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ABSTRACT

The brain regulates nociceptive processing through descending projections from the
brainstem to the spinal and trigeminal dorsal horns. This is accomplished through endogenous
pain-modulating circuits that can amplify or suppress pain-related signals, and normally
maintain a balance between facilitation and inhibition of pain. In chronic pain conditions, the
system is dysregulated, contributing to a facilitated pain state. After opioid administration, the
system turns into a pain inhibiting state. The output of this pain-modulating system, via the
rostral ventromedial medulla (RVM) has been extensively studied. Bidirectional pain control
from this region is mediated by two physiologically defined cell classes, “ON-cells” and “OFF-
cells,” that respectively facilitate and inhibit nociceptive transmission. However, sensory inputs
to RVM are only now receiving significant attention. Indirect inputs from the dorsal horn via the
parabrachial complex (PB) convey nociceptive information to RVM and contribute to the
sensitization of RVM neurons in persistent inflammatory pain. However, there also is evidence
from anatomical studies for a direct input from the dorsal horn to RVM.

The data in this dissertation firstly established the use of female rodents for future RVM
studies and found that ON- and OFF-cells respond similarly to morphine in both sexes. Second,
these data established a functional link between the trigeminal horn, which relays sensory
information from the face and neck, and RVM, revealing that RVM receives both direct inputs
and indirect inputs via the PB. Lastly, this work established the use of high-density silicon probe
technology in RVM, greatly increasing data output and providing the ability to answer questions
about how ON- and OFF-cells work as a population. Collectively, these studies enhanced our
understanding of the contribution of sensory inputs to the intrinsic pain-modulatory circuit and
defined how nociceptive inputs gain access to the RVM. By identifying the drivers of pro-
nociceptive brainstem outputs, we can gain new insights into how pain-modulating systems are

recruited and modulated in acute pain, providing us with novel targets for therapies.
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INTRODUCTION
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1.1 OVERVIEW

Nociception, the sensory processing of tissue damage, and pain, the sensory experience
and suffering usually associated with tissue damage, are crucial for survival. While organisms
can survive without sight, hearing, or olfaction, and have even regressively evolved to abandon
these senses, all animal species possess nociceptors and the ability to sense injury [1-4].
Failure of the nociceptive system to detect damaging or potentially damaging somatic inputs can
result in serious injury [5]. However, nociception and pain can be dissociated in that pain is not a
direct function of tissue damage: tissue damage does not invariably lead to pain, and
conversely, pain does not always reflect tissue damage.

The disparity between tissue damage and pain is due in large part to the actions of an
intrinsic pain-modulating system that can suppress or amplify nociception and pain, and does so
depending upon other biological needs and competing behavioral priorities [6-10]. The output
node of this pain-modulating system is the rostral ventromedial medulla (RVM), which
comprises the nucleus raphe magnus and adjacent reticular formation at the level of the facial
nucleus. The RVM sends a diffuse projection to the trigeminal and spinal dorsal horns, where it
interfaces with nociceptive transmission circuits (Fig. 1). The RVM integrates “bottom-up”
(nociceptive sensory input) with “top-down” influences, notably from the midbrain periaqueductal
gray (PAG) and medial prefrontal cortex (mMPFC). The bottom-up influences support feedback
control of nociceptive processing by RVM, while top-down inputs provide a potential substrate
for modulation of pain by cognitive and emotional factors [11]. These emotional and cognitive
factors can further influence nociceptive transmission via the RVM. Therefore, RVM plays one
of the most important roles in the pain-modulating system, since it receives both top-down input

to modulate pain, while also responding to bottom-up noxious input.
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Figure 1. Brainstem pain-modulation circuitry

Ascending pathways: Primary afferents innervating the whisker pad or hindpaw convey
nociceptive information to second order neurons in the trigeminal or spinal dorsal horns.
Trigeminal pathway: Primary afferents can access neurons in the PB directly. Second order
neurons in the trigeminal dorsal horn can relay nociceptive information to RVM directly and
indirectly through PB. Spinal pathway: Second order neurons relay nociceptive information to
RVM indirectly through PB.

Descending pathways: Cognitive and emotional processes mediated by higher brain structures
influence RVM through the PAG. RVM output facilitates (ON-cells) or inhibits (OFF-cells) the
transmission of nociceptive signals at the level of the trigeminal and spinal dorsal horns, in turn
modulating the ascending sensory information pathway to PB, creating a feedback loop. ACC:
anterior cingulate cortex; Amg: amygdala; Hyp: hypothalamus; m-PFC: medial prefrontal cortex;
PAG: periaqueductal gray; PB: parabrachial complex; RVM: rostral ventromedial medulla.
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While bottom-up inputs have been anatomically defined, these methods do not reveal
whether a particular input is relevant to the pain-modulating functions of the RVM. This
dissertation addresses 3 questions: 1) how do RVM neurons behave in females in response to
opioids? 2) What are the pathways through which noxious information is relayed to pain-
modulating neurons in RVM? and 3) Can new recording technologies be used to characterize
the activity of multiple RVM neurons in a single recording? Collectively, the data in the current
dissertation established the use of female animals in RVM pain-modulating studies (Chapter 2),
defined a functional link between the trigeminal transition zone (Vi/VVc), a region of the brainstem
involved in relaying noxious craniofacial input, and RVM (Chapter 3), and established high-
density silicon probe recording technology (Chapter 4).

1.2. MODULATION OF PAIN BY THE ROSTRAL VENTROMEDIAL MEDULLA

The RVM was originally described as an “analgesia center” following demonstrations
that low-intensity (< 10 pA) electrical stimulation in this region produced potent antinociception
and that opioids exerted their analgesic effects in part via an action in the RVM [12]. However,
the functions of the RVM were subsequently shown to be significantly more complex. Contrary
to that initial conceptual framework, the RVM not only inhibits pain but can also facilitate it,
promoting hyperalgesia [6, 8, 13]. Moreover, the RVM is also implicated in autonomic function
[14-16] . However, pain modulation by the RVM can be dissociated from autonomic control [17-
19], suggesting that the different functions of the RVM are mediated by distinct cell populations.
It is therefore imperative to identify the specific RVM cell types that mediate descending control
of pain. This first section will describe how RVM exerts pain-facilitating or pain-inhibiting control
through diffuse projections at multiple levels of the spinal and trigeminal dorsal horn [20-28]
through distinct functionally defined cell classes, termed “ON-“ and “OFF-cells”, and discuss

challenges with mapping these functional classes to molecular cell types.
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1.2.1. Classification and function of RVM cell types

Functional cell types, defined by changes in activity associated with behavioral
responses to noxious stimuli, have provided a productive and coherent explanatory framework
for understanding the functions of the RVM. Two cell types, “ON-cells” and “OFF-cells,” exhibit
abrupt state changes associated with nocifensive withdrawal: ON-cells enter a period of activity
(“burst”), and OFF-cells a period of silence (“pause”) beginning just before the execution of
nocifensor reflexes, such as the tail flick or paw withdrawal evoked by heat or mechanical
stimulation (Fig. 2). This response occurs irrespective of the stimulation site, as seen in the
response to mechanical stimulation of the whisker pad and hindpaw (see Technical
considerations) [29-32]. At least some cells of both classes project to the dorsal horn [33, 34].

The noxious-related responses (burst and pause) could be taken to suggest that RVM
pain-modulating neurons are simply modifying reflex behavior and are not relevant to pain as an
aversive experience. This argument is based on the correlations between cell activity and the
dynamics of the motor response [35]. Blocking RVM output reduces the magnitude of
withdrawal, for example [36]. However, lesioning RVM alters the threshold for evoking behavior,
without eliminating the motor response [37-39], and paralyzed animals still exhibit changes in
RVM cell firing with stimuli that would normally elicit withdrawal [40]. Moreover, nociceptive
withdrawal threshold is measurably lower during phases when ON-cells are active and OFF-
cells inactive [41]. Additionally, RVM is implicated in many higher brain control functions than
simple withdrawal. RVM output can be manipulated to induce conditioned place preference and
avoidance [42-44]. These findings support RVM cells’ ability to modulate pain as a sensory
experience, contributing to both the sensory reflexive component of pain, as well as the affective
experience. Therefore, RVM should not be viewed as a sensory system, but as a modulatory
system.

OFF-cells are responsible for the analgesic effects of manipulating the RVM, whereas

ON-cells mediate the pro-nociceptive actions of this region (see [7, 8, 12, 45] for comprehensive
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Figure 2. The RVM functional cell types are defined by changes in firing associated with
withdrawal from a noxious stimulus

Representative recordings show Individual spikes emitted by an ON-cell (red) and an OFF-cell
(blue) recorded simultaneously during application of noxious heat to the left hindpaw (top) and
of a von Frey probe (100 g) to the right hindpaw (lower). Withdrawal is seen as deflections in
the electromyogram (EMG) signal. Punctate Pressure: (Left) the OFF-cell pauses and ON-cell
bursts immediately prior to the withdrawal from the von Frey probe to the paw. (Right) ON- and
OFF-cell responses are similar in response to mechanical stimulation of the face. Noxious
Heat: OFF-cell stops firing (“pauses”), while the ON-cell starts to fire (“bursts”) just prior to
onset of the withdrawal. In both paw stimulation cases, the ON-cell burst was initiated
immediately after the OFF-cell ceased firing. Heat stimulus (ramped from a hold temperature of
35 °C to a maximum of 53 °C at 1.5 °C/s) was delivered using contact Peltier device. The time
of von Frey fiber application is indicated by a bracket below the trace. EMG trace was rectified
and smoothed to show the magnitude and timing of the withdrawal. Recording was in a lightly
anesthetized rat.

reviews). Experimental activation of OFF-cells produces analgesia, and it has been calculated

that recruitment of fewer than 100 OFF-cells is sufficient to produce this effect [46, 47]. By
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contrast, selective activation of ON-cells enhances nociceptive sensitivity [30, 48], and ON-cells
have been shown to contribute to behavioral hypersensitivity in a number of rodent models of
acute and chronic pain states [6, 13, 49, 50]. The validity of the OFF/ON-cell categorization for
classifying RVM neurons has been further confirmed by the distinct pharmacological profiles
exhibited by the different cell classes [30, 48, 51-61]. For example, opioids produce their
analgesic effects in part by an action in the RVM, directly suppressing the firing of ON-cells
while activating OFF-cells via disinhibition [51, 62].

Multiple lines of evidence indicate that the OFF/ON categorization reflects a stable and
generalizable property of RVM pain-modulating neurons. OFF- and ON-cells have been
described in unanesthetized animals [63-65], and in mouse as well as rat [66]. These cell
classes are robust to stimulus modality and stimulation site (Fig. 2). Early reports that OFF- or
ON-cells responded specifically to stimulation of select body parts [67, 68] suffered from
technical limitations including repeated noxious stimulation of undefined intensity, lack of a
behavioral correlate, and fluctuating anesthetic levels. Moreover, conclusions derived from
electrophysiological studies using the OFF/ON framework have repeatedly been found to be
congruent with behavioral observations by multiple groups in awake rats and mice [10, 69-79],
and with functional imaging evidence in humans [80-83].

RVM neurons that display no changes in firing to noxious stimulation are considered a
third class, “NEUTRAL-cells.” NEUTRAL-cell classification has raised controversy, with some
literature incorrectly classifying NEUTRAL-cells as a subgroup of ON- and OFF-cells that
respond to craniofacial input alone [84], while more rigorous evidence using jaw-related
behavioral reflex indicates NEUTRAL-cells do not respond to facial input when the appropriate
behavioral withdrawal is recorded [32]. In contrast with our understanding of OFF- and ON-cell
functions, the role of NEUTRAL-cells remains an enigma. Like OFF- and ON-cells, at least

some NEUTRAL-cells project to the spinal cord, although it is not clear that the dorsal horn is a
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specific target. It seems likely that NEUTRAL-cells are functionally heterogeneous, and
contribute to the other known functions of the RVM, such as thermogenesis [14].

Serotonergic neurons, comprising ~20% of RVM neurons, have been considered either
a subclass of NEUTRAL-cells, or a distinct fourth class [85]. Serotonergic neurons do not
appear to be a subset of either OFF- or ON-cells, although some serotonergic neurons are
weakly responsive to noxious stimuli [85-88]. Interestingly, early studies of the RVM as a pain-
modulating system focused on serotonin as a molecular marker for analgesia-producing
neurons in this region, primarily because the analgesic effects of stimulating the RVM were
substantially attenuated or blocked by spinal administration of serotonin antagonists [89].
However, this straightforward and attractive concept lost its appeal when it was subsequently
demonstrated that spinal administration of serotonin antagonists could similarly interfere with
hyperalgesia in a range of persistent pain states. Further, selective activation of serotonergic
neurons in the RVM can exacerbate or induce hyperalgesia [90-92], and serotonin levels at the
trigeminal dorsal horn are tonically increased in mice subjected to a painful nerve injury [93].

Reconciling these disparate findings, it is now recognized that serotonergic outflow from
the RVM has both pro-nociceptive and antinociceptive effects through an action in the dorsal
horn, with the former mediated by the 5HT3 receptor [94]. The variety of serotonin receptor
subtypes and distinct anatomical targets in the dorsal horn may be relevant: medial RVM
serotonergic neurons project more densely to the deeper laminae of the dorsal horn (laminae V
through VI) and chemogenetic activation of midline serotonergic neurons produced mechanical
(but not thermal) hyperalgesia, whereas lateral serotonergic RVM neurons project densely to
superficial dorsal horn (laminae | and IlI) and chemogenetic activation of these more lateral
neurons leads to thermal (but not mechanical) hyperalgesia [95, 96]. One possible resolution of
these apparent discrepancies may be that serotonin acts as a modulator, enabling the functional

effects of both OFF- and ON-cells at various sites under relevant conditions [97].
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1.2.2. Mapping molecular markers to function

The OFF/ON/NEUTRAL-cell functional classes defined using a combination of in vivo
electrophysiology, behavior, and pharmacology have not so far been successfully mapped to
molecular cell-types defined by neurotransmitter content, e.g., GABA or glutamate. Indeed,
none of these classes has a homogeneous molecular signature. A majority of spinally projecting
OFF-cells were found to be GABAergic, but so were the majority of spinally projecting ON-cells
and NEUTRAL-cells [98], and a substantial proportion of each class was presumably
glutamatergic. Consistent with the fact that GABA is found in both OFF- and ON-cells, activation
of RVM GABAergic neurons in the RVM using genetic tools has resulted in both pro-nociceptive
[10, 74] and antinociceptive [75] effects in different experimental paradigms and rodent models.
Indeed, it was clear as early as the mid-1980’s that “no one neurotransmitter” mediates the
different functional outputs from the RVM [99]. In addition to GABA, glutamate, and serotonin,
there are a number of neuropeptides, including Substance P, somatostatin, enkephalin,
cholecystokinin, and vasoactive intestinal peptide that co-localize with classical
neurotransmitters in RVM neurons projecting to the dorsal horn [100, 101]. Glycine is also found
in the RVM, including in projection neurons, and appears to be co-localized with GABA in many
cases [102, 103]. Cholinergic neurons projecting to the dorsal horn have also been identified in
the RVM [100, 104].

Another approach to defining molecular classes is to take advantage of the distinct
pharmacological responses of different functional classes, which relates to their distinct receptor
types. The p-opioid receptor (MOR) is expressed only on ON-cells, and this cell class is the only
one that expresses the MOR; further, all ON-cells respond to y-opioid agonists [105]. Tools that
take advantage of y-opioid pharmacology, such as dermorphin-saporin, a neurotoxin selectively
taken up by MOR-expressing neurons, have therefore been useful in confirming the pro-
nociceptive function of ON-cells [73]. The G protein-coupled estrogen receptor (GPER) is

another target linked specifically to ON-cells, although only a subset (~20% of ON-cells defined
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by MOR expression) also express GPER. Exogeneous estrogen or a GPER ligand applied
directly within the RVM produces hyperalgesia, as does selective activation of GPER-
expressing neurons. Conversely, local administration of a GPER receptor antagonist, or ablation
of GPER-expressing neurons, reduces nociceptive responses in mice and rats [76, 106]. These
findings with GPER raise the question of whether GPER-mediated activation of ON-cells is
relevant to sex differences in pain or persistent pain. However, behavioral effects of GPER
antagonism were seen in male as well as female mice and rats [76], which would argue against
a sex-specific function of this receptor in the RVM.

Expression of the kappa opioid receptor (KOR) has also been proposed as a way to
isolate the antinociceptive function of the RVM, and indeed, activation of KOR-expressing
neurons in the RVM has been reported to have antinociceptive effects [78]. However, as with
neurotransmitter content, KOR expression does not define a single functional population, since
the majority of both OFF- and NEUTRAL-cells, as well as a small proportion of ON-cells express
KOR [98]. The net antinociceptive effect of activating KOR-expressing neurons in the RVM
therefore reflects the known behavioral potency of OFF-cells, which supersedes any behavioral
effect of co-activating ON-cells and NEUTRAL-cells [62, 107]. Therefore, the KOR-expressing
cells do not represent a functionally meaningful cell type.

More broadly, these analyses of RVM functions highlight some potential pitfalls involved
in interpreting behavioral experiments based on candidate molecular markers. First, when a cell
population expressing a specific marker is manipulated, it is possible that only a subset of that
population is responsible for any measured behavioral effect. Without independent
demonstration that neurons expressing the marker are functionally homogeneous, it can only be
concluded that some unknown subset of that “type” is sufficient to elicit the behavior. Indeed,
this experimental paradigm does not preclude the possibility that some subset of neurons
expressing the relevant marker has no effect, different effects, or even opposing effects, since
other outputs might be overridden and not manifest in behavior. A further concern is that a role
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in other behaviors or physiological parameters that were not fully explored in the experimental
paradigm cannot be ruled out. Finally, the possibility that additional cell populations defined by
different, nonoverlapping, markers might also have the same net behavioral effect should be
considered.

Because of the diverse functions and cell types of RVM and inconsistent molecular
markers of RVM cell classes, functional characterization using electrophysiological approaches
that allow single-neuron, single-spike resolution provides the most meaningful view into the
circuitry and function of the RVM. Future studies using a combination of molecular dissection
and in vivo recording, like Patch-seq for example, are necessary to determine RVM molecular
cell types. It is likely that RVM neurons will need to be classified by both physiological and
molecular types. For example, as described above, G-protein-coupled estrogen receptor
(GPER) neurons likely represent a subset of GABAergic ON-cells and are important for itch and
pain [108, 109]. Unfortunately, the reality is that functional types cannot be targeted as easily as
molecular types for treatment currently. However, little is known about the inputs that drive
changes in RVM cell activity, which may reveal other ways of defining RVM cell classes and
reveal potential treatment targets.

1.3. OUTPUTS FROM THE RVM

RVM OFF- and ON-cells exert their effects on nociception and pain via descending
projections to the dorsal horn [26, 34, 110, 111], where they respectively inhibit and facilitate the
transmission of nociceptive signals relevant to local processing (e.g., nocifensor reflexes) and to
the sensory experience of pain, including the affective dimension [112-114]. RVM terminals
relevant to pain-modulation are concentrated in the superficial dorsal horn (laminae l/ll), the
neck of the dorsal horn (laminae 1V/V) and surrounding the central canal (lamina X), and
primarily contact somata and dendrites, rather than primary afferent terminals. These targets
are for the most part excitatory neurons [115, 116]. Projections are diffuse, terminating
bilaterally and at multiple levels [26, 96]. Moreover, dorsal horn neurons responding to RVM
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input are heterogeneous in terms of location, morphology, and firing pattern [117, 118]. There is
also preliminary evidence that the RVM can modulate other descending systems, such as the
noradrenergic outputs of the locus coeruleus [119].

The diffuse nature of the RVM projection, together with the multiple dorsal horn targets
imply that the RVM has the capacity to modulate nociceptive processing at multiple “touch
points” in the dorsal horn, each of which will require detailed investigation. One recent focus has
been on the targets of GABAergic RVM projection neurons. As already noted, up to about half
of RVM neurons projecting to the dorsal horn are GABAergic [120]. Consistent with the fact that
a substantial proportion of both OFF- and ON-cells are GABAergic [98], RVM GABAergic
neurons exert both pro-nociceptive and antinociceptive effects, likely mediated by subsets of
ON- and OFF-cells respectively. Thus, chemogenetic or optogenetic activation of RVM
GABAergic neurons projecting to the dorsal horn or their terminals was reported to enhance
mechanical nociception in both mice and rats, an effect attributed to RVM GABA-mediated
inhibition of inhibitory interneurons in the dorsal horn [10, 74]. By contrast, selective activation of
RVM inhibitory neurons (GABA and/or enkephalin) connecting with primary afferent terminals in
the dorsal horn was found to induce mechanical and thermal hypoalgesia in mice [75]. Thus, the
RVM-mediated inhibition of inhibitory interneurons was found to enhance nociception, whereas
the RVM-mediated inhibition of transmission from primary afferents suppressed nociception. It is
notable that manipulation of GABA-expressing RVM outputs with specific, distinct targets in the
dorsal horn has opposing behavioral effects. Interestingly, RVM projections to the trigeminal
dorsal horn also differ from projections to the spinal dorsal horn, with RVM projections to the
spinal dorsal horn more likely being GABAergic than projections to the trigeminal dorsal horn
[21]. Indeed, this work highlights the importance of considering connectivity in defining and
implementing the functions of RVM neurons, beyond characterization of the neurons’ responses

to noxious stimuli or molecular content.
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1.4. INPUTS TO RVM PAIN-MODULATING NEURONS

As described earlier, the net functional roles of RVM OFF- and ON-cells are now well
established, and their primary output, to the dorsal horn, is being delineated in increasing detail.
With that foundation, defining the inputs to these neurons (understanding the parameters that
influence their activity) should provide insights into how intrinsic and extrinsic factors that can
influence pain exert their effects on the RVM. Factors known to influence RVM OFF- and ON-
cell firing include noxious sensory information, circuits mediating opioid analgesia [121],
autonomic status [16], environmental light levels [122], and stress leading to both stress-
induced analgesia and hyperalgesia [18, 123]. Functional pathways through which this
information is conveyed to the RVM are not yet well defined, but anatomical tracing studies
have revealed numerous inputs to the RVM from across the neuraxis, including the dorsal horn,
and higher structures such as midbrain periaqueductal gray (PAG), hypothalamus, anterior
cingulate, and amygdala [7, 124]. Although anatomical studies by themselves do not reveal
whether a particular input is relevant to the pain-modulating function of the RVM, several circuits
are well defined, and will be considered here.
1.4.1. “Bottom up” inputs convey nociceptive information to RVM pain-modulating
neurons

ON-cells are activated by noxious stimuli, whilst OFF-cell firing is suppressed. This
acute, pain-related activation of pain-facilitating ON-cells and suppression of pain-inhibiting
OFF-cells functions as a positive feedback loop, facilitating responses to subsequent sensory
inputs [125]. Functional pathways through which nociceptive information gains access to RVM
ON- and OFF-cells are only now being defined, but it has become clear that there are at least
two parallel pathways that convey nociceptive information to the RVM.

