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Abstract

Central sensitization and dysregulation of peripheral substance P and neurokinin-1 receptor 

(NK-1R) signaling are associated with chronic abdominal pain in inflammatory bowel disease 

(IBD) and irritable bowel syndrome (IBS). Although positron emission tomography (PET) has 

demonstrated that patients with injury-related chronic pain have diminished NK-1R availability in 

the brain, it is unknown whether these deficits are present in IBD and IBS patients, who have 

etiologically distinct forms of non-injury-related chronic pain. This study's aim was to determine if 

patients with IBD or IBS exhibit deficits in brain expression of NK-1Rs relative to healthy 

controls (HCs), the extent to which expression patterns differ across patient populations, and if 
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these patterns differentially relate to clinical parameters. PET with [18F]SPA-RQ was used to 

measure NK-1R availability by quantifying binding potential (BP) in the 3 groups. Exploratory 

correlation analyses were performed to detect associations between NK-1R BP and physical 

symptoms. Compared to HCs, IBD patients had NK-1R BP deficits across a widespread network 

of cortical and subcortical regions. IBS patients had similar, but less pronounced deficits. BP in a 

subset of these regions was robustly related to discrete clinical parameters in each patient 

population. Widespread deficits in NK-1R BP occur in IBD and, to a lesser extent, IBS; however, 

discrete clinical parameters relate to NK-1R BP in each patient population. This suggests that 

potential pharmacological interventions that target NK-1R signaling may be most effective for 

treating distinct symptoms in IBD and IBS.
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1. Introduction

Patients with chronic somatic pain exhibit functional and structural alterations in brain 

circuits that modulate cognitive and affective processes [4–6,33,38,78]. The relationship 

between chronic pain and neurotransmitters is less clear [4]. Substance P (SP), a 

neuropeptide that modulates effects of acute or chronically recurring physical and emotional 

distress, acts centrally and peripherally through neurokinin-1 receptors (NK-1Rs). NK-1Rs 

are expressed at high levels in brain regions implicated in pain and emotion regulation, 

including insula, cingulate cortex, dorsal pre-frontal cortex (PFC), amygdala, and striatum 

[29]. NK-1Rs have therefore been considered a promising pharmacological target for 

treating chronic pain and psychopathology [30,50]. Despite encouraging outcomes in 

patients with irritable bowel syndrome [39,76], clinical trials with NK-1R antagonists for 

depression and other chronic pain syndromes have been disappointing [25,37,52]. Disease-

related specificity in NK-1R expression may contribute to these inconsistent findings.

SP modulates physical and emotional distress by differentially influencing NK-1R 

expression in the central nervous system. In rodents, acute nociceptive stimuli [2] and stress 

[59,70] produce a rapid release of SP in the spinal cord and brain [45,68]. The magnitude of 

SP release, and subsequent binding-related NK-1R downregulation, is proportional to the 

intensity and duration of the stimulus [2]. Conversely, chronic pain [1,35] and stress [9] 

upregulate NK-1Rs in the spinal cord, but downregulate NK-1Rs in limbic and striatal brain 

regions [17,74]. In humans, positron emission tomography (PET) studies show that patients 

with anxiety disorders [24,51] or injury-related chronic pain [42] have diminished NK-1R 

availability in amygdala and PFC, while SP is elevated in the cerebral spinal fluid [67] and 

plasma [3] of noninjured chronic pain patients. This suggests that chronic pain and 

emotional distress are associated with heightened SP release, indexed by elevated SP in 

cerebral spinal fluid and plasma, and reduced NK-1R availability in the brain, possibly 

related to SP-induced receptor downregulation. To develop effective treatments that target 

SP system dysfunction, it is critical to determine if this association exists across discrete 

patient populations.
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In this pilot study, PET with the radioligand [18F]SPA-RQ was used to quantify availability 

of NK-1Rs in the brains of 2 patient populations with abdominal pain symptoms but discrete 

pathophysiology, namely inflammatory bowel disease (IBD) and irritable bowel syndrome 

