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Abstract

Cross-frequency coupling has been shown to be functionally significant in cortical information 

processing, potentially serving as a mechanism for integrating functionally relevant regions in the 

brain. In this study, we evaluate the hypothesis that pain-related gamma oscillatory responses are 

coupled with low-frequency oscillations in the frontal lobe, amygdala and hippocampus, areas 

known to have roles in pain processing. We delivered painful laser pulses to random locations on 

the dorsal hand of five patients with uncontrolled epilepsy requiring depth electrode implantation 

for seizure monitoring. Two blocks of 40 laser stimulations were delivered to each subject and the 

pain-intensity was controlled at five in a 0–10 scale by adjusting the energy level of the laser 

pulses. Local-field-potentials (LFPs) were recorded through bilaterally implanted depth electrode 

contacts to study the oscillatory responses upon processing the painful laser stimulations. Our 

results show that painful laser stimulations enhanced low-gamma (LH, 40–70 Hz) and high-

gamma (HG, 70–110 Hz) oscillatory responses in the amygdala and hippocampal regions on the 

right hemisphere and these gamma responses were significantly coupled with the phases of theta 

(4–7 Hz) and alpha (8–12 Hz) rhythms during pain processing. Given the roles of these deep brain 

structures in emotion, these findings suggest that the oscillatory responses in these regions may 

play a role in integrating the affective component of pain, which may contribute to our 

understanding of the mechanisms underlying the affective information processing in humans.
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INTRODUCTION

Oscillatory activity in the gamma (>40 Hz) frequency band has been suggested as an 

important neuronal mechanism for integrating multiple task relevant structures over local 

and distant regions in the brain (Tiitinen et al., 1993; Roelfsema et al., 1997; Crone et al., 

1998a; Rodriguez et al., 1999; Muller et al., 2000; Oya et al., 2002; Muller and Keil, 2004; 

Edwards et al., 2005; Canolty et al., 2006), and different physiological mechanisms exhibit 

distinct low-gamma (LG, 30–70 Hz) and high-gamma (HG, 80–110 Hz) oscillations 

(Castelo-Branco et al., 1998; Herculano-Houzel et al., 1999; Crone et al., 1998a, 2001; 

Edwards et al., 2005). More recently, gamma oscillations also have been shown to occur 

within a narrow phases of the slower frequency bands (e.g. theta (4–7 Hz), alpha (8–12 Hz)), 

and such organizational coupling behaviors have been shown to play an important role upon 

performing a wide range of cognitive tasks including spatial learning, memory retention, 

decision making, and thus serving as a mechanism for integrating functionally relevant 

neuronal information (Canolty et al., 2006; Tort et al., 2008, 2009; Canolty and Knight, 

2010; Lisman and Jensen, 2013).

Over the primary somatosensory cortex (SI), the enhanced gamma oscillatory responses 

have a functional role for modulating the attentional effects in pain processing and closely 

reflecting the level of perceived pain-intensity in humans (Gross et al., 2007; Hauck et al., 

2007; Tiemann et al., 2010; Schulz et al., 2012). However, given that pain has a strong 

affective dimension; it remains unknown whether such pain-related gamma band oscillatory 

activity and its coupling activity can also be found in the brain areas including the frontal 

lobe, the amygdala and hippocampus that are known to have roles in processing the affective 

component of pain. In addition, the affective related responses to painful inputs are likely to 

occur in the orders of milliseconds in the brain and given the difficulty in localizing 

electrical sources from scalp recordings alone, invasive electrophysiology approach is 

needed to study the neuronal oscillatory responses from these deep brain structures (Casey, 

1999; Casey et al., 2001; Frot et al., 2001; Fries, 2005; Liu et al., 2010, 2011a). Thus, to 

provide further insights into the functional role for pain-related gamma oscillations in the 

brain regions outside the sensory territories, high-resolution local-field-potentials (LFPs) 

were recorded from depth electrode contacts implanted bilaterally in the frontal lobe, 

amygdala and hippocampal areas upon delivering the painful laser stimulations (Thulium 

