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Pain perception is strongly influenced by descending pathways from “higher” brain centers that regulate the activity of spinal circuits. In
addition to the extensively studied descending system originating from the medulla, the neocortex provides dense anatomical projections
that directly target neurons in the spinal cord and the spinal trigeminal nucleus caudalis (SpVc). Evidence exists that these corticotri-
geminal pathways may modulate the processing of nociceptive inputs by SpVc, and regulate pain perception. We demonstrate here, with
anatomical and optogenetic methods, and using both rats and mice (of both sexes), that corticotrigeminal axons densely innervate SpVc,
where they target and directly activate inhibitory and excitatory neurons. Electrophysiological recordings reveal that stimulation of
primary somatosensory cortex potently suppresses SpVc responses to noxious stimuli and produces behavioral hypoalgesia. These
findings demonstrate that the corticotrigeminal pathway is a potent modulator of nociception and a potential target for interventions to
alleviate chronic pain.

Key words: chronic pain; descending modulation; optogenetics; rodent

Introduction
Pain perception is strongly influenced by cognitive factors, in-
cluding attentional state, emotional context, attitudes, expecta-
tions, hypnotic suggestions, or anesthesia-induced changes in
consciousness (Fields, 2000; Villemure and Bushnell, 2002; Bush-
nell et al., 2013). Cognitive influences on pain perception are
attributed to cortical circuits whose descending outputs modu-
late information processing at spinal and brainstem levels (Ap-
karian et al., 2005; Tracey and Mantyh, 2007). Therefore, an

effective strategy for pain relief, especially in cases of chronic
pain, is to engage these descending modulatory systems to sup-
press pain signals at early stages of processing. Ideally, this should
be done where nociceptive afferents transfer signals to second-
order neurons as this could reduce transmission of pain signals to
higher brain areas.

The most completely characterized descending pain mod-
ulating circuit is the periaqueductal gray-rostroventral me-
dulla system (Dubner and Ren, 1999; Fields, 2000; Heinricher et
al., 2009). This system is influenced by forebrain structures, in-
cluding the amygdala and neocortex, and provides an indirect
route for cognitive regulation of pain. In addition to these
indirect pathways, the neocortex provides dense anatomical pro-
jections that directly target second order neurons in the spinal
cord and the trigeminal nuclei. Brodal et al. (1956) provided one
of the first descriptions of direct projections from cortical areas,
in the cat, to sensory trigeminal nuclei. Subsequent work in cats
showed direct inputs from primary somatosensory cortex (SI)
(Dunn and Tolbert, 1982) and the second somatosensory cortex
(SII) (Tashiro et al., 1983) to the spinal subnucleus caudalis
(SpVc), the target of primary nociceptive afferents from the head
and neck (Dubner and Ren, 2004). In rats, direct inputs to SpVc
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Significance Statement

Many chronic pain conditions are resistant to conventional therapy. Promising new approaches to pain management capitalize on
the brain’s own mechanisms for controlling pain perception. Here we demonstrate that cortical neurons directly innervate the
brainstem to drive feedforward inhibition of nociceptive neurons. This corticotrigeminal pathway suppresses the activity of these
neurons and produces analgesia. This corticotrigeminal pathway may constitute a therapeutic target for chronic pain.
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arise from SI, SII, and from the insula
(Gojyo et al., 2002; Noseda et al., 2010;
Malmierca et al., 2014; Wang et al., 2015),
and the inputs from SI are somotosopi-
cally organized (Wise et al., 1979). Effer-
ents from SI and SII in the rat diverge to
target overlapping regions in SpVc (Smith
et al., 2015). SI projects directly to trigem-
inal nuclei also in the mouse (Hattox and
Nelson, 2007). Some corticotrigeminal
axons collateralize in the spinal cord or
tectum (Killackey et al., 1989).

That these corticotrigeminal pathways
affect sensory processing was demonstrated
more than a century ago (Hernandez-Peon
and Hagbarth, 1955). Darian-Smith and
Yokota (1966) showed that corticotri-
geminal inhibitory influences may occur
through both presynaptic and postsynap-
tic mechanisms. Several studies reported
that these influences may affect nocicep-
tive processing in trigeminal nuclei, but
some of these findings appear to be con-
tradictory. Long-term stimulation of SII,
but not of SI, reduced formalin-evoked
increases in cFos in SpVc (Gojyo et al.,
2002). However, Malmierca et al. (2012)
report that stimulation of either cortical
area attenuated the increase in SpVc fir-
ings evoked by capsaicin, and that stimu-
lation of SI, but not SII, reduced the increase in non-noxious
responses from surround receptive fields. Corticotrigeminal neu-
rons in the insula exhibited elevated activity in a model of neuro-
pathic pain, and suppressing this activity reduced cFos expression in
SpVc and pain behaviors (Wang et al., 2015). One goal of the present
study is to address these apparently conflicting findings.

These findings from rat studies lead to two additional ques-
tions: (1) Are the effects of cortical stimulation mediated by di-
rect corticotrigeminal inputs, or are they relayed through other
subcortical structures? (2) Anatomical data suggest that corticotri-
geminal inputs target both excitatory (projection) and inhibitory
(local circuit) neurons in the trigeminal complex (Darian-Smith and
Yokota, 1966; Furuta et al., 2010). Why, then, is the net effect of
cortical stimulation to suppress SpVc activity? Here we test the
hypothesis that cortical inputs target local inhibitory neurons to
generate feedforward inhibition of trigemino-projection cells. In
addition, we test the function of corticotrigeminal inputs in the
mouse.

