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SUMMARY

The prefrontal cortex (PFC) regulates a wide range of sensory experiences. Chronic pain is known
to impair normal neural response, leading to enhanced aversion. However, it remains unknown
how nociceptive responses in the cortex are processed at the population level and whether such
processes are disrupted by chronic pain. Using /n vivo endoscopic calcium imaging, we identify
increased population activity in response to noxious stimuli and stable patterns of functional
connectivity among neurons in the prelimbic (PL) PFC from freely behaving rats. Inflammatory
pain disrupts functional connectivity of PFC neurons and reduces the overall nociceptive response.
Interestingly, ketamine, a well-known neuromodulator, restores the functional connectivity among
PL-PFC neurons in the inflammatory pain model to produce anti-aversive effects. These results
suggest a dynamic resource allocation mechanism in the prefrontal representations of pain and
indicate that population activity in the PFC critically regulates pain and serves as an important
therapeutic target.
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Li et al. reveal that inflammatory pain disrupts the functional connectivity of neurons in the
prelimbic prefrontal cortex (PL-PFC) and the overall nociceptive response. Ketamine, meanwhile,
restores the functional connectivity of neurons in the PL-PFC in the inflammatory pain state to
produce anti-aversive effects.

INTRODUCTION

Neural responses to noxious inputs prevent us from injury (Basbaum et al., 2009). One

such response is aversion, which produces a learning signal to avoid potentially harmful
situations. Chronic pain, meanwhile, is known to impair the endogenous response to noxious
inputs, resulting in enhanced pain aversion (Radzicki et al., 2017; Ren et al., 2021; Zhang

et al., 2017). Given the role the cerebral cortex plays in aversion-type behaviors, including
pain-aversive behaviors (Cheriyan and Sheets, 2018; Dale et al., 2018; Huang et al., 2019;
Johansen and Fields, 2004; Navratilova et al., 2015; Rainville et al., 1997; Zhang et al.,
2015, 2017), detailed circuit-level mechanisms of cortical processing provide a key to our
understanding of pain.

The prefrontal cortex (PFC) integrates sensory inputs and in turn provides both top-down
and cortico-cortical regulation of such inputs (Salzman and Fusi, 2010). Recent studies
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indicate that neurons in the PFC can increase their firing rates in response to noxious stimuli,
but such response is diminished by the presence of chronic pain (Dale et al., 2018; Ji and
Neugebauer, 2011; Kelly et al., 2016; Radzicki et al., 2017; Talay et al., 2021; Zhang et

al., 2015). /n vitro studies in rodent models have further demonstrated decreased excitability
of pyramidal neurons in the PFC under chronic pain conditions (Ji and Neugebauer, 2011,
Kelly et al., 2016; Radzicki et al., 2017; Zhang et al., 2015). What remains unknown,
however, is how pain information is encoded and processed in the PFC at the population
level in freely behaving animals, and how chronic pain impairs population-level pain
processing.

In subcortical areas, pain-specific neurons have been identified that produce direct
regulatory outputs (Corder et al., 2019; Craig et al., 1994). However, it is unclear whether
such exclusively pain-specific neurons exist in the PFC to consistently respond to noxious
stimuli. An alternative to cell-specific processing is population coding. Studies have shown
that cortical neurons are capable of conjunctive tuning, where the computational output of
neural ensembles, rather than fixed synaptic outputs of individual neurons, provides the
basis for the performance of certain cognitive tasks (Fusi et al., 2016; Ramirez-Cardenas
and Viswanathan, 2016; Rigotti et al., 2013). In this model, each neuron is capable of
serving multiple functions and is recruited into a specific functional neural circuit in a
particular behavioral context. This model is compatible with the principle of dynamic
resource allocation, where biological resources are allocated dynamically according to the
computing load or cognitive demand (Alonso et al., 2014; Bays and Husain, 2008; Bruning
and Lewis-Peacock, 2020; Yoo et al., 2018). This coding principle allows cortical neurons
to perform multiple cognitive tasks in a flexible and efficient manner. However, it is not
known whether such coding scheme based on population activity is utilized by the cortex,
specifically the PFC, to process and regulate pain, and if so, how this scheme is impaired by
chronic pain.

Functional connectivity between groups of neurons provides understanding of population-
level neural responses to sensory inputs, and it has been used to characterize pain and other
neuropsychiatric disorders based on various modalities of neural recording techniques, such
as microcircuit-level calcium imaging (Cramer et al., 2019) and brain-wide neuroimaging
(Baliki et al., 2012; Kano et al., 2020; Mutso et al., 2012; Spisak et al., 2020). Functional
connectivity analyses have successfully identified long-range nociceptive information flow
within the brain in chronic pain conditions (Baliki et al., 2012; Vachon-Presseau et al.,
2019), thereby having the potential to provide insight into population neural responses
within a specific cortical area as well. The recent development of graph-theoretic approaches
enables detailed functional connectivity analysis of local networks, further facilitating
studies of high-order population coding within specific cortical areas such as the PFC
(Bonifazi and Massobrio, 2019; Sporns, 2018).

Ketamine is an important pharmacological neuromodulator used to treat a number of
neuropsychiatric diseases including chronic pain (Doan and Wang, 2018; Machado-Vieira
et al., 2009; Maeng et al., 2008). Studies have shown that it can produce long-lasting
mood-elevating effects (Machado-Vieira et al., 2009), by inhibiting N-methyl-D-aspartate
(NMDA) receptors and by promoting the translation of synaptic proteins (Autry et al., 2011,
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Li et al., 2010). Recent studies also indicate that ketamine can produce similarly long-lasting
anti-aversive effects (Wang et al., 2011), and it is emerging as an important pharmacological
therapy for chronic pain (Cohen et al., 2018; Doan and Wang, 2018). However, analgesic
mechanisms for ketamine in the brain are poorly understood. For example, it remains
unknown how cellular and molecular effects of ketamine translate to the reshaping of
cortical circuits, especially in the chronic pain condition, to regulate aversion.

In this study, we measured /n vivo calcium activity in pyramidal neurons of the prelimbic
(PL) region of the PFC (PL-PFC) in awake, freely behaving rats to examine prefrontal
processing of nociceptive information. We found that a significant number of these PFC
neurons increased their activity in response to noxious stimuli. Interestingly, we did not
find neurons that specifically responded to acute pain signals on a consistent basis over
time. Instead, we found consistent population-level changes in the PL-PFC, manifested

by enhanced average firing rates in response to noxious stimuli, as well as by stable
resting-state functional connectivity between pain-responsive neurons and other neurons.
Inflammatory pain, however, decreased the population firing response to nociceptive inputs,
and reduced inter-neuronal communication within the PL-PFC. Meanwhile, ketamine
restored the endogenous population activity in the PL-PFC and decreased pain aversion.
Optogenetic inactivation of the pyramidal neurons in the PL-PFC, however, removed the
anti-aversive effects of ketamine. These results suggest that population activity in the PL-
PFC at baseline and in response to nociceptive inputs is critical for endogenous pain control,
and its impairment in chronic pain conditions may lead to enhanced aversion. These cortical
mechanisms also form important therapeutic targets for neuromodulatory agents such as
ketamine.

Inflammatory pain inhibits population-level nociceptive response in the PL-PFC

To measure the neural response in the PL-PFC, we injected GCaMP6f into the PL-PFC.
GCaMP6f was used as a readout for neural activity and was not expressed in a projection-
specific manner. We used a head-mounted endoscopic microscope with a 1.0 mm diameter
x ~9.0 mm length lens to track the Ca2* activity in the soma of pyramidal neurons that
expressed CaMKII (Figures 1A, 1B, and S1A). We measured Ca2* activity before and

after a noxious mechanical stimulus (27G pin prick [PP]) or a control, non-noxious (0.4

g von Frey filament [vF]) stimulus in the contralateral paw of awake, freely behaving rats
(Figures 1A, 1B, and S1B). After signal processing and identification of active cells (Figures
1C-1E), we found that PL-PFC neurons exhibited only low-level Ca2* activity in response
to the non-noxious stimulus (Figures 1F and 1G); in contrast, these neurons exhibited an
increase in Ca2* activity in response to the noxious stimulus (Figures 1F and 1H). We then
examined the average peak AF of Ca2* activity in response to both non-noxious and noxious
stimuli and found that peak fluorescence was significantly higher in response to noxious
stimuli than non-noxious stimuli (Figure 11). These results are compatible with previous
findings that suggest neurons in the PFC increase their firing rates in response to noxious
stimuli (Dale et al., 2018; Talay et al., 2021). Furthermore, the number of neurons that
responded to the noxious stimulus was greater than the number of neurons responsive to
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the non-noxious stimulus (Figures 1J-1L). These results raised the question whether a select
group of neurons in the PL-PFC could respond specifically and consistently to nociceptive
inputs. Because such specificity is expected to be preserved over time, we then compared
Ca?* activity in response to noxious stimuli across recording sessions on different days.
Here, we found that very few neurons actually consistently responded to noxious stimuli
across different recording sessions (Figures S2A-S2C). In contrast, the average peak AF
response for all the PL-PFC neurons was well preserved over time (Figure S2D). These
results suggest that nociceptive inputs are processed not necessarily at the level of individual
pain-specific neurons, but rather at the population level in the PL-PFC.