YAG laser stimulator) to random locations on the dorsal hand areas of patients with 

uncontrolled epilepsy. Laser pulses were set to produce clear painful pinprick sensations by 

activating the nociceptors located in the superficial layers of the skin. Two blocks of 40 laser 

stimulations were delivered to each subject and the pain-intensity was controlled as at five in 

a 0–10 scale. We aimed to evaluate the hypothesis that the pain-related gamma band 

oscillatory responses can be recorded, and are coupled with the phases of the low-frequency 

oscillations in the deep brain structures that have roles in pain processing.

EXPERIMENTAL PROCEDURES

Subjects

Five patients with uncontrolled epilepsy (two males and three females; age: 38.8 ± 6.83 

year) were recruited in the present study (Table 1). Four of them were right-handed. 
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Informed consent was obtained and the protocol was reviewed and approved annually by the 

Institutional Review Board at the Johns Hopkins University, School of Medicine. The 

electrode placement was solely based on clinical purposes. Neurological examination, 

including a standard sensory testing protocol (Lenz et al., 1993), disclosed no abnormality in 

any patient. Patients 001, 003 and 004 in the current report also participated in previous 

studies (Liu et al., 2010).

Electrode implantation

LFPs were recorded using customized depth electrodes (Ad-Tech Medical Instrument 

Corporation. Racine, WI, USA) implanted in the frontal lobe, amygdala and hippocampus 

bilaterally using a stereotactic technique with a Leksell frame (Liu et al., 2010). The 

electrode in the frontal lobe had 8 contacts and was placed 10 mm anterior and 10 mm 

lateral to the anterior tip of the lateral ventricle, and with the tip of the electrode around/

touching the roof of the orbit, confirmed by radiographs obtained during implantation in the 

operating room. The contact locations along the frontal electrodes were within Brodmann 

areas of 9, 10, 12, 46 (Liu et al., 2011a). Each of the amygdala and hippocampus electrodes 

had six contacts. The distal contacts on the amygdala electrodes were centered 12.5 mm 

below the target in the amygdala. The target was determined as the center of the amygdala in 

a pre-surgical MRI coronal image capturing the maximal amygdala area. The hippocampal 

electrodes were centered 12.5 mm below the lower border of the body of the hippocampus in 

the first coronal image posterior to the head of the hippocampus (Fig. 1). The distances 

between contacts within the frontal and amygdala/hippocampus electrodes were 5 and 2.2 

mm center to center. The postoperative C.T. merged with preoperative MRI to confirm that 

the implanted electrode contacts were in the white and gray matter of the frontal lobe and 

within the structure of the amygdala and hippocampus (OsirX, An open-source image 

software (Rosset et al., 2004); StealthMerge Software, Medronic, Inc. Minneapolis, MN, 

USA).

LFP recording

LFPs were amplified (12A5 Astro-Med Grass, Inc., West Warwick, RI, USA), filtered (0.1–

300 Hz, 6 dB/oct), and digitized at sampling rates of 1000 Hz or 2500 Hz to avoid aliasing. 

All recordings were recorded with a reference montage using one single contact chosen for 

its relative inactivity and distance from the estimated epileptic focus. Prior to analysis, all 

signals were re-referenced to an average reference of LFP recordings to minimize the 

influence of the location and activity of the reference electrode (Crone et al., 1998b; Liu et 

al., 2010). Each time when the laser was triggered, a brief marker signal was sent 

simultaneously through an optical cable connected to the laser system. This marker signal 

was recorded using the same clinical LEP recordings system as an independent channel 

embedded in the data files. In all subjects, ECoG recordings used in this study were free of 

seizure patterns.

