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Inhibitory Interneurons That Express GFP in the PrP-GFP
Mouse Spinal Cord Are Morphologically Heterogeneous,
Innervated by Several Classes of Primary Afferent and
Include Lamina I Projection Neurons among Their
Postsynaptic Targets
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The superficial dorsal horn of the spinal cord contains numerous inhibitory interneurons, which regulate the transmission of informa-
tion perceived as touch, pain, or itch. Despite the importance of these cells, our understanding of their roles in the neuronal circuitry is
limited by the difficulty in identifying functional populations. One group that has been identified and characterized consists of cells in the
mouse that express green fluorescent protein (GFP) under control of the prion protein (PrP) promoter. Previous reports suggested that
PrP-GFP cells belonged to a single morphological class (central cells), received inputs exclusively from unmyelinated primary afferents,
and had axons that remained in lamina II. However, we recently reported that the PrP-GFP cells expressed neuronal nitric oxide synthase
(nNOS) and/or galanin, and it has been shown that nNOS-expressing cells are more diverse in their morphology and synaptic connections.
We therefore used a combined electrophysiological, pharmacological, and anatomical approach to reexamine the PrP-GFP cells. We
provide evidence that they are morphologically diverse (corresponding to “unclassified” cells) and receive synaptic input from a variety
of primary afferents, with convergence onto individual cells. We also show that their axons project into adjacent laminae and that they
target putative projection neurons in lamina I. This indicates that the neuronal circuitry involving PrP-GFP cells is more complex than
previously recognized, and suggests that they are likely to have several distinct roles in regulating the flow of somatosensory information
through the dorsal horn.
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Introduction
Lamina II of the dorsal horn contains numerous inhibitory in-
terneurons (Polgár et al., 2003, 2013a), but despite extensive in-
vestigation, we still know little about the neural circuits through

which these control transmission of sensory information. This is
largely because of the difficulty in defining functional subpopu-
lations (Graham et al., 2007; Todd, 2010; Braz et al., 2014). The
most widely accepted classification scheme, developed by Grudt
and Perl (2002), identifies four major morphological classes in
lamina II: islet, vertical, central, and radial cells. All islet cells are
inhibitory, whereas most vertical and radial cells are excitatory,
and the central class includes both excitatory and inhibitory cells
(Lu and Perl, 2003, 2005; Heinke et al., 2004; Maxwell et al., 2007;
Yasaka et al., 2010; Punnakkal et al., 2014). A limitation of this
scheme is that many neurons (typically �25%) cannot be as-
signed to any of these morphological classes. Neurochemistry
provides an alternative way of classifying inhibitory interneurons
in the superficial laminae. The somatostatin receptor sst2A, which
is restricted to inhibitory interneurons in this region, is present
on �50% of these cells (Todd et al., 1998; Polgár et al., 2013a).
Subpopulations among the sst2A

� neurons express the neuropep-
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tide galanin and neuronal nitric oxide synthase (nNOS), which
are found in approximately two-thirds of these cells (Iwagaki et
al., 2013; Polgár et al., 2013a). Loss of the galanin- and/or nNOS-
expressing inhibitory interneurons from the superficial laminae
in mice lacking the transcription factor Bhlhb5 (Kardon et al.,
2014) is thought to underlie the chronic itch seen in these animals
(Ross et al., 2010).

One group of inhibitory interneurons that has been studied in
detail consists of cells that express green fluorescent protein
(GFP) under control of the prion promoter (PrP) (Hantman et
al., 2004; Zheng et al., 2010). These are reported to constitute a
homogeneous population in terms of their morphology (central
cells) and primary afferent inputs (from TRPV1- and TRPM8-
expressing unmyelinated fibers), and to have axons that remain
in lamina II. We have recently shown that the PrP-GFP cells
(which account for �16% of the inhibitory interneurons in lam-
ina II) are among those that possess the sst2A receptor, and that
virtually all of them contain nNOS and/or galanin, with 70%
expressing nNOS (Iwagaki et al., 2013). However, studies in the
rat have shown that nNOS-expressing interneurons in superficial
dorsal horn are morphologically heterogeneous (Valtschanoff et
al., 1992) and seldom upregulate the transcription factor Fos in
response to intraplantar injection of the TRPV1 agonist capsaicin
(Polgár et al., 2013b). In addition, nNOS� dendrites receive syn-
apses in type II glomeruli (Bernardi et al., 1995), which originate
from myelinated low-threshold afferents (Ribeiro-da-Silva and
Coimbra, 1982), whereas nNOS� axons innervate a population
of lamina I projection neurons (Puskár et al., 2001).

These discrepancies suggest that the PrP-GFP cells may be
more diverse in their morphology and synaptic connections than
previously suggested. In this study, we have combined electro-
physiological, pharmacological, and anatomical approaches to
resolve these issues.

Materials and Methods
Experiments were approved by the Ethical Review Process Applications
Panel of the University of Glasgow and were performed in accordance
with the UK Animals (Scientific Procedures) Act 1986.

Slice preparation and electrophysiology. Spinal cord slices were obtained
from 88 PrP-GFP mice 4 – 6 weeks old and of either sex (van den Pol et al.,
2002), as described previously (Iwagaki et al., 2013; Dickie and Torsney,
2014). Briefly, the mid-thoracic to sacral spinal cord was isolated during
anesthesia with isoflurane (1%–3%). The mouse was decapitated, and
the spinal cord was transferred to ice-cold dissecting solution containing
the following (in mM): 3.0 KCl, 1.2 NaH2PO4, 2.4 CaCl2, 1.3 MgCl2, 26.0
NaHCO3, 15 glucose, 251.6 sucrose, oxygenated with 95% O2 and 5%
CO2. The dura and pia mater were removed, and parasagittal spinal cord
slices (300 �m) were cut with a vibrating blade microtome (Microm HM
650V, Fisher Scientific). In some cases, mice were anesthetized with iso-
flurane and decapitated, and the spinal cord with attached dorsal roots
was removed and placed in ice-cold dissection solution. Following re-
moval of the ventral roots, dorsal root ganglia, dura, and pia mater, the
lumbar (L4 –L5) spinal cord was embedded in 3% low-melting-point
agar and parasagittal (400 �m) or transverse (500 �m) spinal cord slices
with attached dorsal roots were cut. Slices were kept at room temperature
for at least 30 min in recording solution containing the following (in
mM): 125.8 NaCl, 3.0 KCl, 1.2 NaH2PO4, 2.4 CaCl2, 1.3 MgCl2, 26.0
NaHCO3, 15 glucose, oxygenated with 95% O2, 5% CO2.

Targeted whole-cell patch-clamp recordings were made from GFP-
positive neurons visualized under fluorescence and infrared differential
interference contrast microscopy on an Olympus BX51WI microscope.
Patch pipettes were pulled with a horizontal puller (P-97, Sutter Instru-
ments) from thin-walled glass capillaries (World Precision Instruments).
The pipettes were filled with internal solution containing the following
(mM): 130 potassium gluconate, 10 KCl, 2 MgCl2, 10 HEPES, 0.5 EGTA,

2 ATP-Na2, 0.5 GTP-Na, pH adjusted to 7.3 with 1 M KOH, and typically
had a resistance of 4 – 6 M�. In some cases, an internal solution contain-
ing the following was used (in mM): 120 Cs-methylsulfonate, 10 Na-
methylsulfonate, 10 EGTA, 1 CaCl2, 10 HEPES, 5 QX-314-Cl
[2(triethylamino)-N-(2,6-dimethylphenyl) acetamine chloride], and 2
Mg 2�-ATP, pH adjusted to 7.2 with CsOH, osmolarity 290 mOsm. Neu-
robiotin (0.2%, Vector Laboratories) was also included in the internal
solution for subsequent morphological analysis of recorded cells. Patch-
clamp signals were amplified and filtered (4 kHz low-pass Bessel filter)
with a MultiClamp 700B amplifier (Molecular Devices) and acquired at
10 kHz using a Digidata 1440 A A/D board and pClamp 10 software
(Molecular Devices).

Following successful configuration of whole-cell mode, cells were
voltage-clamped at �60 mV. Small voltage pulses were delivered (100
ms, �70 to �50 mV, 2.5 mV increments) to generate current–voltage
( I–V) relationships for the recorded cells. These were used to determine
resting membrane potentials, and cells exhibiting potentials more depo-
larized than �30 mV were not analyzed further. In current-clamp mode,
cells were examined for their patterns of action potential firing. Cells
were sometimes injected with continuous bias currents to give mem-
brane potentials ��60 mV, and then depolarizing current steps (1 s)
were applied until firing reached maximal steady state.

To investigate primary afferent input to GFP-positive neurons, evoked
EPSCs (eEPSCs) were recorded in spinal cord slices with attached dorsal
roots in response to dorsal root stimulation, as described previously
(Torsney and MacDermott, 2006; Daniele and MacDermott, 2009;
Torsney, 2011). Cells were voltage-clamped at �70 mV, and the dorsal
root was stimulated with a suction electrode. To determine the fiber types
providing input to the recorded neurons, stimuli were initially applied at
low frequency (0.05 Hz, stimulus duration 0.1 ms) using an ISO-Flex
stimulus isolator (AMPI Intracell), with progressively increasing inten-
sities. The stimulation intensities used were 25 �� for A� fibers, 100 �A
for A� fibers, and 500 �A and 1 mA for C fibers. Three stimuli were
applied at each intensity. Cells in which no monosynaptic response was
evident at 1 mA were additionally stimulated at 3 and 5 mA. Primary
afferent input was characterized as monosynaptic or polysynaptic in the
manner of Nakatsuka et al. (2000), as described previously (Torsney and
MacDermott, 2006; Torsney, 2011). Dorsal roots were stimulated 20
times at 20 Hz for A� fibers, 2 Hz for A� fibers, and 1 Hz for C fibers. A
fiber responses were considered monosynaptic if there was an absence of
failures and a latency variability of �2 ms, whereas C fiber responses were
classified as monosynaptic if there was an absence of failures, regardless
of whether the latency was variable. The estimated conduction velocity
for monosynaptic primary afferent inputs was calculated on the basis of
the response latency, measured as the time between the stimulus artifact
and the onset of the monosynaptic eEPSC and the length of the stimu-
lated dorsal root, measured as the distance between the stimulation elec-
trode and the dorsal root entry zone.

