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Abstract

Our knowledge about the detailed wiring of neuronal circuits in the spinal dorsal horn
(DH), where initial sensory processing takes place, is still very sparse. While a substan-
tial amount of data is available on the somatodendritic morphology of DH neurons, the
laminar and segmental distribution patterns and consequential function of individual
axons are much less characterized. In the present study, we fully reconstructed the
axonal and dendritic processes of 10 projection neurons (PNs) and 15 interneurons
(INs) in lamina | of the rat, to reveal quantitative differences in their distribution. We
also performed whole-cell patch-clamp recordings to test the predicted function of
certain axon collaterals. In line with our earlier qualitative description, we found that
lamina | INs in the lateral aspect of the superficial DH send axon collaterals toward
the medial part and occupy mostly laminae I-Ill, providing anatomical basis for a lat-
eromedial flow of information within the DH. Local axon collaterals of PNs were more
extensively distributed including dorsal commissural axon collaterals that might refer
to those reported earlier linking the lateral aspect of the left and right DHs. PN collat-
erals dominated the dorsolateral funiculus and laminae IV-VI, suggesting propriospinal
and ventral connections. Indeed, patch-clamp recordings confirmed the existence of a
dorsoventral excitatory drive upon activation of neurokinin-1 receptors that, although
being expressed in various lamina | neurons, are specifically enriched in PNs. In sum-

mary, lamina | PNs and INs have almost identical dendritic input fields, while their
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1 | INTRODUCTION

Sensory information from somatic and visceral primary afferents is
received and processed by complex dorsal horn (DH) neuronal circuits,
formed by local and propriospinal interneurons (INs) and projec-
tion neurons (PNs) as output elements, eventually transmitting the
information to supraspinal targets (Todd, 2010).

Primary afferent termination patterns have been intensively stud-
ied and different sensory modalities have been shown to terminate
in a strict order (Brown, 1981, Fitzgerald, 1989; Fyffe, 1984; Ramon
y Cajal, 1909; Rethelyi, 1984; Todd, 2010). This fact along with the
special spatial constrains of the elongated and segmented spinal cord
suggested that dendritic trees of second-order neurons should be
specifically shaped for receiving input from the relevant primary affer-
ents. Indeed, using the Golgi method, Ramon y Cajal (1909) described
various types of neurons that later were categorized into different
groups, mostly on the basis of their distinct dendritic trees and soma
location within the spinal DH (Brown, 1981; Schoenen, 1982; Todd,
2010) but rarely taking the axonal arbors into consideration (Gobel,
1978). The use of transgenic mice and the vast array of emerging
anatomical (Gatto et al., 2019; Todd, 2017), imaging (Kosugi et al.,
2013), and tracing methods (Gutierrez-Mecinas et al., 2018) along with
single cell electrophysiology (Lu & Perl, 2005; Santos et al., 2007;
Yasaka et al., 2010) and transcriptional profiling (Haring et al., 2018)
helped to identify various classes of excitatory and inhibitory neu-
rons with specific laminar locations. Yet, few studies described detailed
axon morphology of the identified cell groups (Yasaka et al., 2010).
Although single-cell electrophysiology and recordings from synapti-
cally connected neurons (Lu & Perl, 2003, 2005; Zheng et al., 2010),
combined with optogenetic stimulation techniques (Duan et al., 2014;
Gradwell et al., 2022; Smith et al., 2019), revealed detailed anatomi-
cal features and identified postsynaptic targets of certain specific cell
types, these studies did not aim to reveal the distribution of the axon of
individual neurons.