Laser-stimulation/stimulation paradigm

Heat stimuli were generated by a Tm-YAG laser system. The laser system produces an 

infrared beam with wavelength 2000 nm and 1 ms in duration for every laser pulse. The 

diameter of the round circle shape stimulated area was ~6 mm (Neurotest, Wavelight, 
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Starnberg, Germany). Laser stimulations were transmitted through an optic fiber and 

delivered to the dorsum of the left/right hand area. The laser stimulation was meant to 

produce a painful pinprick sensation by activating the nociceptors located in the superficial 

layers of the skin. Prior to the study, the laser energy was adjusted, in a separate session, in 

the increasing manner until it produced painful pinprick sensation equal to five in a 0–10 

pain-intensity rating scale. About 3–5 laser pulses at each energy level were delivered during 

this calibration session and the area of stimulation was the same as used in the following 

experimental sessions.

During the experimental section, two blocks of 40 laser stimulations were delivered to each 

subject after the calibration session. Two blocks were separated with an interval of 1–2 min. 

All subjects were sitting comfortably in bed in a temperature-controlled patient room during 

the study period. Subjects were asked to rate the pain-intensity elicited by the laser 

stimulations at the end of each stimulation block using a 0–10 scale where 0 was defined as 

“no painful pricking sensation” and 10 was defined as “the maximum painful pricking 

sensation that she/he can imagine”. Ratings were recorded at the end of each stimulation 

block. The same rating scale was rephrased for reporting pain-unpleasantness. To ensure the 

subjects were able to rate each stimulus independently and reliably, the stimuli were 

delivered at random locations within the dorsal hand area and the inter-stimulus-interval 

ranged from 6 to 8 s at random. Timings of the laser stimulation protocol were programed 

using an in-house developed software (SG3) using Java computer language running in the 

Windows 2000R environment (Oracle Corporation, Redwood City, CA, USA).

Time–frequency spectral analysis

Time–frequency analysis provided spatial and temporal spectral contents for the neuronal 

populations neighboring the contacts implanted in the brain. We used fast Fourier transform 

(FFT) to generate the time– frequency plots for the data in this study. FFT was performed on 

extracted epochs ranging from −1.024 to 1.024 s centered at the onset of laser stimulation. 

The minimum and maximum frequencies for the FFT time– frequency analysis were set in 

the range from 4 Hz to 150 Hz which covered the theta through HG bands in LFPs. The 

width of the FFT window was 256 ms and the analysis was done by sliding this FFT window 

throughout the entire epoch. The resulting time– frequency estimates were normalized by 

subtracting the baseline mean (i.e. mean of the entire pre-stimulus interval) and was set to 

have 150 linear-spaced frequency bins ranging from ~5 Hz to ranging ~150 Hz and 400 time 

bins from −895.9 to 895.9 ms. To test the significant frequency responses, after the 

normalization, the levels of significant thresholds (i.e. upper and lower limits) were obtained 

by a bootstrap method which was done by randomly resampling the power estimates in the 

post-stimulus interval along the time and trial dimensions for 200 times to construct an 

empirical distribution for a given frequency, and this resampling procedure was repeated for 

every frequency. For each constructed bootstrap distribution of a given frequency, the 5th 

and 95th percentiles were the lower the upper significant levels for that frequency (Delorme 

and Makeig, 2004).

Finally, the strength of the frequency responses were color coded and displayed in the dB 

unit. The theta band was defined as 4–8 Hz, alpha as 8–12 Hz and gamma as >30 Hz in this 
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study. Note that in studies of rat, the theta is defined as 4–10 Hz or 4–12 Hz (e.g. Tallon-

Baudry and Bertrand, 1999; Buzsaki, 2002; Tort et al., 2009; Lisman and Jensen, 2013).