We then investigated how this population-level nociceptive response in PL-PFC is affected
by the presence of inflammatory pain. Previous studies have shown that chronic pain induces
anatomically non-specific enhancement in pain aversion and associated cortical maladaptive
plasticity (Dale et al., 2018; Zhang et al., 2017; Zhou et al., 2018a). Thus, we injected
complete Freund’s adjuvant (CFA) into the hind paw ipsilateral to lens implant to model
inflammatory pain and performed peripheral stimulations in the paw opposite to CFA
injection to avoid confounding spinal and peripheral hypersensitivity (Figure 1M). We found
that CFA-treated rats exhibited substantially decreased Ca2* activity in response to noxious
stimuli (Figures 1IN-1P and S3). The proportion of pain-responsive neurons recorded in the
PL-PFC of CFA-treated rats also decreased accordingly (Figures 1Q and 1R). In contrast,
inflammatory pain did not significantly alter the cortical response to non-noxious stimuli
when they are applied to uninjured paws (Figure S4). These results support the importance
of PL-PFC neurons in pain processing and suggest deficits in PL-PFC population activity as
a potential mechanism for chronic pain.

Ketamine increases the nociceptive response at the population-level in the PL-PFC

Ketamine is known to produce long-lasting relief of the affective component of pain and
thus has the potential to be an important pharmacological neuromodulation therapy for
chronic pain (Cohen et al., 2018; Doan and Wang, 2018). Previous studies have suggested
the PFC to be a target for ketamine in mood regulation (Li et al., 2010), and hence we
investigated whether restoration of the population nociceptive response in the PL-PFC
constitutes an important analgesic mechanism for ketamine in the inflammatory pain model.
We administered an intraperitoneal sub-anesthetic (10 mg/kg) dose of ketamine to CFA-
treated rats, based on previous studies (Wang et al., 2011) (Figures 2A and 2B). Ketamine
is known to have short-lived anti-nociceptive effects, manifested by temporary relief of
sensory allodynia (Figure 2C). Interestingly, we found that days after the administration of
ketamine, long after the transient relief of allodynia has disappeared, PL-PFC pyramidal
neurons continued to demonstrate an increase in the average peak AF in response to noxious
stimuli (Figures 2D-2F). This persistent increase in cortical nociceptive response was not
observed in rats that received an injection of saline control (Figures 2D, 2G, and 2H). These
results indicate that a single dose of ketamine could produce long-lasting restoration of the
population nociceptive response of PL-PFC neurons in the inflammatory pain state.
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Resting-state functional connectivity in the PL-PFC is impaired in the inflammatory pain
model but restored by ketamine

Our data indicate that average neural response in the PL-PFC to nociceptive inputs declines
in the inflammatory pain condition, whereas ketamine restores such response. To understand
the underlying mechanism for such population response, we applied the graph-theoretic
functional connectivity analysis to examine the relationship between neurons in a given
brain region, and how such relationship is altered by inflammatory pain and repaired

by ketamine. Specifically, we first normalized the time-series Ca2* fluorescence data and
applied fast nonnegative spike deconvolution method to infer the relative spiking activities
from preprocessed Ca2* activities of individual PFC neurons (Figure 3A) (Friedrich et

al., 2017). These proxy spiking activities allowed us to assess the scale-invariant cross-
correlation between PFC neurons. In order to quantitatively compare functional connectivity
between PFC neurons during baseline, CFA, and post-ketamine conditions, we subsampled
proportionally a subset of pain-responsive and nonresponsive neurons for each given rat
(Figure 3B; STAR Methods). First, we calculated cumulative distribution functions for

all the pain-responsive or nonresponsive neurons, ordered by each neuron’s basal firing

rate (Figure 3B left). We then determined the numbers of subsampled pain-responsive and
nonresponsive neurons based on the number of pain-responsive neurons and total number
of neurons across all sessions for each rat. Finally, based on the cumulative distribution
function, we selected a subsample of neurons to ensure a uniform distribution of firing rates
among sampled pain-responsive and nonresponsive neurons (Figure 3B).

Next, we calculated betweenness centrality (Cg) and degree centrality (Cp) as graph-
network statistics to evaluate the importance of pain-responsive neurons in the flow of
nociceptive information within pyramidal neurons of the PL-PFC. Within the PL-PFC
network, individual neurons were treated as nodes. In the graph theory, betweenness
centrality is a measure of the volume of shortest paths that pass through a given node

(De Vico Fallani et al., 2014; Kwon et al., 2019), which provides insight into the importance
of that node (as a hub) in the passage of information throughout the overall neural network
(Figure 4A). Meanwhile, degree centrality is a measure of the number of edges attached to

a given node (De Vico Fallani et al., 2014; Kwon et al., 2019), which indicates the level of
connectivity of this node as a functional hub to other nodes within the entire network (Figure
4B). Therefore, these two network statistics provide insight into how pain-responsive or
nonresponsive neurons connect with other neurons within the PL-PFC to process nociceptive
information.

We found that pain-responsive neurons as functional hubs demonstrated stable betweenness
centrality across time in the baseline condition (Figure S5A). Likewise, pain-nonresponsive
neurons also demonstrated stable betweenness centrality (Figure S5B). Similar stability

was observed for degree centrality as well (Figures S5C and S5D). These results indicate
that functional connectivity between subsampled neurons in the PL-PFC was relatively
stable at baseline. This consistency of resting-state functional connectivity measures among
pain-responsive neurons is compatible with the consistent average Ca2* response among
neurons in the PL-PFC in the presence of noxious stimuli (Figure S2D). This is in contrast
to the lack of consistency in the identification of individual pain-responsive neurons (Figures
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S2A-S2C). These results suggest that although the identity of individual pain-responsive
neurons may change over time, the functional connections between pain-responsive neurons
and other neurons remain relatively constant to maintain a stable network response to
nociceptive inputs at baseline. In contrast, we observed a significant decrease in the
betweenness centrality of pain-responsive neurons after CFA treatment (Figures 4C and
4D), suggesting a reduced information flow traffic between pain-responsive nodes as
functional hubs and the other nodes. Interestingly, nonresponsive neurons did not show
such a decline (Figure 4E). These results suggest that inflammatory pain specifically
impairs functional connectivity between pain-responsive neurons and other neurons within
the PL-PFC, and thus diminishing the network roles for these pain-responsive neurons

as functional information hubs. Ketamine, meanwhile, increased betweenness centrality in
CFA-treated rats and restored this measure back to the baseline condition (Figures 4C and
4D). Similar decline was observed in degree centrality among pain-responsive neurons in
CFA-treated rats, and ketamine also repaired this defect (Figures 4F-4H). Finally, we did
not observe such therapeutic effects on functional connectivity in CFA rats that received
saline (control) treatment (Figure S6). Together, these results indicate that the presence

of inflammatory pain specifically reduces functional connectivity between pain-responsive
neurons and the remaining neurons within the PFC network, thereby minimizing the flow
of information that passes through these neurons in the PL-PFC. The restoration of the
functional connectivity between pain-responsive neurons and other neurons within the PL-
PFC, meanwhile, constitutes an important circuit mechanism for ketamine.

Ketamine provides long-lasting inhibition of pain aversion

Given this ability of ketamine to repair functional connectivity within the PL-PFC in the
inflammatory pain model, we investigated the role of PL-PFC in mediating the anti-aversive
function of ketamine, using a conditioned place aversion (CPA) assay (Figures 5A and

5B), a classic test to assess pain aversion in rodent models (Johansen et al., 2001; King

et al., 2009; Martinez et al., 2017; Singh et al., 2020; Zhang et al., 2017). During the
preconditioning phase, rats were allowed to move freely between two chambers. During

the conditioning phase, one of the chambers was paired with repeated noxious stimulation
(PP) of the hind paw, whereas the opposite chamber was not paired with PP. During the
testing phase, rats were once again allowed to move freely between two chambers without
peripheral stimuli. Here, we found that although rats in general demonstrated an aversion to
noxious stimuli, as shown by avoidance of the chamber paired with PP (Figure 5C), rats with
inflammatory pain (after CFA injections) showed further increased pain aversion (Figure
5D). Pain aversion can be quantitated by a CPA score, which is calculated by subtracting the
time rats stayed in the PP-paired chamber during the testing phase from the time they spent
in that chamber during the preconditioning phase. A higher CPA score indicates greater
pain aversion, and CFA-treated rats showed higher CPA scores (Figure 5E), indicating that
the presence of inflammatory pain enhances the aversive value of acute noxious inputs,
compatible with previous results (Dale et al., 2018; Singh et al., 2020; Zhang et al., 2017).