Materials and Methods
Animals. All animal protocols were approved by the University of Mary-
land’s Institutional Animal Care and Use Committee, and adhered to
National Research Council guidelines. To identify GABAergic neurons
during in vitro recordings, we used transgenic mice that express GFP
under the control of the GAD2 promoter; these mice were developed and
characterized by Szabo and collaborators (López-Bendito et al., 2004).
We used both male and female GAD-GFP mice for all anatomical and
optogenetic experiments. Factorial ANOVA revealed no significant in-
teraction of sex with any measured variable. Therefore, we combined
data from both sexes.

We used adult (�100-d-old) Sprague Dawley male rats in all in vivo
recording experiments and for the behavioral study.

Recovery surgical procedures. Survival surgery was conducted using
aseptic conditions. Surgery was performed with the animal on a thermo-

regulated heating pad. Animals were deeply anesthetized (isoflurane
2.5%–3% induction; 1%–2% maintenance) and administered Rimadyl
(5 mg/kg s.c.). For injection of tracers or viral constructs, and for elec-
trode implantations, animals were placed in a stereotaxic frame and a
coordinate system used to guide injections (Paxinos and Franklin, 2004;
Paxinos and Watson, 2007).

Cholera toxin subunit B (CTB). Five adult (�100-d-old) GAD-GFP
mice were injected with CTB (List Biological Labs). Injections targeted
the vibrissae representation of the SI (“barrel cortex”), based on stereo-
taxic coordinates and using the middle cerebral artery as a landmark. We
made pressure injections at depths of 0.8 mm and 0.7 mm, 0.5 �l at each
injection site, at a rate of 50 nl/min. Three days later, the animals were
deeply anesthetized and perfused transcardially with buffer, followed by
4% PFA. Brains were removed and immersed in the fixative overnight.
Sections through the injection site (50 �m thick) were cut at the coronal
plane with a vibratome. Sections through the trigeminal SpVc were cut at
50 �m in the horizontal plane.

These sections were processed for double-label immunocytochemistry
(Hsu and Soban, 1982) with antibodies against CTB (goat anti-CTB; List
Biological catalog #7032A6 RRID:AB_2313637; 1:20,000) and GFP
(chicken anti-GFP; Aves Labs; catalog #GFP-1020 RRID:AB_10000240;
1:10,000). Sections were incubated first in anti-CTB for �70 h at 4°C.
After several rinses, the sections were incubated for 1 h, at room temper-
ature, in biotinylated donkey anti-goat (1:1000; Vector Labs, BA-5000).
After additional rinses, sections were incubated in avidin-biotin-HRP
conjugate (ABC, Vector Labs) (Hsu et al., 1981) for 30 min, followed by
nickel-enhanced DAB (Adams, 1981). This resulted in a dark black reac-
tion product (Fig. 1). After several rinses, the section were incubated in
anti-GPF (overnight at room temperature), followed by biotinylated
donkey anti chicken (1:1500, Jackson ImmunoResearch Laboratories,
code 703-065-155), ABC, and unenhanced DAB. This resulted in a
brown reaction product (Fig. 1). Finally, the sections were mounted on
gelatin-coated slides, dried, and coverslipped.

We adhere to best practices recommended to regularly authenticate
biological resources (Collins and Tabak, 2014). We used only validated
antibodies that have been repeatedly and successfully used in published

Figure 1. Corticotrigeminal axons terminate around the proximal somatodendritic segments of inhibitory SpVc neurons.
Corticotrigeminal axons labeled by anterograde transport of CTB from SI (black reaction product), and GAD-GFP neurons labeled
with an antibody to GFP (brown). Arrows indicate representative corticotrigeminal axon terminals abutting GABAergic neurons.
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literature. Control experiments involving preadsorbing or omitting the
primary antibody resulted in no specific labeling.

Retrograde labeling. To identify projection neurons in SpVc, we in-
jected rhodamine-labeled fluorescent RetroBeads (LumaFluor) (Katz et
al., 1984) into the lateral parabrachial nucleus, guided by stereotaxic
coordinates. In brief, 4-week-old GAD-GFP mice were anesthetized with
isoflurane and mounted in stereotaxic frame. Two injections of beads
(0.7 �l, diluted 1:4 in PBS) were made, through a Hamilton syringe, at
4.8 mm posterior and 1.1 mm lateral to bregma, at depths of 3.6 mm and
4.0 mm ventral to the brain surface. Animals were allowed to recover for
at least 48 h before brain slices were harvested. All injections sites were
confirmed post hoc.

Channelrhodopsin-2 (ChR2) injection. To express the light-sensitive
protein, ChR2 in corticotrigeminal afferents, we used an AAV5 viral
construct that contains the gene for ChR2 and for mCherry (hSyn-
hChR2(H134R)-mCherry). The construct was generously provided by
K. Deisseroth (Stanford University), and packaged by the University of
North Carolina Vector Core. A Hamilton syringe with a 100-�m-tip
diameter was inserted through a craniotomy, under stereotaxic guidance,
and 1 �l of the construct was slowly injected into the barrel cortex. In
control experiments, we injected a control viral construct lacking the
ChR2 gene.

Stimulating electrodes. Rats were anesthetized with isoflurane, placed
in a stereotaxic frame, and a craniotomy performed over the barrel cor-
tex. A pair of custom-made, platinum-iridium electrodes (500 k�) were
implanted in barrel cortex at a depth of 500 �m from the pial surface. The
distal ends of the electrodes were connected through wires to pins se-
cured to a dental cement cap mounted on the skull. Animals recovered
for at least a week before used for behavioral experiments.