To provide information about monosynaptic inputs from primary
afferents that possess transient receptor potential (TRP) channels, min-
iature EPSCs (mEPSCs) were recorded in the presence of TTX (0.5 �M),
bicuculline (10 �M), and strychnine (5 �M) while the cell was held at �60
mV. Following a 5 min control period, drugs (capsaicin 2 �M, icilin 20
�M, A967079 5 �M) were bath-applied via 3-way stopcocks without any
change in perfusion rate (2 ml/min). For experiments with icilin, bath
temperature was raised to �32°C with an in-line heating perfusion tube
(HPT-2, ALA Scientific Instruments) and a control system (PCT-10,
ALA Scientific Instruments). mEPSCs were detected off-line by using
Mini Analysis Program software (Synaptosoft). TTX, icilin, and A967079
(selective TRPA1 channel blocker) were obtained from Tocris Biosci-
ence, and 1(S),9(R)-(�)-bicuculline methiodide, strychnine hydrochlo-
ride, and capsaicin from Sigma-Aldrich. Following recording, slices were
immersion fixed overnight in 4% formaldehyde at 4°C.

Morphological analysis of neurons that had undergone whole-cell record-
ing. Following fixation, slices containing recorded cells were rinsed in
PBS and incubated overnight at 4°C in avidin-Rhodamine (1:1000; Jack-
son ImmunoResearch Laboratories) diluted in PBS containing 0.3% Tri-
ton X-100. They were then mounted on slides and scanned with a Zeiss
LSM 710 confocal microscope equipped with argon multiline, 405 nm
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diode, 561 nm solid state and 633 nm HeNe lasers, and a spectral detec-
tion system. Confocal image stacks of filled cells were acquired by scan-
ning through a 63� oil-immersion lens (NA 1.4) with 0.5 �m z spacing
and the aperture set to 1 Airy unit. Scans were obtained to include all of
the dendritic tree and axonal arbor that was visible at this stage, and these
were analyzed offline. In all cases, the presence of GFP was confirmed by
scanning for the native protein within the cell bodies of the filled neu-
rons. Axons could readily be distinguished from dendrites because they
were generally thinner, showed little tapering at increasing distance from
the soma, lacked spines, and possessed numerous irregularly spaced var-
icosities (Grudt and Perl, 2002; Yasaka et al., 2010).

Initially, the dendritic trees and axonal arbors of the cells were manu-
ally reconstructed by using the Neuron Tracing feature in Neurolucida
for Confocal software (MBF Bioscience). Slices were then mounted in
agar and resectioned at 60 �m with a vibrating blade microtome (Leica
VT 1200), and the sections were kept in serial order. Sections that con-
tained parts of the dendritic or axonal tree that were deep within the slice
and had not previously been visible were scanned, and these were added
to the reconstruction. To determine laminar
boundaries, one section from each slice was
immunostained to reveal PKC� (see below),
which is present in a plexus of dendrites that
occupies the inner half of lamina II (IIi)
(Hughes et al., 2003). Expression of the neuro-
kinin 1 receptor (NK1r) has been used to iden-
tify lamina I (Polgár et al., 2011). However, we
found that the quality of NK1r immunostain-
ing was generally poor in the resectioned slices,
and we therefore defined lamina I as the region
up to 20 �m below the dorsal white matter,
based on observations in perfusion-fixed tis-
sue. These laminar boundaries were added to
each of the cell reconstructions. In total, 87
PrP-GFP cells were reconstructed for morpho-
logical analysis. Morphometric data for cell
bodies, dendritic trees, and axonal arbors of the
reconstructed cells were obtained from Neuro-
lucida Explorer.

Because the great majority of PrP-GFP cells
express nNOS and/or galanin (Iwagaki et al.,
2013), we tested for the presence of these in 72
of the reconstructed cells (those for which
there was at least one additional section avail-
able for immunocytochemistry). This was
done by incubating a section from each cell
that contained axonal boutons and/or part of
the dendritic tree with a mixture of antibodies
against nNOS and galanin. These were then re-
vealed with secondary antibodies conjugated
to Alexa-647 and Pacific blue, respectively, as
described below. The cell was classed as nNOS-
or galanin-positive if the corresponding type of immunoreactivity was
detected in either the axon (at least 5 boutons) or dendrites.

Perfusion fixation. Fifteen PrP-GFP mice of either sex (20 –37 g; Uni-
versity of Glasgow, Biological Services) were deeply anesthetized with
pentobarbitone (30 mg i.p.) and perfused through the left ventricle with
fixative that contained 4% freshly depolymerized formaldehyde (13
mice, tissue for confocal microscopy) or 4% formaldehyde/0.2% glutar-
aldehyde (2 mice, tissue for combined confocal/electron microscopy).
Midlumbar spinal cord segments (L3–L5) were dissected out and post-
fixed for between 4 and 24 h in the same fixative. These were cut with a
vibrating blade microtome into 60-�m-thick transverse, horizontal or
sagittal sections and processed for immunocytochemistry. In addition, 2
RetCreER�;Ai34� mice (Luo et al., 2009) born to females that had been
treated with 2.5 mg tamoxifen at E10.5 and E11.5, were fixed by perfu-
sion, as described above, and parasagittal sections were cut through mid-
lumbar segments.

General features of immunocytochemistry. Immunocytochemistry was
performed on sections cut from the slices used for electrophysiology and

also on perfusion fixed tissue. Incubations in primary antibodies were for
3 d, whereas those in secondary antibodies were overnight, at 4°C in each
case. Antibodies were diluted in PBS that contained 0.3% Triton X-100
and 5% normal donkey serum, unless otherwise stated. Details of the
sources and concentrations of primary antibodies are given in Table 1.
All secondary antibodies were raised in donkey and were species-specific.
Secondary antibodies were conjugated to Alexa-488, Alexa-647, Rhoda-
mine Red, Pacific Blue, or biotin (Jackson ImmunoResearch Laborato-
ries), or to Alexa-568 (Invitrogen), and were used at 1:500, apart from
those conjugated to Pacific Blue (1:200) or Rhodamine Red (1:100).
Biotinylated secondary antibodies were revealed with avidin-Pacific Blue
(1:1000; Invitrogen). Following immunoreaction, sections were
mounted in anti-fade medium and stored at �20°C. For reactions in-
volving 3 or 4 primary antibodies, these were detected with combinations
of Pacific Blue, Alexa-488, Rhodamine Red, and/or Alexa-647, which
have widely varying emission spectra. Some reactions involved five dif-
ferent antibodies, and in these cases an additional dye (Alexa-568) was
used. Although its emission spectrum overlaps with that of Rhodamine

Figure 1. Electrophysiological properties of PrP-GFP neurons. a, Most of these exhibited tonic firing (99 of 138 cells, 72%) in
response to suprathreshold square wave current injection (1 s), as shown in this figure. The remaining cells showed initial bursting
(13%), single-spiking (7%), or unresponsive (9%) patterns. b, The relationship between firing frequency and injected current
(f–I ), with data pooled from tonic and initial bursting cells. Because individual cells fired across a slightly different range of injected
currents, the numbers of cells that responded at different current steps varied, and these are shown in brackets. Error bars represent
SEM. The f–I relationship demonstrates that most cells (101 of 117 cells, 86%) reached their maximal steady state with injections
of �150 pA current.

Table 1. Antibodies used in this study

Antibody Species Dilution Source Catalog #

GFP Chicken 1:1000 –1:5000 Abcam ab13970
VGAT Rabbit 1:1000 Synaptic Systems 131 002
VGAT Goat 1:1000 M Watanabe
VGAT Mouse 1:1000 Synaptic Systems 131 011
VGLUT1 Guinea pig 1:500 –1:5000 Millipore ab5905
VGLUT2 Guinea pig 1:1000 Millipore ab2251
NK1r Rabbit 1:10000 Sigma-Aldrich S8305
nNOS Rabbit 1:2000 Millipore 07-571
nNOS Sheep 1:2000 PC Emson
Gephyrin Mouse 1:500 –1000 Synaptic Systems 147 011
Galanin Rabbit 1:1000 Bachem T-4334
BS lectin I Goat 1:2000 Vector AS-2104
CGRP Guinea pig 1:10000 Bachem T-5027
Fos Goat 1:500 Santa Cruz Biotechnology sc-52-G
PKC� Guinea pig 1:500 M Watanabe
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Red, these could be separated reliably with spectral detection, as shown
by the lack of coexistence of the two dyes in the resulting confocal images.

Sections were scanned with the confocal microscope through 40�
(NA 1.3) or 63� oil-immersion lenses, and in all cases the aperture was
set to 1 Airy unit. z-stacks were acquired, and in many cases overlapping
fields were scanned to include the entire cell or region of interest.

Contacts from primary afferents onto nNOS-immunoreactive PrP-GFP
cells. To identify contacts from nociceptive afferents, we combined bind-
ing of Bandeiraea simplicifolia isolectin B4 (IB4), which predominantly
labels nonpeptidergic C nociceptors (Hunt and Mantyh, 2001), with
immunocytochemical detection of calcitonin gene-related peptide
(CGRP), which is expressed by most (if not all) peptidergic primary
afferents (Ju et al., 1987; Usoskin et al., 2015). Sagittal sections from 2
perfusion-fixed PrP-GFP mice were incubated overnight in unconju-
gated IB4 (1 �g/ml), followed by chicken anti-GFP, guinea pig anti-
CGRP, rabbit anti-nNOS, and a goat antibody that recognizes IB4. These
were revealed with appropriate secondary antibodies. Ten nNOS �/
GFP � cells were selected for analysis (5 from each mouse) before the
CGRP and IB4 immunostaining were viewed. Confocal scans were ob-

tained through the 63� lens with a
z-separation of 0.5 �m. The soma and den-
drites were drawn with Neurolucida for Con-
focal, and the dendritic surface area was
determined (Baseer et al., 2012). Dendritic
spines were identified and included in the
drawings. Contacts between axonal boutons
that were either CGRP-immunoreactive or
IB4 �/CGRP � and dendritic shafts or spines of
the selected neurons were plotted. In each case,
we estimated the density of contacts per 1000
�m 2 of dendritic shaft as well as the percent-
age of dendritic spines that received a
contact.

