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Abstract \
The anterolateral tract (ALT), which originates from neurons in lamina | and the deep dorsal horn, represents a major ascending
output through which nociceptive information is transmitted to brain areas involved in pain perception. Although there is detailed
quantitative information concerning the ALT in the rat, much less is known about this system in the mouse, which is increasingly
being used for studies of spinal pain mechanisms because of the availability of genetically modified lines. The aim of this study was
therefore to determine the extent to which information about the ALT in the rat can be extrapolated to the mouse. Our results suggest
that as in the rat, most lamina | ALT projection neurons in the lumbar enlargement can be retrogradely labelled from the lateral
parabrachial area, that the majority of these cells (~90%) express the neurokinin 1 receptor (NK1r), and that these are larger than
other NK1r-expressing neurons in this lamina. This means that many lamina | spinoparabrachial cells can be identified in NK1r-
immunostained sections from animals that have not received retrograde tracer injections. However, we also observed certain
species differences, in particular we found that many spinoparabrachial cells in laminae Ill and IV lack the NK1r, meaning that they
cannot be identified based solely on the expression of this receptor. We also provide evidence that the majority of spinoparabrachial
cells are glutamatergic and that some express substance P. These findings will be important for studies designed to unravel the
complex neuronal circuitry that underlies spinal pain processing.
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1. Introduction

Nociceptive, thermal, and pruritic information is conveyed from
spinal cord to brain through the anterolateral tract (ALT).%° Cells of
origin of the ALT are concentrated in lamina | and scattered
throughout the deeper laminae (llI-VI). Their supraspinal targets
include thalamus, periaqueductal grey (PAG) matter, lateral
parabrachial area (LPb), and certain medullary nuclei. Individual
ALT neurons can send axon collaterals to several of these
regions.2'22'30’41’47

Quantitative studies in rat lumbar enlargement have demon-
strated that ALT projection cells account for ~5% of lamina |
neurons. Virtually all of these can be retrogradely labelled from
LLPb, and they can therefore be classified as spinoparabrachial
neurons.2*!** Studies in rat suggest that the majority of lamina |
spinoparabrachial neurons respond to noxious stimuli.>” The
neurokinin 1 receptor (NK1r), which is present at high levels in
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lamina 1,81925%% is expressed by ~70 to 80% of lamina | ALT
neurons in rat*'®%% and by a population of laminae Il and IV
projection neurons with dorsal dendrites that arborise in the
superficial laminae.®%52 NK1r-expressing projection neurons in
laminae |, lll, and IV are densely innervated by nociceptive primary
afferents that contain substance P (SP).24%2:5% Aplation of NK1r*
neurons by intrathecal injection of SP-saporin conjugate results in
dramatic reduction of hyperalgesia in chronic pain states,?®34
which is thought to result from destruction of NK1r-expressing
ALT neurons.%° Although the NK1r is also expressed by excitatory
interneurons in lamina 1,2° these are significantly smaller than the
projection cells.® " This means that NK1r-expressing projection
neurons in rat can generally be identified based on size, thus
avoiding the need for retrograde tracing experiments in many
cases. We have also identified a population of giant lamina |
projection cells that generally lack the NK1r and are characterised
by the high density of excitatory and inhibitory synapses on their
cell bodies and dendritic trees.***

The mouse is increasingly used for investigations of spinal
pain mechanisms, but little is known about the ALT in this
species.'* This study therefore compared the organisation of
the mouse spinoparabrachial projection with that of the rat. We
aimed to determine the number of lamina | spinoparabrachial
neurons, the proportion that expressed NK1r, and whether, as
in rat,® these could be distinguished from other NK1r™ neurons
based on soma size. We also tested whether giant lamina | cells
in mouse belong to the spinoparabrachial tract. In preliminary
studies, we found that NK1r-immunoreactive cells were in-
frequent in laminae Il and IV of the mouse; therefore, we tested
whether spinoparabrachial neurons were present in these
laminae. We have shown that the somatostatin receptor sston
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is virtually restricted to GABA-immunoreactive (inhibitory)
neurons in laminae | and 1I°7%* however, Gamboa-Esteves
et al.’® detected sstos on some lamina | projection neurons in
rat. We therefore tested for sston expression by lamina |
spinoparabrachial neurons and used anterograde tracing to
assess the whether any of these cells were GABAergic. Finally,
we looked for expression of neuropeptides, which has been
reported for spinoparabrachial cells in other species.®*®

2. Methods
2.1. Animals

All experiments were approved by the Animal Welfare and
Ethical Review Board of the University of Glasgow and were
performed in accordance with the UK Animals (Scientific
Procedures) Act 1986.

Six adult C57BI/6 mice of either sex (22-35 g; Biological
Services, University of Glasgow) were used in this study. They
were anaesthetised with isoflurane and placed in a stereotaxic or
spinal frame, after which anaesthetic was administered through
a mask attached to the frame. In 4 cases, a burr hole was made
through the skull, and a single injection of 200 or 300 nl of 1%
cholera toxin B subunit (CTh) was targeted on the left LPb. In the
other 2 cases, the lumbar vertebral column was exposed, and 2
injections of 150 nl of 1% CTb were made into the dorsal horn on
one side of the spinal cord at a depth of 300 wm below the pial
surface, through the intervertebral spaces rostral and caudal to
the T13 vertebra. In all cases, injections were made through
a glass micropipette, which was left in place for 5 minutes after
completion of the injection, to minimise leakage of tracer back up
the track. All animals made an uneventful recovery from
anaesthesia. After a 4- or 5-day survival period, they were
reanaesthetised with pentobarbitone (20 mg, intraperitoneally)
and perfused through the heart with a fixative that contained 4%
freshly depolymerised formaldehyde.

The brains and lumbar spinal cords were removed from all
animals and postfixed for at least 4 hours, before being cut into
sections with a vibrating blade microtome.

2.2. General features of tissue processing and analysis

From all 6 mice, the region of brain or spinal cord containing the
injection site was cut into transverse sections (100 wm for brain,
60 wm for spinal cord), and injection sites were revealed by
incubating the sections in goat antibody against CTb at 1:50,000
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to 200,000 and performing an immunoperoxidase reaction, as
described previously."*”

The L4 spinal cord segments from the LPb-injected animals
were cut into 2 series of 60-pum-thick transverse sections (each
consisting of alternating sections), while the L5 segment and either
L2 or L3 were cut into 60 wm horizontal sections. The part of the
brainstem that included the LPb from the spinal-injected mice was
cutinto 4 series of 60 wm tranverse (coronal) sections. The sections
were reacted forimmunofluorescence staining, by incubating them
for 3 days in mixtures of primary antibodies and then in mixtures of
species-specific secondary antibodies that were raised in donkey.
The secondary antibodies were conjugated to Alexa 488,
Alexa 647, Rhodamine Red, Pacific Blue, or biotin (Jackson
ImmunoResearch, West Grove, PA) 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; Life Technologies, Paisley, United
Kingdom). After immunoreaction, the sections were mounted in
antifade medium and stored at —20°C. All antibodies were diluted
in phosphate-buffered saline that contained 0.3% Triton X-100 and
5% normal donkey serum. The sources and dilutions of the primary
antibodies are shown in Table 1.