Cross-frequency coupling analysis

The strength of the phase-amplitude cross-frequency coupling in the LFPs was quantified by 

computing a measure called entropy-based modulation index (MI) (Tort et al., 2009). In 

brief, the raw signal was first bandpass filtered into the low- and the high- frequency bands 

of interest (fL and fH) using a two-way least-square error minimization finite impulse 

responses (FIR) filter (eegfilt.m from the EEGLAB toolbox). For filtered signals fL(t) and, 

fH(t) t is the time index, the Hilbert transform was first applied to yield their analytic signals, 

e.g. ; and , where ,  and , 

denote the phase and amplitude series of the filtered signals, respectively. The low-frequency 

phase series  was divided into 18 equally spaced intervals within (−π, π] radians, 

where ±π radians corresponded to the trough and 0 radians corresponded to the peak in the 

phase series. For each divided phase bin j (j = 1 to N, N = 18 (total number of divided phase 

bins)), the mean high-frequency amplitude  was computed by averaging the  with 

its time index t falling inside the given divided phase bin j. Next, the entropy measure, E 

defined by  log pj was computed, where j = 1 to N, N = 18 (total number of 

divided phase bins) and pj is defined as . Lastly, the final MI value was 

obtained by normalizing entropy measure E by the maximum possible entropy Emax (i.e. the 

entropy of the uniform distribution): MI = (Emax−E)/(Emax). Assuming no cross-frequency 

coupling between the low-frequency phase and the high-frequency amplitude, we should 

expect to observe a uniform power over all 18 equally spaced phase intervals. On the other 

hand, if the coupling relationship indeed exists; non-uniform amplitude would be observed. 

Therefore, the MI analysis was intended to quantify how far this amplitude distribution 

deviated from the uniform distribution. It should be clear that a MI of 0 indicates low phase-

amplitude coupling, and a large MI value suggests strong phase-amplitude coupling (Tort et 

al., 2009).

The results of the final MI matrix were organized into a matrix with m columns and n rows 

such that each MI in this matrix represented the coupling strength between a pair of low- and 

high-frequency filtered signals. The ranges of the low-frequency signal were 4–15 Hz 

(bandwidth = 1 Hz; i.e. 4–5 Hz, 5–6 Hz, 6–7 Hz… 14–15 Hz) and high-frequency signal 

were 20–150 Hz (bandwidth = 2 Hz, i.e. 20–22 Hz, 22–24 Hz…148–150 Hz). Therefore, 

there were 11 columns and 66 rows in each resulting MI matrix. For each trial and contact, 

the MI coupling analyses were done separately for the pre- and post-stimulus intervals. To 

establish the significant levels, each post-stimulus MI value was normalized (z-transform) by 

the mean and the standard deviation of the pre-stimulus interval. After the above 

transformations, significant thresholds were applied to the resulting transformed matrixes. 

Since we were interested in the significant task-related MI, the non-significant MI were set 

to zero in the final MI matrix. The significance level was set to p < 0.05 and was computed 
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separately for every subject with Bonferroni-correction by phase × amplitude × total 

×channel × total trial). The final cross-frequency coupling strengths were obtained by 

summing the significant MI over the frequencies within the bands of interest (rectangular 

shape in the final MI matrix). This baseline normalization approach was used to conduct the 

statistical comparisons between stimulus relevant and stimulus irrelevant cross-frequency 

couplings. Similar statistical approaches were also used in previous event-related analysis 

(Pfurtscheller, 1992; Gross et al., 2007; Korzeniewska et al., 2011; Liu et al., 2010, 2011c).

RESULTS

Pain-ratings

The application of laser stimulation on the dorsal hand elicited a short painful sensation in 

all five subjects. There were three right sided (Subject 1, 4 and 5) stimulations and four right 

handed (expect Subject 2). The average pain-intensity was 5.1 and was compatible to that 

obtained in the calibration session and the average pain-unpleasantness was 4.05 (see Table 

2).

