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A B S T R A C T

The spinal cord dorsal horn is the first relay station of the neural network for processing somatosensory information. High-throughput optical recording methods
facilitate the study of sensory coding in the cortex but have not been successfully applied to study spinal cord circuitry until recently. Here, we review the
development of an in vivo two-photon spinal calcium imaging preparation and biological findings from the first systematic characterization of the spinal response to
cutaneous thermal stimuli, focusing on the difference between the coding of heat and cold, and the contribution of different peripheral inputs to thermosensory
response in the spinal cord. Here we also report that knockout of TRPV1 channel impairs sensation of warmth, and somatostatin- and calbindin2-expressing neurons
in the spinal dorsal horn preferentially respond to heat. Future work combining this technology with genetic tools and animal models of chronic pain will further
elucidate the role of each neuronal type in the spinal thermosensory coding and their plasticity under pathological condition.

1. Introduction

1.1. Neural basis of thermosensation

The thermosensory system safeguards our survival by detecting and
interpreting a wide range of temperature. In mammals, environmental
temperature is first converted into electrical impulses that are trans-
mitted in the nervous system. Then, this information needs to be
computed in the central nervous system, and this process ultimately
generates the perception of temperature and evokes appropriate phy-
siological and behavioral responses (Fig. 1).

The first step of thermosensation occurs in the primary sensory
neurons, whose cell bodies are located in the dorsal root ganglia (DRG).
These neurons send their distal axons to the skin, where temperature is
first detected. The proximal axons of these temperature-detecting DRG
neurons target the dorsal horn of the spinal cord, where information is
further processed. The past two decades have witnessed major break-
throughs in understanding this first step. Various molecules have been
identified to convert thermal energy into membrane depolarization in
sensory neurons. These molecules, mostly belong to the Transient
Receptor Potential (TRP) channel family, detect heat (TRPV1,
Anoctamin 1, TRPV2, TRPM3, TRPM5, TRPA1), warmth (TRPV3,
TRPV4, TRPM2) or cold (TRPM8, TRPA1, TRPC5) (Bautista et al., 2007;
Caterina et al., 2000; Caterina et al., 1999; Caterina et al., 1997; Cho
et al., 2012; Colburn et al., 2007; Dhaka et al., 2007; Guler et al., 2002;
McKemy et al., 2002; Moqrich et al., 2005; Peier et al., 2002a; Peier

et al., 2002b; Smith et al., 2002; Story et al., 2003; Talavera et al., 2005;
Tan and McNaughton, 2016; Vandewauw et al., 2018; Vriens et al.,
2011; Watanabe et al., 2002; Xu et al., 2002; Zimmermann et al., 2011).
When characterized in heterologous expression systems, each TRP
channel features a distinct activation threshold temperature and re-
sponds when temperature reaches above (for a heat detector) or below
(for a cold detector) this point. These various receptors thus mediate the
detection of a wide range of environmental temperature.

The characterization of molecular detectors of temperature has also
advanced our understanding of the coding of cutaneous temperature by
primary sensory neurons. Using electrophysiological recording, in vitro/
in vivo calcium imaging, and analysis of expression profiles of TRP
channels, accumulating data demonstrate that heat and cold, the two
general temperature modalities, are detected by largely segregated
populations of primary sensory neurons (as labeled lines) (Basbaum
et al., 2009; Bautista et al., 2007; Emery et al., 2016; Julius, 2013;
Knowlton et al., 2013; Ma, 2010; Peier et al., 2002a; Pogorzala et al.,
2013; Yarmolinsky et al., 2016). Within the hot or cold ranges, there
are evidences support that separated subsets of primary sensory neu-
rons detect innocuous and noxious temperatures (Darian-Smith et al.,
1979; Hallin et al., 1982; Handwerker and Kobal, 1993; Knowlton et al.,
2013; Ma, 2010, 2012; Peier et al., 2002a; Pogorzala et al., 2013; Story
et al., 2003; Torebjork et al., 1984).

In contrast to the relatively well-understood logic of temperature
coding at periphery, how temperature is processed by the central ner-
vous system remains elusive. One scenario is that the central nervous
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system simply inherits the labeled line coding at periphery. However,
emerging evidence suggests that although specificity exists to some
extent, neurons processing different thermosensory information cross-
talk intensively (Craig et al., 2001; Duan et al., 2014; Hachisuka et al.,
2016; McCoy et al., 2013; Ross et al., 2010; Zheng et al., 2010). The
best-known example is the thermal grill illusion, reported by Thunberg
and Alrutz more than 120 years ago: when stimulating the skin with
interlaced warm and cold tubing, the subject experiences burning pain
(Alrutz, 1898; Craig and Bushnell, 1994; Thunberg, 1896). In this case,
no hot stimulus exists in the physical world, but the perception of
burning hot is “synthesized” in the nervous system by cold and warm
inputs. This phenomenon demonstrates that incoming primary sensory
afferents must have interacted in the central nervous system so that a
new type of sensation could be formed without direct activation of the
peripheral sensory fibers that normally mediate that type of sensation.

