the endogenous pain modulatory system, which is responsible for the prolonged pain. 

 The molecular mechanisms underlying long-lasting characteristic of allodynia 

induced by one-time blockade of the PAG-mGluR5 in the naïve rat is unclear. A 

possible explanation is that once mGluR5 is deactivated in the PAG, specific 

conditions are required for re-acquisition of initial persistent activity (Young et al., 

2008). Loss of interaction with other molecules due to a conformational change of 

the mGluR5 might be candidate mechanism (Schröder et al., 2009). Alternatively, 

suspension of PAG-mGluR5 activity may induce a long-lasting change of neuronal 

excitability or synaptic transmission in the brain network which is related to the 

PAG.  

 Recently, mGluR5 antagonists have emerged as promising candidates for the 

treatment of chronic pain. Regarding its dual roles in the pain processing and the 

prospect that the maladaptive coping of the PAG to pain sensation induces long-

lasting pain, I concern that the systemic treatment of mGluR5 antagonists might 

induce paradoxical chronic pain via decline of the PAG activity. Development of 

peripheral mGluR5 antagonist which is unable to penetrate blood-brain barrier might 

be required to prevent possible side effects. I suggest that although mGluR5 

antagonists have beneficial clinical effects, care should be taken for its use in the 

treatment of other neurological disorders. 
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Table 5. Brain regions with significant differences between sham and SNL rats. 

The images of PAG-vehicle condition were used (voxel-by-voxel two-sample t-test, 

p < 0.001, Ke > 20). The peak voxel location is represented by the distance from the 

bregma (mm). 

 

 

Table 5-1.  
SNL-vehicle < Sham-vehicle 

Brain region Ke T Z p level 
Location (mm) 

ML AP DV 
Periaqueductal gray 205 4.83 3.78 <0.001 0.4 -6.2 -5.6 
Rostral ventromedial 

medulla 24 4.54 3.62 <0.001 0.6 -9.4 -10.2 

Secondary visual cortex 102 4.10 3.37 <0.001 -2.2 -5.2 -1.4 
 

 

Table 5-2.  
SNL-vehicle > Sham-vehicle 

Brain region Ke T Z p level 
Location (mm) 

ML AP DV 

Orbitofrontal cortex 188 
5.06 3.90 <0.001 -1.4 4.6 -4.8 
4.40 3.54 <0.001 -0.4 5.4 -5.6 

Insular cortex 48 4.79 3.76 <0.001 -4.6 2.2 -5.6 
Retrosplenial cortex 55 4.38 3.53 <0.001 0 -1.8 -2.2 

Basal ganglia 22 4.21 3.43 <0.001 -2.4 -2.4 -8.0 
Thalamus 31 4.04 3.33 <0.001 3.0 -3.0 -6.6 
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Table 6. Brain regions with significant differences between vehicle and DHPG 

condition in sham group rats (voxel-by-voxel paired t-test, p < 0.001, Ke > 20).  

*The cluster which includes the PAG region. **The cluster adjacent to the RVM 

region. However, the cluster does not include the RVM even at a more relaxed 

threshold of p < 0.005 

 

 

Table 6-1. 
Sham-vehicle < Sham-DHPG 
 

Brain region Ke T Z 
Location (mm) 

ML AP DV 
Retrosplenial cortex 

*2085 
19.42 5.17 0 -5.6 -2.8 

Cerebellum (lobule 3) 10.04 4.26 -0.8 -9.4 -4.6 
Anterior pretectal nucleus 8.49 4.00 -2.4 -5 -6 

Retrosplenial cortex 24 
6.52 3.59 -2.8 -9 -3.2 
5.74 3.39 -3.6 -9.4 -2.6 

Retrosplenial cortex 22 5.56 3.34 1.6 -7.6 -2.2 

Cerebellum (lobule 7) 25 
6.95 3.69 -0.4 -12.8 -3.6 
5.27 3.25 -0.8 -13.6 -4.2 

Cerebellum (lobule 9) 21 6.26 3.53 0 -13.2 -6 
Cerebellum (paraflocculus) 58 9.41 4.16 -5.6 -11.4 -6.6 

Thalamus 56 
9.09 4.11 1 -2 -5.6 
6.12 3.49 0.4 -2.6 -5.4 

Thalamus and hypothalamus 236 
8.21 3.95 0.2 -2.8 -7.6 
7.42 3.80 -0.8 -3 -8.6 
6.64 3.62 0.2 -2 -7.2 

Prelimbic cortex 98 11.15 4.41 0.6 2.6 -3.4 
Superior colliculus 41 11.11 4.40 2.6 -6.4 -4.8 

Subthalamic nucleus 34 10.47 4.32 -2.2 -4 -8.6 
Pons (reticulotegmental nucleus) **32 7.90 3.89 -0.6 -8.8 -9.8 
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Table 6-2. 
Sham-vehicle > Sham-DHPG 
 

Brain region Ke T Z 
Location (mm) 

ML AP DV 
Primary somatosensory cortex 335 18.18 5.08 4.8 -2.2 -4.8 
Primary somatosensory cortex 

463 
10.11 4.27 5.2 1.4 -4.4 

Secondary somatosensory cortex 8.44 3.99 6.4 -0.2 -4.6 
Insular cortex 9.86 4.23 4.6 1.8 -5.8 
Insular cortex 76 6.66 3.63 5.4 -1 -7.6 

Primary somatosensory cortex 21 6.64 3.62 -4.8 -1.2 -4.6 

Primary somatosensory cortex 128 
6.84 3.67 -4.4 1 -4.4 
6.76 3.65 -4.8 1.6 -5.2 

Primary somatosensory cortex 
202 

7.22 3.75 -5.6 0.4 -3 

Secondary somatosensory cortex 
8.91 4.08 -7 -0.8 -5 
8.44 3.99 -6.8 0 -5.6 

Secondary somatosensory cortex 24 6.81 3.66 -7 -3.8 -4 

Insular cortex 142 
12.49 4.57 -3.8 4.2 -5.6 
7.61 3.84 -4.6 3.4 -5 
7.09 3.73 -3.8 4.4 -4.4 

Insular cortex 193 
11.16 4.41 -5.4 1.4 -7.8 
9.80 4.22 -5.8 1 -7 

Reticular nucleus 32 8.42 3.99 2.4 -11.8 -9.6 
Reticular nucleus 52 7.45 3.80 -2.8 -11.4 -9.4 

Cerebellum  
(Simple lobule and Crus1) 70 

12.72 4.60 3.6 -11.6 -3.8 
6.86 3.67 2.8 -11.4 -4.8 
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Table 7. Brain regions with significant differences between vehicle and DHPG 

condition in SNL group rats (voxel-by-voxel paired t-test, p < 0.001, Ke > 20).  

*The cluster which includes the PAG region. **The cluster which includes the RVM 

region. The result with the threshold of p < 0.005 includes a larger cluster of the 

RVM. 

 

 

Table 7-1. 
SNL-vehicle < SNL-DHPG 
 

Brain region Ke T Z 
Location (mm) 

ML AP DV 
Hippocampus 

*1663 
11.14 4.41 0 -4.2 -3.4 

Cerebellum (lobule 2) 
10.88 4.37 -1 -10.2 -6 
8.09 3.93 0.8 -9.4 -5.6 

Retrosplenial cortex 35 
6.54 3.60 -1.8 -7.2 -1.8 
5.06 3.18 -1.4 -6.2 -1 

Cerebellum (lobule 8) 90 14.84 4.81 -0.2 -12.2 -4.6 

Hypothalamus 61 
7.11 3.73 -1.8 -2.8 -8.8 
5.13 3.20 -1 -3.6 -9 

Hippocampus and  
piriform cortex 42 5.57 3.34 -4.4 -4.8 -8.4 

Entorhinal cortex 84 8.90 4.08 6.6 -7.4 -8 
Secondary visual cortex 71 8.48 4.00 -4.8 -8.4 -2.2 

Superior colliculus 236 
7.23 3.75 2.2 -5.8 -4.2 
5.66 3.36 2.2 -7 -5 

Pedunculopontine tegmental 
nucleus 42 6.32 3.54 -2.2 -7.4 -7.8 

Pons (reticulotegmental nucleus) **20 6.92 3.69 -0.2 -9 -9.8 
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Table 7-2. 
SNL-vehicle > SNL-DHPG 
 

Brain region Ke T Z Location (mm) 
ML AP DV 

Thalamus (VPL) 
251 

8.45 4.00 -6.6 -3 -3.4 
Primary somatosensory cortex 7.12 3.73 -6.6 -1.4 -3.6 

Auditory cortex 6.83 3.67 -7.2 -4.2 -4.2 
Primary somatosensory cortex 128 8.84 4.07 -5.6 0.6 -3.8 
Primary somatosensory cortex 

156 
6.66 3.63 -5.2 -1 -4.4 

Caudate putamen 5.88 3.43 -4.4 -0.2 -5.2 
Secondary somatosensory cortex 5.64 3.36 -4.8 0.6 -5.4 
Secondary somatosensory cortex 45 7.54 3.82 -5.2 -2 -6.2 

Primary somatosensory cortex 390 
7.83 3.88 4.2 2.6 -4.4 
7.83 3.88 5 3 -4.4 
5.03 3.17 5.6 2 -5.6 