We then assessed the aversive symptoms of CFA-treated rats after ketamine administration.
To avoid confounding anti-nociceptive effects, we waited for the resolution of these anti-
nociceptive effects to perform the CPA assays. We found that 2 days after a single dose
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of ketamine, CFA-treated rats demonstrated a substantially decreased aversive response to
noxious stimuli, as shown by a lack of avoidance of the PP-paired chamber and a lower CPA
score (Figures 5F-5H). This anti-aversive effect was substantially greater in CFA-treated
than saline-treated rats, suggesting an increased impact of ketamine on inflammatory pain
(Figure S7). In contrast, CFA-treated rats that received saline (control) treatment did not
demonstrate this decrease (Figures 5F-5H). We repeated these CPA tests 5 days after
ketamine and found similar results (Figures 51-5K). These data indicate that ketamine
produced long-lasting relief of pain aversion.

PL-PFC mediates the anti-aversive effects of ketamine

Next, we investigated whether restoration of the population response in the PL-PFC
mediates the anti-aversive effects of ketamine. We used an optogenetic strategy to inactivate
pyramidal neurons to inhibit basal activities and thus resting-state functional connectivity
within the PL-PFC. We introduced halorhodopsin (NpHR) via a CaMKII promoter in the
PL-PFC and used a laser to activate NpHR to specifically target pyramidal neurons that
expressed these receptors (Figure 6A). During conditioning, we paired one chamber with
PL-PFC inactivation and noxious stimulation (PP), and other chamber without either cortical
neuromodulation or peripheral stimulation in CFA-treated rats (Figure 6B). We found that
in control rats that expressed YFP, ketamine was able to reduce pain aversion, as shown by
the reduction of avoidance of PP-paired chamber (Figure 6C). However, when we paired
PL-PFC inactivation with PP, it removed the anti-aversive effects of ketamine, as shown by
avoidance of the PP chamber (Figures 6D and 6E). These results of causal manipulation
indicate that population activity in the PL-PFC plays a critical role in regulating pain-
aversive behaviors and that its inhibition removed the anti-aversive effects of ketamine.

To further validate these findings, we tested whether pharmacological activation of the PL-
PFC with agents sharing molecular properties of ketamine could reproduce the anti-aversive
effects of systemic administration of ketamine. Ketamine is known to block N-methyl-D-
aspartate (NMDA\) receptors to modify cortical synaptic plasticity (Autry et al., 2011; Li et
al., 2010). Thus, we injected AP5, a selective blocker of NMDA receptors, in the PL-PFC
of CFA-treated rats and then performed CPA assays to assess pain aversion (Figures 7A-7C
and S8). We found that rats that received AP5 treatment did not demonstrate an avoidance
of the PP-paired chamber, in contrast to saline-treated (control) rats (Figures 7D-7F). These
results mirror findings from intraperitoneal ketamine injections, suggesting that NMDA
blockade in the PL-PFC likely mediates the anti-aversive effects of ketamine.

Previous studies in the field of depression showed that NMDA receptor blockade mediated
by ketamine induces the activation of mammalian target of rapamycin complex 1
(mTORCY), a key translational regulator (Li et al., 2010; Zhou et al., 2014). mTORC1
activation, in turn, increases local translation of synaptic proteins in the cortex (Li et

al., 2010; Zhou et al., 2014). Thus, we studied the role of mMTORCL in the PL-PFC in
mediating the anti-aversive effect of ketamine. Before ketamine administration, rapamycin,
a specific blocker of mMTORC1, was injected into the PL-PFC. We then performed CPA
assays to assess pain aversion (Figures 7G and 7H). We found that rapamycin blocked the
anti-aversive effect of ketamine (Figures 71-7K). These results indicate that mTORC1 is
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involved in ketamine’s inhibition of aversive pain symptoms. Together, these behavioral
data indicate that the PL-PFC is likely an important target for the anti-aversive effects of
ketamine.
DISCUSSION

In this study, we found that neurons in the PFC respond to noxious stimuli in a population-
specific manner. Although the exact role of individual neurons can shift over time, the
population activity in the PL-PFC remains consistent both at baseline and in response

to pain stimuli, as manifested by stable patterns of functional connectivity and increased
average Ca2* response. Whereas inflammatory pain disrupts the functional connectivity
within the PL-PFC, leading to impaired population response, ketamine restores it to produce
anti-aversive effects.

In the pain field, functional connectivity analysis has been used to investigate information
flow across large regions in the brain (Baliki et al., 2012; VVachon-Presseau et al., 2019).
Our study here applies the graph-theory approach to analyze functional connectivity among
neurons within a single cortical region. In the graph theory, betweenness centrality is a
measure of centrality in a graph based on the shortest path. This measure defines the
connectivity within a network, where high betweenness indicates the potential to dissociate
network connections when a given node is removed. Meanwhile, degree centrality is a
measure of how centrally connected a given node is to other nodes within the entire neural
network (De Vico Fallani et al., 2014; Kwon et al., 2019). These two network statistics
focus on identifyingneurons that act as hubs for organizing information flow in a network,
and they have been proven to be valuable tools for understanding the circuit mechanisms
of a number of neurological conditions (Bilbao et al., 2018; Komaki et al., 2016; Minati

et al., 2013; Redcay et al., 2013). We found that nodes—neurons—that are pain-responsive
demonstrate high betweenness centrality and degree centrality and thus serve as hubs of
communication to other neurons. In other words, although the identity of the pain-specific
neurons may shift over time, neurons that respond to noxious inputs at any given moment
can coordinate a similar network response within the PFC to regulate pain. Thus, pain
responsiveness is preserved at the network level, rather than at the level of individual
neurons. As shown in numerous prior studies, a stable pattern in resting-state functional
connectivity among PFC neurons can in turn drive the nociceptive response (Baliki et al.,
2012; Vachon-Presseau et al., 2019). The impairment of even a subpopulation of PFC
neurons, meanwhile, has the potential to substantially disrupt the overall prefrontal pain
network. Thus, this population-coding mechanism also provides a conceptual link between
in vitro cellular findings that showed decreased excitability of certain pyramidal neurons in
the PFC (Ji and Neugebauer, 2011; Kelly et al., 2016; Radzicki et al., 2017; Zhang et al.,
2015) and /n vivo findings of decreased overall PFC function in the chronic pain condition
(Apkarian et al., 2004; Dale et al., 2018; Geha et al., 2008; Moayedi et al., 2011).

Unlike other sensory experiences such as vision and hearing, there is no primary pain
cortex. Instead, a distributed network of cortical circuits regulates pain. As a result, it is
unclear whether the cortex, particularly cortical areas such as the PFC that do not directly
receive and preprocess sensory information, has pain-specific neurons. Although our results
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do not preclude the possibility that pain-specific neurons can be found in the PFC, they
suggest that even if such neurons exist, they are likely sparsely distributed functionally.

In subcortical areas such as the thalamus and amygdala, pain-specific neurons have been
found to process sensory and/or affective information (Corder et al., 2019; Craig et al.,
1994). Instead of cell-specific activity, our results here—consistent population nociceptive
response and stable functional connectivity between pain-responsive neurons and other
neurons—suggest that population-specific activity that is task-focused likely represents a
dominant mechanism for pain processing in the PFC. As an executive control center, the
PFC is known to respond to a large range of sensory and affective inputs to produce central
commands to guide behavior. Therefore, our results are compatible with a dynamic resource-
allocation mechanism, whereby individual neurons are recruited into a specific functional
neural circuit in a particular context to encode and regulate behaviors. This population-based
coding mechanism relies on population dynamics, rather than neurons with individually
fixed, unique functions, to achieve regulatory functions of the PFC. This mechanism allows
PFC neurons to perform multiple tasks in a flexible and efficient manner, including pain
perception and regulation. This coding mechanism within the PFC has also been suggested
in other cognitive functions such as working memory (Kobak et al., 2016; Markowitz et al.,
2015; Murray et al., 2017). This population-specific nociceptive response has also recently
been found in the anterior cingulate cortex (ACC), an area that is adjacent to the rodent
prelimbic PFC but is known to enhance pain aversion (Acufia et al., 2020).