Myelinated low-threshold mechanorecep-
tors express VGLUT1 and are the main source
of VGLUT1-immunoreactive boutons in lam-
ina IIi-III (Todd et al., 2003; Alvarez et al.,
2004). To assess whether these formed contacts
with nNOS-immunoreactive GFP cells, we
therefore reacted sagittal sections from 3 PrP-
GFP mice with chicken anti-GFP, guinea pig
anti-VGLUT1, and rabbit anti-nNOS, as de-
scribed above. Twenty-one nNOS �/GFP �

cells with dendrites that entered the plexus of
VGLUT1-immunoreactive axons in lamina IIi
were selected (7 from each mouse), before in-
dividual contacts on the cells could be identi-
fied. The dendritic trees of the cells were drawn
with Neurolucida, and for those dendrites that
lay within the VGLUT1 plexus, the dendritic
spines were plotted on the drawings. The chan-
nel corresponding to VGLUT1 was then
viewed, and the presence or absence of contacts
from VGLUT1-immunoreactive boutons on
each of the dendritic spines was noted. In this
case, the analysis was restricted to dendrites
that lay within the VGLUT1 plexus (lamina IIi/
III) because VGLUT1-immunoreactive axons
located dorsal to this are likely to be of nonpri-
mary origin (Todd et al., 2003).

To confirm that the contacts from
VGLUT1-immunoreactive boutons were asso-
ciated with synapses, we used a combined con-
focal/electron microscopic method (Todd et
al., 2002; Baseer et al., 2012). Sagittal sections
from 2 PrP-GFP mice that had been perfused
with glutaraldehyde-containing fixative were
initially incubated for 30 min in 50% ethanol to
improve antibody penetration, and treated for
30 min with 1% sodium borohydride to reduce

free aldehyde sites. They were then incubated in chicken anti-GFP,
guinea pig anti-VGLUT1, and rabbit anti-nNOS, followed by corre-
sponding fluorescent secondary antibodies, which were combined with
biotinylated anti-chicken and anti-guinea pig antibodies. The sections
were then treated with avidin conjugated to HRP (Extravidin-HRP; Sig-
ma-Aldrich; 1:1000) for 24 h and mounted in anti-fade medium. To
preserve ultrastructure, Triton was not included in any of the solutions
used in this protocol. The sections were examined with the confocal
microscope, and 4 GFP-labeled cells that were also nNOS-
immunoreactive (2 cells from each animal) were selected and scanned
through the 40� and 63� lenses, as described above. Contacts between
VGLUT1-immunoreactive boutons and the dendritic spines of the se-
lected neurons were identified. The sections were then removed from the
slides, reacted with DAB in the presence of hydrogen peroxide, osmi-
cated, stained en bloc with uranyl acetate, and flat-embedded in Durcu-
pan resin (Baseer et al., 2012). The sections were mounted on blocks of
cured resin and trimmed to include the area of interest. They were then
cut with a diamond knife into ultrathin sections (silver interference

Figure 2. Primary afferent input to PrP-GFP cells. a, b, Characterization of primary afferent input to PrP-GFP cells receiving
monosynaptic A� with monosynaptic C fiber input, and monosynaptic C fiber input only, respectively. Left panels, Examples of
eEPSCs resulting from low-frequency (0.05 Hz) dorsal root stimulation at A� (25 �A), A� (100 �A), and C fiber (500 �A)
intensities; each trace is an average of three recordings. Right panels, Examples of eEPSCs resulting from high-frequency dorsal root
stimulation (25 �A/20 Hz; 100 �A/2 Hz; 500 �A/1 Hz); each displays 20 superimposed traces. The cell shown in a receives
polysynaptic C fiber input, in addition to the monosynaptic A� and monosynaptic C fiber input. The polysynaptic C component is
seen as the shorter latency response revealed at 500 �A stimulation (arrow), which displays failures during high-frequency
stimulation. There are larger amplitude responses superimposed upon the monosynaptic A� and monosynaptic C fiber eEPSCs,
which display failures during high-frequency stimulation and indicate action potential firing. In addition to monosynaptic C-fiber
input, the cell shown in b features a small polysynaptic A� fiber response, which is evoked during low-frequency stimulation at 100
�A and fails during high-frequency stimulation.
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color, �70 nm thickness), which were collected in serial order on
Formvar-coated single slot grids and stained with lead citrate. Ultrathin
sections were viewed with a Philips CM100 EM, equipped with a digital
camera. The contacts between GFP-labeled dendrites and VGLUT1-
immunoreactive axons (both of which were DAB-labeled) were identi-
fied based on their location and their relationship to landmarks (e.g.,
capillaries and GFP-immunoreactive cell bodies) that could be recog-
nized in both confocal image stacks and ultrathin sections.

To determine whether nNOS-expressing inhibitory interneurons re-
ceived contacts from A� low-threshold afferents, we used sections from 2
mice derived from a cross between the RetCreER� line and the Ai34�

strain (The Jackson Laboratory; stock #012570) that had been treated
prenatally with tamoxifen. Luo et al. (2009) have shown that this strategy
labels a set of “early Ret�” afferents, including A� hair afferents and
those innervating Meissner’s corpuscles, with the resulting tdTomato-
synaptophysin fusion protein being targeted to axon terminals. Sections
from these mice were reacted with sheep anti-nNOS and guinea pig
anti-VGLUT1. Cells with strong labeling for nNOS were selected because
this allowed identification of dendritic spines, which are difficult to see in
more weakly stained cells. We have reported that, in the rat, 90% of
neurons with strong nNOS immunoreactivity are GABAergic (Sardella et
al., 2011a), and we have found that, in the PrP-GFP mouse, 65% of the
lamina II neurons that were strongly nNOS � expressed GFP (A.J.T. and
F. Garzillo, unpublished data). Six of these cells (3 from each mouse)
were scanned with the confocal microscope and analyzed with Neurolu-
cida for Confocal, as described above. In this way, we determined the
proportion of dendritic spines belonging to each neuron and located in
lamina IIi-III that received contacts from tdTomato-labeled VGLUT1 �

boutons.
To test for potential convergence of nociceptive and low-threshold

mechanoreceptive input, and to look for evidence that lamina
I-projecting cells were innervated by A-LTMRs, we tested for the pres-
ence of contacts from VGLUT1-immunoreactive boutons onto dendritic
spines of 6 of the recorded neurons. Two of these were cells that had been
found to respond to capsaicin, whereas 5 (including one of the capsaicin-
responsive cells) had axons that arborized in lamina I. For all of these
cells, some dendrites extended into lamina IIi (which includes part of the

VGLUT1 plexus). In each case, a single section that contained part of the
dendritic tree was reacted to reveal VGLUT1 and subsequently scanned
and analyzed as described above.

Fos expression following intraplantar capsaicin injection. To determine
whether nNOS-immunoreactive PrP-GFP cells upregulated the tran-
scription factor Fos following activation of TRPV1 receptors (Polgár et
al., 2013b), 3 PrP-GFP mice (either sex, 25–33 g) were briefly anesthe-
tized with isoflurane (2.5%–3%) and received an injection of 10 �l 0.05%
capsaicin (dissolved in 7% Tween 80, 20% ethanol in saline) into the
plantar surface of the left hindpaw. The animals were allowed to recover
from anesthesia, and 2 h later they were reanesthetized with pentobarbi-
tone and perfused with fixative containing 4% formaldehyde, as de-
scribed above.

Transverse sections through the L4 segment were reacted with chicken
anti-GFP, goat anti-Fos, and rabbit anti-nNOS, and these were revealed
with fluorescent secondary antibodies. Four sections were selected from
the spinal cord of each mouse, based on the presence of large numbers of
Fos � cells, but before the relation of Fos to GFP or nNOS was observed.
The sections were scanned with the confocal microscope through the
40� lens to produce z-series (1 �m spacing) through the full thickness of
the section, and these were analyzed with Neurolucida for Confocal. A
maximum intensity projection of the Fos staining was initially viewed,
and this was used to outline the mediolateral (ML) extent of Fos � cells.
GFP � neurons within this region that were also nNOS-immunoreactive
were then identified and examined for the presence of Fos. Although a
stereological method was not used, the sampling bias toward larger cells
is likely to have been very small, as the section thickness (60 �m) was
much larger than the diameters of the neuronal cell bodies (Polgár et al.,
2013b).