One pathway is an indirect pathway with a relay in the parabrachial complex (PB). The

PB is a major nociceptive, emotional, and autonomic processing and relay center that at least in
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rodents is the target of the bulk of supraspinal projections from the superficial dorsal horn [126-
128]. It also receives input from deep dorsal horn [129, 130]. The PB projects directly to the
RVM [131-133], and optogenetic inhibition of PB terminals in the RVM demonstrates that a PB
relay contributes to the OFF-cell pause and ON-cell burst [132]. This system demonstrates
considerable plasticity in persistent inflammatory pain states [134].

There is also a direct pathway to RVM from the trigeminal dorsal horn [103, 135-137].
The trigeminal dorsal horn is located in the lateral medulla of the brainstem. The trigeminal
dorsal horn relays sensory input, primarily pain and temperature, from the face and head.
Nociceptive information from the craniofacial region is first carried by peripheral sensory fibers
to the spinal trigeminal nuclear complex where it is integrated. This complex is divided into the
subnuclei oralis, interpolaris (Vi) and caudalis (Vc), from the rostral to caudal end [138, 139].
These subnuclei process pain from semi-discrete areas of the face: injection of cholera toxin B
(CTb) in the three trigeminal nerve branches, maxillary, opthalamic, and mandibular, reveal
specific axonal terminations in the different subnuclei [140].

Nociceptive input had long been thought to be processed primarily in the V¢, but now
attention has shifted to the Vi/Vc transition zone, as neurons in this region display increased
excitability and sensitization in persistent pain states [141-143]. This transition zone comprises
the rostral end of V¢ dorsally, with the caudal end of Vi ventrally. Nociceptive neurons in both
dorsal and ventral Vi/Vc send projections to PB [128, 144, 145], potentially relaying nociceptive
information to RVM indirectly. PB neurons also exhibit prolonged responses to mechanical
stimulation in models of trigeminal neuropathic pain [146] and receive direct nociceptive
information from primary afferents innervating the whisker pad [147].

Combined tracing and immunohistochemistry experiments revealed nociceptive neurons
in ventral Vi/Vc project to RVM [22]. However, given the diverse cell classes in RVM, how Vi/V¢c
recruits the different cell classes was explored in Chapter 3. The optogenetic studies in Chapter
3 show that both indirect Vi/Vc projections to RVM via PB and direct Vi/Vc projections contribute
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to nociceptive responses of OFF- and ON-cells [136]. Direct GABAergic input to OFF-cells from
the dorsal horn may contribute to the characteristic pause that defines these neurons, since it is
known that this pause is mediated by GABA, and that the relevant input is not a local
interneuron [148-150].

It is reasonable to assume that the direct and indirect nociceptive pathways are not
mutually exclusive. Indeed, some neurons in the trigeminal complex project to both RVM and
PB. However, the RVM response to activation of the two pathways was found to be not identical
(Chapter 3; Fig. 3), with selective activation of the indirect pathway producing a prolonged
response in RVM compared to that elicited by activation of the direct pathway [136]. This raises
the possibility that these parallel input pathways play distinct functional roles, and contribute to
the complexity of modulating both acute and chronic pain. For example, PB may link RVM to the
affective dimension of pain, and modulating nocifensive behaviors through RVM, while RVM is
directly engaged by Vi/Vc to promote immediate nocifensive responses. It is important to piece
apart this circuit to understand how pain-transmission systems interact with pain-modulatory
networks, especially in both male and female animals, given that trigeminal chronic pain
conditions disproportionately impact women.

1.4.2. “Top-down” inputs to RVM

“Top-down” inputs to the RVM provide a potential substrate through which cognitive and
emotional factors can influence pain [11]. The most prominent input to the RVM from higher
structures arises from the PAG, which also relays information from cortical regions and
amygdala to RVM. The influence of the PAG on RVM, and how PAG is recruited by medial
prefrontal cortex (MPFC) will be considered here.

Like the RVM, the PAG is a heterogeneous region with multiple functions, but it plays a
prominent role in pain, stress, and defensive behavior [151-153]. As with the RVM, electrical
stimulation or focal injection of p-opioid agonists in PAG produces antinociception. Importantly,

electrical stimulation has been used clinically for pain relief, confirming that this system
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Figure 3. The RVM receives two parallel information streams from the dorsal horn with
different temporal properties.

Left: the schematic illustrates indirect input to the RVM from the dorsal horn, via a relay in the
PB (blue), and a parallel, direct projection from the dorsal horn (specifically the trigeminal dorsal
horn, red). Right: firing rate histograms show representative responses of OFF-cells and ON-
cells to optogenetic activation of dorsal horn terminals in the PB (indirect pathway) and in the
RVM itself (direct pathway, stimulation sites shown in schematic at left). Blue overlay indicates
periods of light delivery (30 s). The response to activation of the indirect pathway through the
PB evokes a delayed response in the RVM that outlasts the stimulus, whereas the response to
activation of the direct pathway is time-locked to light delivery. Recording in lightly anesthetized
rat, histogram bins 1 s. Light delivered to trigeminal dorsal horn terminals in the PB (indirect
pathway) and the RVM (direct pathway). Abbreviations: PB, parabrachial complex; RVM, rostral
ventromedial medulla; sp/s, spikes/s.

modulates pain processing, and is not simply suppressing motor output [154]. Antinociception
produced by activation of PAG is mediated by the RVM, via the latter’s descending output to the
dorsal horn [7]. Electrical stimulation of the circuit elicits analgesia in humans [155-157], just as
it does in rats [158, 159]. Although the pain-modulating functions of the PAG have been studied
most intensively in the context of analgesia, it can exert a pro-nociceptive effect [160-162].
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As with the RVM itself, attempts to define molecular cell-types in the PAG have proved
challenging [163]. Activation of GABAergic neurons leads to increased nociceptive behaviors
[164, 165]. This is unlikely to represent a straightforward circuit however, since anatomical
studies demonstrate that PAG neurons projecting to RVM include both GABAergic and
glutamatergic populations, and there is no consensus as to the relative densities of the two
projections [166-168].

Opioid engagement of the PAG-RVM system to produce analgesia has long been
explained using the “disinhibition hypothesis,” in which opioids act presynaptically to inhibit
GABA release onto PAG output neurons projecting to the RVM [121, 169]. This certainly
occurs, but is also becoming clear that the disinhibition hypothesis is not a complete explanation
of the link between PAG and RVM. Opioids can inhibit PAG neurons post-synaptically via
activation of G protein-coupled inwardly rectifying potassium (GIRK) channels [121] and some
PAG-RVM output neurons express mu opioid receptors [170, 171], suggesting that direct
inhibitory effects of opioids in the PAG are also important. Moreover, MOR expressed by both
GABAergic and glutamatergic PAG populations has been implicated in different forms of stress-
induced analgesia [172]. These data suggest that there are at least two parallel, opioid-
sensitive outputs from the PAG to RVM.

1.4.3 Sex differences in PAG-RVM circuity and opioid-induced analgesia

Opioids are one of the most powerful classes of analgesics. Opioids interact with opioid
receptors to modulate the release of neurotransmitters that are involved in the transmission of
pain signals. This results in decreased perception of pain and overall analgesia. While incredibly
effective in many acute settings, opioids have a long list of risks and side effects that become
more severe with longer term use. Chronic opioid administration can lead to adaptations in
RVM, contributing to opioid tolerance and hyperalgesia [173]. In acute settings, opioids act

directly and indirectly to change RVM cell activity, resulting in the inhibition of pain signals as
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they travel from the spinal and trigeminal dorsal horn to higher brain structures. As described
earlier, RVM cell types can be defined by their response to systemic opioid administration.

Biological and social factors can influence pain experiences and responses to treatment.
Thus, sexual dimorphisms in opioid metabolism contribute to disparities in the effectiveness of
opioids [174]. At the same time, women are more likely to seek out treatment for pain and
receive opioid prescriptions than men. However, literature in humans and rodents is conflicting.
In humans, y-opioids are more potent in women [175, 176], while in rats, y-opioids are more
potent in males than females [177-186]. Moreover, human studies can be influenced by
psychological factors or social expectations, and rat studies are influenced by methodological
factors such as dosing, administration route, and pain testing assays.

While the PAG-RVM descending modulatory system is engaged in both sexes [187,
188], pharmacological properties or anatomical differences in this circuit could contribute to the
differential opioid effects in men and women. In male rats, there is a greater activation of PAG
output neurons during systemic morphine administration, even though there is a reported
greater number of PAG-RVM output neurons in females [189, 190]. Sex differences in opioid
receptor expression and signaling in the pain-modulation circuit may also contribute to
differences in opioid response [177, 186, 191-193]. Physiologically defined RVM cell classes in
female rats have been identified, and compared to males, they demonstrate similar firing
patterns and responses to noxious stimulation in both naive and persistent inflammatory
conditions [61, 194, 195]. In Chapter 2, experiments revealed RVM cells in female animals
responded to systemic administration of opioids in the same direction as in male animals.
1.4.4. PAG relays the influence of the mPFC on nociception

The PAG receives a major cortical input from the mPFC, and there is accumulating
evidence that dysfunction of this circuit underlies diminished descending control in chronic pain
states, particularly neuropathic pain models. Stimulation of mPFC produces analgesia under
basal conditions, but more important, inhibition of mPFC neurons projecting to the PAG has an
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effect by itself, and results in hyperalgesia in rats [196, 197]. This suggests that mPFC
maintains a tonic anti-nociceptive influence via the PAG, and raises the possibility that loss of
this tonic anti-nociceptive influence via PAG contributes to chronic pain states. Consistent with
this latter idea, excitability of mPFC neurons projecting to PAG is reduced after nerve injury, a
change due at least in part to alteration in the balance of inhibitory and excitatory drive from the
basolateral amygdala, as well as changes in endocannabinoid function in mPFC [198-201].
Confirmation that mPFC engages descending control comes from the observation that
activation of mPFC depresses noxious-evoked responses of dorsal horn neurons [197].

It is worth noting that not all cortical influences on pain are mediated by engaging
descending control. Manipulations of anterior cingulate cortex (ACC) can alter pain behaviors,
and even activity of nociceptive dorsal horn neurons [202]. Like the mPFC, the ACC sends a
substantial projection to the PAG. However, opioids applied directly in the ACC do not alter
pain behaviors in animals subjected to nerve injury, although this procedure does induce a
conditioned place preference in these animals (and not in controls that are not experiencing
neuropathic pain). By contrast, opioids applied in RVM not only produce a CPP, but also
attenuate pain behaviors [114, 203]. These findings imply that ACC plays a role in the affective
dimension of pain after nerve injury, but that unlike mPFC, it does not recruit the RVM to
modulate activity at the level of the dorsal horn.

1.5. RVM POPULATION DYNAMICS AND IMPLICATIONS FOR PAIN MODULATION

The foundational data defining the physiology and function of RVM neurons have for the
most part come from studies of single, functionally characterized neurons. This approach has
provided insights into how information is processed in RVM, and how and when pain-modulating
neurons are recruited to exert their effects. However, codes implemented at the level of a
neuronal population may not be evident at the level of individual neurons. This is not only
because of variability when looking at individual neurons, but because variation and co-variation
within and between populations may be functionally meaningful.
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As noted earlier, single- and dual-electrode recordings suggest that cells within the OFF-
and ON-cell classes fire in phase, and conversely, that cells of the two classes fire out of phase,
such that activity in the OFF- and ON-cell populations is reciprocal (Fig. 4) [41, 204]. This
reciprocal pattern is observed even in the absence of any noxious stimulation that would entrain
activity in these neurons. This implies that there are integrating mechanisms that coordinate the

activity of all members within each class and that this integration is functionally significant.
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Figure 4. Firing of ON- and OFF-cells is reciprocal and coordinated

(A) Spontaneous firing of two ON-cells recorded simultaneously illustrates in-phase activity
within this class. (B) Firing of an OFF-cell and ON-cell recorded simultaneously illustrates out-
of-phase activity of the two cell classes: spontaneous active periods exhibited by the OFF-cell
coincide with periods of lower or no activity of the ON-cell. The individual neurons were
recorded simultaneously on two electrodes placed into the RVM of a lightly anesthetized rat.
Ratemeter records with 1 s bins.
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Little is known, however, about functional connectivity within the RVM. ON-cells likely
do not inhibit the OFF-cells, given that selective inhibition of ON-cells does not reduce the OFF-
cell pause and that the ON-cell burst does not precede the OFF-cell pause [148, 149] . These
observations imply that ON-cells, as a population, do not function as an inhibitory interneuron
within the RVM. Indeed, ON-cells are thought to lack local connections with the RVM, although
OFF-cells give off local collaterals in addition to their projections to the dorsal horns [205].

Understanding the integrating mechanisms that coordinate activity within and between
OFF- and ON-cell classes thus remains a significant challenge. Recent advances in silicon-
probe technology to allow large-scale recordings from multiple cells with single-cell resolution in
deep brain structures are employed in Chapter 4 to answer future population-level questions.
1.6. SUMMARY

Interactions between pain transmission and pain modulation happen at multiple levels in
the pain-modulating circuit. The transmission of nociceptive information from the spinal and
trigeminal dorsal horns is subject to bidirectional control by brainstem pain-modulation systems.
This is mediated through two physiologically identified cell classes within the RVM, which is the
output of this system. These cells, termed “ON-" and “OFF-cells”, respectively facilitate or inhibit
the transmission of noxious information. After systemic morphine administration, the output of
these neurons is modulated by both direct and indirect action which interferes with the
transmission of nociceptive information. However, primary use of male rodents in research
created a gap in knowledge about how these neurons respond to morphine and noxious
information in both male and female animals. In addition, the ascending pathway through which
noxious inputs gain access to RVM is only now receiving attention, and RVM population
dynamics could not be described using traditional single-electrode recordings. This dissertation
describes experiments that delineated RVM responses to morphine in female animals,

elucidated an indirect and direct relay from Vi/Vc, a major relay of craniofacial nociceptive
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information in the brainstem, and describe the novel application of high-density silicon probe
recordings in the brainstem to investigate RVM population activity.
1.6.1. Chapter 2: Establish RVM cell responses to systemic morphine administration in
female rats

The focus of the second Chapter of this dissertation was to characterize RVM cell
activity in response to systemic morphine administration in female animals. Historically, single-
unit electrophysiological recordings have been primarily conducted in male rodents, leaving a
major gap in our knowledge of RVM physiology in female animals. RVM cells are defined in two
ways: by their response to noxious stimulation and their response to opioids. While literature in
humans and animals on basal pain sensitivity is conflicting and controversial, pharmacological
responses to opioids are one of the few consistently reported differences between the sexes
[206]. Previous research from the Heinricher lab demonstrated that firing properties of RVM ON-
and OFF-cells are comparable between the sexes, and both cell classes exhibited sensitized
responses to somatic stimuli in females subjected to persistent inflammation. Therefore, |
investigated RVM responses to opioid administration and measured the change in ON- and
OFF-cell activity in response to systemic morphine administration. / found, that in response to
systemic morphine administration, RVM cells in female rats respond in the same direction as
RVM cells in male rats.
1.6.2. Chapter 3: Nociceptive transmission pathways from Vi/Vc to RVM

The focus of Chapter 3 of this dissertation was to determine the direct and indirect
pathways through which noxious signals reach RVM pain-modulating neurons. Previous
research from the Heinricher lab demonstrated RVM receives indirect spinal and trigeminal
nociceptive information from the cords through PB. However, anatomical evidence suggests a
direct input from the trigeminal dorsal horn (Vi/Vc). If Vi/Vc relays nociceptive information

directly to RVM, then activation of Vi/Vc terminals should mimic RVM responses to noxious

32



stimulation of the face, while inhibition of Vi/Vc terminals in RVM should attenuate RVM
nociception-related activity. In addition, given that PB relays nociceptive information to RVM and
that Vi/Vc projects to PB, activation of the indirect pathway through stimulation of Vi/Vc
terminals in PB while recording from physiologically identified RVM neurons should mimic RVM
responses to noxious stimulation of the face. Having established a foundation for the use of
female animals in studies of RVM in Chapter 2 and given that trigeminal chronic pain disorders
disproportionately affect females, | investigated this circuitry in both male and female animals.

In Chapter 3, | measured the change in RVM cell activity in response to optogenetic
manipulation of Vi/Vc terminals in RVM. | found that activation of both direct and indirect Vi/Vc
pathways to RVM increased ON-cell activity and decreased OFF-cell activity, mimicking RVM
cell responses to noxious stimulation in both male and female animals. NEUTRAL-cells
remained unchanged. Interfering with Vi/Vc inputs attenuated the nociception-related responses
of ON- and OFF-cells.
1.6.3. Chapter 4: Establish the use of high-density silicon probe technology in RVM

The goal of Chapter 4 was to determine if high-density silicon probes can be used in
RVM. The past 40 years of recordings in RVM have utilized single-unit electrodes, providing a
thorough and careful definition of RVM functional cell types. However, by nature, this recording
technique relies on a biased search approach and results in low data output. Additionally, there
are many reasons to believe that the coordinated activity of RVM cells is functionally significant,
and single- and dual-electrode recordings have relied on chance paired or distant neurons in
RVM to observe this coordinated activity. High-density silicon probes can overcome these
challenges by recording from multiple neurons in RVM in a single recording and location.

In Chapter 4, | successfully recorded RVM activity using a recently commercially
available silicon probe that could reach RVM. 6 recordings were used to compare the
performance of automated spike sorters, a necessary step as multi-channel recordings cannot

be feasibly sorted using the previous semi manual and manual curation methods used for
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single-unit recordings. I found that each spike-sorter had varying degrees of agreement
between sorters. However, each spike-sorter tested was able to identify ON-, OFF-, and
NEUTRAL-cells, and manual curation of the output was necessary to reduce the number of
false positives. These studies established the experimental tools for future investigations of
RVM population activity.

1.6.4. Significance and Innovation

The brainstem pain-modulating system maintains normal pain processing, and
alterations in the normal functioning of this system contribute to many chronic pain states. RVM,
the output center of this system, can facilitate or inhibit the transmission of noxious sensory
information to help animals escape from pain. RVM neurons are directly affected by y-opioid
agonists, producing analgesia, but they also enhance nociception, facilitating hypersensitivity
and spontaneous pain in chronic pain conditions. RVM neurons are defined by their response to
noxious somatic input and opioids, yet the pathways through which pain-related information
reaches these neurons is unknown, and sex disparities in research have created a gap in our
understanding of how these neurons respond to opioids in females.

In this dissertation, | established the use of female animals in future RVM studies,
defined a direct nociceptive relay from the dorsal horn to RVM, and established the use of high-
density silicon probe technology for future investigations in RVM population dynamics. The
experiments in this dissertation utilize a combination of optogenetic methods, single-unit in vivo
recordings, multi-channel high density silicon probe recordings, behavior, tract tracing, and
pharmacology. These approaches allow me to make direct conclusions about RVM circuitry and

opioid responses.
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2.1. ABSTRACT

Functional pain disorders disproportionately impact females, but most pain research in
animals has been conducted in males. While there are anatomical and pharmacological sexual
dimorphisms in brainstem pain-modulation circuits, the physiology of pain-modulating neurons
that comprise a major functional output, the rostral ventromedial medulla (RVM), has not been
explored in female animals. The goal of this study was to identify and characterize the activity of
RVM cells in female, compared to male, rats. ON- and OFF-cells were identified within the RVM
in females, with firing properties comparable to those described in males. In addition, both ON-
and OFF-cells exhibited a sensitized response to somatic stimuli in females subjected to
persistent inflammation, and both ON- and OFF-cells responded to systemically administered
morphine at a dose sufficient to produce behavioral antinociception. These data demonstrate
that the ON-/OFF-cell framework originally defined in males is also present in females, and that
as in males, these neurons are recruited in females in persistent inflammation and by
systemically administered morphine. Importantly, this work establishes a foundation for the use

of female animals in studies of RVM and descending control.

36



2.2. INTRODUCTION

Chronic pain disorders disproportionately impact females, and while studies in healthy
humans indicate that there are likely few sex differences in basal pain threshold, males and
females may experience pain differently [206-208]. One factor that could contribute to sex
differences in pain experience is sexual dimorphisms in brainstem pain-modulation circuits. The
rostral ventromedial medulla (RVM) is the functional output of the best-studied pain-modulating
circuit. The RVM has been well-characterized anatomically, physiologically, pharmacologically,
and functionally in male animals. Although there is evidence for anatomical and
pharmacological sexual dimorphism in brainstem pain-modulating circuits [183, 185, 189, 190,
209], the physiology of pain-modulating neurons in females has been almost entirely
unexplored.

A large body of evidence based on almost exclusively on findings in males indicates that
the RVM modulates nociceptive transmission through projections to the spinal and trigeminal
dorsal horns. Two classes of neurons, termed “ON-cells” and “OFF-cells”, have been identified
physiologically in males: activity of ON-cells increases, whereas activity of OFF-cells ceases
prior to behavioral responses evoked by noxious stimuli [29]. These two cell classes
respectively amplify and suppress nociceptive transmission. A shift in the balance between ON-
and OFF-cell population output can therefore produce enhanced or diminished nociception and
pain behaviors [6, 7]. RVM receives information via sensory pathways, including noxious
somatic input, forming a recurrent circuit [45, 134]. Input from higher structures to RVM forms a
circuit through which cognitive and emotional factors can influence pain [7].

Given the evidence for anatomical and pharmacological differences in this brainstem
pain-modulating circuit between males and females, it is surprising that few studies have
considered the physiological properties of pain-modulating neurons in females [194, 195]. The
purpose of the present study was to identify and fully characterize the activity of RVM cells in
female compared to male animals.
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We first compared RVM neuronal activity in naive males and females to establish if there
are any basal differences. Second, since women report higher prevalence of chronic pain than
men, we extended these studies of RVM neuronal properties to a model of persistent, localized
inflammation (injection of Complete Freund’s Adjuvant into the plantar surface of one hindpaw).
Finally, since the analgesic actions of opioids are reported to differ between women and men
[210, 211], we determined the responses of RVM neurons to systemically administered
morphine.