(IBS). IBD is characterized by abdominal pain and discomfort due to intestinal inflammation 

during disease flares. IBS is characterized by chronic abdominal pain and discomfort that 

occurs without detectable pathology, but commonly in the presence of stress and comorbid 

psychopathology [47,48]. Our behavioral [57] and brain-based research [11,46] suggests that 

clinically remitted IBD patients have less abdominal pain and are better able to engage 

endogenous pain inhibition systems during acute aversive visceral stimulation compared to 

IBS patients. This difference in symptomatology may reflect differences in NK-1R 

expression in the brain. Here, we tested the extent to which NK-1R downregulation in the 

brain generalizes across, or is specific to, discrete chronic pain disorders, and the degree to 

which downregulation relates to clinical parameters.

2. Methods

2.1. Participants

Participants provided informed consent prior to enrolling in the study, which was approved 

by the institutional review board of the University of California, Los Angeles. Twenty-seven 

participants completed the study: 9 healthy controls (HCs); 9 IBS patients; and 9 IBD 

patients (see Table 1 for demographics). All were free of psychiatric illness as determined 

by the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental 

Disorders-IV [22]), and of medication known to affect SP/NK-1R or central nervous system 

function, such as steroids and psychotropic medication. Self-reported medical history and 

physical examination supported that HCs were free of physical illness. Diagnosis of IBS or 

IBD (Crohn disease or ulcerative colitis) was verified via medical records. Patients had not 

been treated with biologics, and they discontinued steroidal or nonsteroidal anti-

inflammatory medication 2 weeks prior to the study. At the time of enrollment, patients with 

IBS were required to meet Rome III diagnostic criteria for functional gastrointestinal 

disorders [43], and underwent a rectal examination to ensure that symptoms were unrelated 

to physical abnormalities. Patients with IBD were not in an acutely active flare state as per 

clinical assessment by a gastroenterologist, rectal examination, and reflected by high scores 

on the Inflammatory Bowel Disease Questionnaire (M ± SD = 180.00 ± 25.24; full 

remission ≥ 170 [34]).

2.2. PET acquisition

NK-1R availability was quantified with the radioligand [18F]SPA-RQ, a high-affinity 

NK-1R antagonist [29,58,73]. Images were acquired using a Siemens ECAT EXACT HR+ 

scanner (Siemens Healthcare Solutions, Deerfield, IL, USA: in-plane resolution full-width at 

half-maximum [FWHM] = 4.6 mm, axial FWHM = 3.5 mm, axial field of view = 15.52 cm) 

in 3-dimensional (3D) mode. A 7-minute transmission scan was acquired using a 

rotating 68Ge/68Ga rod source for attenuation correction. Dynamic data were acquired in list 

mode following a bolus injection of [18F]SPA-RQ (5 mCi in 30 seconds). After 85 minutes 

of data acquisition, participants were given a 13-minute break, and were then returned to the 

scanner bed. After a second transmission scan, dynamic data were collected for another 85 
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minutes. Thus, the total dynamic scanning sequence consisted of 170 1-minute frames, 

acquired continuously across both 85-minute blocks of scanning. Short-duration frames 

were utilized to minimize signal noise associated with within-frame head motion. Data were 

reconstructed using ECAT v7.3 software using the OSEM algorithm (Ordered Subset 

Expectation Maximization; 6 iterations, 16 subsets), correcting for decay, attenuation, and 

scatter.

2.3. Structural MRI acquisition

Participants also underwent structural magnetic resonance imaging (MRI) with a 1.5-T 

Siemens SONATA scanner. A single, high-resolution sagittal T1-weighted 3D volumetric 

scan was acquired using a whole-brain MPRAGE sequence (repetition time/echo time = 

25/11 ms, number of excitations = 1, slice thickness = 1.2 mm contiguous, in-plane 

resolution = 1 × 1 mm2). This anatomical scan was used for data registration in 

preprocessing (see 2.5.2), to improve anatomical localization of PET data.