Sections reacted for immunofluorescence were scanned with
a Zeiss LSM 710 confocal microscope equipped with Argon
multiline, 405 nm diode, 561 nm solid state and 633 nm HeNe
lasers, and a spectral detection system. Confocal image stacks
were acquired by scanning through a 40X or 63X oil immersion
lens (numerical aperture 1.3 or 1.4, respectively) with the aperture
set to 1 Airy unit. Scans through the spinal cord were scanned at
a z-spacing of 1 or 2 wm, whereas those from the LPb were
scanned at 0.5 pm z-spacing.

2.3. Quantification of CTb-labelled lamina | neurons and
expression of NK1 and sst,4 receptors

One series of transverse sections from the L4 segment of the mice
that had received injections into the LPb was reacted with
antibodies against CTb (raised in mouse), NK1r, and sstoa. Seven
sections were selected from each animal, before the CTb-
immunoreactivity was viewed. Two overlapping fields were
scanned to include the whole superficial dorsal horn through the
full thickness of the section, and these scans were analysed with
Neurolucida for Confocal software (MBF Bioscience, Williston, VT).
The outline of the dorsal horn contralateral to the LPb injection was
initially drawn, together with the ventral border of lamina I, which
could be identified due to the plexus of NK1r-immunoreactive

Primary antibodies used in this study.

Antibody Species Catalogue number Dilution Source
CTb Mouse ah35988 1:5000 Abcam
CTh Goat 703 1:5000 List Biological

1:50,000-200,000*

NK1r Rabbit S8305 1:2000 Sigma-Aldrich
SStoa Guinea pig SS870 1:2000 Gramsch Laboratories
CGRP Guinea pig T-5027 1:10,000 Bachem
NPY Sheep AB1583 1:500 Millipore
VGLUT2 Guinea pig AB2251 1:5000 Millipore
VGAT Goat 1:1000 M Watanabe
SP Rat 0BT06435 1:200 Oxford Biotech
Dynorphin B Rabbit 1:1000 P Ciofi
Enkephalin Mouse MAB350 1:1000 Millipore

* Rabbit anti-CTb was used at 1:50 to 200,000 for immunoperoxidase staining of injection sites.
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dendrites within the lamina. The channel representing CTb was
visualised, and the locations of CTb-labelled cells were plotted onto
these drawings. To avoid overcounting cells that were split by
sectioning,?° we included cells if at least part of the nucleus (revealed
as a filing defect in the CThb) was present in the first optical section in
the z-series and excluded them if part of the nucleus was present in
the last optical section."*!*” Because the analysis was performed on
an alternate series of sections, it would not be possible for the same
cell to be counted a second time on another section. The NK1r and
sstop channels were then viewed, and the presence or absence of
each of these types of immunoreactivity was noted for each of the
CTb-labelled cells in the sample. In addition, a search was made for all
lamina | cells that were immunoreactive for both NK1r and sst,, and
these were then examined to see whether they were CTb-labelled.

2.4. Analysis of soma sizes for NK1r neurons and
identification of giant cells

Horizontal sections from 2 segments (L5 and either L2 or L3) of
each of the 4 LPb-injected mice were reacted with antibodies
against CTb (mouse), NK1r, VGLUT2, and VGAT.

The L5 sections were used to assess the soma sizes of NK1r-
immunoreactive lamina | neurons.® The sections that contained
numerous retrogradely labelled lamina | neurons on the side
contralateral to the LPb injection were initially identified, and in this
way, either 1 or 2 sections were selected from each animal. These
were then scanned through the 40X lens with the confocal
microscope to generate overlapping z-stacks (2 pm z-separation)
that included the whole of lamina | apart from its lateral part, which
was not analysed due to the differing orientation of cells in this
region.® The scans were analysed with Neurolucida for Confocal,
such that only the channel representing NK1r-immunoreactivity
was initially visible. The ventral border of lamina | could be readily
identified because the density of NK1r-immunoreactive cells is
very low in lamina Il. All NK1r" cells with a soma that was entirely
contained within the section were identified and drawn, and the
cross-sectional area of the soma in the horizontal plane was
measured from the drawings.®*® The channel representing CTb
was then viewed, and the presence or absence of retrogradely
transported CTb was noted for each of the NK1r" cells.

Sections from the 2 segments that had been cut into
horizontal sections (L5 and either L2 or L3) were examined to
look for giant lamina | cells, which can be recognised by the high
density of VGLUT2- and VGAT-immunoreactive boutons that
outline their cell bodies and dendrites.®®*® These were initially
identified by viewing the rhodamine channel (corresponding to
VGLUT2) and then confirming the presence of numerous VGAT-
immunoreactive boutons. Confocal z-stacks were then
scanned to include the soma and proximal dendrites, and the
presence or absence of CTh and NK1r was noted for each cell.

2.5. Projection neurons in laminae Ill and IV

Retrogradely labelled neurons in laminae Il and IV were examined
in the second series of transverse sections of L4 from the 4 mice
that received LPb injections. These sections were reacted with
antibodies against CTb (mouse antibody), NK1r, calcitonin gene-
related peptide (CGRP), and neuropeptide Y (NPY). This reaction
was performed because the NK1r-immunoreactive ALT cells in
laminae Il and IV of the rat spinal cord are densely innervated by
both peptidergic (CGRP™) primary afferents®® and NPY-
containing inhibitory interneurons.®*4° The sections were initially
viewed with fluorescence microscopy, and those that contained
CTb-labelled cells in laminae lll and IV on the side contralateral to
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the LPb injection were identified. These cells were then scanned
with the confocal microsope through the 40X lens to generate
z-stacks (2 wm z-separation) through the cell body and as much
of the dendritic tree as was visible. In each case, the presence or
absence of NK1r-immunoreactivity was noted, and we de-
termined whether the cell body and dendrites were associated
with clusters of CGRP- and/or NPY-immunoreactive axons.

2.6. Anterograde tracing

One series of sections through the brainstem of the 2 mice that
received spinal injections of CTb was reacted with antibodies
against CTb (mouse antibody), VGAT, and VGLUT2. A single
section through the LPb that contained numerous CTb-labelled
boutons was selected for analysis and scanned with an oil
immersion lens to produce z-series of 25 or 30 optical sections at
0.5 wm z-spacing. Overlapping scans were obtained from the
entire region that contained CTb-labelled boutons in this section.
The resulting z-stacks were viewed with Neurolucida for
Confocal, and a 5 X 5 um grid was superimposed on the
confocal images. A single optical section within the z-stack was
chosen before VGAT or VGLUT2 immunostaining were viewed,
and CTb-labelled boutons were sampled by selecting the bouton
nearest the bottom left hand comer of successive grid squares,
starting near the dorsal- and lateral-most part of the LPb that
contained these boutons and progressing through the grid
squares in a dorsal-ventral and then lateral-medial direction until
the entire region containing CTb boutons had been covered.*®
The numbers of boutons analysed in the 2 mice were 100
and 208.