Painful laser related oscillatory responses

For each subject, the time–frequency analysis was first performed in all trials and the grand 

average was used to investigate the painful stimulus-related oscillatory responses. For each 

subject, we used all 16 frontal contacts and selected five contacts on each side for both the 

amygdala and hippocampus region for the study. Fig. 2A shows the time–frequency plots of 

grand averaged time–frequency maps for each brain region. The pain-related oscillatory 

responses were observed in a clear range of frequencies from a low theta into a high gamma 

band in the post-stimulus interval. The power estimates in the Fig. 2A time–frequency maps 

are color coded and is displayed in the dB unit such that red colors indicate elevated power 

relative to the baseline and blue colors indicate decreased power relative to the baseline and 

green color indicates the baseline level. The timing of the peak frequency oscillatory 

responses were about 200 ms into the post-stimulus interval and were localized in one low-

frequency (<30 Hz) and two distinct gamma sub bands, namely low-gamma (LG, 30–70 Hz) 

and high-gamma (HG, 80–110 Hz). The significant gamma band pain-related oscillatory 

responses were more pronounced within the amygdala and hippocampus regions and were 

stronger in the limbic structures on the right hemisphere.

Cross-frequency coupling

Cross-frequency coupling was computed between the frequency bands (theta (4–7 Hz), 

alpha (8–12 Hz) vs. low-gamma (LG, 30–70 Hz), high-gamma (HG, 80– 110 Hz)), which 

yielded 4 combinations of coupling indexes: theta vs. LG, theta vs. HG, alpha vs. LG and 

alpha vs. HG.

Overall, the coupling strengths were significantly different (One-way ANOVA, p = 0.007) 

and the subsequent post hoc tests showed that the mean of the alpha-HG coupling was 

significantly greater than the alpha-LG, theta-LG, theta-HG couplings (see Fig. 2B, Tukey’s 

pairwise comparisons, p < 0.05). The 95% CI for the mean of the coupling strengths (i.e. 

theta-LG, theta-HG, alpha-LG and alpha-HG) were plotted for each region in the Fig. 2B.
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One-way ANOVA analyses were performed separately for different coupling indexes over 

brain regions and the results showed that the mean coupling strength was significantly 

different across brain regions (One-way ANOVA, p < 0.001, p < 0.001, p = 0.016 and p = 

0.001 for theta-LG, alpha-LG, alpha-HG and theta-HG, respectively). Post-hoc comparisons 

showed that the amygdala and hippocampus regions on the right hemisphere had larger 

coupling strengths for these two regions (Tukey’s Pairwise Comparisons, p < 0.05; see also 

Fig. 2B). Within these two regions, no significant difference was found for the estimated 

coupling strength at the contact level (i.e. contacts in the electrodes) (One-way ANOVA, p = 

0.329 for right amygdala, p = 0.718 for the right hippocampus). All four cross-frequency 

coupling plots showed a similar pattern and larger variations were observed in the right 

amygdala and hippocampus regions.

Fig. 2C was intended to show that high gamma activities were occurring within the narrow 

phase of the alpha band by overlapping the power series of the filtered high-frequency 

signals and the filtered low-frequency waveforms. The time–frequency maps of the high-

frequency signals in these plots were obtained in a similar way as used when conducting 

event-related potential (ERP) analysis but instead of using the timing of the stimulus onset, 

the high-frequency power series were aligned with respect to the troughs of the low-

frequency phase. In other words, the time–frequency maps in the Fig. 2A were aligned with 

the onset of the external stimulus, whereas the map in the Fig. 2C left panel was aligned to 

the intrinsic internal events (phase troughs). Note that the Fig. 2C was plotted in a way such 

that zero phases corresponded to the trough in the low-frequency phase series.

DISCUSSION

Upon delivering painful cutaneous laser stimulations, we utilized a high temporal resolution 

intracranial electrophysiological approach in patients with uncontrolled epilepsy to directly 

and bilaterally record the pain-related neuronal oscillatory responses in the brain areas of 

frontal lobe, amygdala and hippocampus on both sides that are known to have roles in 

processing the pain-related affective information. The painful laser-induced enhanced low- 

and high-gamma oscillatory responses in the amygdala and hippocampus regions on the 

right side and these oscillations were also found to have significant cross-frequency coupling 

activities, especially between HG and alpha bands.