The dorsal horn of the spinal cord is the secondary relay station of
cutaneous temperature, where initial processing of temperature in-
formation occurs. Neurons activated by temperature (as well as itch and
pain) are concentrated in the most superficial laminae (laminae I–II) of
the spinal dorsal horn but are also scattered in laminae V of the deep
dorsal horn. The spinal dorsal horn has a complex circuit architecture
(Abraira et al., 2017; Bourane et al., 2015; Cui et al., 2016; Duan et al.,
2014; Hachisuka et al., 2016; Spike et al., 2003; Todd, 2010). In the
spinal dorsal horn, less than 1% of neurons are projection neurons that
innervate the brain; whereas vast majority of neurons are local inter-
neurons (Spike et al., 2003; Todd, 2010). This composition indicates
sophisticated local computation within the spinal dorsal horn. Unlike
projection neurons that can be characterized and targeted based on the
regions they innervate, the abundance of interneurons cannot be easily
categorized and targeted by classical retrograde tracing strategy. Sys-
tematic efforts in classifying dorsal horn neurons using high throughput
transcriptome analysis have not been done until very recently, which
shows the dorsal horn neurons can be divided into as many as 30 dis-
tinct clusters, including 15 excitatory neuronal clusters and 15 in-
hibitory neuronal clusters (Haring et al., 2018). However, each cluster
has been defined by the expression of a combination of multiple genes,
which makes it challenging to further functional characterization of
each cluster. Other criteria, such as neuron morphology and cellular
electrophysiological property have also revealed the high diversity of
dorsal horn neurons (Abraira et al., 2017; Cui et al., 2016; Duan et al.,
2014; Todd, 2010). Moreover, classifying neurons using one criterion
only show limited correlation with results using a different criterion,
further indicating the great extent of neuronal diversity in the spinal
dorsal horn. The complexity of the spinal dorsal horn poses significant
challenges for dissecting the spinal circuitry for sensing temperature as
well as other somatosensory modalities.

1.2. Methodological considerations for studying sensory coding in the spinal
dorsal horn

Traditionally, temperature-responsive spinal neurons have been
investigated by in vivo electrophysiology. These studies reveal the im-
pressive functional diversity of dorsal horn neurons. Hellon and Misra
report spinal neurons that respond to cold, heat, or both (Hellon and
Misra, 1973). Among each of these subsets, some of the neurons also
respond to mechanical stimuli. Adding to the complexity, neurons re-
spond to temperature stimuli with distinct kinetics, including neurons
only respond to the change in temperature, neurons respond statically
to steady temperature and neurons that respond to both. Many of their
findings were later confirmed by other studies, some of which further
characterized the distributions of neurons' thermal activation thresh-
olds and temperature-response relationships (Burton 1975; Bester et al.,
2000). More recently, Craig and colleagues provided a relatively com-
prehensive examination of response to cutaneous temperature of spi-
nothalamic neurons, a major output of the spinal dorsal horn in cats
(Andrew and Craig, 2001; Craig et al., 2001). They functionally classify
temperature-responsive spinothalamic neurons in the superficial la-
minae into four major classes, based on their response to (1) noxious
mechanical and heat stimuli, (2) heat, cold, and mechanical stimuli, (3)
cold only, and (4) warm only. Neurons within each subclass greatly
differ by their activation threshold, temperature-response relationship,
and response kinetics (Andrew and Craig, 2001; Craig et al., 2001).

Although results from in vivo electrophysiological recording pro-
vided the first glance of the how spinal neurons respond to cutaneous
temperature change, the high extent of transcriptomic, projectomic,
morphological, and physiological diversity of spinal neurons necessi-
tates large numbers of neurons to be functionally sampled before sen-
sory processing could be understood at the network level. In this regard,
in vivo electrophysiology is significantly limited by its throughput. For
example, out of 474 neurons Craig and colleagues recorded, only 10
neurons are warm-responsive (Andrew and Craig, 2001), making it
infeasible to further analyzing their response properties in detail or to
characterize them after loss-of-function manipulations. Besides the low
throughput of in vivo electrophysiology, further dissection of the ther-
mosensory circuitry requires one to understand the roles of distinct cell
types in processing temperature information (Luo et al., 2008, 2018). In
this regard, in vivo electrophysiology is limited in its capacity to cor-
relate the response of a group of neurons with their gene expression and
connectivity profiles, such that this group of neurons can be reliably
targeted using genetic or circuit tracing tools.