Ketamine has been shown to produce up to 2 weeks of mood improvement (Berman et

al., 2000; Zarate et al., 2006). This is in contrast to the relatively short half-life of the
anti-nociceptive effects this drug produces (Doan and Wang, 2018). This distinction may

be particularly relevant to chronic pain conditions such as fibromyalgia, in which patients
report chronic magnified emotional responses to wide-spread albeit sometimes low-intensity
nociceptive inputs (Petzke et al., 2003; Scudds et al., 1987). Our results here suggest that
ketamine may have a unique role in treating the affective component of chronic pain. One
potential mechanism for such long-lasting effects is that inhibition of NMDA receptors

can activate mTORCL1 to promote local translation of synaptic proteins in the PFC (Li et

al., 2010; Yang et al., 2013; Zhou et al., 2014). Our behavioral findings here indicate that
through these similar cellular and molecular mechanisms, ketamine can enhance the activity
of PFC neurons to reduce pain aversion. Just as importantly, our results also show that
ketamine can restore functional connectivity and population activity in response to noxious
inputs in the PL-PFC. This ability to reorganize functional connectivity within the PFC may
be an important mechanism for ketamine in treating pain aversion as well as a number

of other neuropsychiatric conditions. Interestingly, a previous study showed that ketamine
decreased the hyperactivity of the ACC (Zhou et al., 2018a). In addition, ketamine can alter
synaptic functions in the hippocampus through the expression of brain-derived neurotrophic
factors (Autry et al., 2011; Garcia et al., 2008). Furthermore, the roles of NMDA receptors
in the spinal cord have also been shown to contribute to the initiation and maintenance

of chronic pain (Bashaum et al., 2009). Thus, ketamine can target a number of spinal

and supraspinal regions either downstream or upstream to the PL-PFC, in concert to its
modulation of prefrontal neurons, to impact pain behaviors. Future studies are therefore
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needed to dissect neural circuits involving the PFC as well as other cortical and subcortical
nodes to further define the mechanisms for the anti-aversive effects of ketamine.

In our study, we delivered GCaMP6f using a CaMKII promotor which primarily targeted
pyramidal neurons. Although we cannot be absolutely certain that the Ca?* activity we
measured exclusively arose from pyramidal neurons, most of the recorded neurons likely
comprised of pyramidal neurons. At the same time, interneurons are known to play a key
role in regulating the excitability or plasticity of pyramidal neurons in the PFC (Zhang et
al., 2015). Thus, there is a possibility that ketamine might also be able to block excitatory
inputs into or plasticity of GABAergic interneurons, resulting in a reduced feed-forward
inhibition of pyramidal neurons which, in turn, would increase the firing rates of excitatory
output neurons. Future studies are needed to further dissect the roles of interneurons and
pyramidal neurons to map out a more detailed functional pain network within the PFC
and its modulation by ketamine. Furthermore, studies are also needed to elucidate the
contribution of different cortical layers to pain processing and regulation.

Our results here do not exclude the possibility that pain-specific neurons can be found in
other cortical areas such as the primary somatosensory cortex (S1). Indeed, the S1 is well-
known to contribute to the sensory component of pain perception, and studies have indicated
that neurons in certain areas of the S1 can play a critical role in discriminating nociceptive
from non-nociceptive sensory inputs, and thus may carry pain-specific functions (Chen et
al., 2009; Chudler et al., 1990; Kenshalo et al., 2000; Ploner et al., 2000; Tommerdahl

et al., 1996; Whitsel et al., 2009, 2019). Future studies, including studies of functional
connectivity, are needed to define the role of population activity in the S1 and other cortical
areas in pain processing. Furthermore, imaging the effects of a broad range of stimuli across
different cortical and subcortical regions could produce valuable information on the different
pain coding schemes in the brain.

In summary, we have found that population-specific response in the PFC plays a critical
role in pain regulation. Inflammatory pain disrupts the functional connectivity within the
network of PFC neurons to impair endogenous nociceptive processing, whereas restoration
of functional connectivity of PFC neurons likely contributes to the therapeutic mechanisms
of ketamine.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources should be directed to and
will be fulfilled by the Lead Contact, Jing Wang (jing.wang2@nyulangone.org).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. All data reported in this paper will be shared by the lead contact upon request.
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. All original code has been deposited at Zenodo and is publicly available as of the
date of publication. DOIs are listed in the Key Resources Table.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—All procedures were performed in accordance with the guidelines of New York
University School of Medicine (NYUSOM) Institutional Animal Care and Use Committee
(IACUC) to ensure minimal animal use and discomfort, as consistent with the NIH Guide
for the Care and Use of Laboratory Animals. Sprague-Dawley male wild-type rats of the
species rattus norvegicus domestica were purchased from Taconic Farms and pair-housed at
the vivarium facility in the New York University Langone Science Building with controlled
humidity, temperature, and 12 hr (6:30 AM-6:30 PM) light-dark cycle. Vendor health reports
indicated that the rats were free of known viral, bacterial, and parasitic pathogens. All rats
were purchased at a developmental stage of 7 weeks and given 10 days on average to adjust
to the new environment before initiation of experiments. Rats with intracranial implants or
injections were naive to procedures and drugs before surgical procedures.

METHOD DETAILS

Drugs—0.1 mL of Complete Freund’s Adjuvant (CFA) (Mycobacterium tuberculosis,
Sigma-Aldrich) was suspended in an oil:saline (1:2) emulsion and injected subcutaneously
into the plantar aspect of the hind paw to induce inflammatory pain. CFA was injected
contralateral to the paw that was stimulated by either pin prick (PP) or von Frey filament
(VF). Ketamine hydrochloride (Ketaset) was purchased from Zoetis. Rats received 10 mg/kg
ketamine injection intraperitoneally in the ketamine group, whereas a similar volume of
saline was injected intraperitoneally to the control group. For intra prelimbic-prefrontal
cortex (PL-PFC) injections, D-(—)-2-Amino-5-phos-phonopentanoic acid (AP5, 25 mM,
Abcam) were diluted in sterile saline and 0.5 UL was injected to each side of the brain,
whereas a similar volume of saline was injected intracranially in the control group.
Rapamycin (10 nmol per 0.5 pL, Sigma-Aldrich) or saline was delivered into the PL-PFC
approximately 30 min prior to intraperitoneal ketamine infusions.

Viral construction and packaging—Recombinant adeno-associated virus (AAV)
vectors were serotyped with AAV1 coat proteins, packaged at Addgene viral vector
manufacturing facilities. Viral titers were approximately 5 x 1012 particles per milliliter for
PENN.AAV1.Camkll.GCaMP6f.WPRE.SV40, pENN.AAV1.CaMKIla.eNpHR.3.0.EYFP,,
and pENN.AAV1.CamKIlI(1.3).eYFP.WPRE.hGH. Aliquots were stored light protected in
a freezer before use.

Intracranial viral injections—As described in previous experiments (Lee et al., 2015),
rats were anesthetized with 1.5%-2% isoflurane. Virus was delivered to the PL-PFC only.
Rats were unilaterally or bilaterally injected with 0.65 L viral vectors at a rate of 0.1 uL/20
s with a 26G 1 pL Hamilton syringe at anteroposterior (AP) +2.9 mm, mediolateral (ML)

+ 1.6 mm, and dorsoventral (DV) —3.7 mm, with the tips angled 17° toward the midline
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as described in previous experiments (Dale et al., 2018). After the virus was injected, the
microinjection needles were left in place for 10 min before being raised 1 mm, therefore
allowing for diffusion of virus particles and minimization of the spread of viral particles
along the injection tract. The microneedle was left in place for an additional 5 min before
being slowly raised out of the brain. Rats that were bilaterally injected with viral particle
solution were next implanted bilaterally with 200 um optic fibers held in 2.5 mm ferrules
(Thorlabs) in the PL-PFC at AP +2.9 mm, ML * 1.6 mm, and DV -3.2 mm, with the tips
angled at 17° toward the midline. Fibers with ferrules were held in place by dental acrylic.

Gradient-index lens implantation and mounting—4-6 weeks after unilateral
intracranial viral pPENN.AAV1.Camkll.GCaMP6f. WPRE.SV40. injections, rats were
anesthetized with 1.5%—-2% isoflurane. Rats were stereotaxically implanted with the
gradient-index (GRIN) lens (1.0 mm diameter, ~9.0 mm length, Inscopix) at AP +2.9 mm,
ML £ 1.6 mm, and DV -3.5 mm, with the tips angled at 17° toward the midline, placing
the lens ~100-300 pm above the imaging plane. The gap between the placement of the lens
and the opening of the craniotomy site was filled with silicone elastomer (Kwik-Sil, World
Precision Instruments). Lenses were held in place by dental acrylic.