Another series of sections was used to investigate neuropep-
tide expression by anterogradely labelled terminals in the LPb.
The sections were reacted with antibodies against CTb (goat
antibody), enkephalin, dynorphin B, and SP. From each animal, 2
sections that contained numerous CTb-labelled boutons were
selected and scanned as described above. Again, CTb ™ boutons
were selected before the other types of immunostaining were
viewed, and the selected boutons were then examined to look for
neuropeptide immunoreactivity. To compensate for any bias
towards larger profiles in the selection process,?® we measured
the z-axis lengths of each of the selected boutons by determining
the number of z-sections on which it was present.?"*® The
numbers of boutons analysed in this part of the study were 280
and 391 for the 2 animals.

2.7. Antibody characterisation

Specificity of the CTb antibodies is demonstrated by the lack of
staining in regions that did not contain injected or transported
tracer. The NK1r antibody, raised against amino acids 393 to 407
of the rat NK1r, recognises a 46 kDa band in Western blots of rat
brain extracts, and it has been shown that there is no staining with
this antibody in mice in which the NK1r has been deleted.** The
sstoa antibody was raised against the C-terminal 15 amino acids
of the mouse receptor, conjugated to keyhole limpet haemocya-
nin, and staining is abolished by pre-incubation of this peptide
(manufacturer’s specification). The CGRP antibody detects both
a and B forms of the peptide. The NPY antibody was raised
against synthetic NPY conjugated to bovine thyroglobulin and is
reported to show negligible cross-reactivity with a range of other
peptides, including enkephalins, somatostatin, SP, angiotensin,
or vasoactive intestinal polypeptide (manufacturer’s specifica-
tion). The VGLUT2 antibody was raised against a synthetic
peptide from rat VGLUT2, and we have shown that it stains
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identical structures to a well-characterised rabbit anti-VGLUT2.5"
The VGAT antibody was raised against amino acids 31 to 112 of
the mouse protein and recognises a single band of the
appropriate size on Western blots.®" The monoclonal SP
antibody detects the C-terminal 5 to 8 amino acids of the
peptide’® and does not appear to recognise neurokinin B.2%38
The dynorphin B antibody was raised against the full peptide and
does not cross-react with enkephalins.’® Staining with this
antibody is absent in the spinal cord of preprodynorphin knockout
mice.?® The monoclonal antibody against enkephalin recognises
both Met- and Leu-enkephalin and shows significant cross-
reactivity with C-terminal extended Met-enkephalin hexapeptides
and heptapeptides, but not with either beta-endorphin or
dynorphin (manufacturer’s specification).

2.8. Statistics

The Mann-Whitney U test was used to compare the soma areas
of retrogradely labelled and nonlabelled NK1r-immunoreactive
lamina | neurons. Differences in the z-axis lengths of CTb-labelled
boutons in the LPb that were tested for neuropeptide immuno-
reactivity were compared using a t test.

3. Results
3.1. Injection sites

Injection sites in the 6 mice are illustrated in Figure 1. In all 4
mice that received CTb injections into the brainstem, the
immunoperoxidase reaction product filled the entire LPb, which
extends from 1.16 to 1.88 mm caudal to the interaural plane'”
(Fig. 1A and B). The injection sites also included most of the
medial parabrachial area and Kolliker-Fuse nucleus and the
caudal-most part of the PAG in all cases. There was variable
spread into surrounding areas, including the cuneiform nucleus
and cerebellum. The spinal cord injections were located in the
L3 and L4 segments, and in both cases, these filled most of
laminae I-1Il of the ipsilateral dorsal horn (Fig. 1C-E) at the levels
of the injection.

3.2. Lamina | spinoparabrachial neurons: quantification and
expression of NK1r and sst,, receptor

Altogether, 276 CTb™ lamina | neurons (range, 66-75; mean, 69)
were identified in the transverse sections of the L4 segments that
were analysed from the 4 LPb-injected mice (7 sections per
mouse; Table 2). This corresponds to a mean of 9.86 cells in each
60-pm-thick section, and as we have estimated that the length of
the L4 segment in the mouse is 1.45 mm,®’ this suggests that
there would have been an average of 238 spinoparabrachial
lamina | cells on the contralateral side in the entire L4 segment in
these animals. There are ~4500 lamina | neurons on each side in
this segment in the mouse,®” and so we estimate that
approximately 5.3% of these cells belong to the spinoparabra-
chial tract.

As reported previously, immunoreactivity for both NK1r and
sstop receptor was present on cell bodies and dendrites in lamina
[, and these were found on largely separate neuronal populations,
although a few cells were immunoreactive for both receptors.®”
The majority of the CTb-labelled lamina | cells were NK1r-
immunoreactive (Fig. 2), with the proportion varying between
79.4% and 93.9% among the 4 mice (mean, 89.1%) (Table 2).
Sstoa-immunoreactivity was found on 26 of the CTb-labelled cells
(between 4 and 10 per mouse), and this corresponded to
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Figure 1. Injection sites in the 6 mice used in this study. (A) Injection sites in the
4 experiments in which CTb was injected into the lateral parabrachial area.
Each vertical column represents a single experiment. The darker shaded areas
show the spread of tracer, while the pale shaded area is the superior cerebellar
peduncle. Numbers to the left of the drawings correspond to the position of the
section posterior to the interaural plane. Drawings are based on those of
Franklin and Paxinos.'® (B) A section through the brain from the mouse #4,
corresponding to a level of ~1.5 mm caudal to the interaural plane. The CTb
injection site appears as a dark area, and near the top of the image, the pipette
track can be seen passing through the inferior colliculus. (C and D) Drawings
indicating the core of the injection site in the 2 mice that received intraspinal
injections of CTb. (E) A section from the spinal cord of the mouse represented
in (C). Scale bars: (B), 1 mm:; (C), 250 um. IC, inferior colliculus; KF, Kolliker-
Fuse nucleus; LPb, lateral parabrachial area; MPb, medial parabrachial area;
PAG, periaqueductal grey.

.

between 5.3% and 15.1% (mean, 9.5%) of the retrogradely
labelled neurons (Table 2). All but 2 of the sstoa-immunoreactive
CTb-labelled lamina | cells were also NK1r™. When the NK1r and
sston channels were viewed, it was found that all of the lamina |
cells that were immunoreactive for both receptors were
retrogradely labelled with CTb.

