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Pain is a highly subjective experience that
arises from the integration of emotional,
cognitive, and sensory processes. Therefore,
the painfulness of a given stimulus can be
perceived differently across individuals.
Although a patient’s verbalization of pain
is necessary for clinical diagnoses, individual subjectivity can obscure the underlying
cause of pain. For this reason, neuroimaging methods, such as functional magnetic
resonance imaging (fMRI), electroencephalography (EEG), and magnetoencephalography (MEG), have been used to
identify objective pain “biomarkers” that
can decouple the subjective reports from
the neural mechanisms that drive pain
(Tracey et al., 2019).
Gamma-band oscillations (GBOs) in
the 30–100 Hz range recorded epidurally
over human primary somatosensory cortex
(S1) are a potentially promising pain biomarker. The magnitude of GBOs recorded
over S1 is correlated with perceived pain in
humans given noxious stimulation (Gross
et al., 2007; Zhang et al., 2012; Heid et al.,
2020). In addition, electrocorticography
(ECoG) recordings over rodent S1 have
shown that GBO power correlates with
hyperalgesia in models of chronic pain
(Wang et al., 2016). Although these results
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suggest that epidurally recorded GBOs
reflect the processing of noxious stimuli in
S1, the exact intracortical source of these
GBOs is highly debated. Importantly,
reports using human EEG have localized nociception-related GBOs to primary motor cortex (M1) during acute
pain (Schulz et al., 2012), and to prefrontal cortex in patients with chronic
pain (Zhou et al., 2018). These results
suggest that GBOs reflect changes in
motor output and cognitive function
that are pertinent for behavioral adaptations to pain, such as stimulus avoidance.
Whether epidurally recorded GBOs can be
used as an objective pain biomarker critically depends on identifying the cortical
regions from which these oscillations
emerge.
Recently, Yue et al. (2020) addressed
this issue by performing chronic multilevel electrophysiology in awake, behaving
rodents. The authors simultaneously recorded epidural potentials over sensorimotor areas with ECoG, and recorded
spiking activity and local field potentials
(LFPs) in superficial layers (II–IV) and
deep layers (V/VI) of bilateral M1 and S1
with intracortical microelectrodes while
rats received a noxious laser stimulus to
the forepaw. On trials where rats displayed
a nocifensive paw withdrawal response,
laser-evoked GBOs increased in magnitude
throughout layers in both contralateral and
ipsilateral M1 and S1, with the strongest
effect occurring in the superficial layers of
contralateral S1.
To determine how these laser-evoked
intracortical GBOs corresponded to epidurally recorded GBOs, Yue et al. (2020) performed a cross-correlation analysis between

the instantaneous amplitude of GBOs in the
ECoG recordings and the LFP recordings
from intracortical sites. They found a significant correlation between the ECoG signals
and the LFP signals recorded from the superficial layers of contralateral S1, but not
the LFP signals recorded from other intracortical regions. Importantly, intracortically
recorded GBOs in superficial, contralateral
S1 preceded the ECoG GBOs by .5 ms,
suggesting that this region of S1 is the primary intracortical source of nociceptionrelated epidurally recorded GBOs. This
cross-correlation analysis was further
supported by results that compared the
phases of oscillatory activity in S1 and
ECoG recordings. Using a measure of
phase synchronization, the authors
showed that GBOs recorded in superficial, contralateral S1 exhibited significant phase consistency with epidurally
recorded GBOs.
The authors then examined intracortical
spiking activity to identify what neuronal
subtypes contributed to the nociceptionrelated GBOs. By sorting individual spikes
based on peak-to-trough duration, they
were able to identify putative pyramidal-cell
spikes and fast-spiking interneuron spikes
across all microelectrode recording sites.
Importantly, putative interneurons in superficial, contralateral S1 were significantly
activated by noxious stimulation, and their
firing rates were phase locked with the epidurally recorded GBOs.
The recording methods implemented
by Yue et al. (2020) allowed direct investigation of the intracortical circuits driving
epidurally recorded GBOs during acute
pain processing. Their analyses suggest
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not only that epidurally recorded oscillations reflect activity localized to contralateral S1 and not M1, but also that they are
correlated with the activity of putative fastspiking interneurons residing in the superficial layers of S1.
The results presented by Yue et al.
(2020) provide a rationale for using epidurally recorded GBOs to objectively identify pain, but several questions remain.
First, what objective features can be extrapolated from epidurally recorded GBOs?
The finding that epidurally recorded GBOs
originate from S1, which is thought to be
responsible for processing the intensity,
location, modality, and the presence of innocuous and noxious stimuli (Eto et al.,
2011; Vierck et al., 2013; Jin et al., 2018),
suggests that one might be able to derive
sensory features of painful stimuli from
epidurally recorded GBOs. Consistent with
this, noxious stimulus intensity has been
found to correlate with GBO magnitude
recorded over S1 in human MEG (Gross et
al., 2007).
Combining measures of GBOs with
measures of additional oscillatory or evoked
signals might increase the specificity and
sensitivity of an objective pain measure
(Tracey et al., 2019). One possible measure
is theta–gamma coupling, which has been
proposed to organize and relay various features of sensory information by activating
neuronal ensembles in specific patterns
(Lisman and Jensen, 2013). Notably, theta–
gamma cross-frequency coupling in S1
occurs in both acute (Wang et al., 2011)
and chronic (Wang et al., 2016) models of
pain. It is possible that features of noxious
stimuli such as intensity or type (e.g.,
thermal or mechanical) are represented in
different phase-locked cycles in a theta–
gamma complex. Combining epidurally
recorded GBOs with other potential
biomarkers would provide greater dimensionality when decoding objective information about pain from EEG or MEG
recordings.