Two weeks following the lens implantation, rats were anesthetized with 0.5%-1% isoflurane
to be inspected for GCaMP6f fluorescence and Ca2* transient activity. Rats were confirmed
to be responsive while lightly anesthetized by retraction of paw after it has been pinched.
The miniature microscope (n\Voke, Inscopix) with a baseplate attached was stereotactically
adjusted relative to the GRIN lens implantation to determine an optimal field of view (FOV)
to image neural activity. Rats who exhibited neural responses to both auditory (clapping) and
sensory (tail pinching) stimuli then proceeded to have a baseplate mounted. The anesthesia
was raised to 1.5%-2% isoflurane. The baseplate was held in place with adhesive cement
(Metabond Quick! Adhesive Cement System, C&B) and then a baseplate cover (Inscopix)
was attached to the baseplate to protect the GRIN lens when not imaging.

GRIN lens imaging procedure—At the start of each imaging session, the rat is placed
within the recording chamber over a mesh table, as described previously (Zhang et al.,
2017) and the miniature microscope is mounted by aligning the FOV to the previous session
FOV. Spontaneous neural activity is first recorded while the mouse habituated to, and
freely moved within, the testing box without any experimenter-delivered stimuli. Noxious
stimulation was applied by pricking the plantar surface of the hind paw contralateral to the
brain recording site with pin prick by a 27-gauge needle (PP) in free-moving rats. Noxious
stimulation was terminated by withdrawal of the paw. Non-noxious stimulation was applied
to the same hind paw using a 0.4 g von Frey filament (vF) continuously for 1 s or until

paw withdrawal. There were no withdrawal responses to von Frey in the majority of cases.
All of the recording sessions consisted of approximately 7 trials of v stimulation and then
subsequently 7 trials of PP stimulation with variable inter-trial intervals of approximately
60 s to avoid sensitization. A video camera (HC-V550, Panasonic) was used to record the
experiments. No behavioral sensitization or physical damage to the paws was observed.
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Imaging experiments involving the CFA condition were performed 2 days after CFA
injection. Imaging experiments involving the CFA + ketamine or saline condition were
performed 4 days after CFA injection.

GRIN lens data acquisition—All miniature fluorescent microscope videos were
recorded with a fluorescence power of 0.5-0.8 mW/mm? at a frame rate of 20 Hz at

1280 x 800. Following acquisition, raw videos were spatially downsampled by a binning
factor of 4 (16x spatial downsample) and temporally downsampled by a binning factor of

2 (down to 10 frames per second) using Inscopix Data Processing Software (Inscopix).
Furthermore, the videos were motion-corrected with reference to a single reference frame to
match the XY positions of each frame throughout the video using Inscopix Data Processing
Software in order to correct for motion artifacts. The motion-corrected 10 Hz video of raw
Ca?* activity was then saved as a . TIFF and used for cell identification. CaZ* signals were
extracted using modified constrained non-negative matrix factorization scripts in MATLAB
(Pnevmatikakis et al., 2016; Zhou et al., 2018b), which allows for denoising, deconvolving,
and demixing of microendoscopic imaging data in order to estimate temporally constrained
instances of calcium activity for each neuron. Cross-session neurons were matched using
CellReg through comparison of contours and centroid locations (Sheintuch et al., 2017).

Calcium response analyses—Trial-averaged Ca2* fluorescence traces were obtained
for individual neurons by z-scoring each trial from -5 to 5 s where 0 denotes time of
peripheral stimulation (i.e., vF or PP). Each point in the trial was z-scored by subtracting
the mean and dividing by the standard deviation of a baseline period of -5 to -3 s before
peripheral stimulation. Z-scored trials were then added together and divided by the total
number of trials to produce a single trial-averaged Ca2* fluorescence trace for a neuron. For
a given session, trial-averaged Ca?* fluorescence traces from individual neurons were added
together and divided by the total number of neurons to produce a single average trace of
neuronal activity.

The peak Ca%* fluorescence AF of a neuron was obtained by analyzing the post stimulus
range from 0 to 5 s where 0 denotes time of peripheral stimulation. Each trial was z-scored
by subtracting the mean and dividing by the standard deviation of a baseline range of -5 to
-3 s before peripheral stimulation. The z-scored trial was then binned into 100 ms bins. A 2
s moving window was used to determine the maximum average Ca2* fluorescence from the
trial. The maximum average Ca2* fluorescence was then averaged across all trials to produce
a singular value for the peak post-stimulus activity of a neuron in a given session.

Immunohistochemistry—Rats were deeply anesthetized with isoflurane and
transcardially perfused with ice-cold PBS and paraformaldehyde (PFA). After extraction,
brains were fixed in PFA overnight and then cryoprotected in 30% sucrose in PBS for

48 h or until sinking (Lee et al., 2015). 20 um coronal sections were washed in PBS

and coverslipped with Fluoromount mounting medium (Sigma-Aldrich). Images containing
cannula were stained with cresyl violet. Images were acquired with an Axio Zoom widefield
microscope (Carl Zeiss).
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Animal behavioral tests—Behavioral tests involving optogenetic stimulation were
conducted approximately 4-5 weeks after viral injection of halorhodopsin (NpHR). Prior

to each experiment, optic fibers were connected to a laser diode (Shanghai Dream Lasers
Technology) through a mating sleeve, as described previously (Lee et al., 2015). Continuous
laser light was delivered as a continuous laser using a transistory-transistor logic (TTL)
pulse generator (Doric Lenses) with the laser output fiber tip fluorescence power of 6 mW.
The measured power output for the laser was prior to insertion into the adaptor that connects
to the intracranial optic fiber. Laser diodes of wavelength 589 nm were used for NpHR. The
experimenters were blinded to the conditions of the treatment.

Conditioned place aversion assay—Conditioned Place Aversion (CPA) experiments
were conducted similarly to those described previously (Zhang et al., 2017). A standard two-
compartment apparatus was used consisting of two compartments of equal size. Different
scents from balms were applied to the walls of the chambers to provide contextual cues. The
two different compartments were connected with an opening large enough for a rat to travel
through freely on top of a metal mesh table. The CPA protocol included preconditioning
(baseline), conditioning, and testing phases. The preconditioning phase was 10 min, and
animals spending > 480 s or < 120 s of the total time in either chamber during the
preconditioning phase were eliminated from further analysis. Immediately following the
preconditioning phase, the rats underwent conditioning. During conditioning (20 min),

one of the two chambers was paired with peripheral stimulation (PP), or both chambers
were paired with PP, or one chamber was paired with continuous optogenetic stimulation.
The peripheral stimulus was repeated every 30 s. The order of peripheral stimulation

and optogenetic activation was counterbalanced, e.g., half of the rats received optogenetic
activation first, whereas the other half received control treatment first during conditioning.
Likewise, chamber pairings were counterbalanced. During the testing phase, rats were
allowed free access to both chambers again without any peripheral stimulations. Movements
of the rats in each chamber were recorded by a camera and was analyzed with ANY-maze
software. Decreased time spent in a chamber during the test phase as compared with the
baseline indicated avoidance (aversion) of that chamber, whereas increased time spent in a
chamber during the test phase as compared with the baseline indicated preference for that
chamber.

Mechanical allodynia test—Mechanical allodynia was measured using a Dixon up-down
method with vF filaments. Rats were placed individually into plexiglass chambers over a
mesh table and allowed to acclimate for 20 mins prior to testing. vF filaments were applied
to the paw of rats with logarithmically incremental stiffness, as described previously (Goffer
et al., 2013). 50% withdrawal thresholds were calculated.

Cannula implantation and intracranial injections—For cannula implantations, rats
were anesthetized with 1.5%—-2% isoflurane. Rats were bilaterally implanted with two 26
gauge guide cannulas (P1 Technologies, Roanoke, VA) in the PL-PFC at AP +2.9 mm, ML
+ 1.6 mm, and DV —2.2 mm, with the tips angled at 20° toward the midline. Cannulas were
held in place by dental acrylic and were protected with occlusion stylets. For intracranial
injections, solutions of either AP5, rapamycin, or saline were loaded into two 30 cm PE-50
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tubes attached to a distilled water-filled 10 uL Hamilton’s syringe. At the other end of

the PE-50 tubes was a 33 gauge injector cannula that extended 1 mm past the implanted
guides. The solutions were injected over 100 s and following the completion of injection, the
implants were left in place for 60 s in order for proper diffusion of the solution in the brain.
Prior to the beginning of the experiment, occlusion stylets were replaced.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests—Results were given as mean + SEM. To compare mechanical allodynia
withdrawal thresholds for CFA-treated, ketamine-treated, and control rats, a two-way
ANOVA with repeated-measures and post hoc multiple pairwise comparison Bonferroni
tests or unpaired t tests were used whenever appropriate. For the CPA assay, a paired
Student’s t test was used to compare the time spent in each treatment chamber before and
after conditioning (i.e., preconditioning versus test phase for each chamber). A two-tailed
unpaired Student’s t test was used to compare differences in CPA scores under various
testing conditions. Sample sizes were determined so as to be comparable with previous
studies.