3.3. Soma sizes of NK1r" lamina | neurons

Between 187 and 279 (mean, 245.8) NK1r-immunoreactive
lamina | cells were identified and analysed in the horizontal
sections through the contralateral sides of the L5 segments of
the 4 LPb-injected mice, and an example of the immunostaining
for NK1r and CTb is shown in Figure 3A-C. The soma cross-
sectional areas of the NK1r* cells ranged from 52 to 1084 um?
and showed a bimodal distribution, with a major peak between
50and 180 wm?, a smaller peak between 180 and 400 pm?, and
a few cells with larger areas (Fig. 3D). Between 17.3% and
25.2% (mean, 20.2%) of the NK1r-immunoreactive neurons
were retrogradely labelled with CTb. There was a clear
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NK1r and sstsa receptor immunoreactivity on CTbh-labelled lamina | neurons.

Mouse Total CTh™ cells % NK1r/sstys~ % NK1r/sstn™ % NK1r~/sstn™
1 68 75 4.4 15
2 66 80.3 13.6 1.5
3 67 80.6 1.9 0
4 75 85.3 53 0
Mean 69 80.3 8.8 0.7

The second column shows the total number of CTh-labelled cells that were identified in the 7 transverse sections analysed from each of the 4 mice. Columns 3 to 5 show the proportion of these cells with different receptor

expression patterns.

difference in the soma areas of the NK1r cells that were
retrogradely labelled with CTb (range, 116-1084 wm?; median,
228 um?) and those that were not (range, 52-625 pm?; median,
101 pm?), and this was highly significant (P < 0.0001;
Mann-Whitney U test). The majority (763/785, 97%) of NK1r
cells with soma areas <180 um? were not retrogradely labelled
with CTb, whereas most (158/198, 80%) retrogradely labelled
neurons had soma areas >180 um?. If a soma area of 200 um?
was taken as a cutoff value, then 140 (71%) of the retrogradely
labelled cells would be included, but only 8 (1%) of the
nonretrogradely labelled cells. In other words, 95% of the
NK1r cells with soma areas =200 um? were retrogradely
labelled from the LPb in these experiments.

3.4. Giant cells

Altogether, 25 giant cells were identified in the horizontal
sections from the 4 LPb-injected mice (3-8 cells per animal).
In each case, the cell received numerous contacts from both
VGLUT2- and VGAT-immunoreactive boutons. These boutons
outlined the dendritic tree and were also numerous on the cell
body (Fig. 4A and E). However, unlike the situation in the rat, in
which virtually all of the giant cells can be retrogradely labelled

from the LPb,*® only 8 of these cells (32%, between 0 and 3 in
each mouse) were labelled with CTb (Fig. 4). As in the rat, we
found that most of the giant cells (16/25, 64%) lacked the
NK1r, although interestingly, all of the CTb-labelled cells
(together with one of the cells that lacked CTb) were NK1r-
immunoreactive (Fig. 4).

3.5. Spinoparabrachial neurons in laminae Ill and IV

Retrogradely labelled neurons in laminae lll and IV were counted
in transverse sections of the L4 segment from each of the 4 mice
that had received an injection of CTb into the LPb. This analysis
was performed on sections that had been reacted with antibodies
against CTb, NK1r, CGRP, and NPY, and between 11 and 13
sections were examined for each mouse (Table 3). Altogether, 18
CTb-labelled cells (range, 3-6; mean, 4.5) were found in the
contralateral dorsal horn in these laminae. Eight of these cells
were NKir-immunoreactive (Table 3), but these generally
showed only weak or moderate immunoreactivity. Because of
the small numbers found in each animal, we calculated the mean
proportion that were NK1r-immunoreactive (8/18, 44%) for the
entire sample. All 18 of these cells were associated with dense
clusters of both CGRP-immunoreactive and NPY-immunoreactive

Figure 2. Expression of NK1r and sstoa by retrogradely labelled spinoparabrachial neurons in lamina I. Confocal images showing a single optical section through
the superficial dorsal horn in the L4 segment, contralateral to the lateral parabrachial area injection site. (A) CTb labelling (red) in 4 lamina | neurons identifies these
as belonging to the spinoparabrachial tract. (B-D) Immunostaining of the section for the NK1r (green) and sstoa (blue) shows that one of these cells (marked with an
arrow) expresses both receptors, while the other 3 (asterisks) are only NK1r-immunoreactive. Scale bar: 20 um.
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Figure 3. NK1r-immunoreactive projection neurons in lamina I. (A-C) Confocal images from a horizontal section through the L5 segment of one of the mice that had
received an injection of CTb into the lateral parabrachial area. The section has been scanned to reveal CTb (green) and NK1r (magenta). Six retrogradely labelled
(CTb-positive) neurons are indicated with asterisks, and each of these is NK1r-immunoreactive. In addition, several smaller NK1r-immunoreactive cells that are not
retrogradely labelled (CTb-negative) are visible, and 5 of these are marked with arrowheads. Projection from 5 optical sections at 2 um z-spacing. Scale bar:
50 wm. (D): Histograms showing the numbers of lamina | NK1r-immunoreactive cells with different soma areas. The top graph shows the results for all cells (Al NK1r™),
while the middle and lower graphs show those that were not labelled (NK1r* nonretrograde) or retrogradely labelled (NK1r™ retrograde), respectively. The dashed line
corresponds to a soma area of 180 wm?. Note that most of the nonretrogradely labelled neurons are smaller than this, whereas most retrogradely labelled cells are

larger.

boutons, which contacted their cell bodies, as well as their
dendrites when these were visible (Fig. 5). The total number of
laminae Il and IV spinoparabrachial cells in the contralateral part of
the L4 segment was estimated by dividing the rostrocaudal length
of the spinal cord examined (number of sections X 60 wm) by the
total length of the segment (1.45 mm)>” and multiplying this by the
number of cells identified in the sections analysed. This gave
amean value of ~9 cells in the segment on the side contralateral to
the LPb injection.

During the course of this analysis, we also observed a few
NK1r-immunoreactive cells in this region that were associated
with CGRP and NPY axons, but were not CTb-labelled, as well as
occasional clusters of CGRP and NPY axons that were not
associated with cells that were either NK1r* or CTb-labelled.

3.6. Anterograde tracing

After injection of CTb into the lumbar dorsal horn, CTb-
immunoreactive boutons were present in large numbers in the
LPb (Fig. 6A and B), in particular in the superior, central, dorsal,
and internal subnuclei.”” However, little or no anterograde labelling

was seen in the external or ventral parts of the LPb, orin the Koliker-
Fuse nucleus or the medial parabrachial area. This distribution is
generally similar to that reported in the corresponding regions of the
rat LPb after injection of anterograde tracers into the lumbar spinal
dorsal horn.'64®

The majority of the CTb-labelled boutons identified in the
sections reacted for VGLUT2 and VGAT (95% and 99% in the 2
mice, mean, 97%) were VGLUT2-immunoreactive (Fig. 6C-F),
whereas only 3% and 0.5% (mean 2%) were VGAT-
immunoreactive. The remainder (2% and 1%; mean, 1.5%) were
not immunoreactive for either transporter.