Primary somatosensory cortex 29 6.66 3.62 6 -0.6 -3.2 

Piriform cortex 22 5.89 3.43 -6.8 -4.6 -8.8 
5.40 3.29 -6.2 -3.4 -9.4 

Piriform cortex 152 8.20 3.95 -5 -1.6 -10 
5.65 3.36 -4.8 0.6 -9.2 

Piriform cortex 24 10.21 4.28 -3.4 1.6 -7.8 
Piriform cortex 

260 
6.51 3.59 -4.2 2.6 -8 

Orbital cortex 8.94 4.08 -3.2 5.2 -4.2 
Insular cortex 8.65 4.03 -3.8 4 -6 

Piriform cortex 547 
8.77 4.05 5 1 -8.4 
7.93 3.90 4 1.4 -8 
7.15 3.74 3.8 2 -7.4 

Piriform cortex 38 8.38 3.98 6 -2.6 -9.4 
Insular cortex 34 5.67 3.37 -4.6 2.4 -5.6 
Insular cortex 110 6.33 3.54 3.8 4 -5.6 

Primary motor cortex 69 19.11 5.15 -2.4 3.2 -3 
Parvicellular reticular nucleus 42 7.98 3.91 -2.2 -11 -8.8 

Prelimbic cortex 
118 

7.17 3.74 1.6 3 -3.6 
Corpus callosum (forceps minor) 6.54 3.60 1.6 4.4 -4 
Corpus callosum (forceps minor) 5.30 3.26 1.4 3.6 -4.2 
Corpus callosum (forceps minor) 27 6.93 3.69 -2.2 4.4 -4 

Auditory cortex 
237 

20.01 5.20 7.2 -4.6 -4.6 
Temporal association cortex 8.78 4.06 7.2 -4.6 -6.2 

Ectorhinal cortex 8.23 3.96 7 -7 -6 
Olfactory tubercle 27 16.16 4.92 2.6 1.2 -10 

Hippocampus 23 6.44 3.57 4.2 -4.2 -3.6 
Caudate putamen 20 6.07 3.48 3.6 0 -3.6 
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Chapter 4. 

Sustained activity of metabotropic glutamate receptor: Homer, 

arrestin, and beyond 

 

Summary 

 When activated, metabotropic glutamate receptors (mGluRs) exert long-lasting 

changes within the glutamatergic synapses. One mechanism is a tonic effect of 

downstream signal transduction pathways via sustained activation of mGluR itself. 

Like many other G-protein coupled receptors (GPCRs), mGluR can exist in a 

constitutively active state, which persists agonist-independently. In this chapter, I 

review the current knowledge of the mechanisms underlying the constitutive activity 

of group I mGluRs. The issues concerning Homer1a mechanism in the constitutive 

activity of group I mGluRs and recent findings regarding the significant role of β-

arrestin in sustained GPCR activity are also discussed. I propose that once in a state 

of sustained activation, the mGluR persistently activates downstream signaling 

pathways, including various adaptor proteins and kinases, such as β-arrestin and 

mitogen-activated protein kinases. In turn, these effector molecules bind to or 

phosphorylate the mGluR C-terminal binding domains and consequently regulate the 

activation state of the mGluR. 
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Introduction 

 Efficient transmission of information in the nervous system is mediated by various 

neurotransmitters and neuromodulators. Glutamate, the most abundant 

neurotransmitter in the nervous system, acts as an excitatory signal in the synapses 

and plays a key role in the regulation of neuronal activity. In the synaptic loci, 

glutamate released from presynaptic vesicles binds to postsynaptic glutamate 

receptors, and synaptic activation of the postsynaptic ionotropic glutamate receptors, 

such as N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors, directly contributes to the generation of 

action potentials in the postsynaptic neurons. Activation of the metabotropic 

glutamate receptor (mGlu), on the other hand, exerts indirect long-lasting influences 

throughout the neuron, primarily via the activation of heterotrimeric G proteins 

(Gladding et al., 2009; Lüscher and Huber, 2010; Willard and Koochekpour, 2013).  

 Based on intracellular signaling pathways, the eight subtypes of mGluRs can be 

classified into three subgroups (I, II, and III). Among the eight mGluR subtypes, the 

most extensively studied mGluRs are mGluR1 and mGluR5, which constitute group 

I mGluRs (Piers et al., 2012; Wang and Zhuo, 2012). The activation of group I 

mGluRs stimulates phospholipase C (PLC) β, resulting in activation of a 

diacylglycerol (DAG)-mediated protein kinase C (PKC) pathway, and exerts calcium 

response by facilitating the opening of plasma membrane calcium channels and the 

release of inositol triphosphate (IP3)-mediated calcium from the intracellular calcium 

stores (Niswender and Conn, 2010). The intracellular signaling cascades activated 

by group I mGluRs play an essential role in the plasticity of neuronal excitability 

(Niswender and Conn, 2010). This is achieved by endocannabinoid-mediated 

suppression of presynaptic vesicle release probability, modulation of the receptor 

and channel availability in the postsynaptic neuronal membrane, and alteration in the 
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transcription of genes related to various regulatory signaling molecules (Wang and 

Zhuo, 2012). 

 Akin to many other GPCRs (Corder et al., 2013; Gilliland et al., 2013; Meye et al., 

2014; Thomsen et al., 2016), mGluRs exist in a state of equilibrium between being 

active or inactive, regardless of agonist binding (Ango et al., 2001; Fagni et al., 2003; 

Panaccione et al., 2013). As such, mGluRs can show sustained activity under certain 

circumstances. The persistence of mGluR activity after agonist washout as well as 

the constitutive mGluR activity independent of agonist binding have been reported 

in previous studies (Ango et al., 2001; Young et al., 2008, 2013). The sustained 

cellular effects of mGluR activation are mediated by downstream effectors, 

including G proteins or β-arrestins, and play a critical role in modulating neuronal 

plasticity (Eng et al., 2016; Newell and Matosin, 2014; Niswender and Conn, 2010; 

Stoppel et al., 2017). Further, previous studies have reported that the persistent effect 

of mGluR activation is involved in physiological function and pathological 

dysfunction of the nervous system (Bianchi et al., 2009; Fagni et al., 2003; Young et 

al., 2013). 

 In this chapter, I will focus on the sustained activity of group I mGluR signaling 

and intracellular mechanisms underlying the persistent effect of receptor activation. 

I will review current knowledge regarding the significant role of the intracellular 

scaffold, Homer1a, in constitutive activity of group I mGluRs. Further, I will discuss 

recent findings of β-arrestin function in sustained G protein activity in the 

intracellular GPCRs, addressing its possible relevance to the persistently active 

mGluR signaling. I conclude with a discussion of intracellular mGluR function and 

the suspected role of downstream mitogen-activated protein kinase (MAPK) 

signaling in the maintenance of sustained mGluR activity. 
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Main 

Persistent action of the mGluRs following activation 

 The persistent activation is a common phenomenon among GPCRs (Cahill et al., 

2017; Ritter and Hall, 2009; Thomsen et al., 2016). Sustained G protein signaling 

after agonist washout has been reported for many GPCRs. This long-lasting action 

can be derived from the persistent effect of downstream cascades following agonist 

binding to the receptor, and/or agonist-independent persistent activation of the 

receptor itself. Previous studies have shown that the activation of mGluR 

downstream cascades exerts long-lasting influences on glutamatergic synaptic 

transmission, and persistent changes in synaptic efficacy elicited by mGluR 

activation are reversibly suppressed by mGluR antagonists (Lodge et al., 2013). For 

instance, a long-term depression (LTD) can be induced by the stimulation of group I 

mGluR using the agonist, 3,5-dihydroxyphenylglycine (DHPG), in hippocampal 

neurons. This group I mGluR-mediated LTD is fully or partially reversed by the 

application of the mGluR antagonists, such as α-methyl-4-carboxyphenylglycine 

(MCPG), 2-amino-2-(3-cis and trans-carboxycyclobutyl-3-(9-thioxanthyl)propionic 

acid (LY393053), α-amino-4-carboxy-2-methylbenzeneacetic acid (LY367385), or 

2-methyl-6-(phenylethynyl)-pyridine hydrochloride (MPEP). The phenomenon is 

not specific to the group I mGluR. The group II and group III mGluR-mediated LTD 

is also reversed by representative antagonists (Lodge et al., 2013). These findings 

raise the possibility that prolonged alteration in neuronal activity induced by group 

I mGluR activation is mediated by the persistent activity of the mGluRs themselves 

(Young et al., 2013). This suggested role of persistent activation can lead to 

modulation of neuronal activity in the physiological as well as pathological state 

(Panaccione et al., 2013; Tronson et al., 2010; Young et al., 2013). 