When comparing groups of neurons, a paired Student’s t test was used to compare paired
data of neurons recorded in a single session, whereas an unpaired Student’s t test was used
to compare unpaired data of neurons recorded in separate sessions. To analyze the neuron
population changes for pain response, a Fisher’s exact test was used. Values of n and p are
noted in the Figure Legends.

To define a neuron that altered its firing rate in response to a peripheral stimulus, the
following method was used. Peripheral stimulations (i.e., vF or PP) were administered to
the paw contralateral to CFA injections. For each trial, the raw time series was z-scored
based on a baseline range of 4.5 to 1.5 s before stimulation. The z-scored time series from
-51to0 5 s from the stimulus was binned into 100 ms bins. A 2 s window from 5t0 3 s
before stimulus was used as the pre-stimulus value. The 2 s moving window from 0 to 5

s post-stimulus with the maximum value was used as the post-stimulus value. A one-tailed
Wilcoxon rank sum test was then performed between pre- and post-stimulus values over all
peripheral stimulations and the neuron was considered pain-responsive if p < 0.025.

Significance was defined at a level of a p value < 0.05 for all of the statistical tests used in
the study. GraphPad Prism 8 (GraphPad Software) and MATLAB (MathWorks) were used to
calculate statistical significance and GraphPad Prism 8 software was used to plot all of the
graphs.

Cross-correlation statistics—Using CNMF_E software (https://github.com/zhoupc/
CNMF_E) raw traces are extracted from Inscopix imaging data. The raw data are a scaled
version of AF. Data consisted of three sessions for each rat from the naive, CFA, and CFA
+ ketamine condition respectively. To ensure consistency across all sessions for a given rat,
the length of each time series was trimmed based on the session with the shortest recording
time, lasting about 5 min (Figure 3A, Step 1). The times series was then normalized

using the normalize function in MATLAB (Figure 3A, Step 2). A well-established and
efficient spike deconvolution method (Friedrich et al., 2017; https://github.com/zhoupc/

Cell Rep. Author manuscript; available in PMC 2021 December 23.


https://github.com/zhoupc/CNMF_E
https://github.com/zhoupc/CNMF_E
https://github.com/zhoupc/OASIS_matlab

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 17

OASIS_matlab) was used to obtain the proxy of spiking data from the normalized time
series for each neuron (Figure 3A, Step 3).

The spiking data were then used as the input for the xcorrfunction in MATLAB to calculate
a cross-correlation value between two time series (Figure 3A, Step 3). A lag of 10 was used
and the maximum value was added to the undirected cross-correlation matrix. We used two
independent statistical methods, a Monte Carlo simulation method and a bootstrap method,
to determine if the cross-correlation value was statistically significant. For the Monte Carlo
simulation method, one time series was randomly shuffled and a cross-correlation value was
calculated between the shuffled time series and the second time series over 1000 iterations
(Figure 3A, Step 4). The 1000 values were then ordered from the smallest to the largest

and if the cross-correlation value from the original two time series was greater than the
950t element the value was included in the matrix, producing a matrix populated with

only statistically significant (p < 0.05) cross-correlation values (Figure 3A, Step 5). This
cross-correlation matrix was then used to generate a graph to obtain network statistics, as
explained in the next section (Figure 3A, Step 6).

To test the reliability of the Monte Carlo method we compared the results with the bootstrap
method for determining statistically significant cross-correlation values. We calculated the
95% bootstrap confidence interval for the maximum cross-correlation value of the xcorr
function in MATLAB with a lag of 10 over 1000 samples. We then used the 95% confidence
interval as a threshold to determine if the cross-correlation value was statistically significant.
We found that the network statistics were nearly identical between using the Monte Carlo
method and using the bootstrap method. Therefore, we decided to use the Monte Carlo
method in the remaining statistical analyses. In addition, to test the robustness of cross-
correlation in the presence of data non-stationarity, we divided the time series in half and
calculated the network statistics for each half independently. We found that both halves
shared the same network statistics, suggesting that the cross-correlation statistics were stable
over the recording session.

Subsampling analysis—Subsampling analysis is an effective statistical method for
dealing with high-dimensional neural data. Since the number of recorded neurons varied
between recording sessions and animals, we designed a neuronal subsampling procedure to
account for the variability of sample sizes of pain-responsive and nonresponsive PL-PFC
neurons. Depending on the total sample size of recording neurons in each session, we
predetermined a ratio of pain-responsive to nonresponsive neurons. For each population
group, we sorted the neurons based on their mean baseline firing rates and constructed two
cumulative distribution functions (CDFs). In the CDF plot, the x axis shows the range of
mean firing rates, and the y axis is the distribution percentile from 0 to 1. To accommodate
neurons with diverse firing rates, we used an “inverse transform sampling” strategy to
uniformly draw random variables from 0 and 1, and then mapped those values to the firing
rate axis by an inverse CDF (Figure 3B). From each selected subsample, we computed
graph-network statistics, and repeated the subsampling procedure 100 times. The complete
subsampling analysis was conducted for both pain-responsive and nonresponsive groups,
and repeated for all baseline, inflammatory pain, and ketamine conditions.
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Graph-network statistics—In order to analyze the network statistics in each condition
we used Gephi (https://gephi.org/), an open-source network and graph analysis software that
allows for 3D graph visualization. Graph visualizations consist of nodes, representatives

of the neurons in the network, and edges, connections between neurons with significant
cross-correlations. We focused specifically on degree centrality, Cp, the number of edges
connected to a node, and betweenness centrality, Cg, a measure of the volume of shortest
paths that pass though the given node (De Vico Fallani et al., 2014; Kwon et al., 2019).
These two network statistics allow us to identify neurons that act as hubs for information
flow in a network, as shown in prior studies (Bilbao et al., 2018; Komaki et al., 2016; Minati
etal., 2013; Redcay et al., 2013). For our study specifically, Cg and Cp_provide insight into
how the role of pain responsive neurons in a network change on a population level in the
presence of inflammatory pain and after a sub-anesthetic dose of ketamine.

To analyze the connections between neurons across all three conditions, we subsampled a set
percentage of pain and nonresponsive neurons for a given rat. The number of subsampled
pain and nonresponsive neurons was jointly determined based on the number of pain
responsive neurons and total number of neurons across all sessions for a given rat. In order
to subsample neurons from each group, pain responsive or nonresponsive, we ordered the
neurons by their average firing rates and then uniformly selected a subsample of PL-PFC
neurons to ensure a mixture of high and low firing neurons (Figure 3B). The uniform
subsampling procedure was designed to account for the variability in the number of recorded
neurons and the percentage of pain-responsive neurons between recording sessions. After
subsampled neurons were selected, we computed the corresponding cross-correlation matrix
of AN, and all values greater than or equal to 0.1 were kept for visualization. The matrix
was then converted into a .gdf file containing information about A/nodes and M N-1) edges
to be displayed in the network as an input for Gephi. The pain-responsive neurons were
always added as the first set of nodes in the graph so they could be easily identified.

After subsampling for a certain percentage of pain responsive neurons and nonresponsive
neurons, we calculated the median network statistic for Cg and Cp, of the nodes
corresponding to the pain responsive neurons and nonresponsive neurons, respectively. For
each of the three conditions, we repeated this sampling process 100 times and calculated
the mean of the 100 subsampling’s to obtain a single value from each condition. To obtain
normalized Cp for rat 1, the median degree from each subsampling was divided by n-1,
where n denotes the total number of subsampled neurons, for pain and nonresponsive
neurons, independently. To obtain relative Cg and relative Cp, the naive condition was set to
1 and the average statistics from the other conditions were rescaled with respect to the naive
condition. For all of the methods above, significant changes in network statistics between
the naive, CFA and CFA + ketamine conditions were evaluated using an ordinary one-way
ANOVA with Bonferroni’s multiple comparisons test. To test for significance between CFA
and CFA + ketamine or CFA + saline, unpaired t tests were used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Inflammatory pain disrupts functional connectivity in the prefrontal cortex
(PFC)

Inflammatory pain reduces the overall nociceptive response of PFC neurons

Ketamine restores functional connectivity and the nociceptive response of
PFC neurons

Ketamine produces anti-aversive effects by enhancing neural activities in the
PFC

Cell Rep. Author manuscript; available in PMC 2021 December 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lietal.