The results of peptide analysis are shown in Table 4, and an
example of the immunostaining is shown in Fig. 7. Although the
majority of CTb-labelled boutons did not show any type of peptide
immunoreactivity, 16% were SP-immunoreactive, with much
smaller proportions (1%-2%) showing dynorphin- or enkephalin-
immunoreactivity. Very few of the CTb-labelled boutons showed
more than one type of peptide immunoreactivity; altogether, we
found 3 CTb-labelled boutons that were immunoreactive for SP
and dynorphin and 1 that was immunoreactive for SP and
enkephalin.
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Figure 4. Giant lamina | neurons seen in horizontal sections. (A-D): Confocal images showing a giant cell that was retrogradely labelled with CTb (green) and
immunoreactive for the NK1r (grey). Note that many boutons containing VLGUT2 (red) or VGAT (blue) are associated with the cell body (*) and that these surround
the dendrites (indicated by arrowheads). (E-H): Another giant cell that was not retrogradely labelled and lacked NK1r-immunoreactivity. Again, the soma (*) and
dendrites (between arrowheads) are associated with numerous VGLUT2 and VGAT boutons. The 2 sets of images are projections of 5 (A-D) and 6 (E-H) optical

sections at 1 um z-spacing. Scale bar: 20 pm.

4. Discussion

The main findings of this study are that (1) spinoparabrachial
cells account for ~5% of lamina | neurons in mouse lumbar
enlargement; (2) ~90% of these cells are NK1r™, and they are
generally larger than other NK1r* neurons in this lamina; (3) only
a minority of giant lamina | cells are labelled from the LPb; (4)
many laminae |l and IV spinoparabrachial neurons lack
the NK1r, but as in the rat, they are innervated by both CGRP-
and NPY-containing axons; and (5) spinoparabrachial axons

originating from the superficial dorsal horn are nearly all
glutamatergic, with some expressing SP.

4.1. Identification of lamina | ALT neurons in the mouse

By injecting different tracers into LPb and the other known major
targets of lamina | cells, we have shown that in the rat, virtually all
lamina | ALT neurons can be retrogradely labelled from the
contralateral LPb.2*"*7 We also demonstrated that among
NK1r-immunoreactive neurons in this lamina, the majority of the
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NK1r receptor immunoreactivity on CTb-labelled laminae 1l
and IV neurons.

Mouse Total Number Number of Estimated number
CTb*  with NK1r* sections analysed in L4 segment
cells

1 6 2 11 13.18
2 3 2 12 6.04
3 5 1 13 9.29
4 4 3 11 8.79
Mean 45 2 9.33

The estimate of total number of laminae lll and IV spinoparabrachial in the L4 segment, shown in the fifth
column, was obtained by dividing the average length of the segment (1450 .m) by the length sampled
(number of sections analysed X 60 wm) and multiplying this by the total number of CTb cells seen.

large cells could be identified as spinoparabrachial neurons,
without the need for retrograde tracing experiments.® This raises
3 questions concerning this study: (1) did we label all lamina |
spinoparabrachial neurons? (2) can most lamina | projection
neurons be retrogradely labelled from an injection centred on
LPb? and (8) can soma size be used to distinguish between
projection and nonprojection cells among those that are NK1r-
immunoreactive?

The LPb injection sites in our experiments included those
regions that receive spinoparabrachial inputs, '®¢ and numbers of
retrogradely labelled lamina | were highly consistent across the 4
mice. Wang et al®® reported that very large injections of Fluoro-
Gold (500 nl of 4% Fluoro-Gold) into the LPb in mice resulted in
~100 retrogradely labelled lamina I neurons per 500 pm of lumbar
spinal cord, which is somewhat higher than our estimate of 9.86
cells per 60 wm (equivalent to 82 cells per 500 wm). However,
Wang et al included cells both contralateral and ipsilateral to the
LPb injection, which probably accounts for the slightly higher cell
counts that they obtained. In fact, we have shown that if 2 different
tracers are injected into the right and left LPb in the rat, most lamina
I neurons labelled from the ipsilateral LPb are also labelled from the
contralateral side, indicating that lamina | spinoparabrachial
neurons project either contralaterally or bilaterally.*” It is therefore
likely that we labelled virtually all lamina | spinoparabrachial neurons
in this study. As our aim was to label the maximum number of ALT
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neurons, we used relatively large injections of CTb that extended
into adjacent regions including the caudal part of the PAG, which
also receives collaterals from lamina | ALT neurons.*® More
restricted injections would be needed to assess the proportion of
these cells that actually project to LPb.

To test whether, as in the rat, most lamina | ALT cells are
labelled from an injection into the LPb, it would be necessary to
combine this with injections of a different tracer into all other
known targets of these cells.?*'*” However, our finding that the
majority of large NK1r* lamina | neurons (soma area >200 pm?)
were retrogradely labelled strongly suggests that this is also true
for the mouse. The alternative explanation would be that there
was a significant population of ALT projection neurons that did
not send collaterals to LPb and that this consisted mainly of small
NK1r-expressing neurons or cells that lacked the receptor.
Another indirect piece of evidence in support of this hypothesis is
that the LPb injections labelled ~5% of contralateral lamina |
neurons, which is very similar to the proportion of neurons in this
lamina that belong to the ALT in the rat.*’

The majority of lamina | spinoparabrachial cells (~90%)
expressed the NK1r, and this proportion was even higher than that
seenin the rat, in which 70% to 80% of spinoparabrachial neurons in
this lamina are NK1r-immunoreactive.®4 %4752 As in the rat,® there
was a highly significant size difference between retrogradely labelled
and nonlabelled cells. For example, 95% of NK1r" cells with soma
areas >200 pm? were CTb-labelled in the present series of
experiments. This means that although immunostaining for the NK1r
does not allow unequivocal identification of all lamina | projection
neurons, it can be used to identify the larger NK1r-expressing
spinoparabrachial cells with a reasonable degree of confidence and
without the need for retrograde tracing experiments.

4.2. Differences between mouse and rat

We found 2 major species differences in the organisation of
projection neurons. First, the proportion of lamina | giant cells that
could be labelled from the LPb and second the lack of NK1r on
many laminae lll and IV spinoparabrachial neurons in the mouse.