The result from Yue et al. (2020) showing that superficial fast-spiking S1 interneuron activity is correlated with epidurally
recorded GBOs is in line with canonical mechanisms of sensory perception.
Specifically, synchronization of fastspiking parvalbumin-expressing (PV)
interneurons at gamma oscillations regulate cortical information flow by
eliciting temporal precision of spiking
in excitatory pyramidal cells through
inhibition (Hasenstaub et al., 2005).
Therefore, gamma oscillations could produce high-fidelity, neocortical transmission
of nociceptive information, such as pain
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intensity, by increasing the spike-timing
precision of excitatory pyramidal cells
through fast-spiking PV synchrony. In line
with this theory, Tan et al. (2019) found
that the entrainment of gamma oscillations
in S1 using photostimulation of fast-spiking PV interneurons has been shown to
enhance nociceptive behaviors in mice in
both acute and inflammatory models of
pain. But gamma entrainment in fast-spiking layer II/III PV interneurons in mouse
barrel cortex have also been found to facilitate tactile detection (Siegle et al., 2014).
This raises another question: are epidurally
recorded GBOs specifically tied to nociception, or are they a neural mechanism associated with general information processing
in S1?
Although several studies have tied
gamma oscillations to different types of
sensory processes in S1, such as tactile
detection and nociception, it is possible
that distinct sensory percepts are encoded
within certain GBO features. For example,
human EEG recordings over somatosensory cortex show that noxious stimuli
elicit GBOs at ;80 Hz, while innocuous
stimuli elicit GBOs at ;70 Hz (Michail et
al., 2016). These results indicate that GBO
frequency is tuned in a stimulus-dependent manner. Interestingly, sensory information entering S1 is sorted into separate
cortical layers. Anatomical tracing has
shown that noxious information arrives at
the superficial layers of S1, while innocuous information arrives predominantly at
the middle layers of S1 (Vierck et al.,
2013). These different cortical layers also
have distinct microcircuit connectivity that
can give rise to different neural dynamics.
For example, regular-spiking somatostatin-positive (SOM) interneurons in layer
IV of S1, which modulate fast cortical
oscillations (Lee et al., 2018), strongly inhibit PV interneurons, while SOM interneurons in layers II/III do not (Xu et al.,
2013). Therefore, noxious and innocuous
stimuli could differentially regulate fastspiking interneuron activity to produce
GBOs at different frequencies through
the activation of regular-spiking inhibitory interneurons in different cortical
layers. Testing this theory would require
further dissection of the interneuron
circuitry in S1. In this regard, one limitation of the study by Yue et al. (2020) is
that extracellular electrophysiology has
poor cell specificity and can only be
used to identify neurons by their spike
waveform (Nowak et al., 2003). While
the fast-spiking phenotype in S1 is unique
to PV interneurons (Puig et al., 2008; Rudy
et al., 2011), the regular-spiking phenotype

is expressed by a range of interneuron subtypes. Therefore, cell-specific techniques,
such as optogenetics and calcium imaging,
are needed alongside epidural recordings
to determine the contribution of regularspiking interneurons, such as SOM cells, in
modulating GBOs.
Perhaps the most pertinent question
not addressed by Yue et al. (2020) is how
reliable are epidurally recorded GBOs as a
biomarker for chronic (as opposed to
acute) pain? As previously mentioned, superficial S1 PV interneurons have been
linked to cortical GBOs in rodent chronic
inflammatory pain models (Tan et al.,
2019), so it is possible that epidurally
recorded GBOs can serve as a reliable biomarker that reflect the same intracortical
mechanisms for both acute and chronic
pain. However, neural recordings in rodent
S1 show that models of chronic neuropathic
pain are correlated with reduced fast-spiking PV interneuron activity (Cichon et al.,
2017) and increased 4–8 Hz LFP oscillations (Leblanc et al., 2014). Furthermore,
the transition from acute to chronic pain
initiates global changes in brain dynamics
and connectivity (Kuner and Flor, 2016), so
similar epidural signals may reflect vastly
different cellular mechanisms. These global
changes are also not conserved across pain
pathologies; human fMRI has shown that
brain activation of patients varies between
conditions of neuralgia, chronic back pain,
and osteoarthritis (Apkarian et al., 2011).
The heterogeneity of brain activity underlying different subtypes of chronic pain suggests that epidural GBOs are not a universal
biomarker for chronic pain, but may serve
instead as a biomarker for subtypes of
chronic pain that exhibit fast-spiking
interneuron dynamics similar to those
described in acute pain processing.
By identifying an intracortical, cellular
source of epidurally recorded GBOs, the
results presented by Yue et al. (2020) support the potential use of GBOs as an objective biomarker for acute pain. However,
additional investigation into analytical
methods to extract sensory features from
oscillatory activity, the underlying interneuron circuit dynamics, and the link
between acute and chronic pain processing
will be necessary to expand the utility and
our understanding of nociception-related,
epidurally recorded GBOs.
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