 The necessary condition for this persistent activity might differ based on the 



103 

 

neuronal state and mGluR subtypes. In the case of the mGluR5 in CA3 hippocampal 

neurons, DHPG application at a sufficiently high temperature (30–31 °C) for a 

sufficient period of time (> 30 min) is necessary for the manifestation of persistent 

activation (Young et al., 2008). Under this condition, neuronal excitability was 

altered because of a change in state of the potassium channels, and therefore, 

persistent suppression of afterhyperpolarization (AHP), which is mediated by a p38 

MAPK- and protein synthesis-dependent signaling pathway. The necessary 

condition (high temperature) in this case implicates that temperature-sensitive 

enzymes and/or ion channels might be involved in this mGluR5-mediated persistent 

AHP suppression (Frank, 2016; Talavera et al., 2008; Wang et al., 2014; Young et al., 

2008). In the case of the mGluR1, the ion channel was transiently affected but the 

persistent change of state was not elicited by the same stimulation (Young et al., 

2008). Interestingly, another study has reported the persistent CA3 neuronal 

responses to the group I mGluR agonist DHPG were reversed by mGluR1 antagonist 

LY367385 or (hydroxyimino)cyclopropa[b]chromen-1a-carboxylate ethyl ester 

(CPCCOEt),  and to a lesser extent by the mGluR5 antagonist MPEP, indicating 

that the mGluR1 is primarily involved (Young et al., 2013). In spite of the 

inconsistency, these studies commonly implicate the persistent activity and 

functional relevance of group I mGluR to long-lasting changes in neuronal activity. 

 

Constitutive, agonist-independent activity of mGluRs 

 Many GPCRs exhibit agonist-independent activity. Although the exact mechanisms 

underlying the sustained signaling of GPCRs have not been fully understood, many 

investigations on the phenomenon have revealed that constitutive activity is an 

intrinsic feature of GPCRs (Corder et al., 2013; Gilliland et al., 2013; Meye et al., 

2014; Thomsen et al., 2016). The sustained activation of GPCRs can be modulated 
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by signaling molecules, as well as endogenous ligands, and plays a significant role 

in maintaining both physiological and pathological state.  

 Group I mGluRs have been reported to show constitutive activity (Fagni et al., 2003; 

Panaccione et al., 2013; Ronesi et al., 2012; Tronson et al., 2010). As a GPCR, the 

mGluR also has intracellular domains that can interact with numerous kinases, 

phosphatases, and proteins. These molecules modulate the action of the receptors 

and many of them are shared by other GPCRs signaling pathways. Constitutive 

activity of mGluRs can result from changes in receptor conformation induced by 

these interacting molecules. Previous studies showed that mutation of specific 

allosteric binding domain residues results in conformational changes and modulates 

the constitutive activity of mGluRs (Malherbe et al., 2003; Yanagawa et al., 2009). 

Recently it has been revealed that the constitutive activity of group I mGluRs can be 

modulated by mGluRs coupling to specific intracellular interacting molecules, such 

as the Homer family of scaffold proteins (Ango et al., 2001; Fagni et al., 2003). 

 

Involvement of Homer proteins in the mGluRs constitutive activity 

 In the case of mGluR, the involvement of the Homer family of intracellular proteins 

is the most studied mechanism of the constitutive activity. Homer proteins are 

intracellular scaffolding proteins that interact with various membrane receptors 

including mGluRs (Shiraishi-Yamaguchi and Furuichi, 2007; Xiao et al., 1998, 

2000). With the conserved Ena/VASP Homology (EVH) 1 domain, Homer proteins 

bind to the C-terminal PPXXF motif of receptors and act as a scaffold for various 

intracellular effector interactions. The Homer family comprises of many alternative 

splicing variants from three Homer genes and these multiple isoforms can be 

categorized into either long-form or short-form Homer proteins. The long-form 

Homer proteins (Homer 1b, 1c, 2, and 3) have a coiled-coil domain and form dimers 
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with other intracellular effectors. The short-form Homer protein (Homer 1a), in 

contrast, only has an EVH1 domain and lacks a coiled-coil domain. Homer1a acts as 

a dominant negative competitor for other long-form Homer proteins by binding to 

the receptors and disrupting intracellular signaling. The Homer1a is expressed in an 

activity-dependent manner, whereas other long-form Homer proteins are 

constitutively expressed. Homer1a is believed to counteract the hyperexcitability of 

neurons and thus play a key role in endogenous neuroprotection (Brakeman et al., 

1997; Sakagami et al., 2005; Shiraishi-Yamaguchi and Furuichi, 2007; Wang et al., 

2015c; Yamamoto et al., 2005). 

 Other than such a homeostatic regulatory role, Homer1a is also involved in the 

constitutive activation of the mGluR (Ango et al., 2001; Fagni et al., 2003). As a 

dominant negative competitor for other long-form Homer proteins binding to the 

mGluR, Homer1a disrupts mGluR-Homer3 interaction when expressed. Because the 

Homer3 is constitutively expressed and acts as a negative regulator of mGluR 

constitutive activity via stabilization of the receptor, disruption of mGluR-Homer3 

binding by Homer1a induction results in the development of neuronal conditions for 

mGluRs constitutive activation (Fagni et al., 2003). 

 Although the involvement of Homer1a in the constitutive activity of mGluR is 

widely accepted, this concept does not clarify the basal mechanisms underlying 

constitutive activation of mGluR. The Homer1a mechanism for the induction of 

constitutive activity depends on its dominant-negative effect on mGluR-Homer3 

binding. The study of the Homer1a-mediated constitutive activity of mGluR was 

performed in the cerebellum, where basal Homer3 expression is known to be high 

(Ango et al., 2001). As the expression of Homer3 differs depending on the brain 

regions and neuronal subtypes, it is speculated that the induction of constitutive 

mGluR activity by Homer1a might be inconsistent depending on the cellular 
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condition. If Homer3 binding stabilizes mGluR and blocks the constitutive activation 

of the receptor, and Homer1a induces mGluR constitutive activity by disrupting 

mGluR-Homer3 binding, it is not appropriate to state that Homer1a is a necessary 

condition for the constitutive activity of mGluR. Thus, in the neuronal condition 

where Homer3 is absent, the mGluR constitutive activity might be conserved even 

without the presence of Homer1a. Rather, regarding the original Homer1a action of 

disrupting the binding of the mGluR to various interacting molecules, Homer1a 

would prevent the activation of certain intracellular pathways downstream in the 

mGluR signaling pathway. For instance, the disruption of mGluR interaction with 

Homer1b/c or Homer2 would affect calcium signaling and MAPK phosphorylations 

(Mao et al., 2005; Worley et al., 2007; Yang et al., 2004). The degree of interruption 

in the mGluRs downstream pathways by Homer proteins varies among different 

neurons and on the composition of the signaling pathways (Worley et al., 2007). In 

that, the expression of Homer1a can decrease (Minami et al., 2003; Tappe et al., 2006; 

Tu et al., 1998) as well as increase (Abe et al., 2003; Ango et al., 2001; Minami et 

al., 2003) the rise in calcium levels in response to mGluR stimulation, depending on 

the neuronal subtype (Worley et al., 2007). Furthermore, the stimulation of mGluRs 

activates several downstream pathways (Hu et al., 2012; Stoppel et al., 2017), and 

Homer binding to mGluR does not uniformly activate or deactivate all these 

pathways (Hu et al., 2012). Therefore, the functional effect of Homer on the 

sustained downstream activation of the mGluR might be pathway specific. 

 

The role of the β-arrestin pathway 

 I speculate that β-arrestin might be involved in the modulation of mGluR activity. 

In the classical view, β-arrestin had been regarded as a terminator of GPCR activity. 

According to this classical concept, agonist activation of the surface GPCR leads to 
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GPCR kinases (GRKs)-induced phosphorylation of the receptor, followed by β-

arrestin binding, and the binding of β-arrestin to the receptor results in 

desensitization and internalization of the receptor (Ritter and Hall, 2009). However, 

it is now clear that the action of β-arrestin is not limited to the desensitization or 

internalization of the receptor (Crépieux et al., 2017). β-arrestin acts as an adaptor or 

a scaffold, and its binding to the GPCR can activate signaling pathways independent 

of the G protein, to induce cellular change (Magalhaes et al., 2012; Peterson and 

Luttrell, 2017). β-arrestin interacts with most of the GPCRs including mGluRs (Eng 

et al., 2016; Stoppel et al., 2017). A recent study showed that the β-arrestin-induced 

G protein-independent signaling pathways of group I mGluR play a significant role 

in LTP and LTD in hippocampal neurons, and the involved pathways differ between 

CA1 neurons and CA3 neurons (Eng et al., 2016). The authors of the study found 

that genetic ablation of β-arrestin2 results in deficits in LTD mediated by mGluR1 

in CA3 neurons and by mGluR5 in CA1 neurons. They also have reported that the 

β-arrestin2 knock-out mice have a deficiency in long-term potentiation (LTP) 

induced by low-frequency, paired stimulation of mossy fiber inputs to CA3 

pyramidal neurons (Eng et al., 2015), but not in LTP induced by high-frequency 

stimulation (Eng et al., 2016). An early study of CA3 pyramidal neurons revealed 

that NMDA receptor potentiation by mGluR5 is mediated by a G protein-dependent 

pathway, whereas potentiation by mGluR1 is mediated by a G protein-independent 

pathway (Benquet et al., 2002). The study demonstrated that the DHPG application 

could induce LTP under conditions of G-protein blockade using GDPβS. This 

DHPG-LTP was blocked by the Src inhibitor. The authors discussed that the β-

arrestin-mediated recruitment of Src kinase underlies the G-protein-independent 

action of mGluR1 (Benquet et al., 2002; Gerber et al., 2007). Therefore, I can 

speculate that the β-arrestin downstream pathways of mGluR might be in an active 

state even under circumstances in which mGluR ceased its G protein-dependent 
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pathways. 

 In addition to the activation of G protein-independent signaling pathways, the 

coupling of β-arrestin to mGluRs might determine the activity status of the receptors. 