Giant lamina | cells in the rat form a sparse, but distinctive,
population that differ from NK1r-expressing projection neurons in

Figure 5. Innervation of a lamina Il NK1r-negative projection neuron by CGRP- and NPY-containing axons. (A): Confocal image showing part of a transverse
section through a lamina Ill neuron that was retrogradely labelled with CTb (blue). (B-D): The cell body is surrounded by axons that contain CGRP (red) or NPY
(green). The inset in (A) shows the region through the cell body (*) stained for the NK1r, and this cell is not immunoreactive for the receptor. The images are
projections of 4 optical sections at 2 wm z-spacing. Scale bar: 50 um. CGRP, calcitonin gene-related peptide; NPY, neuropeptide Y.
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Figure 6. VGLUT2 expression by anterogradely labelled spinoparabrachial axon terminals. (A) Low-magnification image through the lateral parabrachial area (LPb)
scanned to reveal CTb (red) and with dark-field optics. The LPb lies dorsal (d) and lateral (I) to the superior cerebellar peduncle (scp). (B): The region shown in the
box in (A) scanned at high magnification (15 optical sections at 0.5 wm z-spacing) shows numerous CTb-labelled boutons. (C-F): Single optical section
corresponding to the region shown in the box in (B), scanned to reveal CTb, VGLUT2 (green), and VGAT (blue). Four CTb-labelled boutons are indicated with
arrowheads. These are all VGLUT2-immunoreactive and lack VGAT. Scale bars: (A), 200 pm; (B), 50 wm; (C-F), 10 pm.

their synaptic inputs and responses to noxious stimuli. They can
readily be identified by the very high density of VGLUT2" and
VGAT" boutons that almost completely outline their cell bodies and
dendrites.®® They also differ from the NK1r" cells in that they
receive very few contacts from peptidergic primary afferents and
show significantly less expression of the transcription factor Fos
after noxious thermal stimulation.®® In the rat, we found that nearly
all of these cells were retrogradely labelled from the LPb and that
they account for ~3% of spinoparabrachial cells in this lam-
ina.®54%59 Examination of horizontal sections in the mouse
revealed a similar population of large lamina | neurons that were
coated with VGLUT2™ and VGAT " boutons. However, only around
one-third of these cells were retrogradely labelled. It is possible that
the unlabelled giant cells were not projection neurons, but an
alternative explanation is that they project to other brain regions,
and this will need to be assessed in future studies.

The large NK1r-immunoreactive cells in laminae Ill and IV of the
rat form another very distinctive and easily recognised population,
which was identified in early studies of NK1r distribution.®10:25-27:84
These cells, which respond to noxious stimuli,*® were subsequently
shown to be projection neurons because >90% could be
retrogradely labelled from the caudal ventrolateral medulla
and ~65% from LPb.52 In the rat, they receive a highly selective

Neuropeptide expression in anterogradely labelled
spinoparabrachial boutons.

Mouse  Number of CTb boutons % SP % Dynorphin % Enkephalin
1 280 19.6 2.5 0.7
2 391 13.0 1.5 0.5
Mean 16.3 2.0 0.6

synaptic input from 2 different populations of axons: peptidergic
primary afferents, which contain both SP and CGRP,*2 and NPY-
containing axons. The latter are thought to be derived from local
inhibitory interneurons and account for one-third of the inhibitory
synaptic input.>*° This study shows that cells of this type are also
present in the mouse and that they appear to have the same pattern
of input from peptidergic primary afferents and NPY-containing
interneurons. However, many of them lack the NK1r or express it at
low levels. Immunostaining for the receptor cannot therefore be
used to reveal this population or to investigate their synaptic inputs,
as has been done in the rat.5%23%3°

4.3. The neurochemical phenotype of lamina |
projection neurons

We previously reported that sstoa expression was restricted to
GABAergic neurons in the superficial dorsal horn of both rat and
mouse.*”** The finding of sst,a on ~15% of lamina | neurons
retrogradely labelled from the nucleus of the solitary tract in rat'®
therefore raised the possibility that some projection neurons in this
lamina might be GABAergic. Consistent with the findings of
Gamboa-Esteves et al.,'® we found that ~10% of lamina |
spinoparabrachial neurons were sstoa . However, nearly all of
these cells also expressed the NKir, which is thought to be
restricted to excitatory (glutamatergic) neurons in this lamina.2® We
had previously identified a small population of lamina | neurons that
expressed both sstos and NK1r in the mouse,®” and the present
results suggest that these are all projection neurons. Our finding
that 97% of spinoparabrachial axon terminals are VGLUT2-
immunoreactive suggests that virtually all spinoparabrachial cells
(including those with sst,a) are excitatory. Our failure to detect non-
GABAergic sston™ neurons®” was probably because these
constitute a very small population, corresponding to ~0.5% of all
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Figure 7. Expression of SP by anterogradely labelled spinoparabrachial terminals. (A and B): A single optical section through the lateral parabrachial area reacted
to reveal CTb (magenta) and substance P (SP, green). (C): A merged image. Several CTb-labelled axonal boutons are visible, and some of these are

SP-immunoreactive (2 indicated with arrowheads). Scale bar: 10 wm.

lamina | neurons, compared with 17% of neurons in this lamina that
are sstoa-immunoreactive.

Although Standaert et al.*® detected both enkephalin and
dynorphin in lamina | spinoparabrachial neurons, they had used
colchicine to increase cytoplasmic peptide levels, and it is now
known that this can cause abnormal peptide expression. '>4* Our
finding that only ~2% of spinoparabrachial terminals were
immunoreactive for enkephalin or dynorphin suggests that few
spinoparabrachial neurons normally express significant levels of
either of these opioid peptides. However, in agreement with
a previous study in the cat,® we found that some spinoparabra-
chial terminals were SP-immunoreactive. Relatively little is known
about SP-expressing neurons in the dorsal horn, as these contain
levels of peptide that are not normally detected with immunocy-
tochemistry. However, in situ hybridisation has revealed cells with
preprotachykinin 1 mRNA in laminae | and II,%” and nonprimary
SP-containing axons are seen both here and in the lateral spinal
nucleus.’®®" As lamina | ALT neurons can generate local
axon collaterals in both of these regions,*® at least some of the
SP-containing nonprimary glutamatergic axons®' may be the
collaterals of lamina | projection neurons.

Conflict of interest statement

The authors have no conflicts of interest to declare.
The work was supported by grants from the MRC (MR/L003430/1)
and the Wellcome Trust (102645).

Acknowledgements

The authors thank Mr R. Kerr and Mrs C. Watt for expert technical
assistance and Dr P. Ciofi for the gift of dynorphin B antibody.
D. Cameron, E. Polgar and M. Gutierrez-Mecinas equally
contributed to this study.

Article history:

Received 6 April 2015

Received in revised form 4 June 2015
Accepted 10 June 2015

Available online 22 June 2015

References
[1] Al-Khater KM, Kerr R, Todd AJ. A quantitative study of spinothalamic
neurons in laminae I, lll, and IV in lumbar and cervical segments of the rat

spinal cord. J Comp Neurol 2008;511:1-18.

[2] Al-Khater KM, Todd AJ. Collateral projections of neurons in laminae |, Il
and IV of rat spinal cord to thalamus, periaqueductal gray matter, and
lateral parabrachial area. J Comp Neurol 2009;515:629-46.