We found the basic physiological properties of RVM neurons to be similar between the
sexes, in both the naive state and during persistent inflammation, and that responses to
systemic morphine administration were comparable. Taken as a whole, these data imply that
the same fundamental “machinery” for descending control of pain is in place in females as well
as males.

2.3. MATERIALS AND METHODS

All experiments followed the guidelines of the National Institutes of Health and the
Committee for Research and Ethical Issues of the International Association for the Study of
Pain, and were approved by the Institutional Animal Care and Use Committee at the Oregon
Health & Science University. Male and female Sprague Dawley rats from Charles River were
used in all experiments, weighing <380 and 260 g, respectively, at time of recording. Animals
were acclimated for at least 12 days in the vivarium before testing.

2.3.1. Surgical preparation and anesthesia for physiological characterization of RVM neurons

Rats were housed in 12 h light/12 h dark cycles, and experiments were performed during
the light phase. Following previously described methods [122, 212], animals were anesthetized
(4% isoflurane) and a catheter placed in the external jugular vein for subsequent infusion of
methohexital. Animals were then transferred to a stereotaxic apparatus and kept deeply
anesthetized while a small craniotomy posterior to the lambda suture was drilled to gain access
to RVM. After surgery, anesthesia was adjusted so that the animal withdrew its hindpaw to
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noxious heat exposure but did not display spontaneous movement. Animals were maintained at
this stable anesthetic plane for the duration of the experiment by infusion of methohexital at a
constant rate. Heart rate and body temperature were also monitored. There was no significant
difference in heart rate or body temperature between males and females (HR: t36 = 0.76, p =
0.46, Temp: t36 = 0.63, p = 0.53). Experimental protocol was initiated once the methohexital
flow rate was not adjusted for a minimum of 20-30 min. Males required a higher anesthetic rate
compared to females (t35 = 2.84, p = 0.0076, males: 60.89 +/- 1.09 mg/kg/h, females: 56.18 +/-
1.19 mg/kg/h) to achieve a similar anesthetic plane [213]
2.3.2. Inflammation
Persistent inflammation was induced in a subset of female animals prior to experiments.
Rats were briefly anesthetized with isoflurane (4%, 4-5 min) and CFA (0.1 ml) was injected
subcutaneously into the plantar surface of the right hindpaw. Rats were returned to their home
cage for 3 to 6 days to model persistent inflammation, since inflammation peaks at this time
[214, 215]. There was no significant difference in anesthetic dose required to maintain CFA-
treated females at an anesthetic depth similar to that employed for naive females
(t41=0.74, p = 0.46, F CFA: 57.8 + 1.82 mg/kg/h, F naive: 56.18 + 1.19 mg/kg/h). There was
also no effect of treatment on heart rate or body temperature (HR: t 41 = 1.42, p = 0.16,
Temp: t41 =0.84, p = 0.41).
2.3.3. Characterization of RVM neurons under basal conditions and in persistent inflammation
All testing was performed in low ambient light conditions (< 5 lux). A gold- and platinum-
plated stainless-steel microelectrode was placed in the RVM to record cell activity. Signals were
amplified and band-pass filtered (Neurolog, Digitimer) then transmitted to a computer for real-
time spike detection and monitoring using Spike2 (CED, Cambridge, UK). EMG activity, heart
rate, and paw heat-stimulus temperature were also recorded using Spike2. Identified neurons

were classified as ON-, OFF-, or NEUTRAL-cells based on changes in firing rate associated
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with nocifensive withdrawal [29, 122, 212]. ON-cells are defined by a burst in activity beginning
just prior to withdrawal from a noxious stimulus. OFF-cells stop firing just prior to withdrawal.

After isolating and identifying a cell as an ON- or OFF-cell, one heat trial was performed
on each hindpaw approximately 4 min apart (some trials were delayed in order to capture an
ON-cell in a quiet state or an OFF-cell in an active state). Noxious heat was applied by lightly
resting a Peltier device (Yale Instruments, New Haven, CT) on the plantar surface of the paw.
Paw surface temperature was held at 35 °C before heat onset, and temperature then increased
at a rate of approximately 1.5 °C to a maximum of 53 °C. To avoid damage to the paw, the
Peltier device was removed upon limb movement, determined using EMG. von Frey fibers (4,
15, 26, 60, and 100 g) were applied to the webbing between the toes. Each fiber was applied
three times to each paw, in ascending order, for 8 s. Three interdigital testing sites were
alternated, with a minimum of 30 s between each trial. Longer inter-trial intervals (up to 5 min)
were sometimes necessary to capture an ON-cell in a quiet state or an OFF-cell in an active
state. Paw withdrawal was monitored visually as well as with EMG. In experiments using CFA,
inflammation was confirmed visually in CFA-treated animals and paws were measured with
calibrated calipers applied at the widest point across the dorsal-plantar surface. The treated
hindpaw was significantly larger than those of untreated females (t 35 = 17.84, p < 0.0001, CFA:
7.97 £ 0.16, Naive: 4.46 + 0.089). In experiments using systemic morphine administration, a
thermal stimulus (cut-off temperature of 53 °C, 12 s) was also used.
2.3.4. Response of characterized RVM neurons to opioid administration

Surgical preparation was as above. Opioids were administered systemically via either a
second jugular catheter (n = 10) or intraperitoneal injection (n = 25). After isolating and
identifying a cell, one heat trial was performed every 5 min as described above. After a
minimum of 3 trials to establish baseline cell and behavioral response, morphine sulfate was

given in increments of 0.5 mg/kg every 10 min until there was no behavioral response on two of
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three successive heat trials (12-s cut-off). Naloxone (1 mg/kg i.v. or i.p.) was then administered,
and ongoing firing and paw withdrawal-related changes in activity were recorded for a minimum
of three trials. The average dose required to produce analgesia in these experiments in female
animals was 1.86 mg/kg, which falls within the range of doses that are sufficient to suppress
noxious evoked reflexes in lightly anesthetized male animals [216-218].
2.3.5. Histology

At the end of each experiment, the recording site was marked with an electrolytic lesion
(Fig. 5). Animals were euthanized by methohexital overdose and perfused transcardially with
saline and 10% formalin. Brains were removed, and the lesion site reconstructed. The RVM was

defined as the nucleus raphe magnus and adjacent reticular formation medial to the lateral
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Figure 5. Histologically verified recording locations within the RVM.

Recording sites were distributed between -1.32 and -2.90 mm (relative to the interaural line).
The majority of cells were distributed between -1.52 and -2.50 mm caudal to the interaural line.



boundary of the of the pyramids at the level of the facial nucleus. For characterization of RVM
physiology, a total of 21 cells from 17 males, 26 cells from 21 naive females, and 25 cells from
22 CFA-treated females were recorded (1-2 cells per animal, although only one protocol was
performed in each animal, two identifiable cells were isolated in some experiments). In
experiments focused on opioid responses, a total of 45 cells was recorded from 35 females (1-2
cells per animal). Cells were distributed throughout RVM in both males and females (Fig. 5).
2.3.6. Data processing and analysis

At the conclusion of each experiment, action potential waveforms were individually
examined to verify correct waveform sorting. Thermal-evoked paw withdrawal latency was
defined as the average time from heat onset till paw withdrawal based on EMG activity.
Mechanical withdrawal thresholds for each paw were determined based on the minimum force
at which a withdrawal was observed in at least two out of three trials.

Ongoing activity was defined as the average firing rate during the two 30-s periods prior
to each heat trial. Evoked firing for ON-cells was defined as the total number of spikes in the
longest burst during heat, or as the total number of spikes in all bursts initiated during
mechanical stimulation. A “burst” was defined as the first action potential after stimulus onset
until the last action potential that preceded a 2-s quiet period. However, if an ON-cell was
already active prior to heat stimulus onset, then the number of action potentials in the 3-s period
around the paw withdrawal was used as the evoked response. Similarly, if an ON-cell was
active prior to application of the von Frey fiber, the number of action potentials during the 8-s
stimulation was considered the evoked response. Peak firing rate during stimulation was also
determined for ON-cells. The stimulus-evoked pause exhibited by OFF-cells was quantified as
the percent suppression. In heat trials, this was the firing rate in the 3-s period around the paw
withdrawal relative to the firing rate 10-s prior to heat onset. For mechanical stimulation trials,

this was the firing rate in the 8-s during mechanical stimulation relative to that in the 8-s period
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prior to mechanical stimulation. The longest pause duration during stimulation was also
determined. A “pause” was defined as the time-period between one spike that was preceded
within 2 s by another action potential and terminated when two action potentials occurred within
2 s. Cell response threshold was also determined by finding the force required to elicit a
minimum 50% change in cell in activity in at least two out of three trials.

Behavioral and cellular data from naive animals were averaged between the left and
right paw for subsequent data analysis. Behavioral data and reflex-related cell parameters were
compared between naive males and females using unpaired t-tests, and between the
contralateral and ipsilateral paw of CFA-treated females using paired t-tests. For tests with von
Frey fiber stimulation, data from naive males and females were compared using 2-factor
ANOVA with repeated measures on force. Data from CFA-treated females was analyzed using
a 2-factor ANOVA with paw and force as within-subject factors.

In a separate set of experiments looking at effects of morphine administration on activity
of RVM neurons in females, three time periods were defined for the purpose of analysis. The
“baseline” was defined as the three heat trials prior to the first dose of morphine, the “morphine”
period as the final three trials prior to naloxone (two of three consecutive trials with no
withdrawal within the 12-s cut-off, as described above), and the “naloxone” period was the three
trials after naloxone administration that resulted in at least two paw withdrawals. Ongoing
activity was defined as the average firing rate during three 30-s periods prior to the heat trial in
each time period. Evoked firing for ON- cells was defined as the total number of spikes in the
longest burst during heat. In the morphine time-period when the paw-withdrawal was completely
lost, cell activity around the average paw-withdrawal temperature at baseline + 0.5 -C was
collected to define stimulus-related cell activity. Behavioral and cellular data obtained in the
baseline period were compared with the averages of the three post-morphine trials and the
three post-naloxone trials using repeated-measures ANOVA. Quantitative data are presented
as mean = SEM, unless otherwise specified. Parameters with highly skewed distributions were
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log-transformed for analysis, and back-transformed data presented as geometric mean + 95%
confidence intervals.
2.4 RESULTS
2.4.1. No differences in RVM cell ongoing firing and noxious somatic stimulus related responses
in male and female animals

The first set of experiments compared the firing properties of RVM OFF- and ON-cells in
female and male animals. Examples of the reflex related changes in firing of an OFF-cell and

ON-cell recorded from a female animal during heat-evoked withdrawal are shown in Fig. 6.
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Figure 6. Representative OFF- and ON-cell responses associated with heat-evoked
withdrawal in female animals.

Ratemeter records (1 s bins) show cell firing rate, with heat onset (black bars) and paw
withdrawal (black triangles) shown below each trace. The OFF-cell firing ceased at the time of
paw withdrawal, while the ON-cell responded with a burst of activity.

Quantification of reflex-related changes in activity is shown in Fig. 7. There was no difference in

heat-evoked OFF-cell suppression and pause duration (Fig. 7a,b) or ON-cell total evoked spikes
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and peak-firing rate (Fig. 7c,d) between the sexes. There was no significant difference in heat-

evoked withdrawal latency (Fig. 7e).
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Figure 7. Heat-evoked reflex-related responses in naive males and females and paw
withdrawal latencies.

There was no significant effect of sex on any cell parameter. a. OFF cell suppression
(te=1.15, p=0.27, n = 8 M, 13F). b. OFF cell pause duration (ti9= 1.84, p =0.082, n =8 M,
13F). c. ON-cell evoked spikes in burst (4= 0.21, p = 0.84, n = 13 M, 13F). d. ON-cell peak
firing rate (f4 = 0.69, p = 0.50, n = 13 M, 13F). e. There was also no significant difference in
thermal withdrawal latency between males and females (f35= 0.16, p = 0.88, n = 16 M, 21F).
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Comparison of ongoing firing rates (Fig. 8) similarly demonstrated no significant differences

between males and females.
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Figure 8. Ongoing firing of ON- and OFF-cells.

a. There was no significant difference in OFF-cell ongoing firing rate between male and female
animals (t19= 1.0, p = 0.33, n = 8 M, 13F). b. There was no significant difference in ON-cell
ongoing firing rate between male and female animals (f24= 1.09, p = 0.29, n = 13 M, 13F).

We then compared OFF- and ON-cell responses during stimulation with von Frey fibers at
forces ranging from 4 to 100 g. In naive female and male animals, OFF- and ON-cells
responded to forces in the frankly noxious range (60 and 100 g) that were sufficient to evoke a

withdrawal reflex in either sex (Fig. 9 a-d). As with heat stimulation, there was no difference

between the sexes in cell responses or behavioral threshold (Fig. 9e).
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Figure 9. Mechanically evoked cell response and withdrawal in naive males and females.

For all cell parameters, there was no significant effect of sex, although there was a significant
effect of force. a. OFF-cell suppression (Sex: F119=0.0057, p = 0.94; Force:

Fs95= 220, p < 0.0001; Interaction: Fsg9s=1.14, p = 0.34; n = 8 M, 13F). b. OFF-cell pause
duration (Sex: F1,19=0.85, p = 0.37; Force: Fs95 = 21.47, p < 0.0001; Interaction:

Fs95=0.35, p = 0.88; n =8 M, 13F). c. Evoked spikes in ON-cell burst (Sex:

F124=0.023, p = 0.88; Force: Fs120=76.21, p < 0.0001; Interaction Fs120= 2.38, p = 0.042;

n =13 M, 13F; data are displayed as geometric mean +/- 95% CI). d. ON-cell peak firing rate
(Sex: F124=10.65, p = 0.43; Force: Fs120= 71.87, p < 0.0001; Interaction: Fs120=1.77, p = 0.12;
n =13 M, 13F). e. There was no significant difference in mechanical withdrawal threshold
between males and females (t3s = 1.12, p = 0.27, n =17 M, 21F).
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2.4.2. Persistent inflammation following CFA injection produces mechanical but not thermal
hyperalgesia in female animals

We next characterized RVM cell responses during persistent inflammation in females.
Animals were treated with an injection of CFA in the right hindpaw 3 to 6 days prior to recording.
We found that local administration of CFA produced mechanical hyperalgesia in the treated paw
(Fig. 10a) in female animals, with a statistically significant decrease in threshold when tested 3 -
6 d after CFA injection. This decrease was substantial in that stimulation of the inflamed paw
even with an innocuous force (<26 g) evoked a withdrawal response in 81.8% of the animals
tested, whereas this was never seen with stimulation of the contralateral paw. Females did not
exhibit thermal hyperalgesia at 3-6 d post-injection (Fig. 10b), with no difference in heat-evoked
withdrawal latency between the inflamed and contralateral paw. These data are consistent with

prior work in males [212].
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Figure 10. Mechanical but not thermal hypersensitivity in females with persistent
inflammation.

a. There was a significant difference between paws for mechanically-evoked paw withdrawal
threshold (paired t -test, t1=11.61, p < 0.0001, n = 22). b. No significant difference between
paws for heat-evoked paw withdrawal latency (paired t -test, t19= 0.95, p = 0.35, n = 20).
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2.4.3. Evoked responses of RVM neurons in female animals with persistent inflammation
Stimulus-response functions for the OFF- and ON-cell responses evoked by von Frey
fiber stimulation in females with persistent inflammation are shown in Fig. 11. The OFF-cell
pause (cell suppression and pause duration, Fig. 11a,b) and ON-cell burst (total evoked spikes
and peak firing, Fig. 11c,d) for stimulation of the inflamed and contralateral paw were compared.
OFF- and ON-cells developed both increased responses to noxious (60—-100 g) stimulation of
the inflamed paw compared to the control paw, and novel responses to innocuous stimulation

(226 g) of the inflamed paw (Fig. 11a,b,d,e). Thresholds were lowered for stimulation of the
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Figure 11. Shift in cell stimulus-response curve for mechanical stimulation of CFA
treated paw. For all cell parameters, there was a significant effect of force, paw, and
force x paw interaction.

a. OFF-cell suppression: force (Fseo0=47.28, p < 0.0001), paw (F1,12=51.71, p = 0.00012),
force x paw (Fse0=5.58, p = 0.0003), n = 13 cells. b. OFF-cell pause duration: force
(Fs50=22.61, p <0.0001), paw (F 1,10=21.31, p = 0.0010), force x paw(Fss50=7.12,

p <0.0001), n = 11. c. OFF-cell response threshold was significantly lower in the inflamed paw
(ti2=7.88, p <0.0001). d. ON-cell burst: force (Fss5=28.34, p < 0.0001), paw

(F111=28.5, p =0.0002), force x paw (Fss5=4.26, p = 0.0024), n = 12. e. ON-cell peak firing
rate: force (Fss5= 31, p < 0.0001), paw (F1,11=21.06, p = 0.0008), force x paw

(Fss5=3.81, p =0.0049), n = 12. f. ON-cell response threshold was significantly lower in the
inflamed paw (ti0=6.77, p < 0.0001).
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inflamed paw, but not the contralateral paw (Fig. 11c,f). The responses of RVM cells are thus
consistent with the mechanical hypersensitivity seen in these animals.
2.4.4. Opioid response of RVM neurons in female animals

In a third set of experiments, we determined the response of RVM ON-, OFF-, and
NEUTRAL-cells to systemic administration of morphine in female animals. NEUTRAL-cells were

defined by an absence of response during noxious-evoked withdrawal. Fig. 12 shows firing of
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Figure 12. Representative RVM cell response to systemic morphine administration in
female animals.

Ratemeter records (1 s bins) show the effect of systemic morphine administration on the activity
of an a. OFF-cell, b. ON-cell, and c. NEUTRAL-cell. Heat onset (black bars) prior to morphine
administration and after naloxone administration resulted in paw withdrawal (black triangles).
Analgesic doses of morphine resulted in a loss of paw withdrawal (open triangles).
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an OFF-, ON-, and NEUTRAL-cell in baseline, after systemic administration of morphine
sufficient to inhibit heat-evoked withdrawal, and following reversal of the morphine effect with
naloxone. In baseline, the OFF-cell exhibits the defining “pause” in activity at the time of the
paw withdrawal, and the ON-cell exhibits a substantial increase in firing rate. NEUTRAL-cell
firing is unchanged. After morphine, the paw withdrawal itself is eliminated. The OFF-cell
becomes continuously active and during application of heat to the paw, and ON-cell firing is
almost completely suppressed, with no burst of activity during the heat stimulus. NEUTRAL-cell
firing continues as in baseline. These effects were reversed by systemic naloxone
administration.

Group data are shown in Fig. 13. Overall, there was a statistically significant increase in
the ongoing firing of OFF-cells and decrease in that of ON-cells. Two of fifteen OFF-cells
studied, both with very low ongoing activity prior to morphine, became inactive after morphine,
and two of fifteen ON-cells showed an overall increase in activity. The OFF-cell pause and ON-
cell burst during noxious heat application were significantly depressed, however, one ON-cell
failed to show a suppression of activity during noxious heat. NEUTRAL-cells exhibited ongoing
activity at 19.4 spike/s on average, ranging from 11 to 36 spikes/s for individual neurons in the
present sample. The firing rate was unchanged following morphine administration. These
observations are consistent with the effects of systemically administered morphine on the

activity of RVM cells in males [216, 219].
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Figure 13. Effects of systemic morphine administration on ongoing cell activity and
withdrawal-evoked cell behaviors in naive females.

a. Systemic morphine administration significantly changed OFF-cell ongoing activity
(F228=7.76, p = 0.0021), with post-morphine increased compared to baseline (p = 0.0043). b.
Morphine significantly decreased the OFF-cell pause (F2.26 = 25.43, p < 0.0001) with post-
morphine significantly different from baseline (p < 0.0001). c¢. There was a significant change in
ON-cell ongoing activity (F228=5.078, p = 0.013), and morphine significantly decreased ongoing
activity compared to baseline (p = 0.016). d. There was a significant difference in the total
evoked spikes in the ON-cell burst (F2,16=21.30, p < 0.0001) with the post-morphine time point
depressed compared to baseline (p < 0.0001). e. No significant change in NEUTRAL-cell
ongoing activity (F228= 0.18, p = 0.84). One-way ANOVA with repeated measures and post-
hoc Dunn’s multiple comparisons test, n = 15 OFF-cells, 15 ON-cells, 15 NEUTRAL cells. There
was no significant difference between baseline and naloxone for any cell measure.
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2.5. DISCUSSION

The goal of this study was to identify and characterize pain-modulating neurons in
females. Since RVM is the physiological output of a major pain-modulation circuit and can
amplify or suppress pain-transmission [6, 7], sex-related differences in the organization and
activity of this system could in principle predispose females to develop chronic pain conditions.
As in prior work in males, we were able to identify ON- and OFF-cells in the RVM in females.
Firing properties in females were comparable to those in males. In addition, both ON- and OFF-
cells exhibited a “sensitized” response to somatic stimuli in females subjected to persistent
infammation, responding to normally innocuous stimuli. As in males, both ON- and OFF-cells
responded to systemically administered morphine at a dose sufficient to produce behavioral
antinociception. Thus, there are not qualitative differences between males and females in the
physiology of RVM neurons.

We first considered ongoing activity levels and noxious-evoked responses of RVM cells
in naive animals. There was no significant difference between the two sexes in cell firing
parameters between the two sexes, showing that RVM cells in females have similar response
properties to those in males under basal conditions. Thus, despite anatomical and
pharmacological differences in pain-modulation circuitry upstream of RVM and in RVM itself
[183, 185, 189, 190, 209], the output from the pain-modulation system is comparable in males
and females under basal conditions. Moreover, since the RVM contributes to basal nociceptive
“tone” [41], this observation of similar output from RVM in males and females is consistent with
our own observation of no difference between males and females in thermal or mechanical
nociception, and more generally, the lack of a robust sex difference in basal nociceptive
responding [206-208].

We next looked at the effects of persistent inflammation on RVM output and behavioral
sensitivity in female animals. When tested 3 to 6 days after localized injection of CFA in a single
hindpaw, mechanical hyperalgesia was prominent in the CFA-treated paw, consistent with
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previous reports in lightly anesthetized males [134, 212, 220, 221]. Both OFF- and ON-cells
were sensitized to mechanical stimulation of the inflamed paw. Under basal conditions, OFF-
and ON-cells responded to von Frey probes only in the noxious range. By contrast, they
responded to innocuous stimulation of the inflamed paw, a response that paralleled the
behavioral hypersensitivity to mechanical stimulation. This is consistent with prior findings in
males [212] demonstrating that behavioral hypersensitivity, and the corresponding shifts in cell
response, are confined to the inflamed paw, and validates the defining features of RVM cells in
females.