Recently-developed in vivo calcium imaging tools allow neuronal
activity to be probed by measuring intracellular calcium level, which
can be detected by the emerging variety of calcium indicators. The
calcium imaging technology has complemented electrophysiology and
immediate early gene expression analysis in understanding neural
coding in many systems. Compared to electrophysiology and immediate
early gene expression analysis, calcium imaging is advantageous in
several ways. 1) Calcium imaging allows activities of many neurons to
be recorded simultaneously. In this way, response to mild sensory sti-
muli, such as lukewarm temperature which normally does not activate
many neurons (Andrew and Craig, 2001), can now be effectively cap-
tured and correctly classified (Ran et al., 2016). Similarly, when char-
acterizing response in mutants with reduced responsiveness, calcium
imaging allows responses from a sufficient number of neurons to be
recorded and compared with responses from wild type animals. This is
particularly important for studying the spinal dorsal horn, given the
high degree of heterogeneity of neurons (Abraira et al., 2017; Cui et al.,
2016; Todd, 2010). 2) Calcium imaging also allows specific populations
of defined neuronal cell types to be directly visualized and recorded.
This includes both genetically-defined cell types using cell type-specific
driver lines, as well as projection- or inputs-defined cell types using
retrograde tracer and anterograde/retrograde trans-synaptic tracing
tools (see Genetic dissection of spinal circuits), and functionally-defined

Fig. 1. The neural circuitry for sensing cutaneous temperature. Cutaneous
temperature is first detected by the free nerve endings in the skin. The cell
bodies of these neurons are located in the dorsal root ganglia. These neurons
synapse onto the dorsal horn neurons in the spinal cord. Thermal information is
processed in the dorsal horn of the spinal cord before being transmitted into the
brain.

C. Ran and X. Chen Experimental Neurology 318 (2019) 42–49

43



cell types using genetic tools (Callaway and Luo, 2015; DeNardo and
Luo, 2017; Lo and Anderson, 2011; Luo et al., 2018; Schwarz et al.,
2015; Tasaka et al., 2018; Wertz et al., 2015; Wickersham et al., 2007;
Zingg et al., 2017). 3) Calcium imaging allows correlating neurons re-
sponse properties with their precise spatial locations, as neurons can be
directly visualized in space. The high spatial resolution makes calcium
imaging particularly suitable for investigating possible sensory maps
(Chen et al., 2011; Ohki et al., 2005; Rothschild et al., 2010; Stettler
and Axel, 2009). 4) Calcium imaging offers exquisite spatial resolution,
which is essential when specifically analyzing the activity of dendrites
and axons (Broussard et al., 2018; Jia et al., 2010; Petreanu et al., 2012;
Sun et al., 2016; Vrontou et al., 2013). 5) Calcium imaging allows the
same population of neurons to be recorded over multiple days to ex-
amine how chronic forms of plasticity, such as chronic pain, changes
sensory processing.

While calcium imaging is advantageous in many respects, it is im-
portant to keep in mind the limitations of calcium imaging. 1) Light
scattering limits the imaging depth in highly scattering tissue like the
spinal cord. Using two-photon microscopy, structures ~1mm below the
cortical surface would be imaged (Theer et al., 2003). However, deep
tissue imaging requires high excitation power, which in turn results in
significant tissue heating (Podgorski and Ranganathan, 2016). This
limits the practical imaging depth to the most superficial ~300 μm,
when a bright fluorophore (tdTomato) is used (Ran et al., Unpublished
data). In vivo electrophysiology should be the method of choice when
recording from neurons in the deep dorsal horn/ventral horn. 2) Cal-
cium signal is an indirect measurement of neuronal activity and is slow
in nature. While the temporal resolution of calcium signal usually does
not limit the analysis of response kinetics to slow stimuli, such as
temperature and chemicals, deconvolution methods may be necessary
in other situations, such as characterizing the adaptation for mechan-
osensitive neurons (Pnevmatikakis et al., 2016; Vogelstein et al., 2010;
Yaksi and Friedrich, 2006).

2. In vivo calcium imaging of temperature-evoked response in the
spinal cord

We pioneered the development and use of in vivo calcium imaging to
study the coding of cutaneous temperature in the spinal cord (Ran et al.,
2016). We surgically exposed the dorsal surface of the lumbar spinal
cord in an anesthetized mouse via laminectomy and bulk-loaded the
calcium dye Oregon Green BAPTA-1 AM (OGB) into the superficial la-
minae of the spinal cord. A pair of spinal clamps that fix the vertebrae
were used to stabilize the preparation for imaging (Fig. 2A)
(Johannssen and Helmchen, 2010; Ran et al., 2016). In order to vi-
sualize neurons that are located in the spinal cord of an intact mouse,
we chose two-photon excitation microscopy, which uses two photons
for each excitation of fluorophores. As a result, the microscopy allows
an infrared laser to be used for excitation. When compared to tradi-
tional laser scanning fluorescence microscopy, the longer wavelength of
the infrared laser decreases scattering and background absorption,
leading to an exponential increase in penetration depth in tissues. Be-
sides the increased light penetration, two-photon microscopy also
benefits from decreased background fluorescence, reduced photo-
toxicity, and reduced photobleaching. Using this platform, activities of
hundreds of spinal neurons, located in the most superficial two to three
laminae, could be simultaneously recorded. In a typical experimental
setting, approximately 500 neurons can be identified in a field-of-view
of 438× 438 μm. Neurons located in deeper laminae can be visualized
when labeled with brighter fluorophores, such as tdTomato, although
these deeper dorsal horn neurons, which are presumably not tem-
perature-sensitive, were not focused in the study (Ran et al., 2016).