2.4. Clinical parameters

2.4.1. Gastrointestinal and psychological symptom characteristics

2.4.1.1. Gastrointestinal symptoms: Symptom severity was assessed prior to scanning with 

a 20-point visual analogue scale used to rate unpleasantness of gastrointestinal (GI) 

symptoms during the prior 24 hours [26]. Duration of illness was calculated using patient-

reported year of symptom onset.

2.4.1.2. Psychological symptoms: SP system function is closely related to emotional 

processes [19,49], and IBS patients typically have high levels of comorbid anxiety and 

depression [47,48]. While participants who completed this study were free of diagnosable 

mental illness, anxiety and depression were nevertheless measured to determine if 

differences in NK-1R binding potential (BP) related to the presence of subclinical 

symptoms.

Anxiety and depression symptoms were assessed with the Hospital Anxiety and Depression 

(HAD; [85]) scale. State anxiety was assessed prior to scanning with the State-Trait Anxiety 

Inventory (STAI; [72]). This 20-item questionnaire has scores that range from 20 to 80 (low 

to high symptom severity).

2.4.2. Sensitivity to acute somatic pain stimulus—As noted above, our prior work 

demonstrates that HCs, IBS, and IBD patients differ in their sensitivity to acute visceral 

stimuli [57], and in the neural circuits that such stimuli engage [46]. Therefore, we sought to 

determine whether pain threshold to an acute somatic pain stimulus differed across groups, 

and if NK-1R BP would be differentially related to this threshold.

Once PET scanning concluded, acute pain threshold was assessed. Participants received 3 

consecutive thermal stimuli to the left volar forearm. Each stimulus began at a low 

temperature (30 °C), which then increased (0.5 °C/sec); participants indicated the 

temperature at which they first experienced pain with a button press. If pain threshold was 

not reached, the maximum temperature to safely apply brief thermal stimulation (51 °C) was 
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recorded for that participant. To ensure consistency, this process was repeated 3 times. Pain 

threshold was defined as the average temperature to evoke pain.

2.5. Data analysis

2.5.1. Clinical parameters—Independent sample t-tests were conducted with SPSS v18 

(SPSS Inc, Chicago, IL, USA) to determine if patient groups differed on current GI 

symptoms and duration of illness. Separate one-way analyses of variance (ANOVAs), with 

group (HC, IBS, IBD) as a between-participant factor, were used to determine if the 3 

groups differed on symptoms of anxiety, depression, and sensitivity to acute thermal 

stimulation. Planned comparisons were carried out for these measures to test whether patient 

groups differed from HCs (HC vs IBS; HC vs IBD), and whether patient groups differed 

from one another (IBD vs IBS).

2.5.2. PET data preprocessing—Preprocessing was carried out using PMOD software 

v3.2 (PMOD Technologies Ltd, Zurich, Switzerland). One-minute frames were binned 

together to generate a series of 27 frames (16 1-minute frames, 19 5-minute frames, 8 10-

minute frames). The final 3-minutes from the first 85-minute scan block and last 5-minutes 

from the second 85-minute scan block were omitted to allow for consistent average frame 

duration across scan blocks. To correct for motion, the 27 averaged frames were realigned to 

a mean image, which was generated from the first 19 frames. Motion-corrected PET data 

were co-registered to each participant's structural MRI scan.

Whole-brain BP maps were used to quantify NK-1R availability. These maps were 

generated for each participant using a simplified reference tissue model 2 (SRTM2 [84]), 

implemented with PMOD's Pixel-wise Kinetic Modeling Tool (PMOD Technologies Ltd). 

Pixel-wise processing for SRTM2 requires k2′ estimates and time activity curves (TACs) 

from one region of interest (ROI) with a high level of receptor availability, in this case the 

putamen, and another with negligible receptor expression, in this case the cerebellum [29], 

to serve as a reference tissue. Bilateral putamen ROIs were delineated on each participant's 

anatomical MRI using a template-based method (FSL's [FMRIB Software Library] FMRIB 

[functional MRI of the brain] Integrated Registration and Segmentation Tool [FIRST]; 

Oxford University, Oxford UK). Unlike the putamen, NK-1R density in the cerebellum is 

negligible and homogeneous [29]. As such, cerebellar TACs can be derived from several 

consecutive slices, which reflect NK-1R density in the structure as a whole [51]. Here, 

bilateral cerebellum ROIs were manually delineated with cylindrical volumes (diameter = 15 

mm; height = 5 mm). ROIs were transferred to the co-registered PET data, where TACs 

were extracted and input into the SRTM2 pixel-wise analysis to produce a whole-brain BP 

map for each participant.