In vitro recordings. At least 4 weeks after they were injected with ChR2,
the animals were anesthetized with ketamine/xylazine, their brains removed,
and horizontal slices (300-�m-thick) containing SpVc were prepared, fol-
lowing the method described by Ting et al. (2014). For recordings, slices were
placed in an interface chamber and continually perfused (2 ml/min) with
ACSF containing the following (in mM): 119 NaCl, 2.5 KCl, 1.2 NaH2PO4,
2.4 NaHCO3, 12.5 glucose, 2 MgSO4 � 7H2O, and 2 CaCl2 � 2H2O.

We obtained whole-cell patch-clamp recordings, in voltage-clamp
mode, through pipettes containing the following (in mM): 130 cesium
methanesulfonate, 10 HEPES, 1 magnesium chloride, 2.5 ATP-Mg, 0.5
EGTA, and 0.2 GTP-Tris. For recordings in bridge mode, we replaced
cesium methanesulfonate with potassium gluconate (120 mM) and po-
tassium chloride (10 mM). Impedance of patch electrodes was 4 – 6 M�.
Series resistance (�40 M�, compensated at least 60%) was monitored
throughout the recording, and recordings were discarded if series
resistance changed by �20%. All recordings were obtained at room
temperature.

To optically activate ChR2, we collimated blue light through a water-
immersion 40� microscope objective to achieve whole-field illumination.
Light source was a single wavelength (470 nm) LED system (CoolLED
pE-100), controlled through a TTL signal.

We obtained the following agents from RBI-Sigma: CNQX (20 �M),
D-AP5 (50 �M), or from Tocris Bioscience: gabazine (10 �M). Drugs were
bath-applied to the perfusate.

In vivo recordings. Rats were anesthetized with an intraperitoneal in-
jection of urethane (1.2 g/kg), and paralyzed by neuromuscular blockade
(pancuronium bromide, 0.03– 0.1 mg/kg). Animals were artificially ven-
tilated through a tracheal cannula, and core temperature was maintained
at 37°C with a thermo-regulated heating blanket. Heart rate, CO2 levels,
and reflexes were continually monitored. Pancuronium bromide and
additional doses of urethane were delivered through a cannula implanted
in the jugular vein. We selected urethane because it has no, or negligible,
effects on glutamatergic and GABAergic transmission and therefore pro-
duces only minimal disruption of signal transmission (Sceniak and Ma-
civer, 2006). The rats were placed in a spinal stereotaxis apparatus, and a
small opening made in the bone and dura to expose the brainstem caudal
to the cerebellum. Responses of SpVc neurons were obtained by record-
ing single-unit responses through a glass or metal electrode (�5 �m tip
diameter). Data were recorded through an AD Instruments analog-to-
digital converter and analyzed using LabChart 7 software (AD Instru-

ments). Time stamps of single units were extracted from raw recordings
using dual-threshold discrimination and template matching using the
root mean square deviation and fit tolerance.

Wide dynamic range neurons were classified according to their re-
sponses to both innocuous and nociceptive mechanical stimuli applied
to their receptive fields with an electronic anesthesiometer (IITC Life
Science). For quantitative analyses of response magnitudes, stimuli
(a single, 2 ms stimulus pulse) were applied through wires implanted
subcutaneously in the buccal region. Once the threshold for activating
C-fibers was determined, stimuli were delivered at 3 times threshold.

A craniotomy was performed to place a concentric stimulating elec-
trode in SI cortex, 500 �M deep to the pial surface. Stimuli were delivered
at 100 to 150 �A, 300 ms duration, at 50 to 300 Hz.

At the end of the experiment rats were perfused transcardially with
aldehydes for histology to identify recording sites.

Grooming behavior. Rats that were implanted with stimulating elec-
trodes were acclimated to the testing environment and to being con-
nected to stimulator wires from the stimulator. Animals were briefly
(5 min) anesthetized with isoflurane (2%), capsaicin cream (5%; Profes-
sional Arts Pharmacy) was applied to the buccal region, immediately
posterior to the vibrissae, and the animal’s grooming behavior was mon-
itored and videotaped for 30 min, as previously described (Romero-
Reyes et al., 2013). In sham-treated rats, the carrier cream (DermaBASE,
Perrigo) used to prepare the capsaicin formulation was applied as above.
Rats assigned to the stimulation group were electrically stimulated
through the SI implanted electrodes (100 �A, 50 Hz trains, applied for 5 s
every 10 s, 50% duty cycle) for the duration of the testing. Rats assigned
to the sham stimulation group were connected to the stimulation wires,
but no stimuli were applied.

Experimental design and statistical analysis. We adhered to accepted
standards for rigorous study design and reporting to maximize the re-
producibility and translational potential of our findings, as described by
Landis et al. (2012) and in ARRIVE (Animal Research: Reporting In Vivo
Experiments) Guidelines. Animals were randomly allocated to experi-
mental or control groups, as described by Kim and Shin (2014). In all
experiments, the investigators were blinded to animal condition. A coded
key of all specimens evaluated was kept and was not shared with the
investigators performing the experiments until data analyses were com-
pleted. Thus, allocation concealment, blinded conduct of the experi-
ment, and blinded assessment of the outcomes were performed.

For each experiment, we performed a power analysis to estimate the
required sample size needed, and exceeded that number in every exper-
iment. For these calculations, we used published information and pre-
liminary data to define the expected means and SDs for each group. In
this analysis, we assumed a desired Type I error probability of 0.01 and a
power of 0.8.