The high throughput offered by calcium imaging also possesses a
technical challenge for delivering sensory stimuli that activate a large
number of spinal neurons: as the collective receptive field of these many
neurons covers a large area of the skin, it necessitates a thermal

stimulation system that could evenly and rapidly change the tempera-
ture of this large skin area. Previous in vivo electrophysiological ex-
periments often first identify the exact receptive field of the recorded
neuron, usually by electric stimulation (Andrew and Craig, 2001; Craig
et al., 2001). Once the receptive field is identified, thermal stimulation
is usually delivered by a Peltier device, a solid-state device that trans-
fers heat from one side to the other when electric current flows through
the device. The solid-state unit is not compatible with calcium imaging
in mice, as it does not allow temperature to be evenly distributed across
a large and curved body surface area. Thus, we engineered a stimula-
tion delivery apparatus, which perfuses water at a high flow rate into a
container that contains the mouse hind limb. The rate of temperature
change can be precisely controlled by rapidly adjusting the temperature
of the perfusate. Combining this stimulation delivery apparatus and our
spinal calcium imaging platform, robust calcium responses to strong
and mild cold, lukewarm and hot temperatures can be reliably re-
corded.

When we recorded neuronal responses to heat and cold, we made an
unexpected finding that (1) spinal neurons use distinct logic for coding
heat and cold stimuli. The initial observation is that when the stimu-
lation temperature ramps up or down during the heat/cold stimulation,
the responses to heat usually correlate with the absolute temperature of
the stimulation. By contrast, although cold responses are only elicited
after temperature drop passes a threshold, most responses to cold peak
quickly after stimulation onset, well before the stimulation temperature
reaches the target cold temperature. The peak time coincides with the
period when temperature drops most rapidly. While similar rapid
adaptive responses to thermal stimuli have been documented by in vivo
electrophysiological recordings previously, the limited throughput of in
vivo electrophysiology precluded the kinetics of large numbers of neu-
rons from being analyzed quantitatively. More importantly, a funda-
mental question regarding the fast response to cold persists: is the rapid
adaption a function of the cellular physiological property of the neuron,
or is it a faithful code for temperature change? Namely, if one slowly
drops the temperature at a constant rate, would neurons fire persis-
tently? To temporally dissociate the change of temperature from the
absolute temperature, we used a two-stage temperature stimulus.
During Stage One. The stimuli were delivered at different temperature
changing rates before reaching the target temperature, then the tem-
perature was maintained at its target for an extended period of time
during Stage Two. We discovered that heat responses behave like
simple thermometers and correlate with the absolute temperature. By
contrast, cold responses usually peak within the temperature change
stage and rapidly desensitized when the absolute temperature is cold
but is not changing (Fig. 2B). This conclusion is further supported by
the fact that the amplitudes of cold responses are similar when tem-
perature drops a certain amount of degrees, regardless of the absolute
temperature. By comparison, heat responses are similar when tem-
perature reaches the same target value, regardless of the extent of
temperature change (Fig. 2C). Together, these results indicate that
neurons signal temperature change for cold and absolute temperature
for heat.

How do the spinal neurons use these two different coding strategies
for heat and cold? This difference may either be inherited from the DRG
neurons or be generated at the spinal level. While a definitive answer to
this question is yet to be provided, recent calcium imaging studies of
the primary thermosensory neurons in the DRG and the trigeminal
ganglia have examined the response kinetics to temperature stimuli in
detail (Wang et al., 2018a; Yarmolinsky et al., 2016). The temperature-
evoked calcium responses in primary sensory neurons somewhat re-
semble our spinal imaging data: heat responses largely reflect the ab-
solute temperature, and most cold responses adapt rapidly. These si-
milarities in response kinetics between the spinal neurons and primary
afferents likely suggest that the spinal neurons adopt their coding from
their inputs. Nevertheless, when comparing the response kinetics be-
tween temperature-responsive spinal neurons and primary sensory
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neurons, we noticed considerable differences. For example, as target
stimulation temperature decreases, responses of the same trigeminal
neuron become drastically more transient, whereas response kinetics of
a given spinal neuron is not significantly changed by target temperature
(Yarmolinsky et al., 2016). A small subset of trigeminal neurons showed
bimodal responses to both the onset of temperature drop and to the
absolute cold temperature as temperature decreases during stimulation
(Yarmolinsky et al., 2016). These data indicate that additional signal
transformation at the spinal level does exist, although differences in
stimulation methods and calcium indicators may explain some of the
discrepancies (Ran et al., 2016; Yarmolinsky et al., 2016). Further in-
vestigation will shed light on these intriguing questions.