We did not observe thermal hyperalgesia in female animals at the time points studied
here, which again is in agreement with previous findings in male animals, that thermal
hyperalgesia begins to resolve within the first 24 h after CFA injection [212, 221-226]. In any
case, there is little evidence for substantial sex differences in CFA-induced hyperalgesia [178,
181, 227-229]. Overall, our findings are consistent with literature indicating that differences in
either acute nociceptive sensitivity or hyperalgesia during persistent inflammation are likely
nonexistent or minor.

Despite the similarity in behavioral endpoints and neuronal output in persistent
inflammation, there are qualitative differences in pain-modulation circuitry between the sexes
that could in principle underlie observed discrepancies in prevalence and presentation of
chronic pain disorders. For example, periaqueductal gray (PAG) input to RVM is critical to pain-
modulation, and Loyd and colleagues [178] have reported increased activation of PAG-RVM
output neurons in males compared to females during persistent inflammation. However, these
authors also reported no differences in inflammation-induced hyperalgesia between the two
sexes. These apparently inconsistent observations raise the possibility that the similar
behavioral outcome in males and females ultimately reflects comparable recruitment of RVM
ON- and OFF-cells by the PAG during inflammation. Our finding that ON- and OFF-cells are
sensitized in females, as in males, is consistent with this possibility. This argument would also
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imply that molecular and anatomical differences between males and females at the level of the
PAG are compensated for at the level of the RVM, leading to similar output from the pain-
modulating system and comparable behavior.

We also investigated the effects of systemic opioid administration on behavioral
analgesia and RVM cell response in female animals. Opioids are thought to produce analgesia
in part by engaging the PAG-RVM descending modulatory system. Thus, sex differences in the
anatomical and pharmacological properties of this circuit could results in differential opioid
effects in men and women [185, 190, 191]. However, animal and human literature related to the
impact of sex on opioid analgesia is not entirely consistent [210, 211]. Notably, p-opioids are
more potent in women [230, 231], while male rats are more sensitive to the antinociceptive
properties of morphine [183, 232, 233]. In the present experiments, RVM OFF- and ON-cells
responded to opioid administration in the same direction as shown previously in males: the
OFF-cell populations showed increased activity, and the ON-cell population decreased activity.
Although a small number of cells showed disparate results, this may be due to the cumulative
dosing approach and the greater sensitivity of females to the anesthetic than males. However,
conclusions are difficult without a direct comparison to contemporaneous experiments in males.
Nevertheless, our findings in females are generally consistent with previous reports in males
[219, 234], and suggest that recruitment of OFF-cells and suppression of ON-cells firing
contribute to analgesia as in males.

While a greater prevalence of chronic pain disorders in women is well documented,
evidence that women are more responsive to experimental pain is less convincing, and in
general effects are small, with a host of confounding factors [206, 235-237]. Studies of sex
differences in basal nociceptive sensitivity in rodents have also reported conflicting results. Sex
differences are found in either direction, or not at all, and results are highly variable, both
between different nociceptive assays, and within a given nociceptive assay [211]. Results also
appear to depend on methodological details such as animal strain, laboratory environment, and
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experimenter. Moreover, the field is likely highly biased by the tendency to report only positive
results. On the whole, it appears unlikely that there are fundamental sex differences in basal
nociceptive sensitivity. Our data provide physiological evidence consistent with this idea,
demonstrating that the fundamental machinery of the pain-modulation system is comparable in
males and females under basal conditions, and that this system is similarly recruited in the two
sexes in persistent inflammation and by systemically administered morphine.

Overall, our findings provide a foundation for the use of female animals in understanding
the RVM and pain-modulation more generally. Given the strong evidence for altered descending
control in individuals with chronic pain, and the greater prevalence of chronic pain in women, the
task of future studies will be to determine whether this system is differentially recruited in the

two sexes in relevant models of chronic pain.
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3.1. ABSTRACT

The brain is able to amplify or suppress nociceptive signals by means of descending
projections to the spinal and trigeminal dorsal horns from the rostral ventromedial medulla
(RVM). Two physiologically defined cell classes within RVM, “ON-cells” and “OFF-cells”,
respectively facilitate and inhibit nociceptive transmission. However, sensory pathways through
which nociceptive input drives changes in RVM cell activity are only now being defined. We
recently showed that indirect inputs from the dorsal horn via the parabrachial complex (PB)
convey nociceptive information to RVM. The purpose of the present study was to determine
whether there are also direct dorsal horn inputs to RVM pain-modulating neurons. We focused
on the trigeminal dorsal horn, which conveys sensory input from the face and head, and used a
combination of single-cell recording with optogenetic activation and inhibition of projections to
RVM and PB from the trigeminal interpolaris-caudalis transition zone (Vi/Vc) in male and female
rats. We determined that a direct projection from ventral Vi/Vc to RVM carries nociceptive
information to RVM pain-modulating neurons. This projection included a GABAergic component,
which could contribute to nociceptive inhibition of OFF-cells. This approach also revealed a
parallel, indirect, relay of trigeminal information to RVM via PB. Activation of the indirect
pathway through PB produced a more sustained response in RVM compared to activation of the
direct projection from Vi/Vc. These data demonstrate that a direct trigeminal output conveys
nociceptive information to RVM pain-modulating neurons with a parallel indirect pathway

through the parabrachial complex.
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3.2. INTRODUCTION

The brain regulates nociception and pain through descending projections from the
brainstem to the spinal and trigeminal dorsal horns. These endogenous pain-modulating circuits
can amplify or suppress the transmission of pain-related signals. Under normal conditions, pain-
modulating circuits maintain a balance between facilitation and inhibition of pain, but they can
be dysregulated in chronic pain states and contribute to abnormal hypersensitivity.

The primary output node of the brainstem pain-modulating circuits is the rostral
ventromedial medulla (RVM). Neurons within the RVM are diverse and have their own distinct
functions: pain-modulating “ON-" and “OFF-cells” facilitate or suppresses nociceptive
transmission, respectively, while neurons with no known role in pain-modulation, “NEUTRAL-
cells”, likely mediate thermogenesis and cardiovascular and respiratory regulation [18, 238-240].
Because of the diverse functions of RVM, understanding inputs to identified RVM pain-
modulating neurons would provide insights into when and how the brain controls pain.

The RVM receives top-down inputs from cortex, amygdala, and hypothalamus to allow
cognitive and emotional factors to influence pain by recruiting ON- and OFF-cells [18, 45, 123,
241]. However, pain-modulating ON- and OFF-cells also respond to noxious stimulation of the
head and body: ON-cells exhibit an increase in firing or a “burst” of activity, while OFF-cells are
characterized by a GABA-mediated “pause” in ongoing firing just prior to nocifensive withdrawal
[32, 242, 243]. However, the pathways through which noxious inputs drive changes in the
activity of these pain-modulating cells are only now beginning to be defined.

One route through which nociceptive information is relayed to the RVM is via the
parabrachial complex (PB). The PB is a major target of nociceptive transmission neurons in the
superficial dorsal horn [244-246], and can relay this information to RVM pain-modulating
neurons [247, 248]. While anatomical studies describe projections from the dorsal horn to the
RVM as a region [22, 249], the goal of the present study was to determine whether this direct
projection from the dorsal horn conveys nociceptive information to RVM pain-modulating
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neurons. We focused on the trigeminal dorsal horn, which processes sensory information from
the face and head.

Nociceptive information from the craniofacial region is carried by peripheral sensory
fibers to the spinal trigeminal nuclear complex, divided into subnuclei oralis, interpolaris (Vi) and
caudalis (Vc) [138, 139]. Nociresponsive neurons are concentrated in Vc and at the junction
between Vi and Vc, a region referred to as the Vi/Vc transition zone [141-143]. This junction
comprises the rostral end of V¢ dorsally, with the caudal end of Vi ventrally. Nociresponsive
neurons in Vi/Vc and V¢ proper send projections to PB [128, 144, 145], which has the potential
to convey craniofacial input to RVM pain-modulating neurons indirectly. However, Vi/Vc neurons
also project directly to RVM, and RVM-projecting neurons in the ventral, but not dorsal, aspect
of Vi/Vc are activated during persistent inflammation [22]. These anatomical studies raise the
possibility that Vi/Vc conveys nociceptive information to RVM pain-modulating neurons both via
a direct projection to RVM, and by means of an indirect pathway, relayed through PB.

The present experiments used optogenetics and electrophysiological methods in lightly
anesthetized rats to define the functional connections from the trigeminal complex to identified
RVM pain-modulating neurons. These studies revealed a direct input to RVM pain-modulating
neurons from ventral Vi/Vc. Retrograde tracing combined with fluorescent labeling of GABAergic
neurons and electrophysiological data suggests that ventral GABAergic Vi/Vc neurons
contribute to the OFF-cell pause. In addition, Vi/Vc can influence RVM pain-modulating neurons
indirectly, through PB.

3.3. METHODS

All experiments followed the guidelines of the National Institutes of Health and the
Committee for Research and Ethical Issues of the International Association for the Study of
Pain, and were approved by the Institutional Animal Care and Use Committee at the Oregon

Health & Science University (OHSU).
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3.3.1. Viral vector injections

Male and female Sprague-Dawley rats (Charles River; 75-125 g) were deeply
anesthetized using isoflurane (4%). The rat was placed in a stereotaxic apparatus, and
temperature was maintained with a circulating warm-water pad throughout the procedure. A
craniotomy was performed 0-0.5 mm caudal to the lambdoid suture and 2.6 mm lateral to the
sagittal suture. The dura was removed to allow placement of a glass micropipette into the
ventral trigeminal transition zone (Vi/Vc) to inject AAV9-hSyn-hChR2(H134R)-eYFP (2.1E+13
vg/ml) or AAV9-CAG-ArchT-eGFP (1E+12 vg/ml, 1:10 dilution) (200-400 nl, Addgene # 26973
and 29777). The injection was performed over 3 - 5 min using a Picospritzer. The micropipette
was left at the injection site for 10 min before retraction to minimize back-flow. Lidocaine
ointment was applied to the injection site, and animals received penicillin G (1 mg/kg,
intramuscular) and meloxicam (5 mg/kg, subcutaneous). Rats were returned to their home
cages for 2 — 3 weeks to allow expression of opsin (channelrhodopsin 2, ChR2 or
Archaerhodopsin, ArchT).
3.3.2. In vivo recording

Two to three weeks after vector injection in the Vi/Vc, animals were anesthetized
(4 — 5% isoflurane) and a catheter placed in the external jugular vein for subsequent infusion of
methohexital. They were then transferred to a stereotactic frame and small craniotomies were
made to gain access to RVM, PB, and Vi/Vc. Heart rate was monitored using EKG, and body
temperature was monitored and maintained at 36-37°C with a heating pad. There was no
significant difference in heart rate or body temperature between males and females. Males
required a higher anesthetic rate compared to females (p < 0.0001, teg = 7.27) to achieve a
similar anesthetic plane, as described previously [61]. After preparatory surgery, the anesthetic
plane was set at a depth that allowed a stable mechanical-evoked paw withdrawal reflex, while
preventing spontaneous movement [61, 248]. All testing was performed in low ambient light
conditions (< 5 lux).
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Extracellular single-unit recordings were made using an optoelectrode, constructed by
pairing a stainless-steel microelectrode (Frederick Haer & Co) with an optical fiber [200 um
diameter, ThorLabs, 247]. Signals were amplified (10k) and band-pass filtered (400 Hz to 15
kHz, Neurolog, Digitimer) before analog-to-digital conversion at 32k samples/s for real-time
spike detection and monitoring using Spike2 software (CED, Cambridge, UK). Correct waveform
identification was verified on an individual spike basis at the conclusion of the experiment using
Spike2 template matching and cluster analysis. Optical fibers (200 — 400 um) were also placed
in Vi/Vc (for optogenetic activation of Vi/Vc cell bodies) and in PB (for optogenetic activation of
Vi/Vc terminals in PB). EMG activity (to monitor withdrawal reflexes) and heart rate were also
recorded using Spike2.

3.3.3. Characterization of RVM neurons and response to Vi/Vc input

An RVM neuron was isolated and characterized as an ON-, OFF-, or NEUTRAL-cell
based on changes in firing rate associated with withdrawal of the paw from a noxious
mechanical stimulus applied to the hindpaw [40, 216]. Hindpaw, rather than face, stimulation
was used to classify the neurons since animals in a stereotactic frame cannot withdraw the
head from a noxious stimulus. ON-cells are defined by a burst of activity beginning just prior to
withdrawal from a noxious stimulus. OFF-cells stop firing just prior to withdrawal or remain silent
if inactive. NEUTRAL-cells do not respond. Withdrawals were recorded by means of
electromyographic (EMG) electrodes placed 1 cm apart in the hamstring muscles. The von Frey
fibers were applied to the interdigital webbing for a period of either 8 s or until a withdrawal was
elicited. Once a cell was thus characterized, stimulation of the face (application of 60 g and 100
g von Frey filaments to the whisker pad for 8 s) was used as the trigeminal noxious stimulus.
ON- and OFF-cells that did not respond to both face and paw stimulation were not tested further
in these experiments.

For ChR2 experiments, RVM responses to optogenetic manipulations of cell bodies in
Vi/Vc, Vi/Vc terminals in RVM, and Vi/Vc terminals in PB were determined. Five different
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stimulation protocols were used for all isolated RVM neurons: 50 ms pulses at 7 Hz, 20 ms at 9
Hz, 10 ms at 10 Hz, 20 ms at 15 Hz, and 20 ms at 28 Hz for 8 to 60 s at 2 to 5 min intervals. A
von Frey Fiber (60 g) was applied to the whisker pad intermittently between light trials.

For ArchT experiments, continuous light was used to inhibit Vi/Vc terminals in RVM. In
order to consistently stimulate the whisker pad across animals and reduce error, a 100 g von
Frey filament was attached to a hydraulic microdrive and positioned on the whisker pad
ipsilateral to the vector injection site. The fiber was advanced at a rate of 50 ym/s for 17 s,
reaching a terminal force of 100 g. The filament was kept in place for 10 s and then retracted at
50 pym/s. Trials with and without light delivery to the terminals were delivered in alternation. For
light trials, continuous light was delivered beginning 30 s before von Frey stimulus onset and
maintained throughout the stimulus.

3.3.4. Recording sites and optical fiber placement

Recording sites in RVM were marked with an electrolytic lesion at the conclusion of the
experiment. Animals were overdosed with methohexital, and perfused transcardially with saline
followed by 10% formalin. Brains were removed and post-fixed for 24 h in 10% formalin, then
equilibrated for 24 — 72 h in 30% sucrose in PBS at 4 °C. Brains were sectioned at 40 to 60 ym,
and recording sites were plotted (Fig. 14). The RVM was defined as the nucleus raphe magnus
and adjacent reticular formation medial to the lateral boundary of the pyramids at the level of the
facial nucleus. Locations of optical fibers were also verified.

3.3.5. Anatomical tracing experiments

To identify Vi/Vc neurons projecting to the RVM and PB, retrograde tracers Fluoro-Gold
(FG; Fluorochrome) and choleratoxin subunit B (CTb; List Biological Solutions) were injected
into RVM and PB in 2 male and 2 female animals. To identify GABAergic neurons in Vi/Vc,
AAV9-mGADG65(delE1)-GFP (titer, 1.28E+13 vg/ml, Addgene #177316) was generated in the

Molecular Virology Core at OHSU using plasmid from Hoshino et al. [250] and injected into
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Figure 14. Recording sites within RVM for (A) ArchT and (B) ChR2 experiments.

Sites were distributed through the rostro-caudal extent of the RVM between -1.32 and -2.90 mm
relative to interaural line. SO: superior olive, VII: nucleus of the facial nerve.
Vi/Vc. Small craniotomies were drilled to allow access to RVM (1.5 — 2.3 mm caudal to
interaural line, within 0.3 mm of midline, 9 — 10 mm below brain surface) and PB (0.2 mm
caudal to interaural line, 2 — 2.3 mm lateral to the sagittal suture, and 6.5 — 7 mm below brain
surface) and two separate glass injectors were used to inject 4% FG into RVM and 1% CTb into
PB (200 nl at each site). Two weeks after surgery, animals were deeply anesthetized and
perfused transcardially before brain collection.

Sections including Vi/Vc and PB were incubated overnight at room temperature in

primary antibody solution consisting of goat anti-CTb (1:5,000, List Biological Laboratories), 1%
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skim milk, and 0.3% Triton X-100 (Sigma-Aldrich) in 0.1 M PBS. To visualize CTb, sections
were incubated in secondary antibodies for 2 h at room temperature (donkey anti-goat Alexa
Fluor 555, 1:5,000, ThermoFisher Scientific). The sections were then rinsed in PBS and
mounted and coverslipped. For each animal, a total of three sections taken at -5.16 mm, -5.04
mm, and -4.92 mm from interaural were chosen for plotting of co-localization. Label was
observed using a BZ-X710 Keyence fluorescence microscope and plotted according to the
Paxinos & Watson rat brain atlas.

3.3.6. Analysis

3.3.6.1. Light-evoked responses in ChR2 experiments.

All light stimulation parameters were capable of evoking a response, and the resulting
light-evoked changes were therefore pooled for analysis as previously described [247]. Firing
rates before and during light application were determined. ChR2 responses were defined as the
firing rate during light stimulation, and pre-light activity was defined as the firing rate in the
equivalent time-period before light presentation, up to 30 s. Percent change in activity was
calculated by taking the mean number of spikes in the pre-light stimulation periods and
comparing it to the mean number of spikes during light-stimulations. A ceiling of 500% increase
was applied to limit the impact of neurons with low spontaneous activity [251]. If the ON-cell was
silent before all light stimulation trials, an increase of < 20 spikes was considered no difference.

The timing of the light-evoked response was also quantified, since, like the response to
noxious stimulation [148], the RVM response to light could outlast the light stimulus. The
duration of this “after-response” was calculated for trials when the ON-cells were inactive prior
to light stimulation and were active in the last 2 s of light stimulation, and for trials when the
OFF-cells were active in the 2 s period immediately preceding light onset and silent in the last 2
s of light stimulation. These measures were chosen to limit the impact of trials with undefinable
or minimal terminal response. For RVM terminal stimulation, 20 ON-cells and 12 OFF-cells were

included for after-response analysis. For PB terminal stimulation, the after-responses of 12 ON-
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cells and 8 OFF-cells were analyzed. 13 ON- and 11 OFF-cells were included in analysis of the
after-response to trigeminal cell body stimulation. The duration of the ON-cell after-response
was calculated as the time between light termination and the last spike before a silent period
lasting at least 2 s, while the OFF-cell after-response duration was calculated as the time
between light termination and the first recovery spike that had another spike occurring within
2s.
3.3.6.2. Response to von Frey application and effect of inhibiting trigeminal terminals in RVM
using ArchT.

The single longest silent period (OFF-cells) and total number of evoked spikes (ON-
cells) were used to quantify responses to the von Frey stimuli [61]. If the ON-cell was already
active when the stimulus was applied, the number of action potentials during advancement and

hold of the fiber was used as the evoked response.

3.3.6.3. Statistical comparisons.

Neuronal firing rate, durations of the OFF-cell pause and ON-cell burst, and number of
spikes in the ON-cell burst before and during light presentation were compared using paired t-
test. Because these parameters were not normally distributed (right-skewed), they were log-
transformed for analysis. Effect size is reported as Cohen’s d. Percent change in activity
compared to the pre-light firing rate in male and female animals and effects of light applied at
different sites were compared using t-tests for independent means. Prism v. 9.4.1 (GraphPad)
was used for statistical analyses. Data are presented as mean + SEM.
3.4. RESULTS
3.4.1. Expression and validation of ChR2 or ArchT in Vi/Vc neurons and terminals in RVM and
PB

AAV vectors encoding ChR2 or ArchT were injected in the trigeminal complex to drive

opsin expression in ventral and dorsal Vi/Vc and in Vc (laminae | — V) in different animals.
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Example showing fluorescent reporter in cell bodies in Vi/Vc and in terminals in RVM and PB
are shown in Fig. 15. Positive fibers were seen to project along the entire length of the RVM,
from the caudal end of the facial nucleus to the level of the facial nerve (Fig. 15B). Dense fibers
were also found in the ipsilateral parabrachial complex (Fig. 15C), consistent with previous
studies documenting projections from Vi/Vc and Vc to PB [128, 145, 246, 252].

In a subset of ChR2- or ArchT-injected animals, light-induced activation and inhibition of
Vi/Vc neurons were tested to validate opsin function (Fig. 15D, E). Vi/Vc neurons that
responded to noxious mechanical stimulus applied to the whisker pad using von Frey filaments

were tested. For ChR2 activation of these neurons, a light source with a mean wavelength of
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Figure 15. ChR2 and ArchT expression in Vi/Vc and terminal expression in RVM and PB.

(A) Expression of ChR2 and ArchT in Vi/Vc cell bodies. (B) Expression of ChR2 and ArchT in
terminals in RVM. (C) Expression of ChR2 in PB. Terminals were densely distributed throughout
lateral PB complex. (DCN = dorsal cochlear nucleus, IPB = lateral parabrachial nucleus, LRt =
lateral reticular nucleus, PrSVL = principal sensory ventrolateral trigeminal nucleus, py =
pyramids, scp = superior cerebellar peduncle, sp5 = spinal trigeminal tract, Sp5C = spinal
trigeminal nucleus, caudalis, Sp5I = spinal trigeminal nucleus, interpolaris, Sp50 = spinal
trigeminal nucleus, oralis, VIl = nucleus of the facial nerve). Scale bars are 200 ym unless
otherwise noted. (D) Trigeminal nucleus neuronal firing induced by light activation of ChR2 (10-
to 50-ms pulses at 7, 10, or 28 Hz). Firing of the neuron reliably followed the light trains. (E)
Suppression of activity of a trigeminal neuron during light-induced activation of ArchT.