Analysis of postsynaptic targets. We have identified a population of
large lamina I projection neurons (giant cells) in the rat that can be
recognized by their very high density of synapses from both excitatory
(VGLUT2 �) and inhibitory (VGAT �) boutons and shown that these are
selectively innervated by nNOS-containing GABAergic axons (Puskár et
al., 2001; Polgár et al., 2008). To test whether similar cells are present in
the mouse, and whether they are targeted by axons of PrP-GFP cells, we
reacted horizontal sections through the L3–L5 segments of 3 of the

Figure 3. Responses of PrP-GFP neurons to TRP channel agonists and antagonists. a, Effects of capsaicin (2 �M) on PrP-GFP cells. ai, Representative raw traces show an increase in mEPSC events
upon capsaicin application (2 �M). aii, A cumulative probability plot shows a significant decrease in the duration of interevent intervals of mEPSCs (Kolgomorov–Smirnov test, p � 0.05, 13 of 16
cells). aiii, Pooled data show a 16-fold increase in the rate of mEPSC events/min caused by capsaicin application (n 	 13, paired t test, p � 0.01). b, The rate of baseline mEPSC events/min increased
by fivefold when the temperature in the recording chamber was raised (n 	 36 at room temperature and n 	 24 at 32°C, unpaired t test, p � 0.01). c, Effects of icilin (20 �M) on PrP-GFP cells. ci,
Representative traces show an increase in mEPSC events caused by icilin application (20 �M). cii, A cumulative probability plot shows a significant decrease in the duration of mEPSC interevent
intervals (Kolgomorov–Smirnov test, p � 0.05, 14 of 24 cells). ciii, Pooled data show a twofold increase in mEPSC events/min by icilin application (n 	 14, paired t test, p � 0.01). d, Pooled mEPSC
events/min data showing the response of cells to icilin in the presence of A967079 (n 	 5, paired t test, p � 0.05). This suggests that at least part of the action of icilin was mediated through
TRPM8-expressing afferent terminals that are presynaptic to PrP-GFP cells. All recordings were made in the presence of TTX. Error bars represent SEM.
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perfusion-fixed mice with a mixture of 5 primary antibodies: guinea pig
anti-VGLUT2, rabbit anti-VGAT, mouse anti-gephyrin, chicken anti-
GFP, and sheep anti-nNOS. The sections were initially viewed with the
confocal microscope, and 25 giant cells (7–9 in each mouse) were iden-
tified by the high density of VGLUT2 and VGAT boutons that were
associated with their cell bodies and dendritic trees (Polgár et al., 2008).
To avoid bias, cells were selected before the channel representing GFP
was viewed. The cells were scanned through the 63� lens with the con-
focal microscope to produce z-series (0.3 �m separation). For each cell,
several z-series were scanned, to include as much of the dendritic tree as
was visible within the section. The cells were reconstructed with Neuro-
lucida for Confocal, and the locations of all VGAT boutons that con-
tacted gephyrin-immunoreactive puncta on the cell bodies or dendrites
of the selected neurons were plotted. The GFP and nNOS channels were
then viewed, and the presence or absence of each of these proteins was
noted for each VGAT bouton.

Many lamina I projection neurons in the rat express the NK1r (Todd et
al., 2000), and most of the cells in this lamina with strong NK1r immu-
noreactivity are projection neurons (Al Ghamdi et al., 2009). We there-

fore tested whether NK1r � cells in lamina I
received synapses from axons of PrP-GFP cells,
by reacting horizontal sections through the L3
segments of 3 PrP-GFP mice with the following
antibody mixture: chicken anti-GFP, rabbit
anti-NK1r, goat anti-VGAT, and mouse anti-
gephyrin. The sections were viewed with the
confocal microscope, and 60 lamina I neurons
with strong NK1r immunoreactivity were se-
lected (20 from each mouse) before the GFP
immunostaining was viewed. The cells were
scanned as described above, and the resulting
z-stacks were analyzed with Neurolucida for
Confocal. Inhibitory (VGAT �) boutons that
were presynaptic to the dendrites or cell bodies
of the NK1r � cells were identified by the pres-
ence of contacts with an intervening gephyrin
punctum, and these were plotted onto draw-
ings of the cells. The GFP channel was then
viewed, and the presence or absence of staining
in each of the presynaptic VGAT � boutons
was recorded.

To assess whether these populations were se-
lectively targeted by PrP-GFP axons, we also
assessed the proportion of all inhibitory
(VGAT �) boutons in lamina I that contained
GFP. Transverse sections from 4 of the
perfusion-fixed mice were reacted with
chicken anti-GFP and mouse anti-VGAT. A
confocal z-series (0.3 �m z-separation) was ac-
quired from each mouse through the 40� lens
and analyzed with Neurolucida for Confocal. A
single optical section was chosen from each
stack, and 100 VGAT-immunoreactive bou-
tons were selected from the full dorsoventral
(DV) extent of lamina I. The GFP channel was
then viewed and the proportion of boutons
that were GFP � was determined. Because this
sampling method would inevitably be biased
toward those boutons that were more extensive

in the z-axis (Guillery, 2002; Polgár et al., 2011), the z-axis lengths of
VGAT boutons with and without GFP were compared by determining
the number of optical sections for which each bouton was visible (Polgár
et al., 2011).

Antibody characterization. The chicken anti-GFP antibody was raised
against the recombinant full-length protein and the distribution of stain-
ing matches that of native GFP. The rabbit and mouse antibodies against
VGAT were raised against amino acids 75– 87 of the rat protein, whereas
the goat antibody was raised against amino acids 31–112 of the mouse
protein. All three stain a single band of the appropriate molecular weight
in blots of brain extracts (Takamori et al., 2000; Miura et al., 2006;
Sardella et al., 2011b). The VGLUT1 and VGLUT2 antibodies were raised
against sequences of 19 or 18 amino acids (respectively) from the rat
proteins, and both stain identical structures to those detected by well-
characterized rabbit antibodies against the corresponding transporter
(Todd et al., 2003). The NK1r antibody was raised against amino acids
393– 407 of the rat protein, and staining is absent from mice in which the
receptor has been deleted (Ptak et al., 2002). The sheep (Herbison et al.,
1996) and rabbit antibodies against nNOS both label a single band of 155
kDa in rat brain extracts. The monoclonal antibody against gephyrin
detects a single 93 kDa band in extracts of rat brain membranes (Becker
et al., 1989). Staining with the galanin antibody is absent in the brain of
galanin knock-out mice (Makwana et al., 2010). The CGRP antibody
detects both � and � forms of the peptide (manufacturer’s specification).
The antibody against B. simplicifolia lectin I detects IB4 applied to tissue
sections. The Fos antibody was raised against a peptide corresponding to
the N terminus of human Fos, and staining in the superficial dorsal horn
was restricted to somatotopically appropriate areas following intraplan-
tar injection of capsaicin. The PKC� antibody, which was raised against

Figure 4. Neuronal morphology. a– e, Examples of Neurolucida reconstructions for five of the PrP-GFP neurons, which were
recorded in parasagittal slices. In each case, soma and dendrites are shown in blue and axons in red. Top solid line in each drawing
indicates the gray-white matter border. Dashed lines indicate the boundaries between laminae I, IIo IIi, and III. Note the variable
dendritic morphology, and also the variation in the distribution of the axonal arborization. For the cells shown in a– c, part of the
axon enters lamina I, where it gives rise to axonal boutons. f, Confocal optical section through the soma of the cell illustrated in e,
showing GFP (green) and Neurobiotin (magenta). D, Dorsal; V, ventral. Scale bars: a– e, 100 �m; f, 20 �m.

Table 2. Laminar distribution of dendrites and axons of recorded neuronsa

Laminae Dendritic tree Axonal arbor

I-II 4 (5) 10 (11)
I-III 3 (4) 43 (49)
II 29 (36) 3 (3)
II-III 45 (56) 31 (36)
aValues are the no. (%) of cells that had dendrites or axons that extended into different laminae. Dendritic trees were
analyzed for 81 cells, but axonal arbors for 87 cells.
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amino acids 648 – 697 of the mouse protein, detects a single band at 75
kDa in wild-type (but not PKC��/�) mice and stains identical structures
to those detected by a well-characterized rabbit antibody (Yoshida et al.,
2006; Sardella et al., 2011a).

Statistics. mEPSC interevent intervals in control conditions were com-
pared with those in the presence of drugs by the Kolmogorov–Smirnov
test. Spearman rank order correlation was used to compare mEPSC fre-
quency with spine number for reconstructed neurons. Differences in
anatomical and electrophysiological properties of the galanin- and
nNOS-immunoreactive reconstructed neurons were compared with t
tests. The Mann–Whitney U test was used to compare z-axis lengths of
GFP-positive and -negative VGAT boutons in lamina I. In all cases, a p
value �0.05 was considered significant.

Results
Membrane properties of PrP-GFP cells
To establish the subthreshold I–V relationship, most of the PrP-
GFP cells that were recorded at room temperature were initially
voltage-clamped at �60 mV, and tested with brief voltage pulses
(100 ms, �70 to �50 mV, 2.5 mV increments). The resting mem-
brane potential of each cell was calculated based on this individ-
ual I–V relationship, and the averaged resting potential was
�53.8 
 0.9 mV, with an input resistance of 1026.1 
 59.9 M�
(n 	 138). Cells were then current-clamped for examination of
their patterns of action potential firing. They were presented with
continuous bias currents to hold the membrane potential at
��60 mV. By gradually incrementing the amount of current
injected (1 s steps), it was found that the rheobase was 27.8 
 1.6
pA (n 	 126), with a threshold for action potential firing (taken
as the point at which rate of rise exceeded 10 mV/ms) of �33.0 

0.6 mV. The mean action potential height and width were 51.5 

1.0 mV and 3.6 
 0.1 ms, respectively, whereas the mean after-
hyperpolarization amplitude was 26.0 
 0.6 mV. However, 12
cells did not generate any action potentials in response to the
current injection, and these were defined as unresponsive. Su-
prathreshold current injection was increased until firing reaching
its maximal steady state. The majority of recorded cells showed
tonic firing (n 	 99, Fig. 1a) or initial bursting (n 	 18)

(Ruscheweyh and Sandkühler, 2002; Hantman et al., 2004; Gra-
ham et al., 2007). Nine cells only generated one or two action
potentials in response to an increased amount of current injected,
and were therefore defined as single-spiking cells. No delayed or
gap firing patterns were observed among the PrP-GFP cells. For
those cells that were capable of generating trains of action poten-
tials, the relationship between firing frequency and the amount of
injected current (f–I relationship) was examined (Fig. 1b). The
pooled f–I relationship is illustrated up to the injection of 150 pA
current because most cells (101 of 117 cells, 86%) reached their
maximal steady state within this range. The maximal firing fre-
quency, averaged across tonic and initial bursting cells, was
28.1 
 1.0 Hz (n 	 117).