Besides the unexpected findings of the different coding strategy for
heat and cold, our novel spinal imaging system allowed us to conduct
the first systematic examination regarding neural coding of cutaneous
temperature in the spinal cord and to make a series of other discoveries.

(2) Broadly- and narrowly-tuned neurons in the spinal cord. We
confirmed previous findings that the superficial dorsal horn contains
heat-only, cold-only neurons, as well as dually-tuned neurons that re-
spond to both cold and heat. The proportion of dually-tuned neurons
increases to stronger temperature stimulation (Ran et al., 2016). The
substantial number of dually-tuned neurons at the spinal level is in
sharp contrast with the largely segregated ensembles primary sensory
neurons that are dedicated to detecting heat and cold (Emery et al.,
2016; Ran et al., 2016; Wang et al., 2018a; Yarmolinsky et al., 2016).
For example, only less than 5% of all the thermosensory neurons in the
trigeminal ganglion respond to both strong heat (51 °C) and cold tem-
peratures (4 °C) (Yarmolinsky et al., 2016). By contrast, roughly half of

the thermosensory spinal neurons are dually-tuned to respond to si-
milar temperatures (50 °C and 5 °C, respectively) (Ran et al., 2016). It is
likely that most of the dually-tuned spinal neurons receive convergence
inputs from heat- and cold-sensitive primary sensory neurons (Ran
et al., 2016). The heat-only, cold-only and dually-tuned neurons are
generally intermingled in the superficial dorsal horn, although the
proportion of heat-responsive neurons increases when going deeper
into the dorsal horn (Ran et al., 2016), consistent with the innervation
pattern of TRPM8- and TRPV1-expressing DRG neurons (Bautista et al.,
2007).

(3) Population-intensity codes of temperature gradient. The acti-
vation threshold temperature of both heat- and cold-responsive neu-
rons are fairly evenly distributed across a wide temperature range, ra-
ther than being clustered around the activation thresholds of
thermosensitive TRP channels. This implies that the sensation of tem-
perature modalities that has distinct motivational valences (such as
warmth and heat) may be encoded by the population of spinal neurons
as a whole, rather than recruiting distinct populations of neurons as
dedicated labeled lines for noxious and innocuous temperatures. Note
that the temperature-response relationships on the heat and cold ranges
are different. The steep increase in the number of neurons activated as
heat temperature increases may be significant in differentiating the
lukewarm temperature that is attractive to most animals from noxious
heat (Ran, 2017).

(4) Different input-contribution to heat and cold responses. Most of
the heat-responsive spinal neurons, regardless of their activation
threshold temperature, predominantly receive inputs from TRPV1-ex-
pressing DRG neurons. This is consistent with previous data that de-
monstrate the essential role of TRPV1-expressing neuron in sensing
noxious heat (Mishra et al., 2011), but also suggest a novel role of these
neurons in detecting warmth (see below) (Caterina et al., 2000;
Yarmolinsky et al., 2016). By contrast, cold-responsive spinal neurons
receive inputs from two populations of DRG neurons. Those neurons
that are activated at mild cold temperatures (higher than 26 °C) almost
solely receive inputs from TRPM8-expressing DRG neurons, whereas
neurons get activated by strong cold temperatures (lower than 26 °C)
largely receive cold information from TRPV1-expressing DRG neurons
(Knowlton et al., 2013; Pogorzala et al., 2013). Together, these results
suggest TRPV1-expressing DRG neurons may serve as a common
pathway for thermal nociception. Meanwhile, the TRPV1- and TRPM8-
expressing neurons appear to have lower activation thresholds in vivo
than those characterized in heterologous systems or dissociated DRG
neurons (Bautista et al., 2007; Caterina et al., 1997). It is worth noticing
that the sensitivity of TRPV1-expressing DRG neurons to strong cold
cannot be attributed to TRPA1, a channel previously indicated to detect
noxious cold that is exclusively expressed by TRPV1-expressing neurons
(Karashima et al., 2009; Story et al., 2003), as TRPA1 knockout animals
show normal cold sensitivity (Ran et al., 2016). This is further sup-
ported by evidence that TRPA1-expressing primary afferents do not
respond to cold (Yarmolinsky et al., 2016). What molecular transducer
confers cold sensitivity in TRPV1-expressing neurons is an intriguing
question that requires further investigation.