Statistical analyses were performed using Prism 7 (GraphPad Soft-
ware). We used nonparametric statistics (Mann–Whitney rank-sum or
Wilcoxon matched-pair signed rank tests) to compare properties of dif-
ferent classes of neurons recorded in vitro. Nonparametric tests were
used also to compare the effects of cortical stimulation on grooming
behaviors. Paired t tests were used to compare magnitudes of synaptic
responses before and after gabazine application. Paired t tests were used
also to compare neuronal activity recorded in vivo before and after cor-
tical stimulation. Multiple comparisons were controlled for, as detailed
in each experimental result.

Results
Anatomy
To test the prediction that there exists an anatomical substrate for
neurons in the mouse spinal trigeminal nucleus caudalis (SpVc)
to receive inputs from somatosensory cortex, we injected CTB
into the barrel (vibrissae) cortex. We used mice that express GFP
in neurons expressing GAD2 (GAD-GFP), to identify a popula-
tion of GABAergic neurons in SpVc. In histological sections,
GAD-GFP somata and dendrites appear brown, due to their DAB
reaction product, and were clearly distinguished from CTB-
labeled axons that appeared black, due to their nickel-enhanced
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DAB reaction product (Fig. 1). Cortical injection sites were re-
stricted to the core of the barrel cortex, identified by its charac-
teristic barrel-like cellular aggregates in layer IV. CTB reaction
product was restricted to the cortical gray matter, and did not
encroach the underlying white matter.

In SpVc, CTB labeled axons and their varicosities were densely
distributed, in particular in the superficial (I-II) and deep (V-VI)
laminae of the subnucleus. These labeled corticotrigeminal axons
were typically surrounded by a high density of varicosities, pre-
sumably axon terminals, particularly along their distal segments.
These terminals were often in close apposition to labeled den-
drites and somata of GAD-GFP neurons (Fig. 1). Often, a corti-
cotrigeminal axon would run parallel to a GAD-GFP dendrite,
with several of the axon’s varicosities in apposition to the den-
drite. In addition, labeled axon terminals were found in apposi-
tion to labeled GAD-GFP somata.

These findings indicate that, as in the rat (Wise and Jones,
1977; Killackey et al., 1989; Ohta and Saeki, 1989; Desbois et al.,

1999; Gojyo et al., 2002; Noseda et al., 2010; Malmierca et al.,
2012; Smith et al., 2015; Wang et al., 2015), cortical efferents from
mouse primary somatosensory cortex project directly and densely to
SpVc. Although it is not possible to determine, with the resolu-
tion of light microscopy, if an axonal varicosity in apposition to a
postsynaptic element is forming a synapse, these findings suggest
the existence of an anatomical substrate for direct corticotrigemi-
nal inputs to inhibitory neurons in SpVc. The following experi-
ments directly test this prediction.

In vitro recordings
To test the prediction that corticotrigeminal axons synapse with
SpVc neurons, we injected, into the barrel cortex of GAD-GFP
mice, a viral construct that produces neuronal expression of
channelrhodopsin (ChR2) and red fluorescent protein (mCherry).
This resulted in robust expression of mCherry within barrel cor-
tex, and within corticotrigeminal axons in SpVc (Fig. 2A). Corti-
cal injections of the viral construct resulted in uptake and

Figure 2. Optogenetic activation of corticotrigeminal inputs to SpVc neurons in vitro. A, Digitized image depicting corticotrigeminal axons expressing mCherry, following anterograde transport
of the ChR2-mCherry construct in SI, and GAD-GFP expressing GABAergic neurons in SpVc. “Nerve layer” contains central and peripheral trigeminal nerve axons. B, Brief (0.1 ms) blue-light stimuli
(at times indicated by blue circles) entrain a pyramidal neuron in SI that expresses ChR2. C, Light-evoked responses from a GAD-GFP neuron in SpVc, recorded in bridge mode. At lower light intensity
(black trace), stimulation of corticotrigeminal input evokes a short latency EPSP. At higher light intensity, an action potential is evoked (red). D, Responses recorded in voltage-clamp (�70 mV) from
a GAD-GFP neuron in SpVc. Stimulation of corticotrigeminal inputs evoked an inward current (black) that was not significantly affected by suppressing GABAA receptors with gabazine (red).
E, Voltage-clamp recording (�70 mV) from an SpVc neuron that projects to the parabrachial nucleus, in which stimulation evoked a small inward current followed by a large outward current (black
trace). The outward current was suppressed by gabazine (red). F, Voltage-clamp recording from an unidentified SpVc neuron in which light stimulation evoked an inward current at �80 mV holding
potential (black trace). At �50 mV (blue), an outward current was revealed. G, Box-and-whisker plots demonstrate that response latency was indistinguishable in recordings from the three
neuronal classes. However, response magnitude was significantly lower in projection neurons (H ).

11434 • J. Neurosci., November 22, 2017 • 37(47):11431–11440 Castro, Raver et al. • Nociception of the Trigeminal Nucleus Caudalis



expression of mCherry within a sphere �300 �m around the
injection site (Cruikshank et al., 2010).

Whole-cell patch-clamp recordings from mCherry-expressing
neuronal somata in barrel cortex demonstrated that short pulses
(0.1–1 ms duration) of blue light produced short latency action
potentials in the recorded neurons, and that these can be en-
trained to stimulus trains of at least 20 Hz (Fig. 2B). Injection of a
control viral construct lacking the ChR2 gene resulted in expres-
sion in cortical neurons of mCherry; these mCherry-expressing
neurons failed to respond to light stimuli. Because the ChR2
construct cannot transport trans-synaptically, and because there
are no direct trigemino-cortical connections that might transport
the construct retrogradely, ChR2 in SpVc is restricted to corti-
cotrigeminal axons and their terminals.