According to previous studies, GPCRs with weak coupling to β-arrestin (Class A 

GPCRs) interact transiently with β-arrestin due to relatively low affinity and thus, 

are recycled back to the plasma membrane shortly after endocytosis. GPCRs with 

stronger binding affinity to β-arrestin (Class B GPCRs), on the other hands, show 

stable coupling and thus, have been thought to experience endosomal degradation 

following β-arrestin-induced endocytosis (Cahill et al., 2017; Thomsen et al., 2016). 

Recent studies, however, have challenged this classical concept of β-arrestin-

mediated cessation of GPCR activity. According to the studies, the binding of β-

arrestin to GPCRs results in the sustained activity of the G protein, mainly in the 

internalized GPCRs (Gilliland et al., 2013; Thomsen et al., 2016). In this new 

concept, β-arrestin and the G protein can bind simultaneously to the GPCR. This is 

achieved by β-arrestin binding to the C terminus and the G protein binding to the 

transmembrane core of the receptor (Thomsen et al., 2016). The binding of β-arrestin 

to the C-terminal tail mediates receptor internalization and intracellular signaling, 

but does not induce desensitization of G protein signaling (Cahill et al., 2017; 

Gilliland et al., 2013; Thomsen et al., 2016). Thus, the high affinity of the C-terminal 

tail of the class B GPCRs to β-arrestin allows for the condition in which the G protein 

couples with the transmembrane core and simultaneously, β-arrestin couples with the 

C-terminal, which results in internalization of the receptor by β-arrestin and 

conserved G-protein signaling in the internalized receptor (Cahill et al., 2017; 

Thomsen et al., 2016). Consequently, the simultaneous activation of G protein-

dependent and independent signaling pathways can occur in the internalized GPCR 

(Thomsen et al., 2016). Although the interaction status of the transmembrane core 

and C-terminal tail to the G protein and β-arrestin in active mGluR is unclear, β-
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arrestin-mediated sustained signaling in the internalized GPCRs suggests a feasible 

mechanism for the constitutive activity (Fig. 22).  

 β-arrestin is also critically involved in modulating the plasticity of glutamatergic 

synaptic transmission (Eng et al., 2016; Stoppel et al., 2017). A recent study showed 

that the β-arrestin pathway is required for a certain type of group I mGluR-mediated 

plasticity, which involves the extracellular signal-regulated kinase (ERK) pathway 

and is mediated by mGluR1 in the CA1 neurons and mGluR5 in the CA3 neurons 

(Eng et al., 2016). I speculate that β-arrestin is further involved in the constitutive 

activity of the mGluRs. 

  



110 

 

 

Fig. 22. Proposed model of sustained mGluR activation. β-arrestin binding to the 

mGluR internalizes the receptor. With stable binding to the mGluR C-terminal, β-

arrestin mediates receptor internalization and activates ERK1/2 MAPK, but does not 

induce desensitization of G protein signaling. In this condition, the β-arrestin tightly 

binds only to the C-terminal tail but not to the transmembrane region, and thus the 

G protein can simultaneously bind to the transmembrane core of the receptor. The 

downstream pathways are activated without interfering with each other. The 

convergence of the downstream pathways on common effectors and their reciprocal 

interactions are omitted in this figure. 
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Involvement of intracellular mGluR5 

 Recently revealed intracellular activity of mGluR5 supports the idea above. 

According to the studies, more than 60% of mGluR5 are located in the intracellular 

site (Hubert et al., 2001; Vincent et al., 2016), and activation of the intracellular 

mGluR5 leads to sustained cytosolic calcium responses (Jong et al., 2009; Kumar et 

al., 2012; Purgert et al., 2014; Vincent et al., 2016). Regarding the β-arrestin-

mediated sustained activity of GPCR that takes place with receptor internalization, 

the high composition ratio of intracellular mGluR5 inspires the idea that the 

intracellular mGluR5 activity is correlated with β-arrestin binding and sustained 

receptor signaling. 

 This intracellular mGluR5 activity plays a significant role in maintaining 

physiological and pathological plasticity during hippocampal LTD (Purgert et al., 

2014) and nerve injury-induced hyperexcitability of spinal neurons (Vincent et al., 

2016). Interestingly, the signaling cascades induced by intracellular mGluR5 

activation is distinct from the downstream signaling of mGluR5 in the plasma 

surface membrane (Jong et al., 2009; Kumar et al., 2012). Only intracellular mGluR5, 

not surface membrane mGluR5, cause ERK1/2 phosphorylation. This was 

demonstrated by the upregulation of ERK1/2 phosphorylation in response to the 

treatment of membrane-permeable agonist, quisqualate, in the presence of 

impermeable, nontransported antagonist, LY393053. The quisqualate-mediated 

upregulation of ERK1/2 phosphorylation could be blocked by the membrane-

permeable antagonist MPEP. Conversely, the impermeable, nontransported agonist, 

DHPG, could not induce an increase in ERK1/2 phosphorylation. Similar 

discrepancies regarding ERK1/2 activation have been shown in a recent study of the 

β-arrestin-dependent downstream signaling pathway of mGluR5 activation (Stoppel 

et al., 2017).  
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ERK1/2 MAPK pathway 

 In the signaling cascades of many GPCRs, G protein and β-arrestin-mediated 

pathways share common downstream effectors of ERK1/2 MAPK (Cassier et al., 

2017; Eishingdrelo and Kongsamut, 2013; Zimmerman et al., 2011). The binding of 

β-arrestin to activated GPCRs contributes to ERK1/2 phosphorylation, and sustained 

phosphorylation of ERK1/2 promotes GPCR internalization and constitutive 

signaling (Beautrait et al., 2017; Cassier et al., 2017; Eishingdrelo and Kongsamut, 

2013; Khoury et al., 2014; Lin et al., 1999; Paradis et al., 2015). In the case of the 

mGluR1/5, agonist stimulation of the receptor results in ERK1/2 phosphorylation, 

which plays a significant role in the synapse (Gallagher et al., 2004; Kelleher et al., 

2004; Sweatt, 2004). This ERK1/2 activation is unaffected or only partially affected 

by inhibitors of PLC (Mao et al., 2005), which is a downstream effector of the G 

protein-mediated pathway (Peterson and Luttrell, 2017). Recent studies showed that 

mGluR5-mediated ERK1/2 activation was completely blocked by genetic reduction 

of β-arrestin2 (Eng et al., 2016; Stoppel et al., 2017). This suggests that the mGluR5-

mediated ERK1/2 activation is β-arrestin pathway-dependent but not G-protein 

pathway-dependent (Stoppel et al., 2017). As discussed above, this biased 

involvement for the phosphorylation of ERK1/2 is a shared characteristic in studies 

of intracellular mGluR5 activation and mGluR5-mediated β-arrestin signaling 

pathway. 

 Interestingly, activated ERK, in turn, regulates the binding of β-arrestin and Homer 

proteins to the receptor. The actions of β-arrestin on the GPCRs are regulated by an 

ERK-mediated feedback mechanism, as activated ERK preferentially 

phosphorylates receptor-bound β-arrestin (Coffa et al., 2011; Luttrell et al., 2001; 

Peterson and Luttrell, 2017) and regulate its function (Lin et al., 1999). Furthermore, 
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activated ERK1/2 phosphorylates the serine-proline motif of mGluR1 and mGluR5, 

and the phosphorylation sites include the Homer binding site of mGluRs C-terminal 

(Hu et al., 2012; Mao and Wang, 2016). Thus, it is likely that once the β-arrestin 

pathway of intracellular mGluR is sufficiently activated, subsequent ERK activation 

would affect receptor coupling to β-arrestin and Homer proteins, and eventually 

modulate the downstream signaling of mGluRs (Fig. 23). Whether the ERK-induced 

phosphorylation of Homer binding site of mGluR results in activation or deactivation 

of mGluR signaling might be case specific, as Homer modulation of mGluR 

signaling would differ based on neuronal conditions (Mao and Wang, 2016; Worley 

et al., 2007). I propose that, under certain circumstances, binding of Homer and β-

arrestin to the receptor adjusted by kinase phosphorylation would lead to sustained 

activation of the mGluR.  
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Fig. 23. Feedback modulation of mGluR activity by ERK1/2. Stable binding of β-

arrestin to the receptor upregulates ERK1/2 activation, whereas transient binding β-

arrestin downregulates it. The activated ERK1/2 preferentially phosphorylates 

receptor-bound β-arrestin and regulates its function. In addition, the activated 

ERK1/2 phosphorylates the Homer binding site of mGluRs C-terminal. These 

feedback mechanisms might play a role in keeping the mGluR persistently active. 
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Regulation of the interactions  

 The coupling of the Homer proteins to the receptor is affected by phosphorylation 

of the binding sites. In group I mGluR, the proline-directed kinases, such as ERK1/2 

and cyclin-dependent kinase (CDK) 5, phosphorylate group I mGluR at the Homer 

binding site, and control the downstream signaling pathways (Hu et al., 2012; 

Orlando et al., 2009). A multi-domain scaffolding protein called Preso1 binds these 

proline-directed kinases and regulates Homer-mGluR binding (Hu et al., 2012). 

Furthermore, expression of Homer1a after the induction of LTP in neurons present 

in the hippocampal dentate gyrus requires the ERK1/2 cascade (Rosenblum et al., 

2002). As such, the interaction between kinases and proteins plays an important role 

in regulating the expression of Homer proteins and their interaction with mGluRs. 