Primary afferent inputs to PrP-GFP cells
Primary afferent input was examined by dorsal root stimulation
in 29 cells, and this resulted in eEPSCs in 17 cells (58.6%). Among
those cells with input, 10 (34.5%) received polysynaptic input
only. For one cell, this was from A� fibers, whereas for the others
it was from C fibers (n 	 4), A� fibers (n 	 1), or both C and A�
fibers (n 	 4). The remaining 7 cells (24.1%) received monosyn-
aptic inputs from C fibers (Fig. 2b), and one of these also received
monosynaptic A� and polysynaptic C input (Fig. 2a). Among the
other 6 cells with monosynaptic C fiber input, 1 received poly-
synaptic A� input, 3 polysynaptic A� input, and 1 polysynaptic C
input. Increasing the stimulation intensity to 3 or 5 mA did not
reveal any additional inputs in those cells that showed no mono-
synaptic response during dorsal root stimulation at 1 mA. The C
fibers that evoked monosynaptic responses had an estimated
conduction velocity of 0.144 
 0.003 m/s, whereas the corre-
sponding value for the A� fiber was 0.921 m/s.

Further evidence for monosynaptic primary afferent inputs
to PrP-GFP cells was obtained by analyzing the frequency of
mEPSCs following bath application of TRP channel agonists
(Yang et al., 1998; Wrigley et al., 2009; Zheng et al., 2010). mEP-
SCs were recorded while the cells were voltage-clamped at �60
mV in recording solution that contained TTX (0.5 �M), bicucul-
line (10 �M), and strychnine (5 �M). After 5 min of the control
condition, the potent TRPV1 agonist capsaicin (2 �M) was bath
applied and mEPSC frequency was recorded for a further 5 min
(Fig. 3ai). For each recorded cell, cumulative probability plots sum-
marizing mEPSC interevent intervals were produced, and the
Kolmogorov–Smirnov test was used to compare the 5 min periods
before and after capsaicin administration. This analysis revealed
that there was a significant decrease in the duration of mEPSC
interevent intervals (i.e., an increase in mEPSC frequency) in 13
of 16 cells (Fig. 3ai,aii). Pooling data from those cells that re-
sponded to the capsaicin application, averaged mEPSC frequency
(events/min) increased by 16-fold (13.2 
 7.9 to 215.8 
 54.3
events/min; n 	 13; paired t test, p � 0.01; Fig. 3aiii). This sug-
gests that most PrP-GFP cells receive monosynaptic inputs that
originate from TRPV1-expressing primary afferents, consistent
with the finding of Zheng et al. (2010). Application of capsaicin
did not evoke an inward current in any of these cells.

To determine whether PrP-GFP cells receive inputs from af-
ferents responsible for cold sensation, we applied the widely used
cooling agent, icilin (Wrigley et al., 2009). Initial studies per-
formed at room temperature failed to reveal a significant effect,
possibly because some TRPM8 channels would already be open at
this temperature. We therefore performed experiments with the
bath temperature raised to �32°C and found that this resulted in
a fivefold increase in baseline mEPSC frequency (6.2 
 3.0 to
32.3 
 5.3 events/min; n 	 36 at room temperature and n 	 24 at

4

Figure 5. Morphometric and electrophysiological data for the recorded neurons. a, Scatter
plot of RC versus DV extent of the dendritic trees for the 81 neurons with well filled dendrites.
The line indicates an RC/DV ratio of 3.5, which was used by Yasaka et al. (2007) to distinguish
lamina II central cells in the rat. Very few of the cells have a ratio greater than this (i.e., fall below
the line), and these therefore would not be classified as central cells based on this definition (see
text). Blue and red symbols represent cells identified as nNOS or galanin immunoreactive. Black
symbols represent cells that were not tested (n.t.) or showed neither type of immunoreactivity.
This scheme also applies to parts c and f. b, Polar histogram of the dendritic tree for the cell
illustrated in Figure 4b (for further details, see text). The concentric circles represent 50, 100,
and 150 �m. Bins corresponding to orientations between 45°–135° and 225°–315° were
grouped (shown in dark blue) and represent predominantly RC orientation. Those for 315°– 45°
and 135°–225° (light blue) correspond to predominantly DV orientation. c, Scatter plots show-
ing the values for RC and DV dendritic length obtained from the polar histograms of the 81 cells
with well-filled dendrites. For nearly all cells RC � DV, the plots therefore fall below the line
(which represents RC 	 DV). There is considerable variation in total dendritic length, which is
the sum of RC and DV. d, A frequency histogram for the density of dendritic spines shows
considerable variation in their density across the population. e, There is a highly significant
positive correlation between spine number and mEPSC frequency, for those cells in which the
frequency was measured in recordings made at room temperature. f, Scatter plot of axonal
extent along the DV and RC axis. With the exception of one cell, which had an axon that traveled
�700 �m in the ventral direction (arrow), all cells had rostrocaudally elongated axonal arbors,
which were considerably longer than their dendritic trees (compare with part a). g, Electrophys-
iological properties that differed significantly between the nNOS � and galanin � cells. The
nNOS � cells (n 	 10) had smaller input resistances than the galanin � cells (n 	 10), as well
as greater action potential heights and shorter widths (n 	 8 for the galanin cells, because 2 of
these were unresponsive). Error bars represent SEM.
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32°C; unpaired t test, p � 0.01; Fig. 3b).
Application of icilin (20 �M; Fig. 3ci) now
led to a significant decrease in the dura-
tion of interevent mEPSC intervals in 14
of 24 recorded cells (Fig. 3ci,cii). The av-
erage frequency of mEPSCs for those that
responded to icilin increased by twofold
(35.0 
 7.3 to 68.6 
 12.0 events/min; n 	
14; paired t test, p � 0.01; Fig. 3ciii). Al-
though icilin is known to be a potent
TRPM8 agonist, at high concentrations it
can also act on TRPA1 channels (Wrigley
et al., 2009). Therefore, the possibility of
icilin-induced TRPA1 activation was as-
sessed by bath application of a TRPA1 an-
tagonist, A967079 (5 �M). In the presence
of A967079, application of icilin (20 �M)
still caused a significant decrease in the
duration of mEPSC intervals in 5 of 10
recorded cells, and for these icilin-
responsive cells, the frequency of mEPSCs
increased by 1.4-fold (64.0 
 23.8 to
92.0 
 32.9 events/min; n 	 5; paired t
test, p � 0.05; Fig. 3d). Again, responses to
icilin were not accompanied by an evoked
inward current. For 6 of the cells that were
recorded with a bath temperature of 32°C,
we initially applied icilin for �7 min and
then after a recovery period of 10 min we
applied capsaicin. In two of these cases,
icilin caused a significant decrease in the
duration of mEPSC intervals. Subsequent
application of capsaicin caused a decrease
in the duration for all six cells. Together,
these results suggest that approximately
half of the PrP-GFP cells receive mono-
synaptic input from TRPM8-expressing
afferent terminals and that there can be
convergence of input from both TRPM8-
and TRPV1-expressing afferents onto the
same cell. They also suggest that some of the cells receive input
from TRPV1-expressing primary afferents, but not from those
that express TRPM8.

Morphology and neurochemistry of recorded neurons
In total, 87 of the recorded neurons were reconstructed with
Neurolucida, and in all cases the presence of GFP in the soma was
confirmed (Fig. 4f). Although the axonal arbors were well labeled
in all cases, for 6 of the cells the dendritic tree was very short and
appeared to have been truncated. These cells were therefore ex-
cluded from the morphometric analysis of dendritic trees. Exam-
ples of 5 of the reconstructed neurons are shown in Figure 4a– e.
Although both the dendritic trees and axonal arbors were gener-
ally oriented along the rostrocaudal (RC) axis, the cells had very
variable morphology and did not consistently fit into any of the
recognized morphological classes (Grudt and Perl, 2002; Heinke
et al., 2004; Graham et al., 2007; Maxwell et al., 2007; Yasaka et al.,
2007; Wang and Zylka, 2009; Uta et al., 2010; Yasaka et al., 2010;
Punnakkal et al., 2014). The cell bodies of 70 of the neurons were
located in lamina II, whereas those of the remaining 17 were in
lamina III. The laminar location of dendritic trees and axonal
arbors of the cells are shown in Table 2. Although all cells had

Figure 6. NeurochemistryofrecordedPrP-GFPneurons.a,b,Partoftheaxonofarecordedcell,labeledwithNeurobiotin(NB,magenta)shown
inaprojectionofthreeopticalsections(0.5�mz-spacing)fromasectionimmunostainedwithgalaninantibody(green).Arrowheadsindicatethree
boutonsthatshowgalaninimmunoreactivity.c,PartoftheaxonofanothercelllabeledwithNeurobiotininaprojectionof29opticalsections(0.5�m
z-spacing).Numberedboxesrepresenttheregionsshownintheinsets,inwhichnNOSimmunoreactivity(green)isalsoillustrated.Insets1–3,Single
opticalsections;shownNOSinaxonalboutons. Inset4,Projectionofthreeopticalsections;showsnNOSinanintervaricoseportionoftheaxon.Scale
bar,5�m.