Page 25

Gradient-Index
A B (GRIN) Lens

o
o

Single Photon
Calcium Imaging \ g

Miniscope 1
J

Noxious
Pin Prick
Stimulus (PP)

Neuron #

ik

4vse

©

Non-Noxious
von Frey Filament PP 27G VvF 0.4g
Stimulus (vF) 1

33
=}
»

~
0.8 AF @
(z-score)

N
»

s o
Relative Fluoresence (z-score)

0.8 AF N -

(z-score)

— <

% m

Neuron #

196 -
-5 0 5-5

N
)

Time Relative to Stimulus (sec) PP
1 Fekk J = Increased Activity K = Increased Activity | deddk
L 25 r 1 = No Increase in = No Increase in 30 r 1
4" Activity Activity
x
$ 20 o ?
A; 16.09% 23.86% 5 "
5
g 1.5 2
I 10 z
° 8 10
2 o3 S
i *
N 00 [}
VF04g PP27G n =901 Neurons n =901 Neurons VF0.4g PP27G
*kk
N o P w 2.5+
1 2 <
s 20
82
°
2 1.5
™ o
g wg Z 1.0
8 45
18 =f | g 0.5
* g o 1 g
< g 2s PP N o ; T
Fi 2 CFA +CFA
% g Q =1 Increased Activity *
u—:: = No Increase in | —
0o Activity 30
2
:
& 5 20
o
z
€
8 10
147 E A $
-5 0 5 o
Time Relative to Stimulus (sec)
= T T
n=73 CFA  +CFA

Figure 1. Inflammatory pain suppresses the PL-PFC response to acute noxious stimuli
(A) Schematic of calcium imaging experiments.

(B) Gradient-index (GRIN) lens placement and GCaMP6f expression. Scale bar, 1000 pum.
(C and D) Map of example identified contours in maximum projection image after motion
correction and neural enhancement (C) with corresponding activity traces (D).

(E) Map of active PL-PFC neurons with overlaid contours over imaging field of view.

(F) Mean Ca?* response (Zscored relative fluorescence) across all trials for all PL-PFC
neurons imaged during a single session (n = 196 neurons) from the same rat. Neurons

are aligned from high to low Ca?* responses after acute noxious (PP) stimulus. Individual
neuron identifications between PP and acute non-noxious (vF) stimulation are consistent
across trial rows.

(G) Representative trace of analysis-derived activity of a single neuron during vF during a
single session. See STAR Methods.
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(H) Representative trace of analysis-derived activity of a single neuron during PP during a
single session. See STAR Methods.

(1) Neurons in the PL-PFC show increased activity after administration of an acute pain
stimulus. n = 901 neurons (9 rats); p = 0.0002, paired Student’s t test. See STAR Methods.
(J) A total of 16.09% neurons in the PL-PFC, n = 901 neurons in 9 rats, showed a change in
activity in response to vF. See STAR Methods.

(K) A total of 23.86% neurons in the PL-PFC, n =901 neurons in 9 rats, showed a change in
activity in response to PP. See STAR Methods.

(L) More PL-PFC neurons responded to PP than vF. p < 0.0001, Fisher’s exact test. See
STAR Methods.

(M) Schematic of the CFA model. Peripheral stimulation occurred on the paw contralateral
to CFA injection.

(N) Mean Ca2* response (Zscored relative fluorescence) across all trials for all PL-PFC
neurons imaged during a single session (n = 147 neurons) from the same CFA-treated rat.
Neurons are aligned from high to low Ca2* responses after PP.

(O) A representative trace of analysis-derived activity of a single neuron during PP during a
single session of a CFA-treated rat.

(P) After CFA administration, neurons in the PL-PFC showed a decrease in peak CaZ*
fluorescence in response to noxious stimulations. —=CFA, n = 901 neurons (9 rats); +CFA, n
= 713 neurons (9 rats); p = 0.0004, unpaired Student’s t test.

(Q) A total of 19.21% neurons in the PL-PFC, n = 713 neurons in 9 rats, had a change in
activity in response to PP after CFA.

(R) Inflammatory pain decreased the number of neurons in the PL-PFC that responded to
noxious stimuli. p = 0.0249, Fisher’s exact test.

Data represented as mean + SEM.
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Figure 2. Ketamine restores the population nociceptive response in the PL-PFC in the
inflammatory pain condition

(A) Schematic of ketamine pharmacology experiments in the CFA model.

(B) Time course for the endoscopic Ca2* imaging in ketamine- or saline-treated rats.

(C) A single sub-anesthetic dose of ketamine (10 mg/kg) provided only transient relief

of allodynia. n = 12; p < 0.0001, two-way ANOVA with repeated-measures and post hoc
Bonferroni test.

(D) Left: mean Ca?* response (Zscored relative fluorescence) across all trials for all
PL-PFC neurons imaged during a single session (n = 164 neurons) from the same ketamine-
treated rat. Neurons are aligned from high to low Ca?* responses after PP. Right: mean Ca%*
response (Zscored relative fluorescence) across all trials for all PL-PFC neurons imaged
during a single session (n = 71 neurons) from a saline-treated rat. Neurons are aligned from
high to low Ca?* responses after PP.

(E) A representative trace of analysis-derived activity of a single neuron during PP during a
single session from a ketamine-treated rat.
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(F) Ketamine treatment increased mean peak Ca?* fluorescence in PL-PFC neurons
compared to CFA rats without ketamine treatment. CFA, n = 713 neurons (9 rats); CFA

+ ketamine, n = 497 neurons (5 rats); p = 0.0176, unpaired Student’s t test.

(G) A representative trace of analysis-derived activity of a single neuron during PP during a
single session from a saline-treated rat.

(H) Ketamine treatment increased mean peak Ca%* fluorescence in PL-PFC neurons
compared to saline treatment. CFA + ketamine, n = 497 neurons (5 rats); CFA + saline,

n = 222 neurons (4 rats); p = 0.0487, unpaired Student’s t test.

Data represented as mean + SEM.
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Figure 3. Application of functional connectivity analysis to subsampled PL-PFC neurons
(A) After AF Ca2* fluorescence traces of imaged PL-PFC neurons from freely behaving rats

were preprocessed, we conducted six analytic steps. A schematic of 7 PFC neurons is shown
here. Step 1: Each raw trace was normalized. Step 2: A non-negative spike deconvolution
method was used to extract the putative spiking activity of each neuron. Step 3: Nonzero-
lag cross-correlation computation was conducted among neurons. Step 4: We determined
statistically significant correlation coefficients using the Monte Carlo and bootstrap methods
(see STAR Methods). Vertical line denotes the 95% significance threshold (i.e., Monte Carlo
p < 0.05). Step 5: Non-significant correlation values were set to zeros. Step 6: We performed
undirected neuronal graph visualization (Gephi) and computation of graph-theoretic network
statistics.

(B) Neurons were classified based on pain responsiveness and further ordered based

on their mean firing rates. Left: cumulative distribution function (CDF) was computed
separately for pain-responsive and nonresponsive neurons, based on the average basal

firing rates of respective populations. Next, for the purpose of subsampling pain-responsive
or nonresponsive populations, we uniformly sampled neurons (red dots, pain-responsive
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neurons; blue dots, nonresponsive neurons) from the CDF (i.e., inverse transform sampling,
see STAR Methods) for further analysis, ensuring the inclusion of equitable distribution of
firing rates among the chosen neurons. The subsampling procedure was designed to account
for the variability of number of recorded neurons and the percentage of pain-responsive
neurons between recording sessions. Right: the selected subsampled pain-responsive (red)
and non-responsive (blue) neurons were formed into a schematic PFC subnetwork, where
the connectivity of neuronal graph was determined by the significant cross-correlation
coefficients.
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Figure 4. Ketamine restores betweenness centrality and degree centrality of pain-responsive
neurons in the inflammatory pain condition

(A) HNlustration of high versus low betweenness centrality (Cg). Left: nodes 6 and 1 have
high betweenness centrality. Right: nodes 2, 3, 4, 5, and 7 have low betweenness centrality.
(B) Hlustration of high versus low degree centrality (Cp). Left: node 6 has a high degree
because it connects to five out of the six other neurons. Right: node 3 has a low degree
because it only connects to one out of the six other neurons. Betweenness centrality (Cg) is
calculated as the fraction of the number of the shortest paths passing through a given node
or edge to the total number of shortest paths. The degree centrality (Cp) is defined as the
number of edges connected to a node, and it is a measure to quantify the local centrality of
each node (Kwon et al., 2019).

(C) Absolute Cg of pain-responsive neurons for rat 1 declined after CFA treatment, but
recovered after ketamine treatment. n = 100 Monte Carlo runs of subsampling; p < 0.0001,
one-way ANOVA with post hoc Bonferroni test.
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(D) Relative Cg of pain-responsive neurons for all rats declined after CFA treatment, n =

4 rats; p = 0.0359, one-way ANOVA with post hoc Bonferroni test, but recovered after
ketamine treatment. n = 4 rats; p = 0.0268, one-way ANOVA with post hoc Bonferroni
test. Relative Cg was normalized with respect to the baseline condition, for pain-responsive
neurons across all ketamine-treated rats.