Since the Preso1-mediated regulation of Homer binding does not influence the 

surface expression of mGluRs (Hu et al., 2012), it is unlikely that the downstream 

activation of the Homer-mediated mGluR directly recruits β-arrestin. Rather, it is 

speculated that the Homer-mediated and the β-arrestin-mediated pathways affect 

each other by the phosphorylation of the receptor and each protein. Importantly, the 

proline-directed kinases, which mediate mGluR phosphorylation at the Homer 

binding site can be activated by numerous signaling pathways, and are not specific 

to the receptor. This suggests the possibility of receptor crosstalk (Hu et al., 2012) 

and interaction with β-arrestin signaling. The binding of β-arrestin to the mGluRs 

critically affects ERK1/2 activation via Raf signaling and protein synthesis following 

receptor activation. In return, β-arrestin signaling is affected by the ERK-mediated 

feedback control (Lin et al., 1999). Interestingly, β-arrestin has two different modes 

of action in the regulation of ERK. A recent study of M1 muscarinic acetylcholine 

receptors revealed the bidirectional control of ERK by β-arrestin binding to the 

receptor, showing that the stable binding of the β-arrestin upregulates ERK1/2 

expression, whereas transient binding downregulates it (Jung et al., 2017). Although 
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details regarding β-arrestin binding to the mGluRs during receptor activation are still 

unclear, this raises the prospect that the sustained activity of the mGluR is regulated 

by the functional interaction between Homer proteins and β-arrestin, which is 

balanced by ERK. 

 

Effects of the interactions 

 Proteins responsible for long-term expression of synaptic plasticity are rapidly 

translated in response to mGluR activation. Disrupted regulation, as well as 

excessive protein synthesis, can result in neuronal disorders (Osterweil et al., 2010). 

Regarding the role that activated ERK1/2 plays in the regulation of gene expression, 

the signaling cascades involved in ERK activation would directly affect mGluR-

mediated protein synthesis.  

 Although the binding of Homer1a to the group I mGluR leads to constitutive 

activation in certain circumstances (Ango et al., 2001), the consequence is 

manifested by the G protein-dependent downstream cascades, and not the ERK 

activation cascade. I speculate that the constitutive downstream activation of the G 

protein cascades is just one of the many possible consequences of Homer1a binding 

to mGluR. This view is supported by the effects of Homer proteins and β-arrestin on 

the Ras-mediated activation of the ERK1/2. The Ras protein transduces signals from 

activated GPCRs to the cytoplasm and nucleus and contributes to the induction of 

various effector molecules, including MAPKs (Ryu and Lee, 2016). In many GPCRs, 

the Ras-dependent activation of the ERK1/2 MAPK pathway requires Src kinase 

signaling, and the interaction between β-arrestin and Src kinase plays an important 

role in this GPCR-Src-ERK1/2 pathway (Benquet et al., 2002; Orlando et al., 2009). 

In addition, β-arrestin directly binds to c-Raf (Luttrell et al., 2001) and relieves the 

autoinhibition of the kinase even without Ras, which leads to the activation of the 
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ERK cascade (Min, 2011). In the case of the mGluR, it has been proposed that β-

arrestin acts as a scaffold to couple the Src kinase to the activated mGluR (Benquet 

et al., 2002; Eng et al., 2016; Rosenblum et al., 2002), and thus is required for 

mGluR-mediated ERK1/2 activation (Stoppel et al., 2017). Interestingly, upon 

activation of the mGluR5 in striatal neurons, only a small portion of ERK1/2 is 

activated by the PLCβ/IP3/calcium dependent pathway (Mao et al., 2005), which is 

a G protein-mediated cascade (Stoppel et al., 2017). In the same condition, much 

stronger ERK1/2 activation is achieved by the calcium-independent pathway, in a 

Homer1b/c-dependent manner (Mao et al., 2005). Since the ERK1/2 activation is β-

arrestin pathway-dependent, this implicates the crosstalk between the Homer1b/c 

and β-arrestin downstream pathways. In this neuronal condition, Homer1a binding 

to mGluR would negatively regulate ERK1/2 activation via inhibition of Homer1b/c 

binding to mGluR. Indeed, Homer1a strongly attenuates mGluR-dependent 

activation of ERK1/2 in the spinal cord (Tappe et al., 2006). Notably, the disruption 

of mGluR-Homer interactions selectively blocks the phosphoinositide 3-kinase 

(PI3K)-Akt-mammalian target of rapamycin (mTOR) pathway but not the ERK 

pathway in hippocampal neurons, suggesting the region-specific role of Homer in 

mGluR signaling (Ronesi and Huber, 2008). As a read-out of the protein synthesis 

downstream of mGluR5 activation, the ERK change implicates distinct mode of 

actions of the mGluR5 following its interaction with Homer proteins. 

 The functional consequences of the interaction are manifested by various 

physiological and pathological responses in neurons. The glutamate-induced 

protective signaling of mGluR1 is mediated by sustained, β-arrestin-mediated ERK 

activation (Emery et al., 2010). In the case of Homer, the binding of the Homer 

protein to the phosphoinositide 3 kinase enhancer (PIKE) following quisqualate- or 

DHPG- induced activation of group I mGluR activates PI3K, and prevents neuronal 

apoptosis (Rong et al., 2003). Therefore, disruption of this interaction would affect 
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the basal viability of the neuron. In addition, the mechanisms of the group I mGluR-

mediated synaptic plasticity involve β-arrestin (Eng et al., 2016; Stoppel et al., 2017) 

and the Homer protein(Ronesi and Huber, 2008). These interactions are associated 

with neuronal diseases such as fragile X (Ronesi and Huber, 2008; Ronesi et al., 

2012; Stoppel et al., 2017), chronic pain (Obara et al., 2013; Tappe-Theodor et al., 

2011; Tappe et al., 2006), and addiction (Szumlinski et al., 2004, 2006), Although 

these findings suggest the involvement of sustained activation, direct implication of 

sustained mGluRs activity in the regulation of the synaptic transmission has not yet 

been established. 

 

Conclusion 

 Constitutive activity of mGluR plays a critical role in neuronal responses. The 

coupling of mGluRs to effector molecules including G proteins or β-arrestins not 

only mediates downstream effectors but also determines the activity of the mGluRs 

itself. These effectors coupling to the mGluRs, and activation following downstream 

pathways, could be modulated by reciprocal interactions between the binding 

molecules including kinases, phosphatases, and proteins. I propose that the Homer 

proteins, ERK1/2 MAPK, and β-arrestin affect each other and regulate the 

constitutive activity of mGluR. This regulation would occur in the internalized 

mGluR following sufficient receptor activation, and the C-terminal binding to 

interacting molecules would modulate the implementation of downstream signaling. 
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Materials and Methods 

 

Animals 

 Adult male Sprague-Dawley rats (Samtako, Seoul, Korea) were housed at a 

constant temperature of 23 ± 1°C under a 12 h light/dark cycle. Animals were housed 

two per cage, with free access to food and water. Rats were acclimatized to the 

facilities at least for 2 weeks before beginning the experiments. All the experimental 

procedures were approved by the Institutional Animal Care and Use Committee of 

Seoul National University and were performed according to the Ethical Guidelines 

of the International Association for the Study of Pain. 

 

Spinal nerve ligation (SNL) 

 Adult male rats (8-week-old) were subjected to SNL or sham surgery as described 

by Kim and Chung (Kim and Chung, 1992). Isofluorane was inhaled from 15 

minutes before surgery till the end. Under the deep anesthesia with 2% isoflurane, a 

midline incision was made and the right L6 transverse process was removed. The 

right L5 spinal nerve was isolated and tightly ligated with 5-0 silk suture. In control 

group, sham surgery was performed with the identical procedure, except that isolated 

L5 nerve was not ligated. After the surgery, rats were returned to their home cage 

and monitored during recovery. Rats with abnormal motor deficiency (foot-drop or 

paw dragging) after the surgery were excluded from further experiments. Animals 

exhibiting sensitive hind paws pre-surgery (paw withdrawal threshold < 10g) or 

weak sensitivity post-SNL surgery (paw withdrawal threshold > 5g) underwent the 
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von Frey tests during the observation period, but were not considered as the subject 

of the PET scan and the drug tests. 

 

Paw withdrawal threshold 

Paw withdrawal thresholds were evaluated by the von Frey filament testing using 

Dixon’s up-down method (Dixon, 1965). Rats were individually placed under 

transparent acryl cage on the grid mesh floor table and allowed to habituate for 20 

minutes. A series of von Frey filaments (3.61, 3.84, 4.08, 4.31, 4.56, 4.74, 4.93, 5.18) 

were applied to the test area of right hind paw using the up-down method, and 50% 

paw withdrawal threshold was calculated as described by Chaplan (Chaplan et al., 

1994). Withdrawal threshold of 15 g was used as the cut-off value. Tests were 

performed one day before SNL surgery and 1, 5, 9, and 15 days after the surgery. 

Rats with a low mechanical threshold at pre-surgery condition (less than 10g) and 

rats without mechanical hypersensitivity after SNL surgery were excluded from the 

PET scan and the drug tests. 