2.5.3. Quantification of NK-1R BP—Structural MRI data were normalized into MNI 

(Montreal Neurological Institute) template space using SPM8 (Wellcome Trust Centre for 

Neuroimaging, http://www.fil.ion.ucl.ac.uk/spm), and the transformation parameters were 

then applied to the coregistered whole-brain BP maps. BP maps were then smoothed with a 

Gaussian filter to 8-mm FWHM. A whole-brain BP map, averaged across all participants, 

was generated to depict overall NK-1R BP distribution.
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2.5.4. Group comparison of BP values

2.5.4.1. Region of interest analyses: A priori ROIs were selected based on existing 

knowledge of brain regions critical for processing nociception in general, and visceral 

nociception in particular [4,9], and established NK-1R distribution [29]. Subcortical regions 

included striatum (putamen, caudate nucleus, and nucleus accumbens), globus pallidus, 

thalamus, hippocampus, and amygdala. Cortical regions included insula, cingulate cortex, 

dorsolateral (dlPFC), ventrolateral (vlPFC), and medial prefrontal cortex (mPFC). All 

regions were delineated with the WFU Pickatlas (Wake Forest University School of 

Medicine, Winston-Salem, NC, USA; Version 2.4 [44]). Distinct regions of the cingulate 

cortex (reviewed by [79]) and insula (reviewed by [13]) have been implicated in pain and 

emotion-based processes. Thus, the cingulate cortex was parsed into perigenual anterior 

cingulate cortex, anterior aspect of mid cingulate cortex (MCC), and posterior cingulate 

cortex (PCC) [80]; the insula was parsed into anterior, mid, and posterior sections [15]. 

Average BP was calculated for each ROI bilaterally, yielding a single BP value for each of 

the 7 subcortical and 9 cortical ROIs. In addition, weighted average BP was calculated for 

all subcortical and cortical ROIs. These weighted averages approximate global subcortical 

and cortical BP in each group, while controlling for variability in the size (number of 

voxels) of each structure.

ROI data were imported into SPSS v18 (SPSS Inc, Chicago, IL) to test for group differences 

in BP. Planned linear contrasts were calculated based on estimated group means from a 

general linear model, which specified group as an independent factor (HC, IBS, IBD) and 

average BP as the dependent variable for each ROI. For each analysis, F–tests were used to 

evaluate each of the 3 planned comparisons. A modified Bonferroni procedure was used to 

control the familywise type I error rate for the 3 comparisons at P < 0.05 [31].

The sample size of the current study was small, which could potentially limit our ability to 

detect significant differences between the groups, despite the presence of medium-to-large 

effect sizes. Therefore, to further characterize group differences in subcortical and cortical 

ROIs, combinatorial analyses were conducted to determine how many regions in the HC 

group exceeded the expected corresponding values in each patient group. This was done by 

calculating the exact binomial probability under the null hypothesis that BPs in each ROI 

across all groups are equivalent [81].