(5) The sensation of warmth. Compared to our understanding of the
molecular mechanisms of sensing heat and cold, the neural basis of
warmth sensation is relatively unclear. Several candidate receptors,
such as TRPV1, TRPV3, TRPV4, TRPM2, TRPM4, TRPM5, have been
implied in warmth sensation (Chung et al., 2004; Moqrich et al., 2005;
Talavera et al., 2005; Tominaga and Caterina, 2004; Xu et al., 2002;
Yarmolinsky et al., 2016). However, the role of these receptors is still a
matter of debate in the field (Huang et al., 2011). This is largely due to
the lack of experimental assay in assessing the contributions of loss-of-
function mutants: a lukewarm temperature does not trigger nocifensive
behavior, the two-plate temperature preference behavioral test involves
a second confounding temperature, and warmth-responsive neurons are
rare and cannot be reliably captured by in vivo electrophysiology
(Andrew and Craig, 2001). We previously reported that after genetic

Fig. 2. Different coding of heat and cold by spinal neurons. A. A schematic
illustrating the in vivo spinal cord calcium imaging preparation, adapted from
Ran et al., 2016. B. Cold-responsive spinal neurons signal change of tempera-
ture, whereas heat-responsive spinal neurons signal absolute temperature. C.
The response amplitude of a cold response correlates with the amplitude of
temperature change, whereas the response amplitude of a heat response cor-
relates with the absolute value of target temperature.
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ablation of TRPV1-expressing DRG neurons, spinal response to warmth
is impaired (Ran et al., 2016). The finding indicates that TRPV1-ex-
pressing DRG neurons, while previously considered as heat nociceptors,
are also necessary for the sensation of warmth.

Importantly, is the warmth sensitivity of TRPV1-expressing DRG
neurons conferred by TRPV1 channel itself or other receptors in these
neurons? Here we show that knocking out TRPV1 receptor significantly
impaired spinal responses to warmth (Fig. 3). Response to warm tem-
peratures (37 °C and 40 °C) was reduced by 63% and 53% in TRPV1−/−

mice (Caterina et al., 2000), respectively, compared to WT. In fact,
spinal response to warm and hot temperatures in TRPV1−/− mice
largely resembled response in mice in which TRPV1-expressing DRG
neurons were genetically ablated (Ran et al., 2016). This similarity
indicates that heat sensitivity of TRPV1-expressive neurons is pre-
dominantly contributed by TRPV1 channel. Our current result, together
with another recent imaging study of primary sensory neurons
(Yarmolinsky et al., 2016), established the essential role of TRPV1 re-
ceptor in sensing warmth.

Interestingly, ablating TRPM8-expressing cold-sensitive DRG neu-
rons actually increases the response to a warm temperature, to the
extent that the response to warmth resembles response to a hot tem-
perature (Ran et al., 2016). These data indicate that normal sensation of
warmth requires coordinated activities from the cold- and heat-

sensitive inputs. It is interesting to note that genetic ablation of pepti-
dergic nociceptors, which partially overlaps with heat-sensitive DRG
neurons, enhances the sensitivity of some spinal neuron to cold (McCoy
et al., 2013). Together, these results may suggest common crossover
antagonism between the heat and cold circuits, a logic that is shared by
the thermosensory circuit in Drosophila (Liu et al., 2015).

3. Future perspective

Our previous research is among the first in using in vivo spinal cord
calcium imaging to study coding of somatosensory stimuli. While it
provides a comprehensive analysis of the coding of cutaneous tem-
perature of the spinal cord, it also illustrates the power of the functional
imaging system in studying sensory coding in the spinal cord.

3.1. Technical considerations

In vivo calcium imaging is a rapidly-evolving field. New fluorescent
calcium indicators and new imaging instrumentation emerge con-
stantly. In our previous research, the calcium dye OGB was chosen over
genetically-encoded calcium indicators to avoid tissue inflammation
that develops after local viral injection (which likely alters the prop-
erties of sensory neurons) (Ran et al., 2016). Meanwhile, the relatively
bright baseline fluorescence of OGB (compared to GCaMP6) and the
fact that GCaMP imaging is more prone to neuropil contamination are
additional motivations for the choice. Other researchers chose the
fluorescence resonance energy transfer (FRET)-based calcium indicator
protein, Yellow Cameleon, for its insensitivity to motion artifacts
(Nishida et al., 2014). Labeling was achieved by in utero electropora-
tion, which avoids tissue inflammation after local injection in adult
animals (Nishida et al., 2014).