67



455 nm (1.2 mW maximum power) was used. Vi/Vc neurons fired with each light pulse at all
frequencies tested (7 to 28 Hz, 10 — 50 ms pulses). For ArchT-mediated inhibition, a light source
with a mean wavelength of 565 nm (0.8 mW maximum power, continuous light for up to 30 s)
was used, resulting in depression and complete cessation of cell firing.
3.4.2. RVM ON-cells are activated while RVM OFF-cells are inhibited by optogenetic activation
of the Vi/Vc region

To determine whether RVM pain-modulating neurons receive input from the trigeminal
complex, we recorded from identified RVM neurons while delivering light to cell bodies
expressing ChR2 throughout the Vi/Vc region (Fig. 16A and B). We compared the pre-light firing
rate to light-evoked firing rate in fourteen ON-cells in 6 male and 5 female animals, 14 OFF-cells
in 6 male and 4 female animals, and 8 NEUTRAL-cells in 3 male and 3 female animals. Light
activation of trigeminal cell bodies mimicked noxious mechanical peripheral stimulation of the
face, as seen in examples in Figs. 16C-E. This was seen in animals with vector restricted to
either dorsal Vi/Vc (5 ON-, 4 OFF-, 4 NEUTRAL-cells) or with vector present in ventral Vi/Vc
region (9 ON-, 10 OFF-, and 4 NEUTRAL-cells). ON-cell firing was significantly increased
(p <0.0001, t13 = 9.64, paired t-test, Cohen’s d = 1.76, Fig. 16F) with a mean increase of 14.7 +
2.7 spikes/s, while OFF-cells exhibited a significant decrease in firing (p < 0.0001, t13 = 8.55,
paired t-test, Cohen’s d = 2.35, Fig. 16G) with a mean decrease of 6.0 + 0.9 spikes/s as
compared to the pre-light firing rate. NEUTRAL-cells did not show a significant change in firing
(p=0.59, t; = 0.57, paired t-test Fig. 16H) with a mean change of 0.2 + 0.3 spikes/s. There was
no difference in the magnitude of the change in firing in ON-cells (p = 0.19, t12 = 1.39, % of pre-
light period, unpaired t-test) or OFF-cells (p = 0.075, ti> = 1.95, unpaired t-test) between animals
with vector expressed in dorsal versus ventral Vi/Vc. Cells from both male and female animals
responded in the same direction (Fig. 16F-H), and there was no significant difference in the
percent change in ON-cell (p = 0.19, t12 = 1.39, unpaired t-test) or OFF-cell firing (p = 0.38, ti2 =
0.91, unpaired t-test) between males and females. These data demonstrate that both ventral
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and dorsal Vi/Vc can access pain-modulating neurons in RVM, but does not determine whether

this is due to a direct projection to RVM, or via an indirect pathway, such as a relay through PB.
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Figure 16. ChR2-induced activation of trigeminal cell bodies mimics noxious stimulation,
activating ON-cells and suppressing the firing of OFF-cells.

(A) Light was delivered to Vi/Vc cell bodies while recording from RVM neurons. (B) Vector
expression was found throughout the trigeminal complex and grouped by placement

(ventral = red, dorsal = blue). Optical fiber placements are also mapped (gray circles). (C) ON-
(D) OFF-and (E) NEUTRAL-cell responses to noxious mechanical stimulation of face and light
delivered to Vi/Vc cell bodies. Ratemeter records (1-s bins) with mechanical stimulation of the
whisker pad (left, black triangle) and light stimulation (right, blue bar and shading, 30 s) show
mechanical-related and optogenetically-evoked responses recorded from RVM. (F) Group data
show trigeminal cell body activation significantly increased the firing rate of ON-cells (p <
0.0001, t13 = 9.64, Cohen’s d = 1.76), and significantly decreased the firing rate of (G) OFF-cells
as compared to pre-light firing rates (p < 0.0001, t13 = 8.55, Cohen’s d = 2.35). (H) NEUTRAL-
cells showed no significant change in firing rate upon trigeminal cell body activation (p = 0.59, &
= 0.57). ****p < 0.0001 compared with pre-light firing rate, paired t-test. Blue lines = cells from
male animals, black lines = cells from female animals. sp/s = spikes per second, dotted lines =
cells from animals with virus restricted to dorsal Vi/Vc.
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3.4.3. Ventral, but not dorsal, Vi/Vc projections to RVM recruit pain-modulating neurons

We next tested whether RVM pain-modulating neurons receive direct input from the
Vi/Vc and Vc regions by optogenetically activating trigeminal terminals in the RVM itself (Fig.
17A). We compared the pre-light firing rate to light-evoked firing rate in 45 ON-cells (in 16
female, 17 male animals) and 40 OFF-cells (in 14 female, 19 male animals) with vector injected
throughout the trigeminal complex at the level of the Vi/Vc junction (Fig. 17B). Because RVM-
projecting dorsal Vi/Vc and Vc I-IV neurons are not activated by noxious stimulation, while those
in ventral Vi/Nc are activated [22], animals were grouped by the location of vector expression. In
animals with vector expressed in ventral Vi/Vc and lamina V of V¢, both ON- and OFF-cells
responded to light directed to RVM to activate trigeminal terminals. Of 30 ON-cells, all but six
showed an increase in activity of at least 50%. Of 26 OFF-cells tested, 18 exhibited a decrease
in firing of at least 25%. By contrast, in animals with expression restricted to dorsal Vi/Vc and
laminae | — IV of V¢, ON- and OFF-cells were less likely to respond to light in RVM (Figs. 17C
and D). Only one of 15 OFF-cells showed a decrease in firing during light delivery, and only five
of 14 ON-cells showed an increase.

ON- and OFF-cell responses to stimulation of trigeminal terminals in RVM are further
quantified in Figures 17E — L. Light activation of RVM terminals in animals with vector
expression in ventral Vi/Vc and lamina V of Vc mimicked noxious mechanical peripheral
stimulation of the face, as seen in examples in Figs. 17E and G. In animals with vector
expression in this location, ON-cells showed a significant increase in firing rate (p < 0.0001,
tro = 6.39, paired t-test, Cohen’s d = 0.48, Fig. 17F), with a mean increase of 6.6 + 1.7 spikes/s.
OFF-cells showed a significant decrease in firing rate (p < 0.0001, ts = 4.84, paired t-test,
Cohen’s d = 0.69, Fig. 17H), with a mean decrease of 2.8 + 0.8 spikes/s. The direction of the
response to RVM terminal stimulation was consistent in both sexes (Fig. 17F, H), and there was
no significant difference in the percent change in ON-cell (p = 0.79, ts = 0.27, unpaired t-test) or
OFF-cell firing (p = 0.37, t2s = 0.92, unpaired t-test) between males and females.
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Figure 17. ChR2-induced activation of RVM terminals arising from ventral Vi/Vc and Vc
lamina V neurons, but not dorsal Vi/Vc, mimics noxious stimulation, activating ON-cells
and suppressing the firing of OFF-cells.

(A) Trigeminal terminals in RVM were activated while recording from RVM neurons. (B) Vector
expression was found throughout the trigeminal complex and grouped by placement
(ventral=red, dorsal=blue). (C) ON- and (D) OFF-cells were more likely to respond to light in
RVM in animals with vector found in ventral Vi/Vc and V¢ V than dorsal Vi/Vc and Vc I-IV. (E,G)
Ratemeter records (1-s bins) with mechanical stimulation of the whisker pad (left, black triangle)
and light stimulation (right, blue bar and shading, 30 s) show mechanical-related and
optogenetically-evoked responses recorded from an RVM (E) ON-cell and (G) OFF-cell in
animals with vector expression in ventral Vi/Vc. Activation of RVM terminals in animals injected
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in ventral Vi/Vc and Vc V significantly increased (F) ON-cell firing (p < 0.0001, tx9 = 6.39,
Cohen’s d = 0.48), and (H) significantly decreased OFF-cell firing (p < 0.0001, t>5 = 4.84, d =
0.69) compared to pre-light firing rate. (I,K) Ratemeter records (1-s bins) with mechanical
stimulation of the whisker pad (left, black triangle) and light stimulation (right, blue bar and
shading, 30 s) show mechanical-related and optogenetically-evoked responses recorded from
RVM (1) ON-cell and (K) OFF-cell in animals with vector expression in dorsal Vi/Vc. Light
activation in animals with viral expression restricted to dorsal Vi/Vc resulted in no significant
change on (J) ON-cell (p = 0.20, t14 = 1.35) or (L) OFF-cell firing (p = 0.89, t13 = 0.14). ****p <
0.0001 compared with pre-light firing rate, paired t-tests. Blue lines = cells from male animals,
black lines = cells from female animals. sp/s = spikes per second.

In animals in which vector expression was restricted to the dorsal aspect of Vi/Vc and
laminae I-IV of V¢, delivery of light to terminals in RVM did not recruit RVM pain-modulating
neurons as seen in examples in Figs. 171 and K, despite the fact that activation of trigeminal cell
bodies in animals with vector restricted to dorsal Vi/Vc recruited ON- and OFF-cells (see above,
Fig. 16F and G). There was no change in the firing of either ON-cells (p = 0.20, t14 = 1.35,
paired t-test, 0.5 £ 0.5 spikes/s, Fig. 17J) or OFF-cells (p = 0.89, ti13 = 0.14, paired t-test,

0.2 £ 0.7 spikes/s, Fig. 17L) as compared to the pre-light firing rate. NEUTRAL-cells did not
respond to stimulation of terminals in RVM arising from either ventral or dorsal Vi/Vc, and the
mean change in firing rate was 0.04 + 0.2 spikes/s, (p = 0.69, tio = 0.41, paired t-test, data not
shown).

These experiments using stimulation of Vi/Vc terminals in RVM demonstrate that ventral,
but not dorsal, Vi/Vc can access RVM pain-modulating neurons via a direct trigeminal-to-RVM
projection.

3.4.4. Optogenetic inhibition of ventral Vi/Vc terminals in RVM attenuates nociceptive responses
of ON- and OFF-cells

The experiments outlined above demonstrate that ON- and OFF-cells receive input from
Vi/Vc. We next determined whether the direct ventral Vi/Vc projections to RVM convey
nociceptive information to the pain-modulating ON- and OFF-cells. To achieve this, an inhibitory
opsin, ArchT, was expressed in ventral Vi/Vc and light was delivered to Vi/Vc terminals in RVM

during noxious mechanical stimulation of the face (Fig. 18A). We compared the evoked activity
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of nineteen ON-cells (in 4 female, 8 male animals) and 18 OFF-cells (in 6 female, 3 male

animals) during trials with and without light introduced in RVM.
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Figure 18. ArchT-induced inhibition of RVM terminals arising from ventral Vi/Vc
attenuates ON- and OFF-cell noxious evoked activity.

(A) Ventral Vi/Vc terminals in RVM were inhibited during noxious mechanical stimulation of the
face. Representative examples show (B) ON- and (C) OFF-cell activity during noxious
mechanical stimulation during uninhibited trials (“Light OFF”), compared with during Arch-T
induced inhibition of Vi/Vc terminals in RVM (“Light ON”). (D) ON-cell evoked spikes in response
to noxious mechanical stimulation were significantly attenuated during terminal inhibition (p =
0.0068, t1s = 3.06, Cohen’s d = 0.21), while (E) ongoing activity was not affected (p = 0.77, tig =
0.30). (F) The OFF-cell pause in response to noxious mechanical stimulation was significantly
attenuated during terminal inhibition (p = 0.0001, 17 = 4.97, Cohen’s d = 0.49), while (G)
ongoing activity was not affected (p = 0.13, t17 = 1.58). **p < 0.01 and ***p < 0.001 compared
with Light OFF trials, paired t-test. Blue lines = cells from male animals, black lines = cells from
female animals. sp/s = spikes per second.
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Optogenetic inhibition of ventral Vi/Vc terminals in RVM attenuated the noxious-evoked
responses of both ON- and OFF-cells, as seen in examples in Figs. 18B and C. The number of
evoked spikes for ON-cells (p = 0.0068, tis = 3.06, paired t-test, Cohen’s d = 0.21, Fig. 18B) and
the duration of the pause for OFF-cells (p = 0.0001, t17 = 4.97, paired t-test, Cohen’s d = 0.49,
Fig. 18C) were significantly attenuated. The ON-cell burst was reduced by approximately 20%,
while the OFF-cell pause duration was shortened by about 26%. By contrast with the
attenuation of evoked responses, suppression of ventral Vi/Vc input to RVM did not result in a
significant change in the ongoing activity of either cell class (ON-cells: p = 0.77, tis = 0.30,
paired t-test; OFF-cells: p = 0.13, t17 = 1.58, paired t-test, Fig. 18E, G). When the inhibitory
opsin was expressed in dorsal Vi/Vc, optogenetic inhibition of terminals in RVM had no effect on
evoked responses of either ON- (p = 0.63, t13 = 0.49, paired t-test) or OFF-cells (p = 0.097, ts =
2.04, paired t-test, data not shown).

These experiments using inhibition of Vi/Vc terminals in RVM demonstrate that a direct
projection from ventral Vi/Vc to RVM conveys information to RVM pain-modulating neurons, and
that this input is recruited during noxious stimulation.

3.4.5. Vi/Vc sends a GABAergic projection to RVM and PB neurons

Both GABAergic and glutamatergic neurons in the trigeminal complex are activated by
noxious orofacial stimulation and likely are involved in orofacial nociceptive transmission [253-
257]. Nonetheless, ascending nociceptive input from the dorsal horn to supraspinal targets is
thought to be conveyed primarily by excitatory projections [258-260]. Optogenetic activation of
ventral Vi/Vc terminals in RVM led to an increase in ON-cell firing and a decrease in OFF-cell
firing. The increase in ON-cell firing is consistent with an excitatory ascending input to the
brainstem. However, the decrease in OFF-cell firing, and the report that the OFF-cell pause is
mediated by GABA [243], raises the possibility of a GABAergic input to RVM from ventral Vi/Vc

that contributes to the OFF-cell pause. We therefore explored whether GABAergic trigeminal
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cells that project to RVM can be identified. We also considered whether GABAergic neurons in
Vi/Vc project to PB, since PB relays nociceptive information to RVM.
In 2 male and 2 female animals, AAV9-mGADG65(delE1)-GFP was injected in ventral

Vi/Vc to allow us to visualize GAD65+ neurons in this region (Fig. 19Ai).

C
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@ Female 1
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F GADG65+ RVM projecting G GAD65+ PB projecting H PB&RVM projecting

O Male 1
O Male 2

O Female 1
Female 2

Figure 19. Both RVM and PB receive GABAergic projections from ventral Vi/Vc.

(A-D) Representative animal and (E-H) group data. (A) Vi/Vc was injected with AAV9-
mGADG65(delE1)-GFP and (i) GFP labeled GABAergic cells were found in ventral Vi/Vc. (B)
Injection of Fluorogold (FG) in RVM and (C) CTb in PB revealed cell bodies in ventral Vi/Vc (i
and iii, respectively). (D) GAD65+ Vi/Vc RVM projecting neurons (solid arrow) and PB projecting
neurons (empty arrow) were identified (iv). Vi/Vc cells projecting to both RVM and PB could be
identified (square). (E) Injection sites in RVM and in PB in 4 animals; 2 male and 2 female. (F)
Anatomical maps showing co-localization of GAD65+ Vi/Vc neurons projecting to RVM, (G)
GADG65+ Vi/Vc neurons projecting to PB, (H) and Vi/Vc neurons projecting to both PB and RVM
in 4 animals. LRt = lateral reticular nucleus. Scale bars are 200 um unless otherwise noted.
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Retrograde tracers FG and CTb were injected into RVM and PB, respectively
(Representative Figs. 19B, C and Fig.19E). FG-positive neurons in Vi/Vc (Fig. 19Bii) provided
anatomical confirmation of our optogenetic/electrophysiological evidence that Vi/VVc neurons
project to RVM. GFP+ cells co-labelled with FG (Representative Fig. 19Div, solid arrowhead,
and Fig. 19F) were also identified, indicating that ventral Vi/\Vc sends GABAergic input to RVM.
While AAV9-mGADG65(delE1)-GFP was targeted to ventral Vi/Vc, vector leakage revealed the
presence of GAD65+ neurons in dorsal Vi/Vc that project to RVM. It is unknown what role these
neurons serve in the transfer of sensory information, as activation of dorsal Vi/Vc terminals in
RVM did not influence OFF-cell activity in our electrophysiological recordings.

The well-documented projection from Vi/Vc to PB was also confirmed, with CTb-positive
neurons in Vi/Vc [252] (Figs. 19Ciii). As with RVM-projecting Vi/Vc neurons, PB-projecting
neurons co-labelled with GFP could be identified (Representative Fig. 19Diii, empty arrowhead
and Fig. 19G), indicating that Vi/Vc also sends GABAergic projections to PB. Finally, Vi/Vc
neurons double-labelled for FG and CTb were found throughout Vi/Vc, indicating that some
Vi/Vc neurons project to both RVM and PB (Representative Fig. 19Div, square box and Fig.
19H).

3.4.6. Vi/Vc also recruits RVM pain-modulating neurons via PB

PB is known to convey nociceptive information to pain-modulating neurons in RVM [247,
248], and our anatomical data showed that at least some Vi/\VVc neurons send projections to both
PB and RVM. This raises the possibility that Vi/VVc can also influence activity of RVM pain-
modulating neurons indirectly, via projections to PB. To address this possibility and the potential
confound of antidromic activation, we investigated PB neuron activity in response to optogenetic
activation of Vi/Vc neurons and RVM terminals (Fig 20A-C). We compared the pre-light firing
rate to light-evoked firing rate during RVM terminal and Vi/Vc cell body activation in 7 PB
neurons in 3 animals. PB neurons activated by noxious mechanical peripheral stimulation of the
face did not change in cell activity when the light was introduced to RVM terminals. However,
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Figure 20. PB neurons are activated or inhibited by Vi/Vc cell body stimulation, while
unaffected by RVM terminal activation.

ChR2-induced activation of trigeminal terminals in PB mimics noxious stimulation, activating
ON-cells and suppressing OFF-cells. (A) Vi/Vc cell bodies and terminals in RVM were activated
while recording from PB neurons. (B) Recording locations in PB and (C) optical fiber placements
and vector expression in Vi/VVc were mapped. (D) Ratemeter records with mechanical
stimulation of the whisker pad (left, black triangle) and light stimulation (right, blue bars and
shading, 30 s) in RVM and Vi/Vc show mechanical-related and optogenetically-evoked
responses recorded from PB neurons in cells that were (D) activated or (F) inhibited by noxious
stimulation and Vi/Vc cell body activation. (E,G) PB neurons did not change in activity in
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response to light in RVM, while activation of Vi/Vc cell bodies either (E) increased or (G)
decreased PB neuron activity. (H) Vi/Vc terminals in PB were activated while recording from
RVM neurons. (1) Optic fiber placements and (J) viral expression locations were mapped. (K,L)
Ratemeter records with mechanical stimulation of the whisker pad (left, black triangle) and light
stimulation (right, blue bar and shading, 30 s) in PB show mechanical-related and
optogenetically-evoked responses recorded from RVM (K) ON and (L) OFF-cells. (M) Activation
of terminals in PB significantly increased ON-cell firing (p < 0.0001, t14 = 6.91, Cohen’s d =
1.09), and (N) significantly decreased OFF-cell firing (p = 0.0002, t11 = 5.45, Cohen’s d = 0.82).
***n < 0.001 and ****p < 0.0001 compared with pre-light firing rate, paired t-test. Blue lines =
cells from male animals, black lines = cells from female animals. sp/s = spikes per second.

Vi/Vc cell body activation increased the firing rate in these neurons (Figs. 20D, E). These
3 cells showed a mean increase of 3.3 + 1.9 spikes/s in response to Vi/Vc cell body stimulation
and mean percent increase in cell activity of approximately 242 %. Conversely, in these same
cells, RVM terminal activation resulted in a mean change of only 0.03 £ 0.4 spikes/s.

PB neurons inhibited by noxious mechanical stimulation of the face also did not change
in cell activity when the light was introduced to RVM terminals, but were inhibited during Vi/Vc
cell body activation (Figs. 20F, G). These 4 cells showed a mean decrease of 8.0 + 4.0 spikes/s
in response to Vi/Vc cell body stimulation, a mean percent decrease of approximately 81%.
Conversely, in these same cells, RVM terminal activation resulted in a mean change of only 0.3
+ 0.3 spikes/s.

These data indicate PB neurons are recruited during Vi/Vc cell body activation, but not
during RVM terminal stimulation, confirming that Vi/VVc can influence the activity of RVM pain-
modulating neurons indirectly through PB, and not through antidromic activation of Vi/Vc cell
bodies via RVM terminal activation.

We then recorded from 15 ON-cells (in 3 female, and 3 male animals) and 12-OFF cells
(in 5 female, 5 male animals) in RVM while stimulating Vi/Vc terminals in PB (Fig. 20H, ). Most
animals had vector expression in both dorsal and ventral Vi/Vc (Fig. 20J). Optogenetic
activation of PB terminals mimicked noxious mechanical peripheral stimulation of the face, as
seen in examples in Figs. 20K and L. ON-cell firing rate was significantly increased (p < 0.0001,

t14 = 6.91, paired t-test, Cohen’s d = 1.09, 4.6 £ 0.8 spikes/s, Fig. 20M), while OFF-cell firing
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was significantly suppressed (p = 0.0002, t11 = 5.45, paired t-test, Cohen’s d =0.82,-3.9 £ 1.1
spikes/s, Fig. 20N). This indicates that the Vi/Vc region can also access RVM indirectly, through
its projections to PB.
3.4.7. Direct and indirect recruitment results in different RVM response profiles

Although Vi/Vc inputs to RVM itself and to PB were both capable of recruiting ON- and
OFF-cells, the temporal profiles of the responses to activation of the RVM and PB projections
were distinct, with optogenetic activation of Vi/Vc terminals in PB leading to a prolonged

response compared to activation of terminals in RVM itself, as shown in the examples in 21A-D.
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Figure 21. RVM cell response timing differs with activation of Vi/Vc terminals in RVM
versus PB.