(E) Relative Cg of pain nonresponsive neurons did not change after CFA treatment, n =

4 rats; p = 0.8354, one-way ANOVA with post hoc Bonferroni test, nor did it respond to
ketamine treatment. n = 4 rats; p > 0.9999, one-way ANOVA with post hoc Bonferroni test.
(F) Normalized Cp of pain-responsive neurons for rat 1 declined after CFA treatment, but
recovered after ketamine treatment. n = 100 Monte Carlo runs of subsampling; p < 0.0001,
one-way ANOVA with post hoc Bonferroni test.

(G) Relative Cp of pain-responsive neurons for all rats declined after CFA treatment, n =

4 rats; p = 0.0007, one-way ANOVA with post hoc Bonferroni test, but recovered after
ketamine treatment. n = 4 rats; p = 0.0020, one-way ANOVA with post hoc Bonferroni
test. Relative Cg was normalized with respect to the baseline condition, for pain-responsive
neurons across all ketamine-treated rats.

(H) Relative Cg of pain nonresponsive neurons did not change after CFA treatment, n =

4 rats; p > 0.9999, one-way ANOVA with post hoc Bonferroni test, nor did it respond to
ketamine treatment. n = 4 rats; p > 0.9999, one-way ANOVA.

Data represented as mean + SEM.
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Figure 5. Ketamine inhibits aversive symptoms of inflammatory pain
(A) Schematic of conditioned place aversion (CPA) assay. During the conditioning phase,

one of the chambers was paired with the acute noxious stimulus (PP), whereas the opposite
chamber was not paired with a noxious stimulus (NP).

(B) Time course for CPA tests in ketamine- or saline-treated rats.

(C) At baseline, rats displayed avoidance of the chamber paired with the acute noxious
stimulus (PP). n = 9; p = 0.0012, paired Student’s t test.

(D) Rats treated with CFA displayed an increased avoidance of the chamber paired with the
noxious stimulus. n = 9; p < 0.0001, paired Student’s t test.

(E) CFA treatment induces a greater aversive response to the noxious stimulus. n=9; p

= 0.0034, paired Student’s t test. A CPA score was calculated by subtracting the time rats
spent in the PP-paired chamber at the preconditioning phase from the testing phase. A higher
CPA score indicates greater pain aversion.
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(F) Two days after saline (control) treatment, CFA rats continued to demonstrate increased
pain aversion. n = 9; p < 0.0001, paired Student’s t test.

(G) Two days after ketamine treatment, CFA rats did not show any avoidance for the
PP-paired chamber. n = 9; p = 0.1800, paired Student’s t test.

(H) A single dose of ketamine inhibited the aversive response to acute noxious stimuli in
CFA-treated rats for at least 2 days. n = 9; p < 0.0001, unpaired Student’s t test.

() Five days after saline (control) treatment, CFA rats continued to demonstrate increased
pain aversion. n = 9; p < 0.0001, paired Student’s t test.

(J) Five days after ketamine treatment, CFA rats did not show any avoidance for the PP-
paired chamber. n = 9; p = 0.0139, paired Student’s t test.

(K) A single dose of ketamine decreased the aversive response to acute noxious stimuli in
CFA-treated rats for at least 5 days. n = 9; p = 0.0309, unpaired Student’s t test.

Data represented as mean + SEM.
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Figure 6. Inactivation of the basal activity of the PL-PFC blocks the anti-aversive effects of
ketamine

(A) Localized expression of NpHR-YFP in the pyramidal neurons of the PL-PFC. Scale bar,
1,000 pm.

(B) Schematic of the CPA assay. During conditioning, one of the chambers was paired with
PP and laser treatment of the PL-PFC, the other chamber was not.

(C) YFP-treated (control) rats that received CFA and subsequent ketamine treatment did not
show any preference or avoidance of either chamber. n = 11; p = 0.1220, paired Student’s t
test.

(D) Optogenetic inactivation of NpHR-treated rats that received CFA and ketamine
treatments showed increased aversion to the PP-paired chamber. n = 10; p = 0.0004, paired
Student’s t test.

(E) Inactivation of the PL-PFC removes the anti-aversive effects of ketamine treatment. n =
10-11; p = 0.0041, unpaired Student’s t test. Data represented as mean + SEM.
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Figure 7. PL-PFC mediates the anti-aversive effects of ketamine

(A) Schematic of intra-PL-PFC drug infusion of AP5 (antagonist of NMDA receptors)

versus saline (control).
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(B) Representative brain slice indicating the intracranial infusion site in the PL-PFC. Scale

bar, 1,000 um.
(C) Schematic of the CPA assay.

(D) Intra-PL-PFC administration of saline did not alter the aversive response to acute pain in
CFA-treated rats. n = 8; p < 0.0001, paired Student’s t test.
(E) APS5 in the PL-PFC removed the avoidance of PP-paired chamber in CFA-treated rats. n

=8; p = 0.4692, paired Student’s t test.

(F) AP5 in the PL-PFC removed pain aversion in CFA-treated rats. n = 8; p = 0.0002,

unpaired Student’s t test.
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(G) Schematic of intra-PL-PFC drug infusion of rapamycin (translational inhibitor) versus
saline (control) prior to ketamine treatment in CFA-treated rats.

(H) Schematic of the CPA assay.

(1) Intra-PL-PFC administration of saline showed no avoidance of the PP-paired chamber
after ketamine treatment in CFA-treated rats. n = 8; p = 0.8595, paired Student’s t test.

(J) Intra-PL-PFC administration of rapamycin restored the avoidance of the PP-chamber
despite ketamine treatment in CFA-treated rats. n = 8; p < 0.0001, paired Student’s t test.
(K) Pre-treatment of rapamycin in the PL-PFC blocked the anti-aversive effect of ketamine
in CFA-treated rats. n = 8; p < 0.0001, unpaired Student’s t test.

Data represented as mean + SEM.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

pPENN.AAV1.CamKIl.GCaMP6f.WPRE.SV40 Addgene Cat# 100834-AAV1; RRID: Addgene_100834
pPENN.AAV1.CaMKIla.eNpHR.3.0.EYFP Addgene Cat# 26791-AAV1; RRID: Addgene_26971
pENN.AAV1.CamKIlI(1.3).eYFP.WPRE.hGH Addgene Cat# 105622-AAV1; RRID: Addgene_105622
Chemicals, peptides, and recombinant proteins

Mycobacterium tuberculosis. Complete Freund’s Adjuvant Sigma-Aldrich Cat# F5881-10ML

Ketamine hydrochloride Zoetis N/A

D-(-)-2-Amino-5-phosphonopentanoic acid Abcam Cat# ab144482

Rapamycin Sigma-Aldrich Cat# R0395-1MG

Experimental models: organisms/strains

Sprague-Dawley

Taconic Farms

Model SD

Software and algorithms

MATLAB R2019a

GraphPad Prism 8

Inscopix Data Acquisition Software

Inscopix Data Processing Software

Constrained Nonnegative Matrix Factorization for microEndoscopic
data

MathWorks

GraphPad Software

Inscopix

Inscopix

Open source

https://www.mathworks.com/products/
MATLAB.html

https://www.graphpad.com/scientific-software/
prism/

https://www.inscopix.com/software-
analysis#software_idas

https://www.inscopix.com/software-
analysis#software_idps

https://github.com/zhoupc/CNMF_E; https://
doi.org/10.7554/eL ife.28728.001

https://github.com/zivlab/CellReg; Sheintuch

CellReg Open source etal. 2017

OASIS Open source Etrtizz:r/i/gri]tztll;.lt.:’ogg)/lz?oupc/OASIS_matlab;
Gephi Open source https://gephi.org/

Custom code This paper https://doi.org/10.5281/zenodo.5570672
Other

nVoke 2.0 Inscopix https://www.inscopix.com/nvoke
Gradient-index lens Inscopix https://www.inscopix.com/lenses-viruses
Kwik-Sil Silicone Elastomer \world Precision Code KWIK-SIL

Ceramic ferrules Thorlabs Cat# CFLC126-10

Compact Power and Energy Meter Console, Digital “4 LCD Thorlabs Cat# PM100D

Transistor-transistor logic pulse generator Doric Lenses Code OTPG_4

Metabond Quick Adhesive Cement System C&B Cat# S380

Fluoromount Aqueous Mounting Medium

HC-V550 Camcorder

Sigma-Aldrich

Panasonic

Cat# F4680-25ML

https://www.panasonic.com/middleeast/en/
support/product-archive/camcorder/hc-
v550.html
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