2.5.4.2. Exploratory whole-brain analyses: To help inform future research on the 

relationship between NK-1Rs and chronic pain, an exploratory whole-brain analysis was 

performed with SPM8 (Wellcome Trust Centre for Neuroimaging, http://

www.fil.ion.ucl.ac.uk/spm), using a one-way ANOVA with group (HC, IBS, IBD) as a 

between-participant factor. Planned comparisons were carried out to test whether BP 

differed in each patient group compared to HCs (HC vs IBS; HC vs IBD), and whether BP 

differed between patient groups (IBD vs IBS). Student t maps for these comparisons were 

generated using a height threshold of P < 0.001 with a 20-voxel extent threshold. This 

combination of threshold parameters yields a desirable balance between Type I and Type II 

error rates for exploratory analyses [41], which are appropriate given the preliminary nature 

of this study.
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2.5.5. Exploratory analyses relating clinical parameters and NK-1R BP—To 

better understand the clinical relevance of NK-1R BP, and to inform future clinical studies 

on NK-1Rs and chronic pain, exploratory correlational analyses between NK-1R BP in ROIs 

were conducted for GI symptom characteristics in each patient group. The relationship 

between NK-1R BP in ROIs, scores on the HAD and STAI, and sensitivity to acute somatic 

pain was assessed in HCs as well as IBD and IBS patients. A modified Bonferroni procedure 

was used to control the type I error rate at P < 0.05 for the 16 ROIs examined, for each 

variable tested [31].

3. Results

3.1. Clinical parameters

Participant characteristics and accompanying statistics are described in Table 1. Patients 

with IBS reported more severe GI symptoms than patients with IBD. Duration of symptoms 

did not differ across patient groups. HCs, IBS, and IBD patients did not differ in symptoms 

of depression or anxiety, or in their sensitivity to an acute somatic pain stimulus.

3.2. Overall NK-1R BP distribution

A whole-brain BP map, averaged across all participants, depicts overall NK-1R BP 

distribution (Fig. 1). In each group, NK-1R BP for ROIs (see Table 2A) follows the same 

pattern as described in the literature [24,29,58], with striatal regions (putamen, caudate, and 

nucleus accumbens) exhibiting the highest NK-1R BP, followed by globus pallidus, 

amygdala, and insula, then anterior cingulate cortex (ACC), PFC (dlPFC, vlPFC, and 

mPFC), followed by thalamus and hippocampus.

3.3. Group comparison of BP values

3.3.1. Region of interest analyses—Across subcortical ROIs, NK-1R BP was ∼20% 

lower in IBD patients than HCs, and ∼10% lower in IBS patients than HCs. Across cortical 

ROIs, NK-1R BP was ∼7% lower in IBD patients than HCs, and showed a general tendency 

to be lower in IBS patients in 6 of 9 regions. Thus, IBD patients appear to have global 

reductions of NK-1R BP, while patients with IBS have less pronounced reductions in 

NK-1R BP.

For each ROI, mean effect size differences between groups and 95% confidence intervals 

are presented in Table 2B. Planned comparisons show that patients with IBD exhibited 

significantly lower NK-1R BP than HCs in several subcortical regions, including putamen, 

nucleus accumbens, globus pallidus, hippocampus, and amygdala, as well as cortical regions 

including perigenual ACC and anterior MCC (all Fs > 8.19). The same pattern was observed 

in the caudate nucleus, mid insula, and posterior insula; however, these differences did not 

survive statistical correction. Relative to HCs, patients with IBS tended to exhibit lower 

NK-1R BP. While these differences did not reach statistical significance with or without 

correction, the medium (d = 0.5–0.6) to large (d > 0.8) effect sizes observed across most 

ROIs suggest that the failure to reach significance is likely a consequence of the modest 

sample size. A similar pattern of results was observed when comparing the patient samples 

to one another. Patients with IBD exhibited lower NK-1R BP than patients with IBS. As 
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with the above comparisons, these differences did not reach statistical significance, but 

medium-to-large effect size differences were observed across most ROIs.

Given that medium-to-large effects were detected in some planned comparisons, but failed 

to reach significance, likely due to small sample size, combinatorial analyses were 

performed to provide additional support for group differences in NK-1R BP. The probability 

that, for all 7 subcortical regions, patients with IBD or IBS would demonstrate lower NK-1R 

BP than HCs exhibit is P = 0.016. For the cortical regions, the probability that patients with 

IBD would demonstrate lower NK-1R BP than HCs in all 9 regions is P = 0.004. In contrast, 

the probability that patients with IBS would have lower NK-1R BP than HCs in 6 of 9 

cortical regions is P = 0.32.