[3] Al Ghamdi KS, Polgar E, Todd AJ. Soma size distinguishes projection

neurons from neurokinin 1 receptor-expressing interneurons in lamina | of

the rat lumbar spinal dorsal horn. Neuroscience 2009;164:1794-804.

Almarestani L, Waters SM, Krause JE, Bennett GJ, Ribeiro-da-Silva A.

Morphological characterization of spinal cord dorsal horn lamina |

neurons projecting to the parabrachial nucleus in the rat. J Comp

Neurol 2007;504:287-97.

Andrew D. Sensitization of lamina | spinoparabrachial neurons parallels

heat hyperalgesia in the chronic constriction injury model of neuropathic

pain. J Physiol 2009;587:2005—-17.

Baseer N, Polgar E, Watanabe M, Furuta T, Kaneko T, Todd AJ.

Projection neurons in lamina Il of the rat spinal cord are selectively

innervated by local dynorphin-containing excitatory neurons. J Neurosci

2012;32:11854-63.

Bester H, Chapman V, Besson JM, Bernard JF. Physiological properties

of the lamina | spinoparabrachial neurons in the rat. J Neurophysiol 2000;

83:2239-59.

Bleazard L, Hill RG, Morris R. The correlation between the distribution of

the NK1 receptor and the actions of tachykinin agonists in the dorsal

horn of the rat indicates that substance P does not have a functional role

on substantia gelatinosa (lamina Il) neurons. J Neurosci 1994;14:

7655-64.

Blomqvist A, Mackerlova L. Spinal projections to the parabrachial nucleus

are substance P-immunoreactive. Neuroreport 1995;6:605-8.

[10] Brown JL, Liu H, Maggio JE, Vigna SR, Mantyh PW, Basbaum Al.
Morphological characterization of substance P receptor-immunoreactive
neurons in the rat spinal cord and trigeminal nucleus caudalis. J Comp
Neurol 1995;356:327-44.

[11] Cheunsuang O, Morris R. Spinal lamina | neurons that express neurokinin
1 receptors: morphological analysis. Neuroscience 2000;97:335-45.

[12] Cliffer KD, Urca G, Elde RP, Giesler GJ Jr. Studies of peptidergic input to
the lateral spinal nucleus. Brain Res 1988;460:356-60.

[13] Cortes R, Ceccatelli S, Schalling M, Hokfelt T. Differential effects of
intracerebroventricular colchicine administration on the expression of
mRNAs for neuropeptides and neurotransmitter enzymes, with special
emphasis on galanin: an in situ hybridization study. Synapse 1990;6:
369-91.

[14] Davidson S, Truong H, Giesler GJ. Quantitative analysis of spinothalamic
tract neurons in adult and developing mouse. J Comp Neurol 2010;518:
3193-204.

[15] Ding YQ, Takada M, Shigemoto R, Mizumo N. Spinoparabrachial tract
neurons showing substance P receptor-like immunoreactivity in the
lumbar spinal cord of the rat. Brain Res 1995;674:336-40.

[16] Feil K, Herbert H. Topographic organization of spinal and trigeminal
somatosensory pathways to the rat parabrachial and Kolliker-Fuse nuclei.
J Comp Neurol 1995;353:506-28.

[17] Franklin KBJ, Paxinos G. The mouse brain in stereotaxic coordinates.
Third Edition. Amsterdam: Elsevier, 2007.

[18] Gamboa-Esteves FO, McWilliam PN, Batten TF. Substance P (NK1) and
somatostatin (sst2A) receptor immunoreactivity in NTS-projecting rat
dorsal horn neurones activated by nociceptive afferent input. J Chem
Neuroanat 2004;27:251-66.

[4

5

[6

[7

8

[9



October 2015 e Volume 156 © Number 10

[19] Griffond B, Deray A, Fellmann D, Ciofi P, Croix D, Bugnon C.
Colocalization of prolactin- and dynorphin-like substances in a neuronal
population of the rat lateral hypothalamus. Neurosci Lett 1993;156:91-5.

[20] Guillery RW. On counting and counting errors. J Comp Neurol 2002;447:
1-7.

[21] Gutierrez-Mecinas M, Watanabe M, Todd AJ. Expression of gastrin-
releasing peptide by excitatory interneurons in the mouse superficial
dorsal horn. Mol Pain 2014;10:79.

[22] Hylden JL, Anton F, Nahin RL. Spinal lamina | projection neurons in the
rat: collateral innervation of parabrachial area and thalamus.
Neuroscience 1989;28:27-37.

[23] Kardon AP, Polgar E, Hachisuka J, Snyder LM, Cameron D, Savage S,
Cai X, Karnup S, Fan CR, Hemenway GM, Bernard CS, Schwartz ES,
Nagase H, Schwarzer C, Watanabe M, Furuta T, Kaneko T, Koerber HR,
Todd AJ, Ross SE. Dynorphin acts as a neuromodulator to inhibit itch in
the dorsal horn of the spinal cord. Neuron 2014;82:573-86.

[24] Lawson SN, Crepps BA, Perl ER. Relationship of substance P to afferent
characteristics of dorsal root ganglion neurones in guinea-pig. J Physiol
1997;505:177-91.

[25] Littlewood NK, Todd AJ, Spike RC, Watt C, Shehab SA. The types of
neuron in spinal dorsal horn which possess neurokinin-1 receptors.
Neuroscience 1995;66:597-608.

[26] LiuH, Brown JL, Jasmin L, Maggio JE, Vigna SR, Mantyh PW, Basbaum
Al. Synaptic relationship between substance P and the substance P
receptor: light and electron microscopic characterization of the mismatch
between neuropeptides and their receptors. Proc Natl Acad Sci U S A
1994;91:1009-13.

[27] Mantyh PW, DeMaster E, Malhotra A, Ghilardi JR, Rogers SD, Mantyh
CR, Liu H, Basbaum Al, Vigna SR, Maggio JE, Simone DA. Receptor
endocytosis and dendrite reshaping in spinal neurons after
somatosensory stimulation. Science 1995;268:1629-32.

[28] Mantyh PW, Rogers SD, Honore P, Allen BJ, Ghilardi JR, Li J, Daughters
RS, Lappi DA, Wiley RG, Simone DA. Inhibition of hyperalgesia by ablation
of lamina | spinal neurons expressing the substance P receptor. Science
1997,;278:275-9.

[29] McLeod AL, Krause JE, Ribeiro-Da-Silva A. Immunocytochemical
localization of neurokinin B in the rat spinal dorsal horn and its
association with substance P and GABA: an electron microscopic
study. J Comp Neurol 2000;420:349-62.

[30] McMahon SB, Wall PD. Electrophysiological mapping of brainstem
projections of spinal cord lamina | cells in the rat. Brain Res 1985;333:
19-26.