Lamina | or marginal zone, described as a “thin veil of gray mat-
ter” (Rexed, 1952), is one of the most difficult regions for single-cell
labeling studies within the superficial DH. Early investigators regarded
this lamina as the superficial part of the substantia gelatinosa (Ramon

y Cajal, 1909; Ranson, 1913), but it is now clear that lamina | is a
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segmental axon collateral distribution patterns are distinct. INs, whose somata reside
in lamina I, establish local connections, may show asymmetry, and contribute to bridg-
ing the medial and lateral halves of the DH. PNs, on the other hand, preferably relay
their integrated dendritic input to deeper laminae of the spinal gray matter where it
might be linked to other ascending pathways or the premotor network, resulting in a

putative direct contribution to the nociceptive withdrawal reflex.

dorsoventral excitatory drive, laminar axon density, mediolateral asymmetry, quantitative analy-

separate structural and functional entity (Cervero & Iggo, 1980). The
generally accepted classification schemes of lamina | neuron today
differentiate either three or four subtypes: fusiform, multipolar, and
pyramidal (Zhang & Craig, 1997; Zhang et al., 1996) or fusiform, mul-
tipolar, pyramidal, and flattened (Lima, 1998; Lima & Coimbra, 1986;
Yu et al., 1999). These schemes may, however, reflect a continuum
and are only based on somatodendritic features of the cells, ignoring
axonal morphology or trajectory as a factor in the classification, since
the use of the Golgi method did not reveal full axonal arbors reliably
(Lima & Coimbra, 1986). Similarly, single-cell labeling methods either
fail to give sufficient detail (e.g., retrograde tracers) or the standard
slice preparation significantly limits the recovery of the processes. The
existing detailed axonal reconstructions come from the early in vivo
horseradish peroxidase (HRP) labeling studies in monkey and cat (Beal
et al, 1981; Bennett et al., 1981) and the recent whole-cell patch-
clamp experiments in whole spinal cords of rats (Szucs et al., 2010,
2013) and in mice (Browne et al., 2021). So, while the increasing use of
transgenic mice (Gatto et al., 2019) led to the discovery of several neu-
ronal circuits, formed by INs in deeper laminae and targeting lamina |
PNs, there is very little morphological data that would allow placing
lamina | INs and PNs themselves, via their axon collaterals, into these
circuits (Browne et al., 2020). Furthermore, recent studies using laser-
scanning photostimulation (Kosugi et al., 2013) and voltage-sensitive
dye imaging (Mizuno et al., 2019) investigating lamina | neurons at
a population level suggested that certain asymmetries that are likely
based on morphological features of lamina | neurons contribute to spa-
tial organization of information flow in the DH. Based on our earlier
qualitative description of lamina | neuron axons (Szucs et al., 2010,
2013), our hypothesis was that there are quantitative differences in
the amount of IN and PN axon collaterals in different superficial DH
laminae and that these distinct patterns explain the abovementioned
observations.

Thus, in the present work, we performed quantitative morpho-
logical analyses of individual lamina | neurons that were labeled in
semi-intact spinal cord blocks of young rats. Putative PNs and INs,
identified on the basis of the presence and absence, respectively, of a
main axon projecting to the contralateral white matter, were recon-
structed from transverse sections. This way, we aimed to correctly

identify the laminar location of putative target cell populations and
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wiring schemes of circuits involving lamina | neurons as information
providers.

2 | MATERIALS AND METHODS

All cells analyzed in this work have been labeled in semi-intact spinal
cord block preparations during whole-cell patch-clamp recording ses-
sions in two sets of experiments that aimed to qualitatively describe
the morphology and connectivity of lamina | PNs and INs (Luz et al.,
2010; Szucs et al., 2010, 2013). We checked all 271 recovered neurons
from these works to select the ones suitable for the present analy-
ses. Suitable cells had to be (1) from sections in the transverse plane;
(2) labeled in excellent detail; and (3) located in serial sections that were
not distorted or damaged significantly. All of these conditions were met
in 25 cases (9.2%).

2.1 | Preparation of lumbar spinal cord blocks
Details of the procedure are described in Szucs et al. (2010). Briefly,
laboratory Wistar rats (P9-P20) were killed in accordance with the
national guidelines (Direccdo Geral de Alimentacéo e Veterinaria, Min-
istério da Agricultura) after anesthesia by intraperitoneal injection of
Na™*-pentobarbital (30 mg/kg) and subsequent check for lack of pedal
withdrawal reflexes.