The view of pain has been gradually modified from the one-to-one correspondence of 

nociceptor to specific pain, to a more complex network model (Melzack and Wall, 1965; 

Ingvar, 1999), and the neuronal responses evoked and/or induced by painful laser are often 

observed but not limited to sensory cortices in the brain (Talbot et al., 1991; Casey, 1999; 

Peyron et al., 2000; Price, 2000; Jones, 2002; Apkarian et al., 2005; Tracey, 2005; Liu et al., 

2011b). These pain-related responses in the brain are initiated by excitations of peripheral 

nociceptors (i.e. a subset of sensory neurons) and are transmitted through multiple ascending 

pathways to sub-structures in the thalamus, the related cortical sensory regions and 

structures within the limbic system (Burstein et al., 1987; Bernard et al., 1996; Price, 2000; 

Bantick et al., 2002; Willis Jr. et al., 2002; Behrens et al., 2003). Specifically, we refer to a 

ventrally directed cortico-limbic somatosensory pathway which proceeds from primary (SI) 

and secondary (SII) sensory cortices to posterior parietal cortices and insula cortex and 
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terminates at the amygdala, perirhinal cortex and hippocampus. Sub-structures within the 

amygdala and hippocampus have been well known for their critical roles in regulating 

positive and negative affects upon receiving sensory stimuli and contributing to the 

generation of emotional memory (LeDoux, 1996; McGaugh et al., 1996; Shi and Cassell, 

1998; McGaugh, 2004; Craig, 2005).

The neuronal responses found in the amygdala are consistent with the findings of the earlier 

studies of pain in the amygdala in animals and humans (Bernard et al., 1992, 1996; Hari et 

al., 1997; Petrovic et al., 1999, 2004; Peyron et al., 2000; Schneider et al., 2001; Bornhovd 

et al., 2002; Apkarian et al., 2005; Liu et al., 2010). The sustained high-frequency gamma 

oscillatory response in the amygdala has been observed after presenting aversive visual 

stimuli to subjects during an emotion discrimination task (Oya et al., 2002), following an 

auditory fear conditioning experiment (Courtin et al., 2014) and during emotional memory 

formations (Headley and Pare, 2013). The amygdala has often been suggested to have 

extensive projections to primary and higher-order sensory areas and to the hippocampal 

formations, and have a central role upon the emotional processing in the brain (Ledoux, 

1995; LeDoux, 1996; McGaugh et al., 1996; McGaugh, 2004; Labar and Cabeza, 2006). The 

findings of enhanced alpha-HG coupling activity in this study may be added to the factional 

role of gamma-related activities in the amygdala upon processing affective components of 

the painful inputs. Although the specific emotion associated with exposure to painful stimuli 

is often unclear (Zald, 2003), studies have implicated that the amygdala has a role in some 

aspect of pain processing. For example, studies of neuroimaging show that activation in the 

amygdala upon receiving painful laser stimulation is positively correlated with the pain-

intensity, deactivation during pain is associated with the attenuation of pain-related stress 

responses in a context that is perceived as being aversive, and a long-lasting functional 

plasticity of CeA activity can contribute to the pain experience enhancement (Bornhovd et 

al., 2002; Petrovic et al., 2004; Veinante et al., 2013).