Table 3. Dendritic and axonal measures for cells that showed nNOS or galanin
immunoreactivitya

Measure Galanin nNOS p (t test)

Soma Soma depth (%) 61 83 0.023*
Dendrites RC extent (�m) 133 201 0.0053**

DV extent (�m) 59 100 0.0048**
ML extent (�m) 37 58 0.01**
Dendrite length (�m) 1208 1487 0.387
RC length (�m) 629 957 0.063
DV length (�m) 411 510 0.43
RC:DV ratio 1.97 2.03 0.86
Spine density (per 100 �m) 5.2 7.4 0.085

Axon RC extent (�m) 423 538 0.152
DV extent (�m) 110 199 0.0308*
ML extent (�m) 37 105 0.021*
Axon length (�m) 3584 4675 0.15
RC length (�m) 2560 3265 0.21
DV length (�m) 1008 1386 0.10
RC:DV ratio 2.6 2.6 0.97
Bouton density (per 100 �m) 11.4 11.1 0.69

aMorphometric properties of cells in which galanin (n 	 18) or nNOS (n 	 15) was detected. In all cases, mean
values are shown. Soma depth is expressed as the percentage distance along the dorsoventral axis, with the dorsal
white matter defined as 0% and the lamina II/III border as 100%. For both dendrites and axons, “extent” indicates the
dimensions of the entire dendritic or axonal tree and “length” refers to the summed length of individual dendritic or axonal
branches. RC:DV ratios were determined from the dorsoventral and rostrocaudal lengths of axons and dendrites.

*p � 0.05; **p � 0.01.
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dendrites in lamina II, in most cases (48 of 81) these extended
into lamina III, and occasionally (7 of 81) into lamina I. In their
original study, Hantman et al. (2004) reported that the PrP-GFP
neurons corresponded to central cells, which have a dendritic
arbor that extends mainly in the RC direction, but is much
shorter than that of islet cells, and with limited distribution in the

ML and DV planes (Grudt and Perl, 2002; Yasaka et al., 2007).
Based on a cluster analysis of morphometric data obtained from
lamina II neurons in the rat, Yasaka et al. (2007) defined central
cells as those in which the ratio of the RC:DV extent of the den-
dritic tree was �3.5 and the RC length was �400 �m. We there-
fore plotted the RC:DV extent of dendritic trees of the recorded

Figure 7. Anatomical evidence for primary afferent input to PrP-GFP and nNOS cells. a, Confocal image through a PrP-GFP cell in a parasagittal section from perfusion-fixed tissue. The scan shows
GFP (green). Boxes represent the location of parts c and d. b– d, Parts of the field shown in a, scanned to reveal nNOS, IB4, and CGRP, respectively (all shown in magenta). The soma shows weak nNOS
immunoreactivity, surrounding the nucleus (*). c, Two nearby dendritic spines belonging to the cell are in contact with IB4 � boutons, which lack CGRP (data not shown). d, A small CGRP � bouton
contacts the dendritic shaft of the cell. e, Projection of a short series of confocal images through a PrP-GFP cell that was processed for combined confocal and electron microscopy. The cell contains
both GFP (green) and nNOS (blue) immunoreactivity, and a dendritic spine (marked with an arrow in the inset) receives a contact from a VGLUT1-immunoreactive (red) axonal bouton. f, g, Electron
microscope images (the field shown in f corresponds to the box in e). The DAB reaction product labels both GFP � and VGLUT1 � structures. f, Part of the dendritic shaft (d) can be seen together with
the dendritic spine (arrow) and adjacent VGLUT1-immunoreactive axonal bouton. g, Higher-magnification EM image taken after tilting of the section shows an asymmetrical synapse between the
axonal bouton (a) and the dendritic spine (s). h, Confocal images to show part of a lamina II nNOS-immunoreactive (green) cell in one of the RetCreER�;Ai34� mice. The dendrite that emerges from
the cell body has 2 spines (arrows). i, The same field scanned to reveal nNOS, tdTomato (red), and VGLUT1 (blue). The spines receive contacts from boutons that express tdTomato and are
immunoreactive for VGLUT1, and therefore appear magenta. j, Part of the dendritic tree of the PrP-GFP neuron shown in Figure 3a, with neurobiotin (NB) shown in red. This cell had an axon that
entered lamina I and showed increased mEPSC frequency during bath application of capsaicin. k, l, Spines belonging to the cell (arrows and arrowhead) received contacts from VGLUT1-
immunoreactive (blue) boutons. Confocal images are either single optical sections (d, k, l) or projections of 36 (a), 5 (b, c), 3 (e), 13 (h, i), or 7 (j) optical sections at 0.5 �m z-separation. Scale bars:
a (also for parts b, j), 10 �m; c (also for parts d, h, i, k, l), 5 �m; e, 10 �m; f, 1 �m; g, 0.5 �m.
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neurons and found that very few of these
had ratios that were �3.5 (Fig. 5a). Al-
though this definition may not be directly
applicable to central cells in the mouse, it
is clear from the scatter plot that many of
the PrP-GFP cells did not have the rela-
tively elongated RC dendritic trees that
are characteristic of central cells (e.g.,
those illustrated in Fig. 4b,e).

To provide further information on
dendritic length and orientation, we cre-
ated polar histograms for each cell. These
represent the lengths of dendrite that lie
within specific ranges (bins) of orienta-
tion when the drawing of the cell is pro-
jected onto the plane of section, and an
example is shown in Figure 5b. To allow
comparison of dendritic orientation for
all cells in the sample, we measured the
ratio of dendrite length within specific sets
of bins for each cell. This was done by
pooling the dendritic lengths in the bins
corresponding to angles between 45°–
135° and 225–315° (Fig. 5b, dark blue),
which represent mainly RC spread, and
pooling those in bins corresponding to
angles between 315°– 45° and 135°–225°
(Fig. 5b, light blue), which represent
mainly DV spread. If the ratio RC:DV is
�1, this indicates a predominantly RC
orientation of dendrites for the cell. As
can be seen from the scatter plot in Figure
5c, the dendritic orientation of most of the
reconstructed cells was mainly along the
RC axis, but this was variable between neurons, and total den-
dritic lengths (the sum of RC and DV) also varied considerably.
Together, these findings show that the PrP-GFP cells are mor-
phologically heterogeneous and that most cannot be classified as
central cells.

Although all of the cells had dendritic spines, the density var-
ied considerably (mean 6.8 spines/100 �m length of dendrite,
range 0.9 –16.3; Fig. 5d). For 18 of the cells, mEPSC frequency
had been measured while recording at room temperature, and
we found that this was strongly correlated with spine density
(Fig. 5e; RS 	 0.84, p � 0.001; Spearman’s rank order corre-
lation test). This indicates that differences in spine density
account for much of the variability in mEPSC frequency be-
tween cells and is consistent with the idea that a substantial
part of the excitatory synaptic input to these cells is located on
dendritic spines.

The axonal arbors of the 87 reconstructed neurons were
orientated mainly along the RC axis, and for nearly all cells
they were more extensive than the dendritic tree (Fig. 5f ). The
axons generally had limited ML extent (mean 80 �m, range
28 –301 �m). However, in most cases, there was significant
DV spread, such that nearly all of the cells (84 of 87) had
axonal boutons in lamina I and/or lamina III (Table 2). Fifty-
three of the cells (71%) had an axon that entered lamina I, and
30 (34%) gave rise to at least 20 boutons within this lamina.
The mean bouton density was 10.9 
 2.8 (SD) per 100 �m of
axon length, and the total number of boutons identified was
39,817 (mean 458, range 75–1376 boutons per cell), of which

4% were in lamina I, 37% in lamina IIo, 35% in lamina IIi, and
23% in lamina III. Therefore, although lamina II is the main
target for axons of the PrP-GFP cells (Hantman et al., 2004),
they provide significant input to the adjacent laminae.

Of the 72 cells that were tested for nNOS and galanin immu-
noreactivity, 15 were immunoreactive for nNOS, 18 for galanin,
and none for both (Fig. 6). The remaining 39 cells (54%) were not
labeled with either antibody. We have previously shown in
perfusion-fixed tissue that 98% of PrP-GFP cells express nNOS
and/or galanin, with 35% having only nNOS, 28% only galanin,
and 35% both nNOS and galanin (Iwagaki et al., 2013). Our
failure to detect either type of immunoreactivity in many of the
tested cells almost certainly resulted from loss of nNOS and/or
galanin during the whole-cell recording, and this limited the ex-
tent to which we could classify the recorded cells using neuro-
chemical criteria. However, consistent with our previous report
(Iwagaki et al., 2013), we found that the cell bodies of the galanin-
immunoreactive cells were located more dorsally than those of
the nNOS-immunoreactive cells. To compensate for variations in
the thickness of the superficial dorsal horn in different slices, we
expressed the DV location as a percentage of the distance from
the dorsal white matter to the lamina II-III border. The mean
value for galanin� cells was 61% and that for nNOS� cells was
83%, and these differed significantly (t test, p � 0.05). Compar-
ison of dendritic and axonal measures between the nNOS� and
galanin� cells (Fig. 5; Table 3) revealed that the nNOS� cells had
significantly greater dendritic extent in all 3 axes, and greater
axonal extent in DV and ML axes.

Figure 8. Fos expression following intraplantar capsaicin injection in a transverse section from a PrP-GFP mouse. a– c, Immu-
noreactivity for GFP (green), nNOS (blue), and Fos (red) in the ipsilateral superficial dorsal horn in a confocal image stack (20 optical
sections at 1 �m z-spacing). d, Merged image. Numerous Fos � cells are present, and one of these (arrowhead) contains nNOS but
not GFP. Three GFP � cells that are nNOS immunoreactive, but lack Fos, are indicated with arrows. Scale bar, 20 �m.
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Electrophysiological data were available for 10 of the nNOS�

and 10 of the galanin� cells, although two of the galanin� cells
were among those defined as unresponsive. The only significant
differences between the two groups were the input resistances
(631.8 
 83.0 M� for nNOS cells, 1142.6 
 226.0 M� for galanin
cells, n 	 10 for both groups; t test, p � 0.05; Fig. 5g) and the
heights and widths of action potentials (59.4 
 3.2 mV, 2.8 
 0.4
ms for nNOS cells, n 	 10; 46.6 
 2.8 mV, 4.0 
 0.2 ms for
galanin cells, n 	 8; t test, p � 0.05; Fig. 5g). The smaller input
resistance of the nNOS cells is consistent with the finding that
they had significantly larger dendritic trees.