[31] MiuraE, Fukaya M, Sato T, Sugihara K, Asano M, Yoshioka K, Watanabe M.
Expression and distribution of JNK/SAPK-associated scaffold protein
JSAP1 in developing and adult mouse brain. J Neurochem 2006;97:
1431-46.

[32] Naim M, Spike RC, Watt C, Shehab SA, Todd AJ. Cells in laminae Ill and
IV of the rat spinal cord that possess the neurokinin-1 receptor and have
dorsally directed dendrites receive a major synaptic input from tachykinin-
containing primary afferents. J Neurosci 1997;17:5536-48.

[383] Naim MM, Shehab SA, Todd AJ. Cells in laminae lll and IV of the rat spinal
cord which possess the neurokinin-1 receptor receive monosynaptic
input from myelinated primary afferents. Eur J Neurosci 1998;10:
3012-19.

[34] Nichols ML, Allen BJ, Rogers SD, Ghilardi JR, Honore P, Luger NM, Finke
MP, Li J, Lappi DA, Simone DA, Mantyh PW. Transmission of chronic
nociception by spinal neurons expressing the substance P receptor.
Science 1999;286:1558-61.

[35] Polgar E, Al-Khater KM, Shehab S, Watanabe M, Todd AJ. Large
projection neurons in lamina | of the rat spinal cord that lack the neurokinin
1 receptor are densely innervated by VGLUT2-containing axons and
possess GluR4-containing AMPA receptors. J Neurosci 2008;28:
13150-60.

[36] Polgar E, Campbell AD, Maclntyre LM, Watanabe M, Todd AJ.
Phosphorylation of ERK in neurokinin 1 receptor-expressing neurons in
laminae Il and IV of the rat spinal dorsal horn following noxious
stimulation. Mol Pain 2007;3:4.

www. painjournalonline.com 2071

[37] Polgar E, Durrieux C, Hughes DI, Todd AJ. A quantitative study of
inhibitory interneurons in laminae I-1ll of the mouse spinal dorsal horn.
PL0S One 2013;8:e78309.

[38] Polgar E, Furuta T, Kaneko T, Todd A. Characterization of neurons that
express preprotachykinin B in the dorsal horn of the rat spinal cord.
Neuroscience 2006;139:687-97.

[39] Polgar E, Sardella TC, Watanabe M, Todd AJ. Quantitative study of NPY-
expressing GABAergic neurons and axons in rat spinal dorsal horn.
J Comp Neurol 2011;519:1007-23.

[40] Polgér E, Shehab SA, Watt C, Todd AJ. GABAergic neurons that contain
neuropeptide Y selectively target cells with the neurokinin 1 receptor in
laminae lll and IV of the rat spinal cord. J Neurosci 1999;19:2637-46.

[41] Polgar E, Wright LL, Todd AJ. A quantitative study of brainstem
projections from lamina | neurons in the cervical and lumbar
enlargement of the rat. Brain Res 2010;1308:58-67.

[42] Ptak K, Burnet H, Blanchi B, Sieweke M, De Felipe C, Hunt SP, Monteau R,
Hilaire G. The murine neurokinin NK1 receptor gene contributes to the adult
hypoxic facilitation of ventilation. Eur J Neurosci 2002;16:2245-52.

[43] Puskar Z, Polgér E, Todd AJ. A population of large lamina | projection
neurons with selective inhibitory input in rat spinal cord. Neuroscience
2001;102:167-76.

[44] Rethelyi M, Mohapatra NK, Metz CB, Petrusz P, Lund PK. Colchicine
enhances mMRNAs encoding the precursor of calcitonin gene-related
peptide in brainstem motoneurons. Neuroscience 1991;42:531-9.

[45] Sardella TC, Polgar E, Watanabe M, Todd AJ. A quantitative study of
neuronal nitric oxide synthase expression in laminae I-1ll of the rat spinal
dorsal horn. Neuroscience 2011;192:708-20.

[46] Slugg RM, Light AR. Spinal cord and trigeminal projections to the pontine
parabrachial region in the rat as demonstrated with Phaseolus vulgaris
leucoagglutinin. J Comp Neurol 1994;339:49-61.

[47] Spike RC, Puskar Z, Andrew D, Todd AJ. A quantitative and
morphological study of projection neurons in lamina | of the rat lumbar
spinal cord. Eur J Neurosci 2003;18:2433-48.

[48] Standaert DG, Watson SJ, Houghten RA, Saper CB. Opioid peptide
immunoreactivity in spinal and trigeminal dorsal horn neurons projecting
to the parabrachial nucleus in the rat. J Neurosci 1986;6:1220-6.

[49] Szucs P, Luz LL, Lima D, Safronov BV. Local axon collaterals of lamina |
projection neurons in the spinal cord of young rats. J Comp Neurol 2010;
518:2645-65.

[50] Todd AJ. Neuronal circuitry for pain processing in the dorsal horn. Nat Rev
Neurosci 2010;11:823-36.

[51] Todd AJ, Hughes DI, Polgar E, Nagy GG, Mackie M, Ottersen OP,
Maxwell DJ. The expression of vesicular glutamate transporters VGLUT1
and VGLUTZ2 in neurochemically defined axonal populations in the rat
spinal cord with emphasis on the dorsal horn. Eur J Neurosci 2003;17:
13-27.

[62] Todd AJ, McGill MM, Shehab SA. Neurokinin 1 receptor expression by
neurons in laminae I, Il and IV of the rat spinal dorsal horn that project to
the brainstem. Eur J Neurosci 2000;12:689-700.

[63] Todd AJ, Puskar Z, Spike RC, Hughes C, Watt C, Forrest L. Projection
neurons in lamina | of rat spinal cord with the neurokinin 1 receptor are
selectively innervated by substance P-containing afferents and respond
to noxious stimulation. J Neurosci 2002;22:4103-13.

[54] Todd AJ, Spike RC, Polgar E. A quantitative study of neurons which
express neurokinin-1 or somatostatin sst2a receptor in rat spinal dorsal
horn. Neuroscience 1998;85:459-73.

[65] Vigna SR, Bowden JJ, McDonald DM, Fisher J, Okamoto A, McVey DC,
Payan DG, Bunnett NW. Characterization of antibodies to the rat
substance P (NK-1) receptor and to a chimeric substance P receptor
expressed in mammalian cells. J Neurosci 1994;14:834-45.

[66] Wang X, Zhang J, Eberhart D, Urban R, Meda K, Solorzano C, Yamanaka H,
Rice D, Basbaum Al. Excitatory superficial dorsal horn interneurons are
functionally heterogeneous and required for the full behavioral expression of
pain and itch. Neuron 2013;78:312-24.

[57] Warden MK, Young WS lIl. Distribution of cells containing mRNAs
encoding substance P and neurokinin B in the rat central nervous system.
J Comp Neurol 1988;272:90-113.


www.painjournalonline.com