Over the past two years since our first study was published, novel
tools and methods have emerged, which provide additional options to
analyze spinal calcium signals in response to somatic stimuli. Using
even longer wavelength, three-photon imaging further increases
achievable imaging depth (Ouzounov et al., 2017; Wang et al., 2018b).
Adaptive optics corrects optical aberration and improves imaging per-
formance in deep tissue (Wang et al., 2015). Miniature two-photon
microscopy allows deep tissue imaging in freely behaving animals
(Zong et al., 2017). Newer versions of GCaMP such as jGCaMP7b, offers
brighter baseline fluorescence (Dana et al., 2018). Red-shifted calcium
indicator with high signal-to-noise ratio permits calcium imaging of
neurons located in deeper spinal laminae (Dana et al., 2016). Soma-
targeting GCaMP variants constrain the localization of GCaMP to the
soma and proximal dendrites, whereas axon-targeting GCaMP is opti-
mized for measuring afferent activity (Broussard et al., 2018). Newly-
engineered adeno-associated viruses that allow efficient delivery of
GCaMP to the spinal cord by systemic injection can avoid local in-
flammation that occurs after spinal injection (Chan et al., 2017;
Deverman et al., 2016). Recently-developed data analysis pipelines
allow better signal segregation and neuropil decontamination (Keemink
et al., 2018; Pachitariu et al., 2017; Pnevmatikakis et al., 2016). These
novel imaging tools and methods can be integrated into the current
imaging system to examine biological processes that we were unable to
investigate before.

3.2. Genetic dissection of spinal circuits

How will in vivo spinal imaging further advance our understanding
of somatosensory circuitry of the spinal cord? Modern neural circuit
dissection often first utilizes genetic methods to target individual neu-
ronal types, and additional tools can then be brought in to trace the
anatomical connections of these neuronal types or to manipulate their
activities to establish their roles in circuit function. Over the past few
years, research in the field has characterized the roles of a number of
neuronal types in somatosensation (Abraira et al., 2017; Bourane et al.,

Fig. 3. Role of TRPV1 channel and TRPV1-expressing DRG neurons in sensing
warmth. A. Heat maps of the activities of all heat-responding neurons in re-
presentative fields-of-view (FOVs) in an example wild type (WT, 396 neurons)
and TRPV1−/− (227 neurons) mouse. Neurons were considered responders
when the maximum ΔF/F of each individual trial exceeded 5% and 2.5 times of
σ0 (s.d. of the pre-stimulus baseline) above F0 of each individual trial, and the
maximum ΔF/F of the averaged and smoothed response exceeded 5% and 3
times σ0 above F0 of the response averaged from all the trials of the same sti-
mulus. From detailed methods, see Ran et al., 2016. Scale bar, 10 s. B. Tem-
perature-response relationship in WT and TRPV1−/− mice. (Black: WT, n=10
mice; orange: TRPV1−/−, n=4 mice; red: TRPV1-DTR, n=9 mice. WT and
TRPV1-DTR data are from Ran et al., 2016. Mann-Whitney test between
TRPV1−/− and WT, P= .053, P= .024, P= .008, P= .004 for the four tem-
peratures, respectively.) C. The percentage of reduction (calculate from B) of
heat-responding neurons in TRPV1−/− mice compared to WT.
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2015; Christensen et al., 2016; Cui et al., 2016; Duan et al., 2014; Foster
et al., 2015; Francois et al., 2017; Lu et al., 2013; Peirs et al., 2015;
Petitjean et al., 2015). All of these studies use mouse genetics to target
specific populations of neuronal types defined by their endogenous
gene expression. Recent single-cell RNA sequencing studies have es-
tablished a comprehensive atlas of dorsal horn neuronal types (Haring
et al., 2018; Sathyamurthy et al., 2018). One study tried to correlate the
cell types identified by single-cell RNA sequencing with immediate
early gene (IEG) expression induced by noxious cold and heat stimuli
using in situ hybridization (Haring et al., 2018). Functional manipula-
tion of those neuronal types has provided important understanding into
the organization of spinal somatosensory circuits. In vivo calcium ima-
ging, compared to IEG expression analysis, offers much better
throughput, multiplexity, and temporal resolution (the high temporal
resolution of calcium imaging is particularly critical in differentiating
IEG expression induced by heating and the cooling stage when tem-
perature returns to baseline after heating) (Ran et al., 2016; Wang et al.,
2018a). The arsenal of cell type-specific reporter transgenic lines, the
ever-growing collection of cell type-specific driver mouse lines, and
their corresponding reporter mouse lines (including intersectional re-
porters) offer a great toolbox to genetically dissect each individual
component in the spinal circuitry (Daigle et al., 2018; Luo et al., 2008,
2018; Madisen et al., 2015; Madisen et al., 2010). Besides genetic access
to neuronal cell types defined by endogenous gene expression, recent
tools that target functionally-, projection- or inputs-defined cell types
have emerged. Retrograde tracers and the recently-developed ante-
rograde trans-synaptic tracing tools can label specific populations of
neurons defined by their projection targets and their inputs, respec-
tively (Callaway and Luo, 2015; Lo and Anderson, 2011; Luo et al.,
2018; Miyamichi et al., 2013; Schwarz et al., 2015; Zingg et al., 2017).
Activity-driven targeting tools, mostly based on immediate early gene,
allow genetic access of functionally-defined cell types (DeNardo and
Luo, 2017; Luo et al., 2018). These mouse genetic and viral tracing tools
can be readily combined with the spinal cord calcium imaging system
to examine the responsive properties of each genetically- or anatomi-
cally-defined neuronal subtype. Moreover, optogenetic or pharmaco-
genetic activation/silencing of specific components of the spinal cir-
cuits can be combined with calcium imaging to establish the causal role
of these spinal cell types in sensory processing.