Due to differences in experimental design, the laterality for the pain-related amygdala 

responses is not consistent in the literature (Derbyshire et al., 1997; Hari et al., 1997; 

Petrovic et al., 1999, 2004; Schneider et al., 2001; Bornhovd et al., 2002; Zald, 2003; 

Simons et al., 2014). Nevertheless, our result was consistent with neuroimaging studies of 

pain such that greater right hemispheric involvement was observed in the processing of pain 

(Hsieh et al., 1996a; Hari et al., 1997; Schneider et al., 2001). Amygdala activities were in 

line with a recent study of meta-analysis attempted to explore the pain-related laterality of 

the human amygdala. The results of the study showed that the increased pain-related 

amygdala activity on the right was in greater proportion among experimental pain studies 

and the increased pain-related amygdala activity on the left was in greater proportion among 

clinical pain studies (Simons et al., 2014). In addition, the right amygdala activation among 

experimental pain studies was also consistent with animal work which show differential 

activities between the left and the right amygdala during the pain processing (Carrasquillo 

and Gereau, 2008; Ji and Neugebauer, 2009).

The hippocampus is a well-known structure in the brain for its important roles in learning 

and memory, it interacts with multiple areas in the brain and mediates the aversive drive and 

affects characteristic of pain (Prado and Roberts, 1985; Hsieh et al., 1996b; Derbyshire et 

LIU et al. Page 8

Neuroscience. Author manuscript; available in PMC 2017 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



al., 1997; Becerra et al., 1999; Peyron et al., 1999, 2000; Casey et al., 2001; Ploghaus et al., 

2001; Schneider et al., 2001; Squire, 2004; Squire et al., 2004). The hippocampus gamma is 

one of the known rhythms occurring during alert behavior, which often occurs in bursts at a 

particular time within the theta cycle (Leung et al., 1982; Buzsaki et al., 1983; Soltesz and 

Deschenes, 1993; Bragin et al., 1995; Colgin and Moser, 2010). Our results suggest that the 

gamma oscillatory responses found within the right hippocampal area may contribute to the 

role of hippocampus oscillations during acute pain processing. In the studies of pain in rats, 

sub-threshold dorsal hippocampus stimulation alters nociception (Prado and Roberts, 1985) 

and peripheral nerve and/or cutaneous stimulation induces immediate-early gene expression 

in the hippocampus (Pearse et al., 2001). The EPSP of the pyramidal cell in the hippocampal 

CA1 region is positively related to the intensity of nociceptive stimulation (Wei et al., 2000). 

Recently studies have also shown that the hippocampal responses are associated with 

anxiety aspects of increases in the ratings of pain-intensity and patients with chronic pain 

have been observed to have abnormal hippocampal volume (Ploghaus et al., 2001; Mutso et 

al., 2012). The strong alpha-HG coupling may serve as an integrating mechanism between 

the amygdala and hippocampus given that these two structures are heavily connected and the 

right hippocampal laterality for the hippocampus upon receiving the painful inputs might 

result from the extensive interactions with the amygdala on the same side (Pitkanen et al., 

2000). However, more research is needed to explore the potential underlying factors for the 

difference between left and right hippocampus upon pain processing (Greenspan et al., 2007; 

Fillingim et al., 2009).

The lateralization of brain function which leads to an asymmetrical nervous system is often 

reported in humans and many other mammals (Geschwind and Galaburda, 1985; Toga and 

Thompson, 2003). The right lateralized amygdala and hippocampal responses found in the 

current study might result from the emotional aspects of the painful stimulus which is 

consistent with studies of differential hemispheric emotional responses in the brain in which 

greater right hemisphere responses are associated with stimulus-induced negative emotional 

processing (Rainville et al., 1997; Anderson et al., 2000; Adolphs et al., 2001; Schneider et 

al., 2001). In addition, brain structures within the right hemisphere are known to be more 

engaged in processing negative emotions, and those in the left hemisphere have been 

implicated in the processing of positive emotion (Silberman and Weingartner, 1986; Craig, 

2005).