3.3.2. Exploratory whole brain analysis—A whole-brain, voxel-wise, one-way 

ANOVA confirmed the group differences observed with linear contrast ROI analyses, and 

also revealed additional group differences. Fig. 2A depicts regions with lower NK-1R BP in 

patients with IBD relative to HCs. In addition to cortical regions and subcortical structures 

identified with ROI analyses, further differences emerged throughout temporal and parietal 

regions of the brain (Supplementary Table 1). A comparison between HCs and IBS patients 

revealed significantly lower NK-1R BP in patients with IBS in a small region of anterior 

MCC (Fig. 2B), which was not detected with ROI analyses. Neither patient group had 

greater NK-1R BP than HCs in any region of the brain.

3.4. Exploratory analyses relating clinical parameters and NK-1R BP

3.4.1. Gastrointestinal and psychological symptom characteristics

3.4.1.1. Gastrointestinal symptom severity (Table 3A): Among patients with IBD, GI 

symptom severity on the day of scanning was highly negatively correlated with average 

NK-1R BP in anterior and mid insula (rs = −0.90) and perigenual ACC (r=-0.77), indicating 

that lower NK-1R BP was associated with more unpleasant abdominal symptoms in the 

period immediately prior to scanning. This relationship was not observed in patients with 

IBS (Supplemental Fig. 1).

3.4.1.2. Duration of gastrointestinal symptoms (Table 3B): Among patients with IBS, 

duration of symptoms was negatively correlated with average NK-1R BP in caudate nucleus, 

putamen, each aspect of insula, and the weighted average for cortical ROIs (rs < −0.72). 

This relationship was not observed in patients with IBD (Supplemental Fig. 2).

3.4.1.3. Psychological symptoms: NK-1R BP was not related to state or trait anxiety, or 

depression symptoms in any group.

3.4.2. Sensitivity to somatic pain stimulus—As described in Table 3C, for patients 

with IBS, temperature required to elicit pain was negatively correlated with NK-1R BP in 

dlPFC, mPFC, and PCC (rs ≤ −0.80; Supplemental Fig. 3). A negative relationship was also 

observed in HCs for the hippocampus. In IBD, there was no relationship between sensitivity 

to pain and NK-1R BP.
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4. Discussion

Despite its modest sample size, this pilot study demonstrates that patients with IBD and, to a 

lesser extent, IBS have diminished NK-1R availability in brain regions that play key roles in 

nociception and affective processes. Moreover, clinical parameters in each patient group 

differentially relate to NK-1R availability. Together, these findings may help explain why 

NK-1R antagonists have had relatively little success in treating patients with chronic pain 

and emotional disorders.

4.1. NK-R1 availability in IBD patients

IBD patients exhibited low NK-1R availability in brain regions that modulate nociceptive 

and affective processes (eg, ACC, anterior MCC, amygdala [4,5,33,61,80]). These findings 

are consistent with deficits found in patients with short-term, injury-related chronic pain 

[42]. Unlike those with injury-related pain, IBD patients also had diminished NK-1R 

availability in striatum, a region that is increasingly associated with pain processing [40]. 

Lower NK-1R availability may reflect higher levels of SP in brain regions that receive 

nociceptive signals from gut inflammation, or that are engaged to modulate such signals. As 

suggested previously [46], nociceptive signals from the gut heighten engagement of 

endogenous pain inhibition systems in IBD compared to IBS patients, which could modulate 

the experience of GI symptom severity.

Indeed, IBD patients reported milder symptoms than IBS patients; however, IBD patients 

with more severe symptoms had fewer NK-1Rs available in regions implicated in pain 

processing. Between-group differences emerged in the relationship between severity of 

symptoms and NK-1R availability in the insula, a key region implicated in pain processing 

(reviewed by [14,23]) and endogenous pain inhibition [12,63,82]. This is consistent with 

symptom-related SP release, suggesting that deficits in NK-1R availability in IBD may 

correspond with NK-1R endocytosis.