(A) Representative ON- and (B) OFF-cell responses to RVM terminal stimulation versus (C) ON-
and (D) OFF-cell responses to PB terminal stimulation. Ratemeter records (1-s bins) show
optogenetically-evoked responses (blue bar and shading, 30s) recorded from RVM. Line
segment after light termination indicates the length of the after-response. (E) ON-cell after-
responses were significantly longer with activation of Vi/Vc terminals in PB compared to
activation of Vi/Vc terminals in RVM (p = 0.0315, 30 = 2.26, Cohen’s d = 0.53). (F) The OFF-cell
pause after-response was also longer with activation of terminals in PB (p = 0.0085, t1s = 2.96,
Cohen’s d = 1.08). *p < 0.05 and **p < 0.005 compared between RVM and PB terminal
activation, unpaired t-test. sp/s = spikes per second.
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When RVM terminals were stimulated, ON-cell firing outlasted the period of stimulation
by only 5.5 + 2.0 s. By contrast, ON-cells continued to fire an average of 9.7 £ 2.0 s once
stimulation of PB terminals was ended (p = 0.0315, f30 = 2.26, unpaired t-test, Cohen’s d = 0.53,
Fig. 21E). Similarly for OFF-cells, when PB terminal stimulation ended, OFF-cells did not
resume firing for 14.7 + 5.6 s. This after-response was substantially longer than when RVM
terminals were activated (2.5 + 1.0 s, p = 0.0085, t1s = 2.96, unpaired t-test, Cohen’s d = 1.08,
Fig. 21F). The response to stimulation of cell bodies in Vi/Vc itself was also prolonged relative to
stimulation of RVM terminals (ON-cells: p = 0.015, t31 = 2.57, unpaired t-test, Cohen’s d = 0.63,
16.3 £+ 6.3 s; OFF-cells: p = 0.0016, t»1 = 3.61, unpaired t-test, Cohen’s d =1.13,9.5 + 2.55s).
3.5. DISCUSSION

These optogenetic and electrophysiological experiments revealed distinct direct and
indirect pathways from Vi/Vc and Vc to RVM pain-modulating neurons. Ventral Vi/Vc and Vc
lamina V neurons relay nociceptive information to RVM directly, while dorsal Vi/Vc and Vc
laminae I-IV neurons send nociceptive information to RVM indirectly, possibly through PB. RVM
responses to activation of the direct and indirect pathways exhibited different dynamics.
Anatomical evidence combined with electrophysiological data suggests GABAergic neurons in
ventral Vi/Vc project to RVM and contribute to the OFF-cell pause.

3.5.1. Direct pathway to RVM from ventral Vi/Vc and lamina V of Vc

RVM has functions beyond pain-modulation, including autonomic regulation, and
contains cells, “NEUTRAL-cells,” with no apparent involvement in pain-modulation [18, 238-
240]. Therefore, the existence of trigeminal cells projecting to RVM does not necessarily mean
that pain-modulating ON- and OFF-cells are engaged by this projection. The present study
combined optogenetic manipulation of trigeminal inputs with in vivo electrophysiology of
physiologically identified RVM neurons to address this question.

Activation of ventral Vi/Vc and lamina V terminals in RVM caused a significant increase in
pain-facilitatory ON-cell firing and a significant decrease in pain-inhibitory OFF-cell firing,
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mimicking noxious stimuli. NEUTRAL-cells did not respond to terminal or cell body activation.
Inhibition of the direct pathway from ventral Vi/Vc during noxious mechanical stimulation of the
whisker pad attenuated the ON-cell burst and OFF-cell pause. RVM terminal inhibition did not
change ongoing activity, indicating that this direct input is likely recruited during noxious
stimulation and does not contribute to the ongoing tone of RVM pain-modulating cells. These
findings indicate that a direct projection from ventral Vi/Vc and lamina V of Vc to RVM
specifically engages pain-modulating neurons in RVM.
3.5.2. Indirect pathway to RVM from dorsal Vi/Vc and more superficial laminae of Vc
Activation of RVM terminals arising from cell bodies in dorsal Vi/Vc and laminae I-IV of Vc
had no effect on the activity of ON- and OFF-cells, and inhibition of these terminals during
noxious stimulation of the whisker pad did not influence ON- and OFF-cell evoked responses.
This suggests that these dorsal projections to RVM, unlike those from the more ventral aspect
of the Vi/Vc transition zone, are not relevant to pain modulation. However, stimulation of cell
bodies in dorsal Vi/Vc and more dorsally in V¢ resulted in a significant increase in ON-cell firing
and decrease in OFF-cell firing, indicating that these regions can influence RVM pain-
modulating neurons through an indirect route. We therefore investigated indirect influences of
Vi/Vc and considered PB as a potential relay.

Nociresponsive neurons in Vi/VVc and Vc are known to send projections to PB [128, 145],
and PB relays nociceptive information from the dorsal horn to RVM [247, 248]. In the present
study, we found that activation of Vi/Vc terminals in PB significantly increased ON-cell firing and
suppressed OFF-cell firing, indicating that Vi/Vc can modulate the activity of RVM pain-
modulating neurons through PB. Whether these terminals arose from ventral or dorsal Vi/Vc
cannot be determined. However, paired with the cell body stimulation data, it is likely that both
regions can influence RVM indirectly through PB. While previous studies showed PB terminal
activation in RVM caused an increase in both ON- and OFF-cell firing [247], the present finding
that activation of trigeminal terminals in PB caused an increase in ON-cell firing and decrease in
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OFF-cell firing is not contradictory. In the Chen et al. study, PB was shown to release both
GABA and glutamate in RVM, and while activation of PB terminals in RVM recruited both ON-
and OFF-cells, suppression of PB terminals in RVM interfered with the GABA-mediated OFF-
cell pause. In the present study, we activated trigeminal input to PB, engaging the nociceptive
circuity in PB itself. It should thus not be surprising ON- and OFF-cell responses to this
stimulation mirrored their responses to natural noxious stimuli.

While activation of Vi/Vc terminals in both RVM and PB recruited ON- and OFF-cells, the
dynamics of the RVM responses recruited through these two pathways were distinct. Activation
of Vi/Vc terminals in PB (and activation of Vi/Vc cell bodies) produced prolonged RVM
responses compared to those observed with activation of Vi/Vc terminals in RVM. The
differential after-response with stimulation of the direct and indirect pathways raises the
possibility of distinct functions. The direct input from Vi/Vc to RVM might, for example, shift the
balance between ON- and OFF-cell outputs to an ON-cell dominated pro-nociceptive state only
as long as there is continuing sensory input. By contrast, the prolonged after-response with
activation of the indirect pathway through PB could reflect recruitment by PB not only of RVM
itself, but of other inputs to RVM, such as the amygdala or periaqueductal gray [126, 261, 262].
Therefore, PB and Vi/Vc cell body stimulation likely engages a greater population of cells within
the RVM, at least over time. RVM pain-modulating cells demonstrate significant synchronization
and integration of ongoing activity within and between cell classes [263, 264], which could
contribute to the prolonged response. Thus, the direct and indirect pathways may have different
functions and/or cooperate to modulate the processing of facial pain.

3.5.3. Contribution to the OFF-cell pause

The increase in ON-cell firing with activation of local trigeminal terminals is consistent
with the classic understanding that the majority of ascending projections from the spinal cord
are excitatory, although glycinergic and/or GABAergic spinoreticular projections have been
identified [120, 258-260]. However, OFF-cell firing was consistently suppressed by activation of

82



these same Vi/Vc terminals. Because the OFF-cell pause is known to be mediated by GABA
and not through local RVM interactions [148, 217, 243, 265], we also used an anatomical
approach to explore whether Vi/Vc provides at least some direct, inhibitory input to RVM. Using
AAV9-mGADG65-GFP combined with retrograde tracing, we determined that ventral Vi/Vc
GABAergic neurons do project to RVM. Paired with the electrophysiological data, our
observation that GAD65-expressing neurons can be found projecting to RVM supports our
functional evidence that ventral Vi/VVc contribute directly to the OFF-cell pause. However, future
studies could build on this, using selective optogenetic manipulation of GABAergic cells, as our
approach nonspecifically activated and inhibited inputs to RVM.

We noted that some PB neurons were inhibited by activation of cell bodies in the Vi/Vc
region, consistent with reports that some PB neurons are inhibited by noxious stimulation [146],
and raises the possibility of an inhibitory projection to PB from the trigeminal dorsal horn. Prior
anatomical studies of ascending GABAergic projections from Vc have been inconsistent, and it
has been suggested that negative findings could be due to limited sensitivity of
immunohistochemical approaches [266, 267]. However, the present studies combining
electrophysiological and anatomical data suggest that PB, like RVM, receives a direct inhibitory
input from the trigeminal complex.

3.6. SUMMARY AND CONCLUSIONS

Pain in the trigeminal distribution is often more impactful, both emotionally and
physically, than body pain, and PB plays a well-documented role in the affective dimension of
pain [262, 268, 269]. Stimuli applied to the face activate more PB neurons than comparable
stimuli applied to the body [147], and persistent orofacial pain engages the Vc-PB pathway
[144]. PB also coordinates withdrawal reflexes through reciprocal connections with the reticular
formation [270]. Through these reciprocal connections, PB may be modulating RVM responses
to direct trigeminal input, shaping how RVM modulates nocifensive behaviors, and linking RVM
to the affective dimension of craniofacial pain. The direct pathway could engage RVM circuits to
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permit the immediate nocifensive response. These pathways could also cooperate to determine
information about pain, such as intensity, that is encoded by activation of multiple brain regions
[271], highlighting the interrelationships within pain-modulating networks and of these
modulatory networks with pain-transmission pathways. Our data also revealed that the effects of
recruiting the direct and indirect pathway were consistent between the sexes. While women are
more likely to be afflicted by trigeminal chronic pain conditions, it appears that the basal
functional input from trigeminal nuclei to the pain-modulatory system is similar in both sexes.

In conclusion, the present study demonstrates that RVM pain-modulating circuits directly
and indirectly receive nociceptive input from Vi/Vc. Activation experiments mimicked RVM cell
responses to noxious stimuli, resulting an increase in ON-cell firing and decrease in OFF-cell
firing. Inhibitory experiments revealed that Vi/Vc directly relays nociceptive information to RVM.
Vi/Vc likely contributes to the OFF-cell pause evoked by noxious stimulation of the face by
means of a direct GABAergic projection. A parallel indirect pathway from Vi/Vc to RVM via PB
was also revealed. These data define two distinct pathways through which sensory input and

modulating circuits can interact.
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4.1. ABSTRACT

Recent technological advancements in high-density multi-channel electrodes have made
it possible to record large numbers of neurons from previously inaccessible regions. While the
performance of automated spike-sorters has been assessed in recordings from cortex, dentate
gyrus, and thalamus, the most effective and efficient approach for spike-sorting can depend on
the target region due to differing morphological and physiological characteristics. We therefore
assessed the performance of five sorters, Kilosort3 (KS3), MountainSort5 (MS5), Tridesclous
(TDC), SpyKING CIRCUS (SC), and IronClust (IC), in rostral ventromedial medulla recordings,
a region that has been characterized using single-electrode recordings but that is essentially
unexplored at the high-density network level. As demonstrated in other brain regions, each
sorter produced unique results. Manual curation preferentially eliminated units detected by only
one sorter. KS3 and IC required the least curation while maintaining the largest number of units,
whereas SC and MS5 required substantial curation. TDC consistently identified the smallest
number of units. Nonetheless, all sorters successfully identified classically defined RVM
physiological cell types. These findings suggest that while the level of manual curation needed
may vary across sorters, each can extract meaningful data from this deep brainstem site.
4.2. SIGNIFICANCE STATEMENT

High-density multichannel recording probes that can access deep brainstem structures
have only recently become commercially available, but the performance of open-source spike-
sorting packages applied to recordings from these regions has not yet been evaluated. The
present findings demonstrate that KS3, MS5, TDC, SC, and IC can all be reasonably used to
identify units in a deep brainstem structure, the rostral ventromedial medulla (RVM). However,
manual curation of the output was essential for all sorters. Importantly, all sorters identified the
known, physiologically defined RVM cell classes, confirming their utility for deep brainstem
recordings. Our findings provide suggestions for processing parameters to use for brainstem
recordings and highlight considerations when using high-density silicon probes in the brainstem.
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4.3. INTRODUCTION

“Spike-sorting” refers to the process of assigning extracellularly recorded action potential
waveforms, or “spikes” to distinct individual neurons. Historically, extracellular recordings have
been performed using a single electrode, recording a small number of neurons, followed by
semi-automated sorting based on template matching and waveform features (shape, amplitude,
or width) and extensive manual curation on an individual spike basis [272, 273]. However, the
advent of multichannel recording technologies has increased data output by several orders of
magnitude, making this method of sorting increasingly infeasible [273, 274]. More fully
automated spike-sorting approaches have consequently been introduced, with the goal of
reducing the time, effort, and human subjectivity associated with earlier sorting techniques
[275]. Newer sorters employ a combination of template matching, density-based approaches,
and clustering, with manual curation verifying the resulting clusters [275-277].

The most accurate and efficient approach for sorting a given dataset likely depends on
the morphological and physiological properties of the brain region of interest. For example,
recordings from brain regions with densely-packed cells with high firing rates suffer from
overlapping spikes that can be assigned incorrectly during unit identification [278]. Sorters that
rely on density-based approaches have been shown to fail at resolving overlapping spikes at a
higher rate than those using template-matching [279, 280]. Conversely, low firing rates can
impact the performance of template-based sorters, which rely on an average waveform shape to
distinguish units [281, 282]. Therefore, the specific neuron populations in a region and
corresponding firing rate distributions must be considered when choosing a spike-sorting
package.

While the performance of a number of automated sorters has been evaluated and
compared in recordings from the cortex, hippocampus, dentate gyrus, and thalamus [283, 284],
the defined morphological cell types and layered structure in these regions gives neurons
distinct electrical properties that result in distinguishable waveforms [285]. In contrast, brainstem
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regions, which have only recently begun to be explored at the high-density network level, have
received less attention, partly due to technological challenges. Multielectrode arrays are too
large to be inserted into deep brainstem structures without serious injury, and high-density
silicon probes long enough to reach deep structures have only recently become commercially
available (e.g. [286, 287]). To date, few multichannel recordings have been reported from this
region [e.g., 288, 289-292]. It is therefore important to systemically assess the performance of
different automated sorters in the brainstem to help identify the most effective strategies for
sorting.

Given that there are differences in neuronal size, density, and firing patterns across
different brain regions [293], and that these might impact sorter performance, the present study
compared the performance of different sorters applied to recordings from a deep brainstem
region, the rostral ventromedial medulla (RVM). The RVM is a ventral brainstem region,
encompassing the ventromedial aspects of gigantocellular and magnocellular reticular formation
and medullary raphe, that has been well characterized using single-electrode approaches [242,
263, 294, 295]. The different cell classes lack distinct morphology [296], but are defined by firing
changes associated with noxious-evoked withdrawal behaviors: “ON”-cells exhibit a burst of
activity and “OFF”-cells a pause in activity associated with behavioral withdrawal from the
stimulus [297]. The third class of cells, “NEUTRAL”-cells, do not exhibit any change in activity in
response to noxious stimuli. Over the last 30 years, RVM spike waveforms have been sorted
using software template matching, cluster analysis, and manual verification on an individual
spike-to-spike basis [61, 298], a time- and labor-intensive approach that would be impossible in
multi-channel recordings.

Here we took advantage the novel application of silicon-probe technology in RVM and
the well-defined firing patterns to assess performance of these different sorters. We used
Spikelnterface, a Python toolkit that integrates multiple sorters [283], to compare performance of
five different sorters, with and without manual curation.
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4.4. METHODS

All animal procedures were performed in accordance with Oregon Health & Science
University’s animal care committee’s regulations and followed the guidelines of the National
Institutes of Health and the Committee for Research and Ethical Issues of the International
Association for the Study of Pain. Male and female Sprague Dawley rats were housed in a 12-
hour light-dark cycle environment with free access to water and food for at least one week prior
to experiments.

4.4.1. Electrophysiological recordings

Rats were briefly anesthetized (4-5% isoflurane) for external jugular vein catheter
implantation. Animals were then transferred to a stereotactic frame and anesthetic plane was
maintained with continuous methohexital infusion. A small craniotomy was made to gain access
to the RVM and dura was removed. Following preparatory surgery, the anesthetic plane was set
to maintain a stable heat-evoked paw withdrawal threshold. Heart rate and body temperature
were monitored and maintained throughout the experiment. Testing was performed in low
ambient light conditions (< 5 lux).

A 64-channel, high-density silicon probe was used to record RVM neuronal activity
(Cambridge Neurotech M1, Cambridge, UK). Prior to placement, the probe was painted with Dil
to identify probe location (Sigma-Aldrich: Cat. #42364). The probe was lowered at a rate of 1.25
micron/s using a hydraulic microdrive (David Kopf Instruments, Tujunga, CA) until the entire
length (632 uym) of the contact distribution was within the RVM.

Probes were paired with a RHD 64-channel recording headstage (Intan Technologies,
Los Angeles, CA) using an adaptor (ADPT A64-Om32x2, Cambridge Neurotech), and
connected to both the Intan Recording Systems (RHD 1024-channel) and, in parallel, to a CED
Spike2 (Cambridge Electronic Design, Cambridge, UK) data acquisition system. Signals were

band-pass filtered (500 Hz to 15 kHz), sampled at 30 kHz, and stored for offline analysis.
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A 25-min recording from each of six animals was used in this study. Noxious stimulation
was delivered at 5-min intervals: three heat stimulations followed by a hindpaw pinch with
toothed forceps. Noxious heat stimuli were applied to the plantar surface of the hindpaw using a
custom-built Peltier device. The surface temperature was increased at a rate of 1.5 °C/s from 35
°C to a maximum of 53 °C. Withdrawal was determined from hamstring rectified and smoothed
(0.05 s) electromyographic (EMG). EKG and core temperature were also collected.

4.4.2. Histology

At the conclusion of the experiment, rats were deeply anesthetized using methohexital
before being perfused intracardially with 0.9% saline followed by 4% formalin. Brains were
extracted and fixed in a 4% formalin solution for 24 hours, then stored in 30% sucrose. Brains
were sectioned (60 ym), and probe placement confirmed by location of Dil tracks using a
fluorescence microscope (BZ-X710, Keyence Corporation of America, Itasca, IL) and plotted
according to the Paxinos & Watson rat brain atlas [299]. Only recordings in which the entire
length of the contacts (632 um) were in the RVM were used.

4.4.3. Spike sorters

We compared the performance of five established sorters on the RVM recordings:
MountainSort5 (MS5) [300], IronClust (IC) [301], Kilosort3 (KS3) [302], Tridesclous (TDC) [303],
and SpyKING CIRCUS (SC) [304]. KS3 assigns units as “good” or “mua” (multi-unit activity),
and only the units labeled “good” were considered in further analyses. MS5 and IC employ a
clustering algorithm, KS3 and TDC template matching, and SC a combination of clustering and
template matching. Each of these sorters has been validated against “ground-truth” datasets
[283, 284]. Outputs from each sorter were loaded into Spikelnterface for post-processing and
comparison.

4.4.4. Post-processing of sorter output and comparison

The raw output of each sorter (1241 units) was post-processed (Spikelnterface

postprocessing module) to eliminate units unlikely to correspond to a valid neuronal signal
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based on low signal-to-noise ratio (< 4.0), a high (> 0.5) interspike interval violations ratio [305],
or few spikes (< 500). This resulted in a reduction in the of total number of unique units found by
the five sorters to 671 that were used for all analyses. The post-processed output of each sorter
was also manually curated in Phy [306]. Sorted units were accepted, rejected, and split or
merged to form new units [283, 306]. Units were rejected if they were not present throughout the
recording (e.g. drifted in or out during the recording), if they had contamination (e.g. two units
colliding), or if they were a duplicate (e.g. units recorded from the same contacts with similar
waveforms and a zero-lag cross-correlogram peak). For duplicates, only the unit with the
greater number of spikes was accepted for further analysis. The curated output was then
reloaded into Spikelnterface for analysis of the impact of curation.

Spike trains were compared using the SpikeComparison package of Spikelnterface. A
50% spike train match was used to extract matched units (Buccino et al., 2020). Sorter
performance was compared using a Chi-square test, t-test, or ANOVA with Holm-Sidak post-
hoc tests in GraphPad Prism.
Table 1. Statistical analysis results for effect of sorter and manual curation on number of units

for brainstem recordings.

Comparison Type of test Effect of sorter p-value n
o I One-way _
Number of units identified: ANOVA Fs25 =14.2 p < 0.0001 30
Percentage of consensus One-way _
units: ANOVA Fao5 =421 p < 0.0001 30
: o One-way _
Percentage of unique units: ANOVA Fa25 =31.9 p < 0.0001 30
Effect of curation on output One-way _
from different sorters: ANOVA Fazs =101 p < 0.0001 30
Number of UNCLASSIABLE
units eliminated during t-test to = 5.8 p <0.0001 30
curation
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Number of cells eliminated
during curation or suviving, Chi-squared v%1) = 200.2 p <0.0001 671
two or more sorters vs. single
sorter:
Interaction of curation with Two-way _ _
classifiability: ANOVA Fado=0.90 p=047 60

4.4.5. RVM neuron functional classification

Units were classified as ON-, OFF-, or NEUTRAL-like based on change in firing rate in
the 5-s interval immediately before and after onset of noxious-evoked withdrawal [242]. A unit
was classified as OFF-like if it exhibited an average percent decrease in firing rate greater than
40%, and ON-like if it showed an average firing rate increase greater than 100%. For units
without ongoing activity, those exhibiting an increase of at least 5 spikes in the 5 s after EMG
onset were also classified as ON-cells. NEUTRAL-like units had a minimum of 0.1 spikes/s and
displayed no average change in firing rate greater than 50% overall, and no single trial with a
decrease greater than 40% or increase greater than 100%. Units that did not match these
criteria and inconsistently responded across trials were considered UNCLASSIFIABLE units.
4.5. RESULTS
4.5.1. Comparison of five sorters

To assess the agreement between the outputs of the five tested sorters, we compared
performance on six RVM recordings, from 3 male and 3 female rats. An example of units
identified on 18 probe channels before and after delivery of noxious pinch to the hindpaw is
shown in Figure 22A. Units had discriminable waveforms (Figure 22A, inserts) and the recording
location in RVM was confirmed (Figure 22B). Of 117 units identified by at least one sorter in this
recording, different sorters identified different numbers of units. SC identified the greatest
number of units (70) and TDC the fewest (24). MS5, KS3, and IC identified intermediate
numbers of units, with 47, 45, and 38 respectively (Figure 22C). There was also substantial

variation in the degree of agreement across sorters. Of 117 total units detected by at least one
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Figure 22. Performance of different automated sorters in brainstem recording.