Somatostatin (Sst) and calbindin 2/calretinin (Calb2) lineages

neurons are two major populations of excitatory neurons in the spinal
dorsal horn (Duan et al., 2014). Together, these neurons compose 11 of
15 dorsal horn excitatory subtypes classified in the recent single-cell
RNA sequencing study (Haring et al., 2018). Genetic ablation of Sst
lineage neurons results in profound loss of mechanical sensitivity,
whereas ablation of Calb2+ neurons also impairs heat nociception,
measured by affective licking behavior at high heat (54 °C) but not
intermediate heat (50 °C) (Duan et al., 2014). The role of Sst+ re-
sembles the nociceptive transmission neurons in the gate control theory
of mechanical pain (Duan et al., 2014; Melzack and Wall, 1965).
However, controversy arises as acute inhibition of Sst+ neurons using
pharmacogenetic approach leads to deficits in both mechano- and
thermosensitivity (Christensen et al., 2016), arguing possible long-term
compensatory mechanism in mediating thermal nociception after neu-
ronal ablation. To investigate the role of Sst+ and Calb2+ neurons in
processing thermal stimuli under a natural, unperturbed condition, we
set out to examine the responses of these neurons to thermal stimuli
using our spinal imaging platform. We cross Sst-cre and Calb2-cre with a
Cre-dependent tdTomato allele and compared the response profiles of
tdTomato+ and tdTomato− neurons within the same mice (Fig. 4A and
C) (Madisen et al., 2010; Taniguchi et al., 2011). Both Sst+ and Calb2+

neurons preferentially responded to heat stimuli. Interestingly, sig-
nificantly lower proportions of Sst+ and Calb2+ neurons responded to
cold stimuli (Fig. 4B and D). Our current data are consistent with recent
studies showing the involvement of this population of neurons in
mediating thermal stimuli, while the superior temporal and single cell
resolution offered by calcium imaging provides quantitative informa-
tion regarding thermal responsiveness of each cell type (Christensen
et al., 2016; Haring et al., 2018). It is worth noticing that both Sst and
Calb2 lineages consist of heterogeneous subpopulations of neurons
(Haring et al., 2018). Imaging the response of each neuronal subtype or
activating/silencing each type while examining its effect on other
neurons' responses to temperature change will establish the functional
roles of each neuronal type in processing thermosensory information.

3.3. Thermosensory coding under pathological conditions

The thermosensory circuit is plastic. After an injury, the hy-
persensitive thermosensory circuit protects animals from further tissue
damage. Various types of injury may alter the circuit in distinct ways so

Fig. 4. Responses of spinal Sst+ and Calb2+ neurons to thermal stimuli. A. Example two-photon images of OGB-labeled Calb2+ and Calb2− neurons. Scale bar,
100 μm. B. A histogram showing the percentage of Calb2+ and Calb2− neurons that respond to corresponding temperature stimuli (406 Calb2+ and 3839 Calb2−

neurons in 5 mice). C. Example two-photon images of OGB-labeled Sst+ and Sst− neurons. D. A histogram showing the percentage of Sst+ and Sst− neurons that
respond to corresponding temperature stimuli (231 Sst+ and 2344 Sst− neurons in 3 mice).
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that the animal is alerted that a particular type of damaging stimulus is
imminent. For example, inflammatory pain is characterized by elevated
sensitivity to heat, whereas neuropathic pain and ciguatera intoxication
are usually accompanied by cold allodynia (Bagnis et al., 1979; Huang
et al., 2006; Jorum et al., 2003). The spinal cord calcium imaging
system can be combined with animal models of pain to investigate the
change in patterned neuronal activities, with or without somatic stimuli
(Prescott et al., 2014). The ability to image the same populations of
neurons before and after injury enables researchers to ask if neuronal
populations change their response to temperature stimuli in a universal
manner, or if distinct functionally-defined neuronal ensembles change
their responses differently (Ran et al., unpublished data). Genetic and
pharmacological manipulations can be combined with chronic pain
models and calcium imaging, such that changes in response of each
genetically-defined neuronal type can be characterized, and mechan-
isms underlying the plasticity under chronic pain can be investigated
(Cichon et al., 2017). Such efforts will greatly advance our under-
standing of the thermosensory circuit and the mechanisms of pain.
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