The use of transgenic mice that express GFP exclusively in
inhibitory neurons allowed us to target recordings to this class of
SpVc neurons (Fig. 2A). These mice were injected with retro-
gradely transported fluorescent labeled beads targeted to the
parabrachial nucleus (PB; see Materials and Methods), allowing
us to target recordings to projection neurons in SpVc.

By optically stimulating corticotrigeminal axons within SpVc,
in an in vitro slice preparation, we determined whether SI affer-
ents directly activate SpVc neurons. We restricted our recordings
to neurons in the superficial layers (I-II) of SpVc, as these con-
tained a high density of corticotrigeminal axons and of PB-
projecting neurons. We recorded from three groups of neurons:
(1) GABAergic neurons expressing GFP; (2) projection neurons,
identified by their content of fluorescent latex beads retrogradely
transported after injections in PB; and (3) unidentified neurons.
Because the expression of ChR2 can vary between animals, slices,
and even different regions in a given slice, it was not possible to
reliably determine the percentage of neurons in each group that
responded to light stimulation. All light-evoked responses were
abolished in the presence of the antagonists of the glutamate
receptor antagonists, CNQX (20 �M) and APV (50 �M).

GAD-GFP neurons
We recorded from 13 GAD-GFP neurons, from 9 mice, that re-
sponded to light stimulation. A representative example is shown
in Figure 2C, D. Recordings in bridge mode revealed short-
latency postsynaptic potentials evoked by a brief (1 ms) light
stimulus; increasing the light intensity resulted in a suprathresh-
old response (Fig. 2C). In voltage-clamp (�70 mV), 1-ms-long
light pulses evoked a short latency, large inward current (Fig. 2D).
The variance in latency of responses recorded from each neuron
was relatively low (coefficient of variation �15%), suggesting
that these responses were evoked monosynaptically (Berry and
Pentreath, 1976). At a holding potential of �70 mV all responses
appeared as inward currents, and often exhibited additional, later
components, as depicted in Figure 2C, consistent with polysyn-
aptic activation.

The median response latency of GAD-GFP neurons was 2.16
ms (mean � 2.17 ms; CI 1.76 –2.57 ms). Median response mag-
nitude was 68 pA (mean � 61 pA; CI 50 –76 pA). As described
above, application of CNQX and APV abolished these responses,
but gabazine (10 �M), the GABAA receptor antagonist, had no
significant effect on the amplitude of these responses (p � 0.5,
paired t tests). These findings suggest that these responses are
mediated by glutamate release from corticotrigeminal terminals,
and that these responses are not significantly modulated by tonic
or feedforward GABAergic inhibition.

Projection neurons
We recorded from 9 neurons, from 7 mice, that responded to
light stimulation; these neurons contained fluorescent beads that
were retrogradely transported from the parabrachial nucleus. A
representative example is shown in Figure 2E, depicting a bipha-
sic response, a low amplitude, short latency, inward current, fol-
lowed by a large amplitude outward current. Similar biphasic
responses occurred in 7 of the 9 neurons; the remaining two
neurons displayed only an inward current. As depicted in Figure
2E, the outward component was suppressed by gabazine, con-
firming that it represents GABAA receptor mediated currents.
That this GABAA mediated current was apparent at a holding
potential of �70 mV, a potential at which the driving force for
chloride ions is expected to be relatively low, suggests that pro-
jection neurons receive potent, perisomatic inputs from GABA
synapses. Recordings in bridge mode revealed that light stimula-
tion resulted in postsynaptic potentials, but, in contrast to the
inhibitory neurons, in no case were action potentials evoked,
even in response to high intensity and long duration light pulses.

The median response latency of projection neurons was 2.47 ms
(mean � 2.78 ms; CI 1.93–3.64 ms; n � 9). These latencies were
indistinguishable from those of GAD-GFP neurons (n � 13; p �
0.29, Mann–Whitney rank-sum test U � 42; Fig. 2G). As in GAD-
GFP neurons, the response latencies had relatively low variance
(coefficient of variation �18%), suggesting that they were gener-
ated monosynaptically.

By contrast with response latencies, the magnitude of responses
recorded in projection neurons was markedly smaller than those
in GAD-GFP neurons (n � 13). Median response magnitude of
identified projection neurons was 13 pA (n � 9; mean � 15 pA;
CI 9 –21 pA). Thus, the mean response magnitude of GAD-GFP
neurons was, on average, �4-fold larger than that of projection
neurons (p � 10�4, Mann–Whitney U � 1; Fig. 2H).

Unidentified neurons
We recorded also from 6 neurons, from 4 mice, that were labeled
with neither beads nor GFP, and, thus, whose phenotype was
unknown. These may have included projection neurons that
were not labeled, or local inhibitory or excitatory interneurons
that do not express GAD2. As depicted in Figure 2F, most of these
neurons responded with a single component, an inward current.
However, an outward current could be revealed by holding the
neurons at a potential more depolarized than the reversal poten-
tial for chloride (Fig. 2F). Thus, these neurons appear to receive
direct excitation from corticotrigeminal axons, and a disynaptic
inhibition that was more modest than that of projection neurons.
As expected from this potentially diverse population, their re-
sponse magnitudes had a large variance (CI � 24 –77 pA; me-
dian � 13 pA; mean � 15 pA). Response amplitudes of the three
neuronal classes were significantly different (p � 0.0002; Kruskal–
Wallis statistic � 16.98); as indicated above, responses recorded
from projection neurons were significantly smaller than those
from GAD-GFP neurons; they were also smaller than those re-
corded from unidentified neurons (p � 0.03; Kruskal–Wallis
multiple comparisons with Dunn’s correction)

However, the latency of these responses (median � 3.04;
mean � 3.03 ms; CI 2.24 –3.82 ms) was indistinguishable from
that of the other classes of neurons (p � 0.09; Kruskal–Wallis
statistic � 4.76).