4.2. NK-R1 availability in IBS patients

IBS patients had diminished NK-1R availability relative to HCs, but greater availability than 

IBD patients. These differences were characterized by medium-to-large size effects, but 

likely due to small sample size, did not reach statistical significance.

IBS patients reported more severe GI symptoms than IBD patients; but these symptoms 

were not related to NK-1R availability. Instead, NK-1R availability was associated with 

duration of illness; patients with longer illnesses had lower NK-1R availability in putamen, 

caudate nucleus, and insula, a relationship not observed in IBD patients. Thus, in IBS 

patients, the cumulative experience of illness, not current symptoms, may be more closely 

related to SP/NK-1R signaling. Thus, diminished NK-1R availability in IBS patients may 

reflect a gradual loss of NK-1Rs or reduced genetic expression for NK-1R, as seen in the 

insula of rodent models of chronic pain and stress [16].

In IBS, heightened sensitivity to noxious somatic stimulation (ie, lower temperature required 

to evoke pain) was associated with greater NK-1R availability in dlPFC, mPFC, and PCC, a 

relationship not observed in patients with IBD or HCs. This finding suggests that 
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dysregulation in short-term or acute SP/NK-1R system function may contribute to the 

visceral hypersensitivity that IBS patients experience when confronted with noxious or 

stressful contexts. This finding is also consistent with functional neuroimaging studies, 

which show that IBS patients do not engage PFC to the same extent as HCs or IBD patients 

while anticipating noxious visceral stimulation [46,56]. Moreover, when IBS patients are 

treated with NK-1R antagonists, they report attenuated pain to acute visceral stimulation 

[39,76], coupled with reduced activity in amygdala, hippocampus, and ACC [76], regions 

associated with nociceptive processing that have high levels of NK-1R expression.

IBS patients often have comorbid anxiety or depression [10,36,71], which potentiate GI 

symptoms [20]. NK-1R availability did not relate to symptoms of anxiety and depression in 

the current sample of psychiatrically healthy patients. However, prior work shows that in 

IBS patients, NK-1R antagonists reduce functional activity in the insula during acute 

visceral stimulation, but only to the extent that symptoms of anxiety are alleviated [76]. 

Together, these data suggest that central SP/NK-1R signaling in IBS patients is dysregulated 

in response to acute aversive stimuli, and that this heightened sensitivity may be associated 

with the emotional modulation of pain.

4.3. Interpreting diminished NK-1R availability

It is important to note that NK-1R availability is determined by several nonmutually 

exclusive factors. Diminished availability may reflect NK-1R endocytosis following release 

of SP [45]. SP release can occur in response to noxious stimulation in visceral afferents 

[66,68], psychological distress [18], or both [9], but may also result from increased 

engagement of endogenous pain or stress inhibition systems [7,55,60]. Indeed, previous PET 

studies have found that injury-related chronic pain patients have a dysregulated relationship 

between functional activity and NK-1R availability in brain regions critical to both the 

detection and modulation of pain [42].

Variations in NK-1R gene expression can lower the rate of NK-1R expression by reducing 

receptor insertion into the plasma membrane. These variations may be unrelated to a 

primary disease, but may also reflect disease-related changes in gene transcription [69]. For 

example, in a rodent model of chronic inflammatory pain, NK-1R gene expression is 

downregulated in insula and hippocampus, but upregulated in the dorsal horn of the spinal 

cord [17], an effect that also occurs in the spinal cord following noninflammatory chronic 

stress [9,16].