Methodological limitations

In this study, it is assumed that the LFPs recorded in this study contain the summation of 

synaptic activity solely from neuron populations around the implanted electrodes (Mitzdorf, 

1985). However, within the same brain region, it is possible that the recorded activities were 

overlapped with multiple sub structures or influenced by the volume conduction from nearby 

populations (Wennberg and Lozano, 2003). In addition, the strong oscillatory responses seen 

in this study might result from the fact that the laser stimulus evokes strong phase-locked 

activities (i.e. Evoked-potentials) in the low-frequency band ~5 Hz. However, studies of 

deep brain recordings have reported no consistent phase coherence or completely absent 

phase-locking activities in relation to the reported task-related coupling activities (Oya et al., 

2002; Cohen et al., 2009). The current study used transient nociceptive stimuli, which is 
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different from sensations of chronic pain (i.e. long-lasting and spontaneous painful 

sensations). Results of the current study, however, should be interpreted with caution 

because of the small sample size. It is important to point out that our study is lack of 

measurement for the emotional changes. Lastly, the time–frequency analysis did not process 

separately for the electrode contacts located in the regions of the white and gray matters in 

the brain, and thus our results for the frontal lobe were signals combined with fiber 

responses.

CONCLUSION

Our results are in line with current notions of gamma-related cross-frequency coupling in 

humans and these coupling activities may serve as a basic mechanism for cognitive 

representations upon the affective information processing of sensory inputs in humans 

(Engel et al., 2001; Varela et al., 2001; Canolty et al., 2006; Jacobs and Kahana, 2010). 

Given the roles of these structures in pain-related emotional processes the findings in this 

study might be important for understanding the pain-related processing in the human brain.
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Fig. 1. 
MRI images and electrode locations. Post operation T1 MRI image (1.5 T, 1.5 mm 

thickness) for the anatomical location of the depth electrodes and contacts within the (A) 

Frontal lobe (B) Amygdala (C) Hippocampus in the right hemisphere. Due to artifact, the 

electrode and contact appear larger than it actual size in the images. All images were from 

the same subject. The contact locations along the frontal electrodes were within Brodmann 

areas of 9, 10, 12, 46 and the tip of the electrode was touching the roof of the orbit, as 
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confirmed by radiographs in the operating room (see also (Liu et al., 2011a)). Following 

radiological convention, the right side of the brain is shown on the left.
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Fig. 2. 
Cross-frequency coupling. (A) Time–frequency plots for the frontal lobe, amygdala and 

hippocampus with the upper panel for the right hemisphere and lower panel for the left 

hemisphere. Time is shown on the x-axis (−100 to 650 ms), and frequency (4–150 Hz) is 

shown on the y-axis. LG denotes Low-gamma and HG denotes high-gamma. Stimulus onset 

is indicated by a black vertical bar at time 0. The color bar on the right encodes the 

magnitude of frequency power in decibels unit (dB). (B) 95% confidence intervals plots for 

the normalized phase-amplitude modulation index for six brain regions: Left amygdala 
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(LA), Left frontal lobe (LF), Left hippocampus (LH), Right amygdala (RA), Right Frontal 

lobe (RF) and Right Hippocampus (RH), note that the min and max are the same in each sub 

plot. See also Results section for more details. (C) Representative example of the significant 

coupling activities for one contact located within the amygdala on the right side (left panel) 

and raw data (right panel). Note that the left panel in Fig. 2C is plotted in a way such that the 

zero phase corresponds to the trough of the low-frequency waveform. The x-axis and y-axis 

denote time and frequency, respectively. Color bars on the right denote the amplitude of the 

frequency power in arbitrary unit (A.U.).
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Table 2

Pain ratings

Subject Block 1 Block 2 Average

Pain – intensity

1 3/10 3/10 3/10

2 5/10 5/10 5/10

3 6/10 6/10 6/10

4 6/10 7/10 6.5/10

5 5/10 5/10 5/10

Pain – unpleasantness

1 3/10 3/10 3/10

2 4/10 4/10 4/10

3 6/10 6/10 6/10

4 2/10 5/10 3.5/10

5 4/10 3.5/10 3.75/10
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