(A) Example recording. 3-s sample of spiking activity seen on 18 channels. Two example
waveforms in insets. (B) Location of the probe. The probe was confirmed to be in RVM (632 pym,
probe tip was coated with Dil (red) for visualization). py: pyramid, VII: facial nucleus. (C)
Number of units identified by each individual sorter and across all five sorters for the example
recording. Of 117 units identified by at least one sorter, 15 were agreed upon by all five,
whereas 80 were found by only a single sorter. Number of sorters that agreed upon a given unit
ranged from all five (red, x = 5), to only a single sorter (yellow, x = 1). Pie charts are scaled to
the total number of units identified by each sorter. (D) Mean (x SD) number of units identified by
each sorter across all 6 recordings. (E) Number of units identified by each individual sorter and
across all five sorters summed over the six recordings. Of 671 units identified by at least one
sorter, 69 were agreed upon by all five (red), whereas 487 were found by only a single sorter
(yellow).
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sorter in this recording, 15 were identified by all five, 13% of the total (Figure 22C, red).
However, these consensus units represented different proportions of the number identified by
the different sorters. That is, these 15 represented almost 63% of the total identified by TDC,
39% of those found by IC, about a third of those identified by MS5 and KS3, and only 21% of
those found by SC. However, another 22 units were agreed upon by two to four sorters (19% of
total cells identified, Figure 22C, orange). Conversely, each sorter also identified unique units
only found by that sorter (Figure 22C, yellow). TDC, which identified the fewest units overall,
also identified the fewest unique units (2). IC and KS3 yielded a similar number of units not
found by other sorters (7 and 11, respectively), and MS5 identified 21 unique units. SC identified
39 units that were not found by any other sorter, consistent with the large number of units
identified by this sorter relative to the others. Of the 117 units identified, 80 (68%) were reported
by only a single sorter, and almost half of those 80 were reported by SC.

Comparison of sorter outputs across all six recordings showed that these trends seen in
the example recording were consistent (Figure 22D). SC reported significantly more units than
any of the other four sorters, whereas TDC identified fewer than any of the other sorters except
IC (Fs25 =14.2, p < 0.0001, n = 30). MS, KS, and IC identified intermediate numbers of units.

Of the 671 total units across all recordings that were detected by at least one sorter, 69
(10%) were agreed upon by all five sorters (Figure 22E, red, 9 to 15 units per recording). As
with the example recording, these consensus units represented different proportions of the
number identified by the different sorters. That is, these 69 represented over half of the total
identified by TDC (57%), 36.4% of those found by IC and, 26% of identified by MS5 and 28.6%
of those found by KS3, but only 20% of those found by SC. The percentage of all units identified
by TDC that were consensus units was significantly greater than that for any of the other
sorters, while the percentage that were consensus units was significantly less for SC than for
any of the other sorters (Fs25 = 42.1, p < 0.0001, n = 30, Holm-Sidak post-hoc test). Another
115 (17%) were agreed upon by two to four sorters (Figure 1E, orange). By contrast, 487 (73%)
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were identified by only one sorter (Figure 1E, yellow). The percentage of unique units was
different for the five sorters, and paralleled the total number of units identified (Fs25 = 31.9,

p <0.0001, n = 30, Holm-Sidak post-hoc test). That is, over half of the units identified by SC
were found only by SC, whereas only about 10% of the units identified by TDC were unique to
TDC.

4.5.2. Effect of manual curation

A stated goal of most automated sorters is to reduce the need for manual curation.
Therefore, the automated output was compared to curated output to determine which sorter
likely yielded the greatest number of true units. During curation, a unit was accepted or rejected
based on whether it was present throughout the recording, whether it was contaminated by a
second waveform, or whether it was a duplicate unit. An example of a duplicate unit identified
during curation is shown in Figure 23A. Units 21 and 22 in this example recording demonstrated
similar waveform shapes and a zero-lag peak on the cross-correlogram. Unit 21 had fewer
spikes and was consequently rejected as a duplicate of Unit 22.

Of the 671 units identified in the automated output from the five sorters, 248 (37%)
survived curation. Comparison of the effect of curation on the output from the different sorters
showed substantial variability (Figure 23B, F425 = 10.1, p < 0.0001, n = 30). Thus, while TDC
initially reported the smallest number of units, almost 72% of these were accepted during
curation. By contrast, less than half of the units identified by MS5 and SC were accepted as
valid units during curation. Considering only the 69 units originally agreed upon by all five
sorters in the automated output, 52 (75%) survived curation (Figure 23C, Overall Curated, red).
Of 184 units identified by at least two sorters, 136 survived curation (74%). By comparison, of
the 487 unique units reported in the automated output, only 108 (22%) survived curation (Figure

23C, Overall Curated, yellow). Thus, units uniquely identified by a single sorter are less likely to

survive curation that those identified by two or more sorters (y(1) = 200.2, p < 0.0001). SC and
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Figure 23. Effect of curation and interaction with physiological classification.

(A) Example of curation of duplicate units. Unit 21 and 22 are identified as duplicates based not
only on the overlapping waveform shape but on zero-lag peak in the cross-correlogram (top
row, middle). Autocorrelograms (top row, left and right) show expected absence of coincident
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spikes. (B) Percentage of units (mean £ SD) identified by each sorter that survived curation.

(C) Number of units identified by each individual sorter and across all five sorters that survived
curation. Number of units agreed upon by all five sorters (red), by 4, 3, or 2 sorters (orange), or
unique to a single sorter (yellow). (D) Example of classification of individual neurons as
UNCLASSIFIED, NEUTRAL-, OFF- and ON-like. Rasterplot shows activity for 25 units identified
in the curated output of KS3 during the 10 seconds before and after noxious evoked withdrawal
(Flick, red line). (E) All sorters were able to identify neurons in the three classically defined RVM
classes. UNCLASSIFIED units were disproportionately eliminated during curation. MS5 and SC
identified the greatest number of UNCLASSIFIABLE units.

KS3 identified the greatest total number of units that remained after curation, with 159 and 153,
respectively (Figure 23C). IC and MS5 identified a similar number of units after curation, 123
and 115, respectively, and TDC identified 88 total units after curation (Figure 23C).
4.5.3. All five sorters identify physiologically classifiable units

We next determined the ability of each sorter to identify RVM units that could be classified
as ON-, OFF-, or NEUTRAL-like units. Units that exhibited changes in activity associated with
noxious-evoked withdrawal can be seen in the example trials shown in raster plots (Figure 23D)
before and after curation. All sorters identified both UNCLASSIFIED and classifiable RVM units
(Figure 23E). Between 54% and 70% of the cells identified in the automated output were
classifiable, and assigned to the ON-, OFF-, OR NEUTRAL-like classes. In the curated output,
between 75% and 80% of the cells were classifiable. There was no difference amongst sorters
in the percentage of classifiable units identified in the automated or curated output (two-way
ANOVA, p > 0.05).

Although all sorters identified classifiable units, curation differentially eliminated
UNCLASSIFIABLE units. As shown in Figure 2E, the numbers of both classifiable and
unclassifiable units were reduced by curation. SC identified the greatest number of classifiable
RVM units, with 202 total ON-, OFF-, and NEUTRAL-like units. However, curation reduced this
number by almost half, to 106. The number of UNCLASSIFIABLE units was reduced by about
66%, from 157 units to 53. KS3 identified the next highest number of classifiable units with a

total of 159 ON-, OFF-, NEUTRAL-like units in the automated output. Curation reduced this
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number by 30%, resulting in a total number of 112 units, 6 more units than SC. The number of
UNCLASSIFIABLE units was reduced by about 55%, from 91 to 41. IC and MS5 reported
similar numbers of classifiable units, 134 and 140 units, respectively. However, MS5 identified a
much greater number of UNCLASSIFIABLE units, with 126 compared to the 57
UNCLASSIFIABLE units found by IC. After curation, the number of MS5 classifiable units was
reduced by about 41% and UNCLASSIFIABLE units by around 75%, while for IC, curation
resulted in a reduction of about 26% for classifiable units and 58% for UNCLASSIFIABLE units.
TDC was the least impacted by curation compared to the other sorters, although it identified
only 84 classifiable units prior to curation. This was reduced to 67 units after curation. The
number of UNCLASSIFIABLE units was reduced by about 48%, from 40 to 21 units.

On average across sorters, there was about a 64% reduction in UNCLASSIFIABLE units
but only about a 35% reduction in classifiable units following curation. Thus, across all sorters
and all six recordings, curation substantially reduced the number of UNCLASSIFIABLE units,
with a much smaller impact on classifiable units (f = 5.8, p < 0.0001, n = 30). In sum, all five
sorters successfully identified RVM units that exhibit changes in firing that have been defined
using single-electrode approaches.

4.6. DISCUSSION

The advent of high-density, multi-channel recording technologies has enabled the study
of network level activity across brain regions. However, these advances also bring challenges
for traditional spike-sorting approaches, as the increased data volume and signal complexity
require new spike-sorting methods to most accurately identify individual units. The performance
of different open-source sorters has been systematically evaluated and compared in recordings
from cortex, hippocampus, dentate gyrus, and thalamus [283, 284]. However, the relative
performance of various sorters may differ in other brain regions, given that performance can be
influenced by both firing patterns and the anatomical properties of the target brain region,
including cell morphology, density, and arrangement of neurons [279, 281, 282, 293]. Therefore,
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the current study addressed this knowledge gap by evaluating the performance of five open-
source sorters in recordings from the rostral ventromedial medulla (RVM), a pain-modulating
brainstem structure with well-characterized physiological cell classes and multiple decades of
single-unit definition. Using the Spikelnterface framework, Kilosort3 (KS3), MountainSort5
(MS5), Tridesclous (TDC), IronClust (IC), and SpyKING CIRCUS (SC) were each applied to
RVM recordings. Although prior studies have applied both KS3 and SC to brainstem recordings
[288-292], the current study took advantage of the well-characterized physiology of RVM
neurons and used the Spikelnterface framework to compare the performance of five different
sorters, MS5, IC, KS3, SC, and TDC, in brainstem recordings.

4.6.1. Agreement among output of different sorters applied to RVM recordings

Sorters varied widely in the total number of units identified. SC, which uses a combination of
clustering and template matching [304], identified the most units, whereas TDC, which relies
mostly on template matching with minimal clustering [303], consistently identified the smallest
number of units. IC and MS5, which employ a clustering approach [300, 301], and KS3, which
uses template learning [302], yielded similar numbers of units.

The five sorters also identified variable numbers of unique units — units not identified by any
other sorter. SC not only identified the largest number of units, it also identified the largest
number of unique units. Although IC, KS3, and MS5 yielded similar numbers of units overall,
MS5 found more uniqgue units.

Performance of sorters might be influenced by anatomical and physiological differences that
contribute to either too few spikes to resolve a unit, which impacts template-based sorters, or
overlapping spikes, which impacts density-based clustering sorters. The medial reticular core
differs significantly from cortical and hippocampal regions in terms of cellular organization.
Unlike the layered cortical and hippocampal structures with distinct morphological cell types
creating varied electrical properties that result in relatively distinguishable waveforms [285], the
RVM is marked by medium to large multipolar neurons compressed in the rostro-caudal plane,
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giving a “stacked poker chip” organization [307, 308]. Additionally, the RVM functional classes
do not have distinct morphological features that would contribute to characteristic extracellular
action potential waveforms [296]. Nonetheless, the variation in the total number of units,
agreement amongst sorters, and number of unique units found by each sorter is not inconsistent
with a previous analysis of sorters applied to a single recording spanning cortex, hippocampus,
dentate gyrus, and thalamus [283]. Based on both manual curation of their sample recording
and on analysis of a simulated dataset, for which ground-truth was available, these authors
argued that units agreed upon by more than one sorter are likely real, whereas unique units are
more likely false positives. In the present study, about 27% of all units identified in the
automated output from the five sorters were detected by at least two of the sorters, and units
agreed upon by at least two sorters were more likely to survive manual curation, suggesting
these units likely correspond to real units.

One false-positive that was observed across sorters was the identification of duplicate units.
Duplicate units arise when a spike is assigned to multiple clusters, due to slight shifts in
waveform shape [309]. This is problematic in densely packed regions like the brainstem, where
spikes from neighboring neurons or from different parts of the same neuron (e.g. somata,
dendrites) overlap frequently. The presence of duplicates in all sorter outputs highlights the
necessity of careful manual curation to prevent duplicate units from artificially inflating unit
counts and distorting interpretations of firing dynamics.

An additional factor that could influence the sortability of recordings from different brain
regions is probe geometry, as contact spacing and layout influence the ability to resolve distinct
units. Indeed, while the goal of the present study was to compare performance of different
sorters applied to recordings from a brainstem site with well-characterized physiological
properties, it could be useful to assess performance of these same sorters on recordings with

this probe in different brain regions to determine whether and how probe geometry interacts with
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the sorter. This could also help determine whether certain probes geometries are more effective
in deep brain structures and guide future development of recording technologies.
4.6.2. All sorters identified classifiable RVM units

The mutually exclusive and exhaustive OFF/ON/NEUTRAL-cell framework for classification
of RVM neurons is based on noxious event-related changes in firing, with OFF-cells exhibiting a
pause in firing and ON-cells a burst associated with nocifensive withdrawal. NEUTRAL-cells are
defined by exclusion, failing to show either a pause or a burst associated with nocifensive
behaviors [242, 263]. Units corresponding to each of these three classes were identified by all
sorters, and present in both the automated and curated output of each sorter.

Given the robust classification of RVM neurons in single-electrode recordings, and despite
identification of OFF-, ON-, and NEUTRAL-like units in our multichannel recordings, it may be
surprising that we also identified units that could not be classified. Units were considered
UNCLASSIFIABLE either because they lacked sufficient activity to characterize possible
responses or because apparent responses were inconsistent. The presence of
UNCLASSIFIABLE units thus likely reflects the difficulty of fully characterizing each individual
unit in a multi-channel recording. The single-electrode approach allows an investigator to
optimize stimulus delivery so that changes in firing will be visible. That is, a “pause” in firing can
only be seen during periods when the unit to be classified is spontaneously active, whereas a
“burst” would be most evident only when the unit is not spontaneously active. The single-
electrode approach allows full characterization of an individual unit, but is not feasible with a
multi-channel recording, in which spontaneous firing can vary across different channels at
different times. We therefore used a relatively insensitive measure, average change in firing
rate, to classify an individual unit as OFF-, ON-, or NEUTRAL-like. With that approach, an OFF-
cell with low ongoing activity or an ON-cell with high ongoing activity would have at best
inconsistent changes in firing rate, causing it to be categorized as UNCLASSIFIABLE here.
More sustained noxious stimulation or pharmacological interventions, such as morphine, which
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reliably activates OFF-cells and suppresses firing of ON-cells [40, 61], may be necessary to fully
and accurately classify RVM neurons in high-density recordings.

Interestingly, the number of UNCLASSIFIABLE units was preferentially reduced by curation:
overall, by about two-third. By contrast, the number of classified (OFF/ON/NEUTRAL-like) units
was reduced by only about a third. This suggests that UNCLASSIFIABLE units more frequently
represented false-positives, whereas “real” units more commonly exhibit firing patterns
consistent with what has been reported with single-electrode approaches. The slight reduction
in classifiable units during curation was not a limitation. Indeed, one false-positive that was
observed in both classifiable and UNCLASSIFIABLE groups and across sorters was duplication,
which could lead to incorrect conclusions about population coding and dynamics in this region.
Duplicate units arise when a spike is assigned to multiple clusters, presumably due to slight
shifts in waveform shape. If not ruled out in curation, duplicate units would artificially inflate the
total unit count and distort interpretations of firing dynamics.

4.6.3. MS5, IC, KS3, SC, and TDC can all be used to sort high-density RVM recordings

In the present study, MS5 required the most amount of curation, with 57% reduction in
classified units, and about 75% of UNCLASSIFIABLE units eliminated during curation. SC
required a similar level of curation, with more than half of all units eliminated during curation. IC,
KS3, and TDC required less curation. Aimost three-quarters of units identified by TDC survived
curation, and this sorter also identified the smallest number of UNCLASSIFIABLE units.
However, it also consistently identified the smallest number of units compared to the other
sorters. IC identified the second-smallest number of UNCLASSIFIABLE units and curation
resulted in a relatively small decrease in the number of classifiable units. For KS3, over a third
of units were eliminated during curation. However, this sorter identified the greatest number of
classifiable units that survived curation. KS3 and IC thus produced the greatest number of

classifiable RVM units with less intense curation.
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4.6.4. Conclusions

Any method for assessing activity of a neuronal population necessarily samples a subset of
that population. Extracellular recording reveals only neurons that are active or for which there is
a search stimulus, and with action potentials that can be resolved with a particular electrode
technology. This depends both on the properties of the electrode and of the cell population
under study including packing density, morphology of individual cells, and their arrangement
[310, 311]. Choice of sorter is thus one of many factors that will influence which cells are “seen”
using a given experimental protocol. Parallel limitations apply in use of calcium imaging, where
expression of the indicator, optical constraints, thresholding, and selection based on activity
define the subset of the relevant population that is sampled [312]. Thus, although different
sorters tested here revealed different subsets of the RVM population, any of the sorters in this
study could reasonably be used to sort high-density brainstem recordings, albeit with varying
degrees of curation efforts.

The present study highlights some considerations that will be important in any application of
multi-channel recording technologies. Investigators should explicitly report how units were
accepted for further study. Further, analyses of both ongoing and evoked firing patterns will be
more accurate if the experimental protocol is informed by “ground truth” understanding of the
neurophysiological properties of system under study. However, focusing on those units thought
to be relevant to the research question should be balanced by consideration of units that might
exhibit potentially interesting, but new, firing patterns. Finally, consensus amongst sorters
appears to improve confidence in results in brainstem recordings, as shown previously in

forebrain [283].
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DISCUSSION
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5.1. KEY FINDINGS

e Systemic morphine administration in female animals at an analgesic dose comparable in
male animals influences RVM cell activity. Similar to males, ON-cell activity decreases,
OFF-cell activity increases, and NEUTRAL-cells remain unchanged (Fig. 12).
Nociception-related responses in ON- and OFF-cells are attenuated (Fig. 13).

¢ Vi/Vc relays nociceptive information from the ipsilateral side of the face to RVM via direct
and indirect projections. This information contributes to the noxious-related evoked
responses of ON- and OFF-cells in both male and female animals (Fig. 16).

e The direct Vi/Vc pathway is spatially segregated. Activation of terminals arising from
ventral Vi/Vc influences RVM cell activity while activation of terminals arising from dorsal
Vi/Vc does not. In response to activation of terminals arising from ventral Vi/Vc, ON-cell
activity is significantly increased, OFF-cell activity is significantly decreased, and
NEUTRAL-cells remain unchanged in both male and female animals (Fig. 17). Inhibition
of the OFF-cell is likely mediated through a direct ascending GABAergic projection (Fig.
19). Inhibition of the direct input attenuates the noxious-related response of ON- and
OFF-cells (Fig. 18).

e The PB receives input from Vi/Vc, resulting in either an increase or decrease in activity
(Fig. 20). The indirect pathway through PB also influences RVM cell activity, similar to
activation of the direct ventral Vi/Vc pathway, mimicking RVM cell responses to noxious
stimulation of the face (Fig. 20). Activation of dorsal Vi/Vc cell bodies revealed a similar
influence, suggesting dorsal Vi/Vc cells relay information to RVM indirectly via PB (Fig.
16).

¢ Activation of the two pathways result in different RVM response profiles, with prolonged
activation of ON-cells and prolonged inhibition of OFF-cells in response to indirect

recruitment. Activation of the direct pathway is time-locked to the stimulus duration,
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suggesting the indirect and direct pathway from Vi/Vc to RVM may serve different
functional roles in the response to acute noxious pain (Fig. 21).

Outputs of different spike-sorters were not identical, as seen in other brain regions (Fig.
22).

High-density silicon probes can be used to record from multiple ON-, OFF-, and
NEUTRAL-cells in a single recording and location in RVM, increasing data output
significantly and supporting the use of high-density silicon probes to record from deep
brainstem structures (Fig. 23).

Multiple spike sorters can be used in high-density silicon probe recordings of the rat
brainstem, with varying degrees of curation efforts. Manual curation was critical to
reducing the number of false positives, and reduced the total number of units that could

not be assigned to classically defined categories (Fig. 23).
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5.2. OVERVIEW

The RVM exerts bidirectional control of nociceptive transmission via projections to the
spinal and trigeminal dorsal horns. This is accomplished via two physiologically defined cell
classes: pain-facilitating “ON-cells” and pain-inhibiting “OFF-cells.” These cells are defined
based on changes in their activity during nociceptive withdrawal. ON-cells have a “burst” of
firing, while OFF-cells “pause” any ongoing activity. These cells are also defined by their
response to endogenous opioids. ON-cells decrease in firing via post-synaptic u-opioid
receptors and exhibit a decrease in the total amount of spikes fired, while OFF-cells increase in
firing and exhibit a reduction in the pause duration via disinhibition of inhibitory presynaptic
input. While the opioid response of RVM neurons has been well-characterized in male animals,
there is very little known about the behavior of these cells in female animals in response to
morphine. Differences in pharmacological responses between the sexes has been observed in
both human and rat studies, therefore, one goal of this dissertation was to determine whether
the opioid response of RVM neurons are similar in males and females. Additionally, the direct
pathways through which nociceptive signals reach the RVM to produce the characteristic “burst”
and “pause” has not been identified, leaving a gap in our knowledge of how peripheral inputs
engage descending pain-modulating systems. The second goal of this dissertation was to test
the hypothesis that the trigeminal transition zone, Vi/Vc, relays nociceptive information to RVM.
Lastly, RVM recordings have relied on single-electrode recording techniques that result in low
data yield, biased search approaches, and the inability to capture RVM population activity. The
final goal of this dissertation was to establish the high-density silicon probe technology in the
RVM for future interrogation of RVM population dynamics.