 

ABP688-PET imaging 

 The ABP688-PET images were acquired from the SNL group and sham group rats, 

between the 16th and the 25th day after the surgery. Animals were anesthetized and 

maintained with 1.5% isoflurane and received a tail vein injection of [11C] ABP688 

(5.05-16.15 MBq / 100g). Brain scans were processed using a micro-PET/CT 

scanner (eXplore VISTA, GE Healthcare) which has 47mm axial and 68mm 

transaxial field-of-view, with a resolution of 1.6mm full-width at half maximum. 

Data were acquired for 60 minute with list-mode. After finishing scan procedure, list 

mode data were reconstructed into a single static image of the full 60 minutes and 

into dynamic frames of 6 * 30 sec, 7 * 60 sec, and 5 * 600 sec duration using 3-
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dimensional ordered-subsets expectation maximum (OSEM) algorithm with scatter 

correction and random correction. Voxel size was 0.3875 * 0.3875 * 0.775 mm. Each 

image was reconstructed in proportion to standardized uptake value (SUV). 

 

ABP688-PET image preprocessing 

 The ABP688-PET images were processed using Statistical Parametric Mapping 8 

software package (SPM8), MarsBaR toolbox and imgsrtm program of Turku PET 

Centre. Static images of the full 60 minutes from each dataset were coregistered with 

a standard rat MRI template (Schweinhardt et al., 2003), and the calculated 

transformation parameters were applied to the respective binned images. All the 

results of the coregistration were visually confirmed. Then the time-activity curves 

(TAC) for the cerebellum were extracted from the series of binned images. The non-

displaceable binding potential (BPND) of [11C] ABP688 was calculated by use of the 

simplified reference tissue model with the cerebellum as a reference region. The 

images were cropped to exclude olfactory bulb region, and averaged to make an 

ABP688-PET brain template image. All the images were spatially normalized to this 

ABP688-PET brain template image. Voxels were resampled to 0.2 * 0.2 * 0.2 mm 

and smoothed with a Gaussian filter of 0.8 mm full-width at half maximum.  

 

ABP688-PET image analysis 

In the study of chapter 1, a voxel-by-voxel comparison of mGluR5 availability 

between the two groups was performed using the SPM8 software. A two-sample t-

test was used to assess differences between SNL group and sham control. In the study 

of chapter 2, a voxel-wise regression analysis was used with data from SNL group 

animals, to investigate the interaction between the mGluR5 level in the brain and 
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paw withdrawal threshold. An uncorrected p-value threshold of 0.005 and an extent 

threshold of 20 voxels were used to determine statistical significance. The statistical 

map was overlaid onto an MRI template image (Schweinhardt et al., 2003) for 

visualization purpose. 

For post-hoc analyses, ROI was set based on the anatomical location of the 

significant cluster, and BPND in the 0.5 mm radius sphere of the ROI was extracted 

using the MarsBaR toolbox. The interaction between paw withdrawal threshold and 

the mGluR5 level in each ROI was analyzed by calculating Pearson’s correlation 

coefficient. The same method was also used to compute the correlation between the 

ROIs. The mGluR5 levels of each ROI in the SNL group and the sham group were 

compared using the two-sample t-test and F-test. 

 

Deciphering the pain status using ABP688-PET image 

 For normalization, the mGluR5 levels in each ROIs were separately divided by the 

average values of each ROIs of the sham group. The normalized values of SNL rats 

were then separately regressed to the paw withdrawal thresholds. The regressed 

values of each ROIs were then plotted in separate columns. As such, a row of 

regressed mGluR5 templates represent an ideal mGluR5 pattern of a hypothetical 

SNL rat that has a corresponding paw withdrawal threshold. 

 Pearson’s correlation coefficients were computed between the pattern of each SNL 

rat and the template. Thus, a normalized mGluR5 pattern of a rat (a row) was applied 

to the regressed template row-by-row, to calculate the degree of match. The 

calculations were repeated for all rats, and the results for each rat were plotted to the 

separated columns. Thus, each column of the r-value and p-value matrices represents 

the result from an individual rat. The sensitivity of the method was investigated using 
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leave-one-out cross-validation. In this paradigm, the pattern data of one subject (a 

row) was left out, and the regressed template was created from data of the remaining 

nine subjects. Then, data of the subject that had been left out were applied, to 

calculate the degree of match. This method was repeated subject-by-subject to 

predict all the paw withdrawal thresholds of SNL subjects. 

 

FDG-PET imaging 

 The FDG-PET images were acquired in SNL rats and sham rats. 18 days after 

surgery (18th day), the animal was transported to PET facility and experienced 

mimicking procedures for habituation purpose. Two PET scans were performed to 

each rat on the 19th day and 20th day respectively, with the microinjection of DHPG 

solution or vehicle solution (aCSF). Rats were deprived of food 12-16 hours prior to 

each PET scan session to enhance uptake of FDG to the brain. 

 On each day of the experiment, 0.5 μl of the solution was injected into left 

ventrolateral PAG of the rat via implanted cannula. One of the solutions (DHPG or 

aCSF) was randomly assigned to the first PET scan period (19th day) and the 

counterbalanced solution was used on next PET scan period (20th day). After the 

injection, the rat was placed in a transparent acryl cage on the grid mesh floor table 

and acclimatized for 20 minutes. Paw withdrawal threshold was measured in this 

condition using von Frey filaments. 

 [18F] FDG (2mCi in the volume of 0.5ml saline) was then injected via tail vein 

under light isoflurane anesthesia. Rat woke up immediately and was monitored to 

stay awake in its home-cage during 45 minutes of uptake period. Following the 

uptake period, the rat was anesthetized with isoflurane and a static image was 

acquired for 30 minutes using the microPET/CT scanner. After scanning, images 
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were reconstructed using OSEM algorithm provided by eXplore VISTA, with a 

voxel size of 0.3875 * 0.3875 * 0.775 mm. 

 All animals experienced mimicking procedures on the 18th day for acclimation. 

Mimicking procedures included procedures of intra-PAG injection via implanted 

cannula, measurement of paw withdrawal threshold, tail vein injection, home-cage 

waiting and brain-scanning under isoflurane anesthesia. During this mimicking 

procedure which was performed one day prior to first PET scan session, aCSF was 

used for intra-PAG injection and saline was used for tail vein injection. CT scan was 

performed instead of PET scan using the same scanner machine. CT images acquired 

from this procedure were used to verify the location of the implanted cannula. 

 

FDG-PET image preprocessing 

 The FDG-PET images were processed and analyzed using the SPM8 software 

package. All images acquired from FDG-PET scan sessions were coregistered to one 

space and averaged. The averaged image was coregistered to an MRI template image 

(Schweinhardt et al., 2003) and all the individual FDG-PET images were 

coregistered to this averaged image. Afterward, all the individual images were 

cropped to exclude olfactory bulb region, and then averaged to make a FDG-PET 

brain template image. All brain images were spatially normalized to this FDG-PET 

brain template image with heavy nonlinear regularization (value of 10), and resliced 

with a voxel size of 0.2 * 0.2 * 0.2 mm. The images were smoothed with a Gaussian 

kernel of 0.6 mm full-width at half maximum. Following normalization, images were 

classified into separate datasets according to the surgery-status (SNL or Sham) and 

the treatment-status (DHPG injection or Vehicle injection).  
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FDG-PET image analysis 

 FDG-PET images were analyzed using voxel-by-voxel t-tests using the SPM8.  

Independent two-sample t-tests were performed to compare the difference between 

the surgery status (SNL vs. sham) and paired t-tests were performed to compare 

treatment-status (DHPG injection vs. vehicle injection) by the group. Proportional 

scaling method was used and the day of scanning session (postoperative 19th day or 

20th day) was applied as a nuisance covariate. An uncorrected p-value threshold of 

0.001 or 0.005, and an extent threshold of 20 voxels were used to determine 

statistical significance. Survived voxels were overlaid onto an MRI template image 

(Schweinhardt et al., 2003) for visualization. 

 

Cannula implantation 

 Under deep anesthesia, the head of each animal was fixed in a stereotaxic frame 

and animals were deeply anesthetized. The target coordinates were according to the 

Atlas of Paxinos and Watson (Paxinos and Watson, 2007). 

In the study of chapter 1, guide cannulas were implanted into the PrL bilaterally. 

The coordinates of AP +2.6 mm, ML ±0.8 mm, DV -2.9 mm from the bregma were 

targeted, which made the tip of the guide cannula locate 0.7 mm above the injection 

site.  

In the study of chapter 3, coordinates of AP -7.8 mm, ML ±0.9 mm, DV -4.5 mm 

from the bregma were targeted, which made the tip of the guide cannula locate 1.5 

mm above the injection site of the PAG. The cannula was implanted unilaterally (left, 

for DHPG treatment) or bilaterally (for MPEP treatment to naïve rats). 

 After the fixation of the guide cannula using dental cement and mini screw, rats 

were returned to their home cage and monitored during recovery from the anesthesia. 
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At least 7 days of recovery period was given. After the recovery period, the rats were 

handled once a day for 3 consecutive days prior to drug injection. 

 

Drug injection 

 In the study of chapter 1, microinjection of drug solution into the target region was 

conducted using internal cannula which has a length of 0.7 mm additional projection 

beyond the tip of the guide cannula (final target DV -3.6 mm). In the case of the 

dorsal and ventral parts, targeted coordinates were identical except final target DV -

2.0 mm and -5.4 mm. A volume of 0.5 μl drug solutions (25 nmol of MPEP) was 

injected to each side of mPFC and behavioral experiments were followed. In the case 

of MTEP solution, 10 nmol of MTEP in the same volume was used. 