4.4. Limitations

Central limitations of the study included small sample size and inclusion of only one male 

participant. While chronic pain syndromes are more common in women than men [32,53], 

NK-1R availability also varies with sex [21,58]. It is also possible that different results 

would emerge if IBD patients were studied in an acute disease flare instead of the remitted 

state in which they were studied here. Likewise, because the patient groups differed in 

current symptom severity, it is unclear whether differences in NK-1R availability were due 

to pathophysiological differences intrinsic to each illness, or to the experience of symptoms 

at the time of study. Moreover, while some evidence suggests that expression of SP or 
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NK-1R in the gastrointestinal tract is heightened in patients with IBD (reviewed by [27]), it 

is difficult to speculate about how elevated peripheral expression of SP or NK-1R may relate 

to the current findings. To tease apart these relationships, future large-scale studies should 

match patients based on gender and symptom severity, and utilize PET in conjunction with 

quantification of SP/NK-1R expression in colonic mucosa. Finally, to limit the already 

considerable number of statistical tests performed, brainstem structures such as 

periaqueductal grey, which has high levels of NK-1R binding [29] and is implicated in 

descending inhibitory pain [4], were not included in ROI analyses. However, whole brain 

exploratory analyses suggest that NK-1R availability in brainstem does not differ for HCs, 

IBD, or IBS patients.

4.5. Clinical implications and future directions

Although preclinical studies suggest that NK-1R antagonists effectively treat chronic pain, 

anxiety, and depression, translation to humans has been less promising [25,37,52,65]. These 

outcomes may reflect the fact that central SP/NK-1R system function differentially 

modulates discrete diseases and symptoms. In the present study, NK-1R availability in the 

insula was closely related to GI symptoms in IBD patients, but to duration of illness in IBS 

patients, whereas NK-1R availability in dlPFC was related to sensitivity to acute somatic 

stimuli in patients with IBS. These differences may have direct clinical implications. For 

example, an NK-1R antagonist relieved pain, anxiety, and negative affect during acute 

visceral stimulation in IBS patients, but did not effectively reduce IBS-specific symptoms 

[76]. Thus, for IBS, NK-1R antagonists may effectively treat dysregulation in SP/NK-1R 

system function associated with acute pain and stress, but not long-term dysregulation that 

may emerge over the course of illness. Such treatment may be useful for patients with 

secondary symptoms of anxiety related to their chronic pain. For example, NK-1R 

antagonists may effectively treat fear of movement among patients with chronic short-term 

pain from acute trauma, which is associated with reduced NK-1R availability in 

ventromedial PFC [42].

Finally, while upregulation of spinal NK-1Rs in response to neuropathic or inflammatory 

pain increases spino-bulbo-spinal pain facilitation, inducing persistent hyperalgesia [77,83], 

implications of downregulated NK-1Rs in the brain on other neurotransmitter systems are 

not well understood. For example, NK-1Rs are expressed on glial cells, serotonergic, and 

noradrenergic neurons [54,62,75]. Chronic stress [9] or inflammation [28] increases glial 

NK-1R expression and SP/NK-1R signaling in neurons, while chronic NK-1R antagonism 

increases 5-HT transmission in hippocampus [8]. Increased 5-HT transmission may, in turn, 

modulate the experience of pain [64]. Further research is clearly needed to determine how 

this complex relationship affects treatment outcomes.

In summary, this pilot study identified group differences in NK-1R availability in HCs and 

patients with etiologically distinct chronic pain, and in the relationship between clinical 

characteristics and NK-1R availability. Taken together with existing work demonstrating 

that IBS and IBD patients differ in functional brain responses to acute visceral stimuli [46], 

these data suggest that dysregulation in SP/NK-1 signaling may be disease and symptom-

state specific. While many questions remain, these findings promote the hypothesis that, in 
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contrast to the well-documented upregulation of the SP/NK-1R system in the spinal cord, 

NK-1Rs in the brain are differentially downregulated in chronic pain syndromes. This 

differential regulation of NK-1Rs in discrete diseases and symptoms, in anatomically 

distinct regions of the central nervous system, may help explain the results of clinical trials 

with NK-1R antagonists.
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Fig. 1. 
Average whole-brain neurokinin-1 receptor binding potential across all participants.
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Fig. 2. 
Whole-brain voxel-wise statistical parametric mapping analysis depicting regions with lower 

levels of neurokinin-1 receptor binding in inflammatory bowel disease (IBD) (A) and 

irritable bowel syndrome (IBS) patients (B), relative to healthy controls (voxel extent 

threshold P < 0.001; cluster extent threshold > 20).
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