These findings indicate that corticotrigeminal axons from SI
target a mixed population of neurons in SpVc, and that inhibitory
neurons receive more potent inputs, resulting in powerful feed-
forward inhibition of SpVc projection neurons.
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In vivo recordings
To test whether corticotrigeminal inputs can regulate neuronal
activity in SpVc, we recorded single units in SpVc of anesthetized
rats, before and during electrical stimulation of SI. All recordings
were made from wide-dynamic range neurons in laminae V or VI
of SpVc. In preliminary experiments, we compared the effects of
stimulating SI at 50 Hz versus 200 Hz; stimulation intensity was
set at 100 �A, pulse duration at 0.3 ms, and train duration at 300
ms. We averaged, for each neuron, responses to at least 10 nox-
ious skin stimuli without cortical stimulation, and compared
these with an average of at least 10 skin stimuli applied with SI
stimulation. Response magnitude was calculated during the first
300 ms following stimulus onset. For each neuron, we defined as
threshold for a change in mean response magnitude using paired
t tests (p � 0.05). Based on this criterion, 29 of 44 neurons (66%)
were inhibited by 50 Hz, whereas 5 of 15 (33%) were inhibited by
200 Hz, a significantly different ratio (p � 0.04, Fisher’s exact
test, two-tailed). Therefore, in all subsequent experiments, we
stimulated SI at 50 Hz.

Figure 3A depicts a representative example of spikes recorded
from an SpVc neuron in response to skin stimulation (at t � 0).
As in most SpVc neurons, this cell had a low level of spontaneous
activity. The neuron responded robustly to noxious stimulation
to the skin through current injection (2 ms duration, 3� thresh-
old) applied through subcutaneous wires. As depicted in Figure
3A, and as typical for SpVc neurons, this response had several

components, including a postdischarge that outlasted the stimu-
lus. Figure 3B shows representative example of changes in neu-
ronal activity of an SpVc neuron in response to SI stimulation.
Stimulation of SI, at 50 Hz, had no significant effect on the al-
ready low level of spontaneous firing in this neuron. However,
when skin stimulation was coupled with a train of stimuli applied
to SI, the magnitude of the response to skin stimulation was
substantially reduced.

SI stimulation significantly (p � 0.05, paired t tests) decreased
the magnitude of responses to skin stimulation in 29 of 44 SpVc
neurons tested (66%; Fig. 3C). There was no significant change in
the response magnitude of the remaining 15 neurons. Averaging
all 44 neurons, including those that did not exhibit a significant
effect to cortical stimulation, revealed that response magnitude
decreased by SI stimulation from 4.94 spikes/stimulus (median �
3.83, CI 3.9 –5.9) to 3.47 spikes/stimulus (median � 2.33, CI �
2.3– 4.9). This decrease was statistically significant (p � 0.0001;
t(43) � 5.008, t test; Fig. 3D).

Five of the neurons described above responded with anti-
dromic spikes to stimulation of the parabrachial nucleus, sug-
gesting that they are projection neurons. The responses of all five
neurons to skin stimulation were significantly inhibited by SI
stimulation. The identity of the remaining 24 neurons is un-
known, although many of them are likely to be projection neu-
rons because our extracellular recording electrodes are biased
toward recording spikes generated by larger neurons, such as

Figure 3. Responses recorded from SpVc neurons in vivo are suppressed by stimulation of SI. A, Extracellular spikes recorded from a wide dynamic range neuron in SpVc in response to electrical
stimulation of the skin. *Stimulus artifact. Response components defined by their latencies are indicated. B, Histograms of responses of an SpVc neuron to noxious skin stimulation (at t � 0; average
of 30 stimuli) before (above) and during (below) stimulation of SI. Bin size � 10 ms. C, Changes in response magnitudes (initial 300 ms of responses) in the 29 SpVc neurons in which barrel cortex
(SI) stimulation had a significant effect on responses to noxious stimuli. Red line indicates the average. D, Population means and CIs of response magnitudes before and during SI stimulation. E, Barrel
cortex stimulation had a significant effect only on A-delta and C-fiber response components. AD, Afterdischarge. Significance values reflect comparisons between stimulation and baseline response
magnitudes.
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projection neurons in SpVc (Cechetto et al., 1985; Haring et al.,
1990; Haenggeli et al., 2005).

As depicted in Figure 3A, and consistent with previous de-
scriptions of responses of SpVc neurons (Urch and Dickenson,
2003; Bannister et al., 2014; Leith et al., 2014), responses to skin
stimulation had several temporal components. We classified
these temporal components according to previously established
conduction velocities of primary afferents (Urch and Dickenson,
2003) as follows: 0 –10 ms after stimulus was defined as an A�
response; 10 –30 ms as A�; 30 –300 ms as C-fiber; and 300 –2000
ms as postdischarge (or afterdischage). Although this classifica-
tion is based on analyses of spinal neurons, trigeminal neurons
display a similar range of conduction velocities and axonal diam-
eters as that of spinal neurons, suggesting that this classification
may be applicable to trigeminal axons (Falls and Alban, 1986;
Bouhassira et al., 1987; Tsuboi et al., 2004). This allowed us to
determine whether SI stimulation affected each of these response
components. These analyses revealed that only the A� responses
(median reduced by 27%) and the C-fiber responses (44% inhi-
bition) were significantly inhibited by SI stimulation (Fig. 3E). A�
response reduced from 1.01 	 0.37 spikes/stimulus (mean 	 CI)
to 0.44 	 0.11 spikes/stimulus (p � 0.008, t(28) � 2.866, paired t
test) and C-fiber responses were reduced from 2.93 	 0.78 spikes/
stimulus to 1.54 	 0.47 spikes/stimulus (p � 10�4, t(28) � 6.165,
paired t test). Thus, SI stimulation preferentially affected re-
sponses mediated by nociceptive afferents.