 In the study of chapter 3, microinjections of the drug into the ventrolateral PAG 

were conducted using internal cannula which has a length of 1.5 mm additional 

projection beyond the end of the guide cannula. A volume of 0.5 μl drug solution 

was injected per site unilaterally or bilaterally over a period of 60 seconds using 

syringe pump. Drug solutions of DHPG (25 nmol), MPEP (25 nmol), BAY36-7620 

(25 and 50 nmol) and 50% DMSO were used. 

 The internal cannula was kept in place for additional 60 seconds after the 

microinjection to prevent backflow. All behavioral measurements were initiated 15 

minutes after the end of the microinjection. 

 

Confirmation of the injection sites 

 At the end of the experiments, rats were deeply anesthetized and dye was 

microinjected to verify the placement of the cannula. For the fixation of the brain, 

rats were transcardially perfused with phosphate-buffered saline followed by 4% 
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paraformaldehyde. Brains were extracted, stored in formalin and sliced in coronal 

sections using cryotome. The injection site was determined under light microscopy 

from brain sections counterstained with cresyl violet. In the case of the FDG-PET 

experiment of chapter 3, the placement of the cannula was verified by CT scan. Only 

data from rat with a confirmed placement of the cannula were included in the studies. 

 

Forced swimming test (FST) 

 The FST was used in the study of chapter 1. On the 22nd day after SNL or sham 

surgery, the rat was placed in a swim cylinder (20 cm in diameter and 45 cm height) 

filled with water at 23°C (depth of 30 cm) and underwent a pre-test swimming of 15 

minutes. After the pre-test swimming, the rat was dried with the towels and returned 

to its home-cage. On the next day (the 23rd day after the surgery), one of the solutions 

(DMSO vehicle or MPEP solution) was randomly selected and injected into the 

bilateral PrL of the rat via implanted cannula. At 30 minutes after the injection, the 

rat was placed in the swim cylinder for a 5 minutes swimming (Slattery and Cryan, 

2012). In the case of the experiment with lentiviral expression, 15 minutes of pre-

test swimming was performed on the 14th day after the injection of mGluR5-LV or 

ZsGreen-LV into the bilateral PrL of the naïve rat. Repeated 5 minutes of swimming 

tests were performed on the 15th and 21st day after the LV injection (Mezadri et al., 

2011). All the tests were video-recorded and the immobility time was analyzed from 

5 minutes swimming. Immobility was defined as when rat had no activity except for 

those necessary to keep its head above water. 

 

Open field test (OFT) 

The OFT was used in the study of chapter 1. The rat was placed in the center of an 



128 

 

open field box (60 cm * 60 cm square, 30 cm height) under low-light illumination 

(<20 lux) and was video-recorded during 5 minutes. The experimenter was blinded 

to the group and total distance moved and time spent in the center zone during the 

test were analyzed automatically using EthoVision XT software (Noldus). Center 

zone was defined as a zone of 30 cm * 30 cm center square. In the case of the MPEP 

experiment, the drug was injected into the medial prefrontal cortex (mPFC) via 

implanted cannula and the rat was returned to its home-cage. OFT was performed 30 

minutes after the drug injection. 

 

Conditioned place preference test (CPP) 

The CPP was used in the study of chapter 1. The cannulated rats had a 3 days 

protocol for 3 chamber CPP test (King et al., 2009). The CPP chamber consisted of 

two pairing chambers (vertical versus horizontal visual cues) connected by a neutral 

chamber. All animals were exposed to the experimental room environment three days 

prior to the beginning of the main experiment for adaptation purpose. On the first 

day of the main experiment, the animal was allowed to access to all chambers freely 

for 15 minutes. The time spent in each chamber was analyzed to confirm the absence 

of pre-conditioning chamber preference. Animals spending less than 20% of the time 

in any one chamber at this stage were excluded from further experiments. On the 

second day, the vehicle DMSO solution was injected into the bilateral PrL, and the 

animal was returned to its home-cage. The 30 minutes of the waiting period was 

given. Then the animal was placed in a randomly assigned chamber (with vertical or 

horizontal visual cue) for 30 minutes. After 4 hours, the MPEP solution was injected 

to the bilateral PrL of the same animal and 30 minutes of home-cage waiting was 

followed. And then the animal was placed in the counterbalanced chamber for 30 

minutes. The animal was not allowed to access to the other chambers during these 
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pairing periods. On the third day, the animal was placed into the neutral chamber and 

was allowed to freely access to all chambers for the 15 minutes. The time spent in 

each chamber was calculated and compared.  

 

Lentiviral overexpression of mGluR5 

 The lentiviral overexpression technique was used in the study of chapter 1. The 

lentivirus vector used in the study was a generous gift from Professor Chul Hoon 

Kim (Yonsei University), and lentivirus expressing mGluR5 or ZsGreen1 was 

produced and verified as previously described (Shin et al., 2015). In brief, the cDNA 

of mGluR5 (primer forward: ATGGTCCTTCTGTTGATTCTGTCAG, reverse: 

TCACAACGATGAAGAACTCTGCG) was amplified and inserted into the 

lentiviral vector pLVX-EF1α–IRES-ZsGreen1 (Clontech, Catalog No. 631982), and 

the plasmid was transfected into HEK293FT cells of 60-70% confluency together 

with psPAX2 (Addgene), pMD2G (Addgene) and polyethyleneimine solution 

(sigma-Aldrich). Cell media were harvested, centrifuged and then ultracentrifuged. 

After the re-suspension, the virus was aliquoted and stored at -80°C until use. The 

virus was validated with Western blot analysis in virus-treated HEK293FT cells 

using mGluR5 antibody (Abcam, EPR2425Y). 

The lentivirus expressing EF1α-IRES-Zsgreen1 (ZsGreen LV, titer=3*108 TU/ml) 

or EF1α-mGluR5-IRES-Zsgreen1 (mGluR5 LV, titer=1*108 TU/ml) was injected to 

the bilateral mPFC (coordinates of AP +2.6 mm, ML ±0.8 mm, DV -3.6 mm from 

the bregma) of naïve rats. Behavioral experiments were started 13 days after the virus 

injection. After finishing the experiments, the brains were extracted from each 

animal and coronal sections containing the mPFC region were prepared. The correct 

injection sites were confirmed in all animals. In the brain slices, precise delivery of 

the virus was confirmed by visualizing ZsGreen1-expressing neurons in the mPFC 
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region. 

 

Viral manipulation of Homer1a expression 

 The Homer1a manipulation techniques were used in the study of chapter 3. 

 The adeno-associated virus (AAV) expressing Homer1a (Homer1a-AAV) was used 

for the overexpression of Homer1a in the PAG of naïve rats. The AAV expressing 

green fluorescent protein (GFP-AAV) was used as a control. The Homer1a-AAV and 

the GFP-AAV were generous gifts from Professor Karen Szumlinski (University of 

California at Santa Barbara). 

 For the Homer1a knock-down, the AAV containing short hairpin RNA (shRNA) 

vectors were constructed. The AAV containing shRNA vector of Homer1a (5’-

GCTGCAGAACAAGGAAATT-3’) was injected into the PAG to block the 

endogenous Homer1a expression following SNL surgery (shHomer1a). The AAV 

containing shRNA vector of luciferase was used as control (shLuci). The red 

fluorescent protein, dTomato, was co-expressed as an indicator. 

 

Preparations of brain slice for patch-clamp recordings 

 The techniques related to the patch-clamp recordings were used in the study of 

chapter 3. Brain slices were obtained from 10-11 weeks old rats (16-25 days after 

SNL or sham surgery) using protective recovery method (Ting et al., 2014). Rats 

were decapitated under isoflurane anesthesia and brain was extracted. The 250um-

thick coronal brain slices containing PAG regions were dissected using vibrating 

tissue slicer with NMDG-aCSF (in mM: 93 NMDG, 93 HCl, 2.5 KCl, 1.2 NaH2PO4, 

30 NaHCO3, 20 HEPES, 25 Glucose, 5 sodium ascorbate, 2 Thiourea, 3 Sodium 
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pyruvate, 10 MgSO4·7H2O, 0.5 CaCl2·2H2O at pH 7.3) at room temperature. After 

dissection, slices were transferred to recovery chamber and allowed to proceed for 

initial recovery with NMDG-aCSF for 10-12min at 32-33°C. After the initial 

recovery period, slices were transferred to holding chamber containing recording 

aCSF (in mM: 124 NaCl, 2.5 KCl, 1.2 NaH2PO4, 24 NaHCO3, 5 HEPES, 12.5 

Glucose, 2 MgSO4·7H2O, 2 CaCl2·2H2O at pH 7.3) and were proceeded additional 

recovery period of at least one hour at room temperature. All aCSF was equilibrated 

with 95% O2 and 5% CO2. 