The experiments in this dissertation demonstrate that RVM neurons in female animals
respond to systemic morphine administration in the same direction as in male animals at doses
that produce analgesia. This indicates that RVM neurons can be identified similarly in males and
females, and that under normal conditions, opioid-manipulated output of the RVM functions
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similarly between the sexes. Secondly, Vi/Vc was demonstrated to be a major relay of direct
ascending nociceptive input to RVM ON- and OFF-cells. Optogenetic experiments revealed that
Vi/Vc can access RVM directly, likely through ventral Vi/Vc neurons, and indirectly through PB,
a maijor relay of ascending nociceptive information previously shown to indirectly relay dorsal
horn nociceptive information to RVM. Dorsal Vi/Vc neurons were unable to access RVM directly,
but cell-body stimulation experiments revealed this population could still influence RVM
indirectly, again likely through PB. Tract tracing experiments strongly suggest that the OFF-cell
pause is mediated by direct ascending GABAergic projections from ventral Vi/Vc. These
findings demonstrate a functional link between an ascending nociceptive transmission relay
(Vi/Vc) and the primary output node (RVM) of a descending pain-modulating circuit. Lastly, high-
density silicon probe technology was successfully used to record from RVM functional cell
classes. Multiple spike-sorters were compared and required varying degrees of curation efforts.
However, while all sorters can be used successfully in RVM, curation efforts are still necessary
to reduce the number of false positive units.
5.3. RVM NEURONS IN FEMALE ANIMALS RESPOND TO MORPHINE

Sexual dimorphisms in pain circuitry and opioid metabolism have been reported in both
humans and rats. In Chapter 2, | demonstrated that when morphine was given systemically in
female rats at a dose within the range reported to produce analgesia in male rats, OFF-cells
shifted to an active state, with a reduction in the OFF-cell pause, while ON-cells shifted to an
inactive state, with a reduction in the evoked response. This indicates that under normal
conditions, the basal functioning of RVM in both males and females is comparable, with no
differences in the response direction to systemic morphine administration in the two
physiologically defined cell classes. Furthermore, this indicates that RVM neurons can be
classified similarly in both males and females, and supports future brainstem pain-modulating

studies using both male and female animals.
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While the functional output of RVM after morphine was comparabile, it is plausible that
under chronic pain conditions, morphine administration would reveal sex differences. Changes
to the modulating circuit would then influence morphine output and potentially reveal sex
differences. Future studies should investigate the effects of morphine on RVM ON- and OFF-
cell activity in persistent inflammatory states in both males and females.

5.4. VI/VC INPUT TO RVM
5.4.1 Direct Vi/Vc input to RVM (Chapter 3)

RVM neurons are identified and defined by their nocifensive reflex-related change in
activity. ON-cells are activated, exhibiting a “burst” in activity, while OFF-cells exhibit a “pause”
in ongoing firing. RVM neurons are part of a reciprocal circuit, to allow ongoing and new
nociceptive information to travel into the pain-transmission and pain-modulating system.
Therefore, nociceptive inputs to RVM exert a major influence on the activity of ON- and OFF-
cells, in turn changing how the pain-modulating circuit responds to new incoming pain.
However, sensory inputs to RVM are only now being defined. Previously, the lab revealed that
the parabrachial complex can indirectly relay nociceptive information from the spinal dorsal horn
to RVM through its direct projections to RVM [247, 248]. However, direct inputs from the spinal
and trigeminal dorsal horn have only been anatomically confirmed, and the functional
significance of these direct inputs on RVM cell activity have not been investigated. In this
dissertation, | investigated the trigeminal transition zone, Vi/Vc, and showed it to be a major
relay of direct nociceptive input to RVM pain-modulating neurons, with a parallel indirect route
through PB.

In Chapter 3, | demonstrated that Vi/Vc is a primary relay of direct nociceptive
information to RVM ON- and OFF-cells under basal conditions. Studies using
immunohistochemistry and retrograde tracing indicate Vi/Vc contains nociceptive neurons in the
ventral region that respond to inflammation of the face, and that these neurons send direct
projections to RVM. However, given that RVM contains multiple cell classes, involved in more
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than just pain-modulation (i.e. NEUTRAL-cells, respiration, heart-rate, etc.), it was unknown
what functional role this input had on RVM neuron activity. Using optogenetic methods, |
demonstrated that the direct projection from ventral Vi/Vc neurons can influence ON- and OFF-
cells. ON-cells significantly increased in firing or were activated, while OFF-cells significantly
decreased in firing or were inhibited in both male and female animals. NEUTRAL-cells, which
do not have any known role in pain-modulation, remained unchanged. This indicated the input
from ventral Vi/Vc specifically transmits nociceptive information to RVM, since only the activity
of pain-modulating cells in RVM were impacted.

These studies also confirmed the previous anatomical tracing experiments. Few neurons
were found in dorsal Vi/Vc that projected to RVM directly and were activated by inflammation of
the face. Similarly, in animals with ChR2 expression restricted to dorsal Vi/Vc, activation of
terminals in these animals did not significantly change RVM pain-modulating activity, while
activation of dorsal Vi/Vc cell bodies did. This indicates Vi/Vc nociceptive projections to RVM
are spatially organized, and that multiple output pathways from Vi/\Vc exist to reach RVM.

ArchT-induced inhibition of terminals from ventral Vi/Vc did not change the ongoing firing
of ON- and OFF-cells, indicating Vi/Vc does not contribute to the ongoing “tone” of RVM ON-
and OFF-cell pain modulating output. However, inhibition of Vi/Vc terminals in RVM reduced the
nociceptive responses of RVM pain-modulating neurons: the OFF-cell “pause” and ON-cell
“burst” was attenuated. This response was moderately reduced, since other pathways, likely PB
which was previously demonstrated to relay nociceptive information to RVM, are still active
during optogenetic inhibition of the direct Vi/Vc terminals in RVM. These data indicate that the
Vi/Vc pathway is activated during acute nociceptive stimulation of the face, and only relays
nociceptive information when activated. Given that the projection from Vi/Vc to RVM is sparse,
this indicates that the density of the connection is not a measurement of its functional
importance and highlights the need to further investigate the functional contribution of these
projections.
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5.4.2. Indirect Vi/Vc input to RVM (Chapter 3)

Stimulation of dorsal Vi/Vc neurons influenced RVM cell activity, while stimulation of
direct terminals arising from these neurons did not. This pointed to a potential indirect relay of
nociceptive information to RVM. Previous tract tracing studies have revealed potential
nociceptive inputs from Vi/Vc neurons to PB, and previous studies from the lab demonstrated a
direct connection between PB and RVM. Therefore, | hypothesized that Vi/Vc could also access
RVM indirectly through PB.

In Chapter 3, it was demonstrated that Vi/Vc can access RVM indirectly via a pathway
through PB. First, PB neurons were shown to respond to stimulation of Vi/Vc cell bodies. ON-
and OFF-like behaving cells were previously reported to respond to noxious stimulation of the
face. These neurons were identified, and Vi/Vc cell body stimulation resulted in an increase or
decrease in the firing rate of PB neurons. Importantly, PB neuron activity remained unchanged
in response to stimulation of Vi/Vc terminals in RVM, indicating Vi/Vc cell bodies were not
recruited via antidromic activation. Stimulation of Vi/Vc terminals in PB while recording from
identified RVM neurons caused a significant increase in ON-cell firing and significant decrease
in OFF-cell firing, mimicking the direct circuit and RVM responses to noxious stimulation of the
face.

In previous studies, activation of PB terminals in RVM resulted in an increase in both
ON- and OFF-cell firing [247], rather than an increase ON-cell firing and decrease in OFF-cell
firing. However, activation of PB terminals in RVM did not necessarily specifically engage
nociceptive circuitry, recruiting all PB input to RVM, while manipulation of the Vi/Vc input in
these experiments specifically recruited nociceptive transmission pathways. Additionally, PB
was shown to release both GABA and glutamate in RVM, and inhibition of PB terminals in RVM
interfered with the GABA-mediated OFF-cell pause [247]. Therefore, the present findings are
not inconsistent since the previous experiment recruited all PB inputs to RVM, while the current
experiments specifically recruited nociceptive circuitry in PB.
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5.4.3. Differences in the direct and indirect circuits

The existence of two discrete nociceptive transmission pathways from Vi/Vc indicates
how the body is critically set up so that pain cannot be ignored. The two pathways may explain
why pain in the trigeminal distribution is often more debilitating both emotionally and physically
than body pain. In Chapter 3, it was found that activation of Vi/Vc terminals in PB and activation
of Vi/Vc cell bodies produced prolonged RVM responses compared with those observed with
activation of Vi/Vc terminals in RVM. More PB neurons respond to stimuli applied to the face
than the body [147], and PB links RVM to the affective dimension of pain. It is possible that
activation of PB neurons by Vi/Vc terminal stimulation recruited other inputs to RVM, such as
the amygdala or the PAG. Activation of the direct pathway may permit the immediate
nocifensive response, as the output shifts to an ON-cell dominated pro-nociceptive state only if
continuing sensory input is coming into the system.

Activation of Vi/Vc cell bodies also likely engaged multiple top-down brain regions that
modulate RVM responses, contributing to the prolonged response. Additionally, it is likely that a
greater population of cells within RVM were activated, and since RVM pain-modulating cells
synchronize with each other, this could have contributed to the prolonged activity. It is also likely
that the difference in response dynamic reflects different functional roles of the pain-
transmission pathways. However, they are not mutually exclusive and could be cooperating to
determine information about pain, such as intensity of the stimulation. Furthermore, RVM
projections back down to Vi/Vc further complicates the relationship. The studies in Chapter 3
highlight the intricate and complex relationship between pain-transmission and pain-modulating
pathways.

5.4.4. Contribution to the OFF-cell pause

The OFF-cell pause is known to be mediated by GABA and not through local RVM
interactions. lontophoretically applied GABAA receptor antagonist bicuculline methiodide during
in vivo single-unit recordings blocks the OFF-cell pause, with no consistent effect on the firing of
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ON- and NEUTRAL-cells [313]. Manipulations that affect the ON-cell firing rate, such as
microinjection of morphine in RVM which directly acts on the y-opioid receptor expressing ON-
cells, does not impact the firing rate or pause of OFF-cells [265]. Similarly, excitatory amino acid
neurotransmission is critical for producing the ON-cell burst, and broad-spectrum antagonism of
excitatory amino acid receptors with kynurenate decreases ON-cell firing and suppresses the
ON-cell burst, while OFF-cells continue to exhibit their reflex-related pause [217]. Lastly, paired
recordings of ON- and OFF-cells demonstrate that the ON-cell burst regularly follows the OFF-
cell pause, supporting the evidence that the ON-cell does not function as inhibitory interneurons
within RVM controlling OFF-cell activity [148].

In Chapter 3, | provided tract tracing evidence that ventral Vi/VVc neurons that project to
RVM directly are GAD65+. These cells may be contributing to the OFF-cell pause and are
directly relaying this information to OFF-cells. However, in vivo optogenetic methods cannot
conclude whether the suppression of the OFF-cell is due to local or direct action. Given the
previous evidence collected by the lab, however, it is likely the functional role of GAD65+
neurons is to control the OFF-cell pause in response to acute noxious stimulation. GAD65+
Vi/Vc neurons also projected to PB. However, the current studies cannot make conclusions
about the functional role of these neurons, as the direction of RVM cell responses remained the
same regardless of terminal stimulation location. For example, it is possible that GAD65+
projecting neurons are inhibiting GABAergic projections from PB to RVM given that PB neurons
were inhibited by Vi/Vc stimulation. This would then result in an increase in ON-cell firing. It is
also possible these neurons do not play a nociceptive role in the indirect circuit, and PB
interprets excitatory information before deciding to employ inhibitory or facilitatory output to
RVM neurons. Future studies using GAD-Cre rats or other molecular and genetic tools should

investigate the contribution of these neurons in the separate pathways.
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5.5. HIGH-DENSITY SILICON PROBE RECORDINGS

In Chapter 4, | established the use of high-density silicon probe technology in RVM.
Traditional RVM recordings have relied on single- or dual-electrode recordings to characterize
RVM functional cell classes. While this has led to a thorough definition of these cell classes, this
method yields 1-3 neurons at a time, and the animal can be stimulated at opportune times to
evoke the ON-cell burst or OFF-cell pause. Additionally, questions concerning population level
activity and interaction cannot be answered using a single-electrode. Therefore, the use of high-
density silicon probe could overcome these challenges, greatly increasing the number of cells
recorded from in one session and eliminating the biased search approach.

The primary goal of Chapter 4 was to identify RVM neurons using this new technology
and identify appropriate spike sorters, since high-channel count recordings cannot be sorted in
the same way as the traditional single-channel RVM recording. Using a Python package that
allowed me to compare multiple sorter outcomes in the same recording, | found that Kilosort3,
Mountainsort5, SpyKING CIRCUS, Tridesclous, and IronClust all identified unique units not
shared by any other sorter output, consistent with previous results in cortex. While SpyKING
CIRCUS identified the highest number of units, many of these were shown to be false positives
after curation. Tridesclous resulted in the least number of units, but most of these units were
found to be real. Kilosort3, Mountainsort5, and IronClust all found a similar number of units, but
Mountainsort5 was found to have the highest number of false positive units between these
sorters. Importantly, all sorters were able to identify RVM functional cell classes and could
reasonably be used for RVM high-density recordings. Each sorter had their advantages and
disadvantages, with some identifying more units, but then requiring more curation. It was found
that curation is still a crucial step in sorting and should be used in future high-density

recordings.
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5.6. TECHNICAL CONSIDERATIONS
5.6.1. Anesthesia

All experiments were performed in lightly anesthetized animals. This allows us to
precisely study the physiology of an isolated neuron within an intact circuit, while measuring the
behavioral output. The lightly anesthetized protocol and model has been well established in
descending pain-modulating studies, using a spinal reflex to noxious stimuli as the behavioral
outcome. RVM neurons exhibit similar physiological characteristics under various anesthetics
and in awake animals [65, 294, 314-319]. In these studies, stimulus intensities comparable to
those used in awake animals were used. While the magnitude of the RVM response may be
dampened in a lightly anesthetized animal, the relationship between RVM descending
modulation and nociceptive transmission in awake animals is preserved in lightly anesthetized
animals [71, 72, 78, 109, 320-322].

Female rats were not previously used in the electrophysiological studies that established
the role of RVM in pain-modulation. Therefore, the anesthetic plane that was comparable
between male and female rats had to be established. Male rats have more visceral fat than
females, which can impact anesthetic metabolism [323, 324]. Therefore, we found that female
rats in these studies had to run at a lower dose rate than males to achieve similar anesthetic
planes. We found that the reflex-related response to nociceptive stimulation under acute
conditions were similar between the sexes, indicating we achieved a comparable anesthetic
plane. However, we did observe a very small number of cells that responded differently to
morphine in female animals. This could have been an effect of morphine-brevital interaction, or
a true difference between male and female animals. Due to the dosing regimen differing as well,
this cannot be concluded at this time and future studies should continue to use female animals

to establish if there is a true sex difference.
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5.6.2. Optogenetic methods

Channel expression and distance of light travel can affect neuronal responses, causing
over- or under-stimulation of terminals and cell bodies [325, 326]. Therefore, light stimulation
protocols were optimized to ensure the reproducibility of the light response by avoiding terminal
fatigue from overstimulation. Animals where no terminals were found in RVM or PB were not
included in analysis. Cell bodies in Vi/Vc expressing ArchT or ChR2 were recorded from to
ensure channel expression and reliability of the evoked light response. There was no difference
in the response magnitude due to the diameter of the fiber used or location of the fiber in Vi/Vc,
supporting the light stimulation protocol employed in these studies.

One concern with optogenetics is antidromic activation of cell-bodies in Vi/Vc, creating
inaccurate conclusions on the contribution of the direct circuit on RVM cell activity. Given the
complicated circuit between RVM, PB, and Vi/Vc and potential activation of fibers of passage
through RVM, several cell-body recording control experiments were performed. | recorded from
PB neurons while activating Vi/Vc terminals in RVM or activating Vi/Vc cell-bodies. PB neuron
activity was unaffected by Vi/Vc terminal stimulation in RVM, even though these PB neurons
responded to Vi/Vc cell body stimulation. This indicates that Vi/Vc cell bodies are not
antidromically activated, since Vi/Vc terminal stimulation did not indirectly recruit Vi/Vc cell
bodies, which would have recruited PB neurons. Additionally, stimulation of terminals in RVM
that originated from dorsal Vi/Vc did not influence RVM cell activity. Activation of dorsal Vi/Vc
cell bodies still influenced RVM cell activity, indicating light in RVM did not indirectly recruit
dorsal Vi/Vc cell bodies via antidromic activation. Lastly, the response profile of RVM neurons to
direct and indirect pathway recruitment differed significantly, indicating the two potential
pathways did not influence each other and confuse the conclusions.

Finally, RVM neuron responses to terminal stimulation represent input to RVM in

general. The effects reported in this dissertation could reflect local RVM interactions, since we
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are unable to directly conclude whether an individual RVM neuron receives direct input. This
can only be addressed in slice recordings.
5.6.3. Withdrawal in a stereotaxic frame

The RVM functional cell classification scheme is dependent on the withdrawal response
as recorded by EMG signal. In the whisker pad stimulation experiments, EMG could not be
recorded, as animals that are head-fixed cannot withdraw from stimulation on the face and
head. In these experiments, cells were characterized and classified based on their response to
noxious stimulation of the foot before stimulation of the face occurred. Previous studies have
been successful using the jaw motor reflex and support the hypothesis that RVM neurons
respond in the same direction regardless of the somatic site of stimulation [32]. Future studies
could investigate how cell activity changes depending on stimulation site, however, finding
comparable stimuli to the foot and head is challenging. Therefore, it is necessary to classify
RVM neurons either based on the response to stimulation of the foot or capturing withdrawal
reflexes from the jaw.
5.6.4. Pause and burst activity in high-density silicon probe recordings

The defining characteristic of ON- and OFF-cells are the burst and pause, respectively.
Single-unit recordings with spike-to-spike manual curation allows the experimenter to mark the
exact beginning and ending of the burst and pause. However, given the high number of
recording channels, it is infeasible and impossible to ask of the experimenter to hand sort units
on a spike-to-spike basis in a high-density silicon probe recording. While spike-sorters are
adapting and can capture changes in activity, single spikes that end the pause or burst may be
impossible to identify and cannot be manually identified as they are during single-unit sorting.
This may not necessarily be a limitation, but a consideration. While changes in the ON-cell burst
and OFF-cell pause are functionally significant, it has not been demonstrated that a certain
percent change of the burst of pause must be reached for behavioral significance. It may be

suitable enough to capture the change without needed spike-to-spike level of accuracy.
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5.7. FUTURE DIRECTIONS
5.7.1. Role of GAD65+ neurons in the direct and indirect pathway

Chapter 3 revealed Vi/Vc GAD65+ neurons project to both RVM and PB. Currently,
inhibitory specific cell type promoters for the brainstem are lacking. The GAD65+ promoter used
in the experiments described above could not be combined with ChR2 in the open reading
frame into an AAV package due to the size of the promoter. Development of a shorter promoter
sequence or use of GAD-Cre rats would allow one to optogenetically manipulate GAD65+
neurons and determine the contribution of this cell type specific projection on RVM cell activity.
Likewise, given that the indirect pathway maintained the same effect as the direct pathway, use
of the GAD65+ promoter would allow one to determine the functional contribution of this
projection on PB neuron activity.
5.7.2. Synaptic characteristics of the Vi/Vc-RVM circuit

The in vivo electrophysiological experiments described in the above chapters cannot
conclude whether Vi/Vc neurons project directly to individual RVM neurons, only to RVM locally.
In vitro patch recordings using Dermoprhin-Alexa594 to label p-opioid expressing ON-cells
combined with optogenetic stimulation would allow one to determine if Vi/Vc inputs synapse
directly onto individual RVM ON- or OFF-cells, or if local circuitry within the RVM is mediating
the Vi/Vc-dependent responses. Combined with viral tools that selectively target GAD65+
neurons, optogenetic activation while recording from Dermophin-Alexa594 negative cells could
determine if these neurons directly contribute to the OFF-cell pause.
5.7.3. Identification of RVM cell types in slice

RVM neurons currently can only be identified by their physiological response to noxious
stimuli. In slice recordings, it is assumed that the y-opioid positive neurons are ON-cells, but
currently no specific molecular marker for OFF- and NEUTRAL-cells exist. Given that ON- and
OFF- cells consistently responded to Vi/Vc stimulation across all recordings, one could

theoretically discern RVM cell types in vitro using Dermorphin-Alexa594 and optogenetic
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stimulation of Vi/Vc terminals. One could assume ON-cells were labeled and infer the OFF- and
NEUTRAL-cells were the unlabeled cells. It would then be useful to perform single-cell RNA
sequencing on these patched neurons to determine if molecular markers exist. It is likely that
discrete molecular cell types will not be found, and rather represent a subset of ON- or OFF-
CELLS. Additionally, not every cell in RVM will receive direct input from the trigeminal dorsal
horn, so one would only be able to make conclusions about cells that receive trigeminal
nociceptive information. Nonetheless, future treatments will likely target molecular cell types,
and the ability to manipulate ON- and OFF-cell output would revolutionize pain therapies and
brainstem pain-modulating research.
5.7.4. The role of Vi/Vc neurons in chronic inflammation

The transition from acute to chronic pain induces physiological changes in the RVM. It Is
unknown how the function of the direct projection to RVM from Vi/Vc evolves over the course of
persistent inflammation. Vi/Vc neurons that project to RVM are activated by chronic
inflammation of the masseter muscle, and lesioning RVM or Vi/Vc attenuates hyperalgesia early
after CFA exposure. Given that chronic pain reflects a dysfunction of the descending
modulatory output, long after peripheral injuries have healed and ascending nociceptive
information has halted, it is unknown if the direct Vi/Vc pathway is still employed during chronic
pain. It would be useful to test the effects of blocking Vi/Vc input to RVM both early and late in
the development of inflammation to determine when the direct Vi/Vc input to RVM is necessary
for the formation of chronic pain. Additionally, if one investigated the indirect pathway through
PB, which is known to play a role in sensitization of RVM neurons in response to persistent
infammation, one may be able to determine which pathway contributes more to the
development of chronic pain. Given that chronic pain represents dysfunction in top down input, |
hypothesize that the direct pathway may play a very small role in the transition from acute to
chronic pain, and rather the pathway through PB from Vi/Vc changes under persistent
infammatory conditions.
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5.8. CONCLUSIONS

In this dissertation, | demonstrated that the opioid-facilitated output of the descending
pain-modulation system has similar responses in male and female animals under basal
conditions. Additionally, | established a functional link between a pain-transmission system
(Vi/Vc) and a pain-modulating system (RVM). Vi/Vc can influence RVM activity through direct
and indirect pathways, and the two circuits may play different functional roles in the response to
noxious input. Furthermore, evidence for a direct ascending GABAergic input from Vi/Vc likely
contributes to the OFF-cell pause before nocifensive withdrawal. Lastly, | established the use of
high-density silicon probe recording technology for future RVM population studies. Identifying
potential noxious transmission pathways may identify potential targets to treat pain, and
continuing to use both male and females in research will lead to improved treatments and

understanding of pain conditions.
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