Contacts from putative primary
afferents
On the 10 nNOS�/GFP� cells in perfusion-fixed tissue that were
analyzed for contacts from IB4-binding and CGRP-expressing pri-
mary afferents, we identified between 10 and 170 dendritic spines
(mean 63 per cell), and the dendritic surface area that was analyzed
for each cell ranged from 577 to 3527 �m2 (mean 2002 �m2). All of
the cells received contacts from IB4-labeled boutons that lacked
CGRP, whereas 8 of the 10 had contacts from CGRP� boutons (Fig.
7a–d). The percentages of spines with contacts from IB4�/CGRP�

boutons ranged from 6% to 30% (mean 18%), whereas the corre-
sponding values for spines with contacts from CGRP� boutons were
0%–20% (mean 5%). Contacts from either type of bouton onto
dendritic shafts were relatively infrequent: 0 – 4.1 (mean 1.6)
per 1000 �m 2 for IB4 �/CGRP � boutons and 0 –3.5 (mean
0.6) per 1000 �m 2 for CGRP � boutons.

For the 21 nNOS�/GFP� cells that were analyzed for contacts
from VGLUT1� boutons, between 10 and 101 spines were iden-
tified within the VGLUT1 plexus in laminae IIi-III (mean 37 per
cell). In all cases, at least some of these spines received contacts
from VGLUT1� boutons (mean 35%, range 8%– 62%). To assess
whether these contacts were associated with synapses, we per-
formed a combined confocal and EM analysis on 4 PrP-GFP cells
that were nNOS� (2 cells each from 2 mice). In total, 22 contacts
between VGLUT1� boutons and dendritic spines of these cells
were identified with the EM (4 –7 per cell), and asymmetrical
synapses could be identified at 21 (95%) of these contacts (Fig.
7e– g).

To look for possible input from A� afferents, we used tissue
from RetCreER�;Ai34� mice, in which tdTomato labels axon
terminals of A� fibers that innervate hair follicles or Meissner’s
corpuscles (Luo et al., 2009). Because these mice did not express
GFP under control of the prion promoter, we selected cells in
lamina IIi with strong nNOS immunoreactivity, as we have found

4

Figure 9. Selective innervation of lamina I giant cells by GFP axons in the PrP-GFP mouse. a,
Part of the soma (s) and dendrites of a giant cell seen in a horizontal section through lamina I of
a perfusion-fixed mouse. The section was stained with antibodies against VGAT, VGLUT2, GFP,
nNOS, and gephyrin, and this image is a projection of 24 optical sections at 0.3 �m z-spacing.
The cell is outlined by numerous VGAT- and VGLUT2-expressing boutons. b– e, Higher-
magnification view of the region indicated by the box in a in projections of 3 optical sections. b,
The VGAT boutons in contact with the dendrite are associated with gephyrin puncta, indicating
that these are sites of inhibitory synapses. c– e, The images reveal that many of these VGAT
boutons contain both GFP and nNOS (some marked with arrows). f, Quantitative data for the
inhibitory input to 25 lamina I giant cells. Each of these is shown in a separate column, and
the vertical axis represents the percentage of the VGAT boutons apposed to gephyrin puncta on
the cell that were immunoreactive for nNOS and/or GFP. The cells are ranked in decreasing order
of the percentage of labeled boutons. For the great majority (21 of 25 cells), well over half of the
inhibitory input is derived from boutons that contained both GFP and nNOS. Scale bars: a, b– e,
10 �m.
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that the majority of these cells express
GFP in the PrP-GFP mouse. We identified
between 13 and 37 spines on each of the 6
cells analyzed (mean 25 per cell) and
found that 10% of these (3%–15%) re-
ceived contacts from tdTomato�/
VGLUT1� boutons (Fig. 7h,i).

Between 26 and 93 (mean 68) den-
dritic spines in laminae IIi-III were iden-
tified on the 6 recorded PrP-GFP
neurons that were assessed for anatom-
ical evidence of VGLUT1 contacts, and
all of these cells received contacts from
VGLUT1-immunoreactive boutons (Fig.
7j–l). For the two capsaicin-responsive
cells, 12 and 10 contacts were identified,
and this corresponded to 15% and 39% of
the spines analyzed, respectively. For the 5
cells with axons that arborized in lamina I,
between 7 and 31 contacts were identified,
corresponding to 14%–29% (mean 28%)
of the spines.

Fos expression in response to capsaicin
In the 3 PrP-GFP mice that had received
intraplantar injection of capsaicin, nu-
merous Fos� cells were present in the me-
dial part of the L4 segment. We
identified 40 –51 GFP � cells (mean 45)
within this region in these animals, of
which 61%–73% (mean 69%) were
nNOS-immunoreactive. Despite the pres-
ence of numerous Fos� neurons, only 6%
(0%–11%) of the nNOS�/GFP� cells
were Fos-immunoreactive (Fig. 8). Inter-
estingly, although only a few nNOS�/
GFP� cells were sampled in these sections
(11–17 cells, mean 14), approximately one-
thirdofthesewereFos-immunoreactive(9%–
43%, mean 29%).

Postsynaptic targets of PrP-GFP axons
in lamina I
Because the axons of some PrP-GFP cells were found to give rise
to numerous boutons in lamina I, we first determined the pro-
portion of VGAT boutons in this lamina that contained GFP, and
then looked for evidence that these were presynaptic to projec-
tion neurons, which are concentrated in this lamina (Todd,
2010).

A total of 100 VGAT boutons were identified in the transverse
sections from each of 4 PrP-GFP mice, and 9 
 2.2% (SD) of these
were GFP-immunoreactive. The mean z-axis lengths of those with
and without GFP were 0.99 �m and 0.95 �m, and these values did
not differ significantly (Mann–Whitney U test, p 	 0.2), indicating
that our estimate was unlikely to have been biased due to difference
in z-axis lengths between the two groups.

Examination of horizontal sections through lamina I that had
been reacted with antibodies against VGLUT2, VGAT, gephyrin,
GFP, and nNOS revealed that, as in the rat (Puskár et al., 2001;
Polgár et al., 2008), there is a sparse but distinctive population of
large neurons with cell bodies and dendrites that are outlined by
both VGAT- and VGLUT2-immunoreactive boutons (Fig. 9a),
which we have named “giant cells” (Todd, 2010). The VGAT�

boutons that surrounded these cells were associated with gephy-
rin puncta, which indicates that these were forming inhibitory
synapses (Fig. 9b). Twenty-five of these cells were identified (7–9
in each of 3 mice), and between 104 and 509 (mean 234) VGAT
boutons that were associated with gephyrin puncta were identi-
fied on each cell. For most (21 of 25) of these cells, the majority of
these VGAT� boutons contained GFP and/or nNOS (in most
cases both), and these accounted for between 62% and 82% of the
VGAT� boutons that contacted gephyrin puncta on the cells
(Fig. 9c–f). Although the remaining 4 cells also received contacts
at gephyrin puncta from VGAT� boutons that contained GFP
and/or nNOS, these accounted for a much smaller proportion of
the inhibitory synapses (27%– 44%). This indicates that, as in the
rat, lamina I giant cells are selectively targeted by nNOS-
containing axons and the great majority of these are derived from
PrP-GFP cells.

The majority of lamina I projection neurons in rat express the
NK1r; and although the receptor is also present on some excit-
atory interneurons, these show only weak expression (Al Ghamdi
et al., 2009). This suggests that cells in this lamina with strong
NK1r expression are likely to be projection neurons. We there-

Figure 10. Innervation of lamina I NK1r � neurons by PrP-GFP axons. a– d, Projected confocal images (8 optical sections
at 0.3 �m z-spacing) to show immunostaining for NK1r (red), GFP (green), and VGAT (blue) in a horizontal section through
lamina I from a PrP-GFP mouse. A cell with strong NK1r immunoreactivity receives numerous contacts from VGAT �

boutons, many of which contain GFP. d, Inset, Enlarged view of the region in the box, with three immunofluorescent
channels visible: GFP (green), VGAT (blue), and gephyrin (red). The two GFP �/VGAT � boutons that are indicated with
arrowheads are associated with gephyrin puncta at the point where they contact the NK1r cell. e, Frequency histogram
showing GFP �/VGAT � boutons as a percentage of all of the VGAT boutons that were apposed to gephyrin puncta on the
60 NK1r � cells. Scale bar: a– d, 20 �m.
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fore selected 60 lamina I cells with strong NK1r immunoreactiv-
ity in horizontal sections that had been reacted with antibodies
against GFP, NK1r, VGAT, and gephyrin. Because of limitations
in the availability of primary antibodies raised in appropriate
species, we were not able to include anti-nNOS in these reactions.
Because the NK1r outlines the soma and dendrites of these cells,
it was possible to identify inhibitory synapses by the presence of
VGAT boutons that contacted the plasma membrane at sites cor-
responding to gephyrin puncta (Polgár et al., 2011). Virtually all
of the gephyrin puncta on the 60 NK1r� cells were associated
with VGAT boutons. The density of the puncta varied between
cells but was always lower than that seen on the giant cells. Be-
tween 33 and 604 (mean 101) VGAT boutons that contacted
gephyrin puncta were analyzed on each cell, and in all but one
case, at least some of these boutons were GFP� (Fig. 10a– d).
However, the proportion varied considerably and appeared to be
bimodally distributed, such that although for most (42 of 60) of
the cells GFP was present in �20% of the VGAT boutons that
synapsed on them, for 18 cells the proportion of VGAT boutons
with GFP was considerably higher (25%– 62%) (Fig. 10e).

Discussion
The main findings of this study are the following: (1) PrP-GFP
cells are morphologically heterogeneous and seldom correspond
to central cells; (2) some receive synaptic input from VGLUT1�

boutons that are likely to be A-LTMRs; (3) although most re-
spond to bath-applied capsaicin, those that contain nNOS rarely
upregulate Fos after intraplantar capsaicin; and (4) some have
axons that enter lamina I, where their targets include both giant
cells and NK1r� neurons.