 

Patch clamp recordings 

 Brain slices were transferred to a recording chamber and visualized with a 

fluorescence Olympus BX-50WI light microscope using the 40x objective lens and 

monitored with a CCD camera. Slices were continuously perfused with recording 

aCSF at 32°C during recording. Whole-cell patch-clamp recordings were performed 

in neurons located in the ventrolateral column of the PAG using EPC9 (HEKA) or 

Multiclamp 700B amplifier. The resistance of the pipette was 4-8 MΩ when filled 

with internal solution. Series resistance was monitored throughout the experiment, 

and the recordings were discarded if it changed by more than 20%. Signals were 

filtered at 2 kHz and digitized. All electrophysiological recordings were started at 

least 3 minutes after the whole-cell configuration was established. 

 

Measurement of neuronal excitability 

 In the current-clamp mode, neurons were held with bias current injection at -70 mV 

in the presence of 10μM NBQX and 100μM picrotoxin. Internal solution was as 

follows (in mM): 9 KCl, 10 KOH, 120 K-gluconate, 3.48 MgCl2, 10 HEPES, 4 NaCl, 
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4 Na2ATP, 0.4 Na3GTP, 17.5 sucrose at pH 7.25. Neurons were stabilized for at least 

7 min before recording the baseline period excitability. Number of AP was measured 

by recording spike firing of neurons in response to injection of brief depolarizing 

current (250 ms). Depolarizing current was adjusted to evoke 4-9 spikes at the 

beginning of the recording and neurons of transient-spiking type (Park et al., 2010) 

were excluded from further drug study (maximum spike count < 10Hz). Neurons 

were discarded if resting membrane potential was depolarized more than -50mV or 

APs were unstable during the baseline period. 

 

Measurement of spontaneous postsynaptic currents 

 Spontaneous EPSC was measured in the voltage-clamp mode at -70mV in the 

presence of 100μM picrotoxin. Internal solution was as follows (in mM): 140 Cs-

methanesulfonate, 4 NaCl, 10 HEPES, 0.5 CaCl2, 5 EGTA, 2 Mg-ATP, pH 7.3 with 

CsOH. The analysis of spontaneous EPSC was performed using MiniAnalysis 

software. From each neuron, 200 events were selected at baseline state and another 

200 events were selected at 15-20 min after drug treatment. Amplitudes and inter-

event intervals of 200 events were averaged by state respectively to represent the 

relevant state of the neuron. The effect of drug treatment was compared by paired t-

test between the representative averaged points from each neuron. In the inter-group 

analysis, events selected from baseline state were concatenated to describe the 

cumulative fractions of spontaneous EPSCs in each group and then compared by a 

Kolmogorov-Smirnov test. In the case of spontaneous GABAergic IPSC recordings, 

signals were measured in the presence of 10 μM NBQX and 4 μM strychnine. 

Internal solution for IPSC recordings was as follows (in mM): 150 CsCl, 1.5 MgCl2, 

10 HEPES, 0.1 CaCl2, 1 EGTA, 2 Na2ATP, 0.4 Na3GTP, 5 QX-314, at pH 7.3. 
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Identification of the PAG-RVM projection neurons 

 At 9 days after SNL or sham surgery, the head of each rat was fixed in a stereotaxic 

frame under the anesthesia and a hole was drilled into the skull. DiI (0.5 μl of volume, 

25 mg/0.5 ml in DMSO) was injected into the RVM with the coordinates of AP -11 

mm, ML 0 mm, DV -10.5 mm from bregma. Rats were returned to their home-cages 

and patch-clamp experiments were performed 7-16 days after injection. The 

injection site of the RVM was visually confirmed during the preparation of the brain 

slices, and distribution pattern of the PAG-RVM projection neurons in the PAG was 

confirmed with DiI sensitive filter during the recordings. Only brains with correct 

injection site of the RVM was considered and slices with the distinct distribution 

pattern of the PAG-RVM neurons (absence of PAG-RVM projection neurons in 

dorsolateral columns of the PAG) was used. 

 

Drugs 

 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX), 

(S)-3,5-Dihydroxyphenylglycine (DHPG), (RS)-2-Chloro-5-hydroxyphenylglycine 

(CHPG), 2-Methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP), 3-((2-

Methyl-1,3-thiazol-4-yl)ethynyl)pyridine hydrochloride (MTEP) and (3aS,6aS)-

Hexahydro-5-methylene-6a-(2-naphthalenylmethyl)-1H-cyclopenta[c]furan-1-one 

(BAY 36-7620) were purchased from Tocris. Picrotoxin and strychnine were 

obtained from Sigma. 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine 

Perchlorate (DiI) was purchased from Molecular Probes. NBQX, picrotoxin, and 

strychnine were dissolved in water. DHPG was dissolved in water (50 mM) for slice 

application, or aCSF without bicarbonate for in vivo microinjection. CHPG was 

dissolved with 110mM NaOH (100 mM). MPEP, MTEP, and BAY 36-7620 were 

dissolved with DMSO (100 mM). Stock solutions were diluted to final concentration 
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with aCSF. Final concentrations of the drugs used in the patch clamp experiments 

were as follows: 10 μM DHPG, 100 μM CHPG, 20 μM MPEP and 10 μM MTEP. 

 

Statistical analysis 

 Paw withdrawal thresholds were analyzed using repeated measures ANOVA with 

time serving as a within-subject factor. In the post-hoc comparisons, the Bonferroni 

tests were performed between conditions at each time point. For FST and OFT, group 

data were analyzed using a one-way ANOVA followed by post-hoc test as specified. 

For CPP experiments, the time difference between pre- and post-conditioning was 

compared using paired t-test in each group, and the preference to the MPEP-

conditioned chamber was compared between groups using Mann-Whitney test. 

Electrophysiology data were analyzed using Wilcoxon matched pairs test and 

Kolmogorov-Smirnov two-sample test, as specified. Two-sided testing was used in 

all the tests. For the excitability analyses, differences between baseline (one minute 

prior to drug treatment) condition and drug-treated condition (18 minutes after 

administration) were compared. Data are presented as mean ± S.E.M. All data are 

representative of at least three experiments. Animals were randomly assigned to 

groups in all experiments.  
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Abstract in Korean (국문 초록) 

 

신경병성 통증에 관한  

뇌내 대사성 글루타메이트 수용체 5 관련 기전 연구 

 

 신경병성 통증은 말초 혹은 중추신경계 손상으로 인해 야기되는 병리적 

통증이다. 신경병성 통증의 증상들은 잘 치료되지 않기에, 환자들은 

장기간 지속되는 극심한 통증에 시달리게 되며, 우울증이나 불안증 같은 

정신 증상에 쉽게 이환된다. 그러나 그 기전은 완전히 밝혀져 있지 않다. 

 나는 척수 신경 결찰 동물 모델, 양전자 방출 단층 촬영 (PET) 을 

사용한 뇌영상 기법, 전기생리학적 기록, 약물 및 유전자 조작 기법, 

동물 행동 분석 등을 사용하여 신경병성 통증의 기전을 뇌 수준에서 

연구하였다. 특히 대사성 글루타메이트 수용체 5 (mGluR5) 관련 기전을 

연구하였는데, 이는 이 물질이 신경 세포의 가소적 변화에 중추적인 

역할을 하기 때문이다. 

 본 논문은 mGluR5 와 관련된 신경병성 통증 기전 연구 세 가지를 

설명하는 부분과, mGluR5 의 활성 상태에 관해 고찰하는 부분으로 

구성되어 있다. 제1장에서는 내측 전전두엽 피질 부위의 mGluR5 수치가 

신경병성 통증 상태에서 증가함을 보이고, 이러한 증가가 불쾌감과 

부정적 기분을 증폭시키는 원인이 됨을 밝힌다. 제 2 장에서는 신경병성 
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통증 행동의 정도를 나타내는 뇌내 mGluR5 발현 패턴을 다룬다. PET 

영상에서 나타나는 이러한 패턴을 이용하여 신경병성 통증을 객관적으로 

평가할 수 있는 방법을 개발하였기에 소개한다. 제 3 장에서는 수도관 

주위 회색질 (PAG) 내의 mGluR5 활성도에 초점을 맞춘다. PAG 내의 

mGluR5 가 정상상태에서는 지속적인 활성 상태에 있으며, 이를 

비활성화시킬 경우 만성 통증을 유발한다는 것을 발견하였다. 

제 4 장에서는 mGluR5 가 지속적인 활성 상태를 유지하는 분자적 기전에 

대해 고찰한다. 

 종합적으로, 본 논문은 통증이 어떻게 만성화되는지, 그리고 왜 잘 

낫지 않는지 보여 준다. 신경병성 통증 상태에서의 뇌 변화를 조사하고 

그 기전을 mGluR5 에 초점을 맞추어 밝힌다. 기전에 기반하여, 각 뇌 

영역들에 있는 mGluR5 를 만성 신경병성 통증을 치료하기 위한 치료 

표적으로 확인한다. 또한, 신경병성 통증을 이환 중인 개별적인 대상의 

상태를 해석하는 방법을 설명한다. 이 방법은 뇌내 mGluR5 패턴 정보를 

사용하여 통증 상태를 객관적으로 평가하기에, 임상에서 진단 목적으로 

적용될 수 있을 것이다. 본 논문은 신경병성 통증 상태의 뇌가 보이는 

특성에 대한 새로운 통찰을 제공하고, 생리학적 및 병리학적 조건에서 

mGluR5 활성 상태가 유지되는 현상에 대한 새로운 관점을 제시한다. 

 

Keywords: 신경병성 통증, 대사성 글루타메이트 수용체 5, 내측 

전전두엽, 수도관 주위 회색질  
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