Behavior
The inhibition of responses to noxious stimuli by SI stimulation
predicts that cortical stimulation will suppress nociceptive be-
haviors. To test this prediction, we tested the ability of cortical
stimulation to affect grooming behavior evoked by applying cap-
saicin to the buccal region, immediately posterior to the vibrissa
pad (see Materials and Methods). We monitored and videotaped
the rats’ behaviors for 30 min after applying 5% capsaicin cream.
We scored the total duration of three grooming behaviors:
(1) rubbing of the face with the forepaws, (2) rubbing the lower
lip and cheek against the cage floor, and (3) scratching the face
with the hindpaw (Romero-Reyes et al., 2013). We compared the
behaviors of rats in which SI was stimulated (100 �A, 0.3 ms pulse
duration, 50 Hz trains of 300 ms duration, 5 s duty cycle) for the
duration of the testing (30 min), with behaviors of rats in which
the implanted SI electrodes were connected to the stimulator, but
no stimulation was delivered. To account for innate tendency to
groom, for each rat we normalized grooming behavior duration
to the duration of grooming recorded for 30 min before capsaicin
was applied. There was no significant difference (p � 0.7, Mann–
Whitney U � 12; n � 5 and 4 rats) in baseline grooming between
the stimulated (median � 5.8 s; 95% CI 0.9 –10.0) or the sham
animals (median � 6.6 s; 95% CI �0.3 to 13.4).

SI stimulation significantly reduced the duration of grooming
behavior (p � 0.03, Wilcoxon matched-pair signed rank test,
W � �21, r � 0.03; Fig. 4). Normalized grooming duration
decreased from a median of 4.6 (mean � 5.1, CI � 3.2–7.0) to a
median of 0.7 (mean � 0.8, CI � 0.2–1.5). By contrast, grooming
behavior following application of sham cream, in a different
group of rats, was not significantly affected by cortical stimula-
tion: Normalized medians before and after stimulation were 0.13
and 4.87, respectively (W � 10, p � 0.13, r � 0.97, n � 8). In 2 of
the animals in the sham-cream group, SI stimulation appeared to
have induced increased grooming, increasing the variance in this
metric, without significantly affecting the statistical conclusions.

These findings suggest that cortical stimulation significantly
reduced pain perception.

Discussion
Our goal was to test the hypothesis that the corticotrigeminal
pathway modulates pain perception by activating inhibitory
neurons in SpVc, thus generating feedforward inhibition of
trigemino-projection cells. In support of this hypothesis, we
found: (1) corticotrigeminal axons form dense terminal plexi
around GABA neurons in SpVc; (2) stimulation of corticotri-
geminal axons in vitro produces strong excitation in inhibitory
neurons of SpVc, and feedforward inhibition of projections and
excitatory neurons in this nucleus; (3) stimulation of SI, a major
source of corticotrigeminal axons, suppresses nociceptive re-
sponses in SpVc; (4) and stimulation of SI produces analgesia.

An anatomical substrate for cortical inputs to inhibitory
neurons in SpVc
Anatomical tract tracing revealed that corticotrigeminal axons
terminate densely in SpVc of mice (Fig. 1). This is, to our knowl-
edge, the first demonstration of this pathway in the mouse, and it
confirms previous findings in rats (Wise and Jones, 1977; Wise et
al., 1979; Killackey et al., 1989; Ohta and Saeki, 1989; Ohta et al.,
1989; Desbois et al., 1999; Gojyo et al., 2002; Noseda et al., 2010;
Malmierca et al., 2012; Smith et al., 2015; Wang et al., 2015), cats
(Brodal et al., 1956; Dunn and Tolbert, 1982; Tashiro et al., 1983;
Tolbert et al., 1984; McHaffie et al., 1988), and humans (Nord-
strom et al., 1999; Butler et al., 2001; Jaberzadeh et al., 2008; Ortu
et al., 2008).

We found that corticotrigeminal axons from SI form multiple
varicosities abutting the somata and dendrites of GABAergic
neurons in SpVc. Although it is not possible to ascertain, at the
light microscopic level, whether these varicosities form synapses,
available evidence from quantitative analyses in SI cortex suggest
that essentially all varicosities form synapses, that some form
multiple synapses, and that synapses can also be formed by ax-
onal shafts (White et al., 2004). Thus, our light microscopy data
likely underestimate the innervation of GABA neurons in SpVc
by corticotrigeminal afferents. Further, corticotrigeminal axons
likely provide inputs to other inhibitory neurons not examined
here, including GABAergic neurons that did not express GAD2-
GFP, and the numerous glycine-containing neurons in this
nucleus (Avendano et al., 2005). Similarly, corticotrigeminal ax-
ons may directly innervate excitatory neurons in SpVc, an ana-
tomical pattern we did not study here.

Figure 4. Stimulation of SI significantly reduced the duration of grooming behaviors evoked
by capsaicin application to the face. N � 9 rats (5 stimulated; 4 sham).
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These findings suggest that corticotrigeminal axons provide
dense and potent inputs to SpVc, including to the inhibitory
neurons of this nucleus. These inputs provide an anatomical sub-
strate for feedforward inhibition of SpVc neurons by the excit-
atory corticotrigeminal afferents.