Classification of inhibitory
interneurons
One of the main limitations to our understanding of the neuronal
circuitry for processing nociceptive and pruriceptive information
in the dorsal horn is the diversity of the interneurons, and the
difficulty in assigning them to distinct functional populations.
Certain morphological classes can be recognized in lamina II, for
example, inhibitory islet cells, and excitatory vertical and radial
cells (Lu and Perl, 2003, 2005; Heinke et al., 2004; Maxwell et al.,
2007; Yasaka et al., 2010; Punnakkal et al., 2014). However, al-

though Hantman et al. (2004) described the PrP-GFP cells as
central cells, our reconstructions of their dendritic trees revealed
that, although they were never islet cells, they were morphologi-
cally heterogeneous and in most cases did not correspond to
central cells.

An alternative, neurochemical scheme has identified four
largely nonoverlapping populations of inhibitory interneurons,
based on expression of parvalbumin, NPY, galanin, and nNOS
(Polgár et al., 2013b). Between them, these account for over half
the GABAergic neurons in laminae I-II, and they differ both in
their responses to noxious stimuli (Polgár et al., 2013b) and
in their postsynaptic targets (Polgár et al., 2011; Hughes et al.,
2012). Although there is almost complete separation of the nNOS
and galanin populations in rat (Polgár et al., 2013b), there is some
overlap in mouse (Iwagaki et al., 2013; Kardon et al., 2014). We
have shown that PrP-GFP cells are contained within the galanin-
and nNOS-expressing populations, accounting for 57% of those
expressing only nNOS, 23% of those expressing only galanin, and
83% of those with both nNOS and galanin (Iwagaki et al., 2013).
nNOS- and galanin-expressing inhibitory interneurons also have
other features in common because both express sst2A and are
dependent on Bhlhb5 (Kardon et al., 2014). However, in the rat,
they differ considerably in their responses to noxious stimuli
(Polgár et al., 2013b). Although we could not unequivocally as-
sign the recorded cells to these neurochemical classes, it is likely
that there are morphological differences between them because
the galanin-immunoreactive cells were located more dorsally and
had smaller dendritic trees and axons that were more restricted in
the DV and ML axes. This suggests that the PrP-GFP cells do not
form a homogeneous population.

Primary afferent inputs
Hantman et al. (2004) reported that PrP-GFP cells showed in-
creased mEPSC frequency following bath application of capsai-
cin, indicating that they received monosynaptic input from
TRPV1-expressing nociceptive afferents. However, surprisingly,
we found that nNOS-immunoreactive GABAergic lamina II neu-
rons in the rat seldom showed Fos after intraplantar capsaicin
(Polgár et al., 2013b). In agreement with these two studies, we
observed that capsaicin increased mEPSC frequency of PrP-GFP
cells, but that those with nNOS immunoreactivity seldom ex-

Figure 11. Schematic diagram summarizing the inputs to and outputs from the PrP-GFP cells. Results from the present study suggest that these cells are innervated by several types of
unmyelinated primary afferent, including peptidergic C fiber nociceptors that express TRPV1, cooling-responsive (TRPM8 �) fibers, and nonpeptidergic C nociceptors that express Mrgd. In addition,
they appear to be innervated directly by A�/A� LTMR afferents, although this is shown with a question mark, as it is not clear whether these form functional synapses. Some of these cells have axons
that enter lamina I, where they preferentially innervate giant cells and some NK1r � neurons. However, all of the cells also have extensive axonal arborizations in lamina II, and these are thought
to include inhibitory islet cells (with which they make reciprocal connections) and excitatory vertical cells (data from Zheng et al., 2010). Vertical cells in lamina II can form synapses on NK1r �

neurons in lamina I (Lu and Perl, 2005); however, it is not known whether these include those cells that are directly innervated by the PrP-GFP cells, and so this connection is shown with a question
mark. Dashed lines indicate the borders of lamina II.
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pressed Fos following intraplantar capsacin injection. The reso-
lution of this paradox seems to be that, while the cells do receive
input from TRPV1-expressing afferents, this is at a low density
because the increase in mEPSC frequency was very modest (�3
Hz increase in the presence of 2 �M capsaicin) and much smaller
than has been seen for other neuronal populations recorded at
room temperature. For example, Baccei et al. (2003) found
that 2 �M capsaicin increased mEPSC frequency by �40 Hz in
unidentified lamina II neurons of P9-P10 rats, whereas Dickie
and Torsney (2014) reported mean changes of �20 Hz follow-
ing application of 1 �M capsaicin to lamina I NK1r-expressing
neurons. Consistent with this interpretation, we found that, while
the nNOS� PrP-GFP cells received contacts from peptidergic pri-
mary afferents, which largely correspond to those that express
TRPV1 (Cavanaugh et al., 2011), this was at a low density.

All of the cells examined in perfusion-fixed tissue also received
contacts from IB4�/CGRP� boutons, which correspond to un-
myelinated nonpeptidergic (Mrgprd�) cutaneous nociceptors
(Zylka et al., 2005), and it is likely that many of these contacts
represent synaptic inputs. The persistence of icilin-evoked re-
sponses in the presence of the TRPA1 blocker A967079 confirms
that some of the cells are also innervated by TRPM8-expressing
(cooling-sensitive) afferents. Because the Mrgprd�, TRPV1�,
and TRPM8� afferents are thought to belong to largely nonover-
lapping subsets (Staaf et al., 2010; Cavanaugh et al., 2011), this
suggests that the PrP-GFP cells are innervated by several classes of
unmyelinated afferent.

Our anatomical results suggest that the nNOS-expressing
PrP-GFP cells receive synapses from A-LTMRs, including some
with A� axons. The failure to detect monosynaptic A-fiber inputs
in most recorded cells, which is consistent with the results of
Hantman et al. (2004), may be because these form functionally
silent synapses (Bardoni et al., 1998). However, it is also possible
that most of these synapses were from axons that had been
severed during the slice preparation, due to their complex
course through the dorsal horn (Abraira and Ginty, 2013). At
least some of the cells appear to be activated polysynaptically
by A� afferents.

Together, these results indicate that PrP-GFP cells are inner-
vated by a wide range of primary afferents, including nociceptors,
thermoreceptors, and probably also myelinated mechanorecep-
tors, and that there is convergence of modalities onto individual
cells (Fig. 11).

Axonal projections to lamina I
Although Hantman et al. (2004) reported that PrP-GFP cell ax-
ons were restricted to lamina II, we found that over half of these
cells had an axon that entered lamina I, and that GFP axons
accounted for nearly 10% of the GABAergic boutons in this lam-
ina. We previously identified a population of giant lamina I pro-
jection neurons in the rat that were selectively innervated by
nNOS-immunoreactive GABAergic axons (Puskár et al., 2001;
Polgár et al., 2008). Here we show that the corresponding cells in
the mouse are densely innervated by the PrP-GFP cells, which
provide the majority of their inhibitory input. In addition,
some lamina I cells with strong NK1r expression (putative
projection neurons) also received a substantial proportion of
their inhibitory synapses from PrP-GFP axons. Interestingly,
all of the PrP-GFP cells that projected to lamina I also had
extensive arbors in lamina II; therefore, even those that inner-
vate these lamina I neurons must have additional postsynaptic
targets (Fig. 11).

The loss of nNOS- and galanin-expressing cells in the
Bhlhb5�/� mouse suggests that one or both populations are re-
sponsible for the increased itch, and loss of relief by counter-
stimulation, that is seen in these mice (Kardon et al., 2014).
However, Duan et al. (2014) have recently reported that ablation
of inhibitory interneurons expressing dynorphin, which corre-
spond to the galanin� population (Bröhl et al., 2008; Sardella et
al., 2011b), results in mechanical allodynia, but not increased
itch. This suggests that loss the of nNOS-expressing inhibitory
interneurons may underlie the increased itch in Bhlhb5�/� mice.
The rapid inhibition of itch by counterstimuli appears to involve
both GABA and glycine (Akiyama et al., 2011), and the nNOS
cells, which are thought to release both transmitters (Todd,
2010), could suppress itch by inhibiting projection neurons
and/or excitatory interneurons in the itch pathway. NK1r-
expressing lamina I neurons have been implicated in itch
(Carstens et al., 2010), and we have found that some retrogradely
labeled giant lamina I cells in mouse express Fos following intra-
dermal injection of chloroquine (A.J.T. and E.P., unpublished
data). It is therefore likely that the powerful inhibitory input to
lamina I projection neurons provided by the nNOS� PrP-GFP
cells contributes to prevention of itch, and their axonal projections
to lamina II may also target itch-activated interneurons. Consistent
with this suggestion, we observed that very few sst2A-expressing
(inhibitory) nNOS� interneurons were Fos-immunoreactive fol-
lowing intradermal chloroquine injection (A.J.T. and E.P., un-
published data). The diversity of sensory inputs to the PrP-GFP
cells is generally consistent with the range of effective counter-
stimuli that suppress itch, which include a variety of noxious and
thermal stimuli (Ross, 2011; Akiyama and Carstens, 2013), as
well as activation of TRPM8 receptors by menthol (Kardon et al.,
2014). However, the finding of synaptic input from putative
A-LTMRs seems to be at odds with this interpretation because
innocuous tactile stimuli do not apparently inhibit itch. It is pos-
sible that, despite the presence of direct synaptic input, the
A-LTMR afferents are not able to drive the nNOS� cells at suffi-
ciently high rates to suppress itch (e.g., if these afferents also
generate feedforward inhibition of the nNOS� cells).

An alternative possibility is that the nNOS-expressing inhibi-
tory interneurons have a role in suppressing pain transmission
and contribute both to limiting the intensity of pain during nox-
ious stimulation through their input from nociceptors (Sand-
kühler, 2009) and also to the relief of pain by innocuous stimuli,
as proposed in the Gate Theory (Melzack and Wall, 1965).

To distinguish between these mechanisms, it will be necessary
in future studies to inactivate the nNOS-expressing inhibitory
interneurons and assess the effect on behavior.
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