Cortical inputs excite inhibitory SpVc neurons
Consistent with a feedforward circuit, our electrophysiological
findings indicate that corticotrigeminal inputs activate inhibitory
neurons in SpVc. We show that optogenetic activation of corti-
cotrigeminal axons evokes stronger synaptic currents in inhibi-
tory neurons, compared with their excitatory counterparts (Fig.
2). We recognize that comparisons of synaptic efficacies based on
optogenetic data are subject to misinterpretation because of po-
tential differences in the expression of ChR2 in different animals
or different brain slices. However, we saw no qualitative differ-
ence in expression in slices from which inhibitory or excitatory
neurons were recorded, and we see no reason why such differ-
ences would occur. Further, our whole-cell recording data show
that corticotrigeminal inputs evoke, in inhibitory neurons, a
strong monosynaptic excitatory response, whereas in projection
neurons they evoke weak excitation followed by strong inhibi-
tion. These synaptic patterns are consistent with the postulated
feedforward inhibitory circuit in SpVc. This feedforward inhibi-
tion has been reported to potently regulate the activity of projec-
tion neurons in this nucleus (Jacquin et al., 1989).

Cortical stimulation suppresses neuronal responses in SpVc
Also consistent with this postulated circuit is our finding that
stimulation of SI results in suppression of suprathreshold re-
sponses of SpVc evoked by nociceptive inputs (Fig. 3). At least
some of the neurons we recorded from were projection cells, as
evidenced by their antidromic activation from the parabrachial
nucleus. We suspect that many of the other recorded neurons
were also projection cells because our recording electrodes are
biased toward recording from these larger neurons and because
we did not observe suprathreshold activation of neurons by SI
stimulation, as expected for inhibitory neurons (Fig. 3C).

We recognize that our slice recordings were made from neu-
rons in the superficial layers of SpVc, whereas in vivo recordings
were from neurons in deeper layers, due to the relative instability
of in vivo recordings from more superficial layers. These differ-
ences do not affect our interpretations or conclusions: The in
vitro recordings aimed to determine whether cortical inputs di-
rectly modulate neurons in the superficial layers, the termination
site of nociceptive afferents (Basbaum et al., 2009; Braz et al.,
2014). The in vivo recordings aimed to determine whether out-
puts from SpVc to downstream structures are affected by cortical
stimulation. Nociceptive activation of projection neurons in
SpVc is thought to require inputs from these interneurons in the
superficial layers (Wang et al., 2013; Braz et al., 2014). Therefore,
our findings suggest that cortical inputs suppress nociceptive re-
sponses of superficial neurons, resulting in reduced activation of
projection neurons that reside in both superficial and deep SpVc.
We recognize, however, that our findings do not directly demon-
strate feedforward inhibition from superficial to deep layers of
SpVc, and that this circuitry is only inferred from our results.

Our findings are consistent with those of Malmierca et al.
(2012, 2014) who reported that SI stimulation (50 Hz) suppresses
nociceptive responses recorded from SpVc of rats, and that these
effects are blocked by antagonists of GABAA or glycine receptors.
These findings are also consistent with a report that chemically
evoked cortical spreading depression involving SI can suppress

responses of SpVc neurons (Noseda et al., 2010). In contrast,
Gojyo et al. (2002) reported that lower frequency stimulation
(10 Hz) of SI had no effect on formalin-induced changes in im-
mediate early genes expressed by SpVc neurons.

Cortical stimulation produces hypoalgesia
The ability of corticotrigeminal inputs to activate feedforward
inhibition in SpVc suggests that these inputs may alleviate pain
perception, a prediction supported by our findings (Fig. 4). To-
gether, the present findings support the hypothesis that corti-
cotrigeminal inputs to SpVc engage feedforward inhibition,
thereby suppressing the responses of neurons in this nucleus to
nociceptive inputs, and producing hypoalgesia.

Functional implications
Many conditions of chronic pain are thought to result from dis-
inhibition of dorsal horn (including medullary dorsal horn,
or, SpVc) neurons (for review, see Prescott, 2015). The ability of
corticotrigeminal inputs to inhibit SpVc may provide a potential
approach to rekindle the inhibition compromised in chronic pain
conditions. Indeed, a promising approach for treating chronic pain
involves direct stimulation of the neocortex (Garcia-Larrea and
Peyron, 2007; Jiang et al., 2014) through subdural electrodes, or,
noninvasively using transcranial magnetic stimulation (Prid-
more and Oberoi, 2000; Pridmore et al., 2005).

Clinical studies on effects of neocortex stimulation have fo-
cused primarily on the motor cortex as a target because of reports
suggesting that stimulating the somatosensory cortex may not
alleviate pain (Tsubokawa et al., 1993; Saitoh et al., 2000). How-
ever, these studies involved only a small number of subjects, and
the efficacy of SI stimulation was not systematically studied. In-
deed, SI stimulation has been shown to inhibit the activity of
dorsal horn neurons in rats (Senapati et al., 2005), cats (Namba
and Nishimoto, 1988), and monkeys (Yezierski et al., 1983), and
to ameliorate pain in animals and humans (Canavero and Boni-
calzi, 2002; Canavero et al., 2002, 2003; Lee et al., 2017).

Although motor cortex stimulation provides relief to some
patients, the efficacy of this approach remains relatively low and
inconsistent (Canavero and Bonicalzi, 2002; Garcia-Larrea and
Peyron, 2007; Lima and Fregni, 2008). Key to improving these
approaches is increased knowledge of the most efficacious corti-
cal stimulation sites and the fundamental neural mechanisms
that mediate cortical regulation of pain (O’Connell et al., 2014).
The present findings may provide such knowledge.
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