The vertebral column was quickly excised and transferred into oxy-
genated artificial cerebrospinal fluid (ACSF) at room temperature. The
lumbar enlargement (segments L1-L6) of the spinal cord was dissected
and either kept as a whole or cut into three pieces (L1-L2, L3-L4,
and L5-L6) before the recording to minimize the overlap between the
labeled neuronal processes. Thus, in the latter case, the full rostrocau-
dal extent of the processes could not be determined when the labeled
neuron showed clear signs of truncation at the end of the preparation.
The pia mater was locally removed along the lateral part of the dorsal
surface on one side to provide access for the recording pipettes.

Recordings from lamina | neurons were performed in the most
superficial layer of the spinal cord surface using the oblique IR-LED

illumination technique (Szucs et al., 2009).

2.2 | Preparation of lumbar spinal cord slices
Laboratory Wistar rats (P6-P15) were killed under general anesthe-
sia after intraperitoneal injection of Na*-pentobarbital (30 mg/kg) and
subsequent check for lack of pedal withdrawal reflexes.

The vertebral column (thoracic and lumbar segments) was quickly
excised and transferred into a chamber filled with ice cold oxygenated
ACSF. Next, a 50-ml syringe filled with ACSF was inserted into a cut
performed just above the sacrum and the spinal cord was flushed out
into the chamber. The lumbar enlargement (segments L1-L6) of the
spinal cord was cut out and the pia mater was carefully removed using
two forcipes. This block was then glued to the stage of a vibrating tis-
sue slicer (Leica VT1000) with an agar block matrix to support it during

the slicing procedure. Transverse 300- to 400-micron-thick slices were
prepared and stored in a chamber filled with oxygenated ACSF at room
temperature until their transfer into the recording chamber. In some
experiments, the DH (laminae |-VI) with the surrounding white matter
was separated from the rest of the spinal cord on one side, by using a
26-G needle.

2.3 | Whole-cell patch-clamp recording in spinal
cord blocks and slices

Cells used for morphological analysis in this study were all labeled dur-
ing whole-cell recordings performed in intact (i.e., nonsliced) lumbar
spinal cord blocks. Details of the procedures are described in our pre-
vious works (Fernandes et al., 2018; Szucs et al., 2013). Briefly, ACSF
contained (in mM) NaCl 115, KCI 3, CaCl, 2, MgCl, 1, NaH,PO4 1,
NaHCO3; 25, and glucose 11 (bubbled with 95% O,/5% CO,). The
pipettes were pulled from thick-walled glass (BioMedical Instruments,
Germany) and fire polished (resistance, 4-5 MQ). The pipette solution
contained (in mM) KCI 3, K-gluconate 150, MgCl, 1, BAPTA 1, HEPES
10 (pH 7.3 adjusted with KOH, final [K*] was 160 mM), and 1% biocytin
(Sigma). In some cases (n = 12), concentration of biocytin was reduced
t0 0.5% and it was complemented by 0.5% rhodamine red to help faster
identification of the neuronal soma after serial sectioning.

Electrophysiological recordings aiming to test the hypothesis of the
dorsoventral spread of excitation were carried out on spinal cord slices.
In these experiments, the artificial cerebrospinal fluid contained (in
mM) NaCl 126, KCI 3, CaCl, 2, MgCl, 2, NaH,PO,4 1.3, NaHCO; 26,
and glucose 10 (bubbled with 95% O,/5% CO,). The pipettes were
pulled from thick-walled glass (resistance, 3-5 MQ). The whole cell
recordings in spinal cord slices aimed to record often small, subthresh-
old postsynaptic potentials; thus, we used an intracellular solution that
tried to be as close as possible to intracellular physiological ionic con-
centrations. The pipette solution contained (in mM) K-gluconate 124,
NaCl, 14, ATP-Mg 1, GTP-Na 0.3, HEPES 10 (pH 7.3 adjusted with
KOH), and 1% biocytin (Sigma).

Recordings were performed at room temperature and all drugs were
applied in the bath with the use of a peristaltic pump (1.5-2 ml/min).
Drugs used to test neuronal responses to substance P (SP) were SP
(Sigma); SR140333 (Sanofi), a selective neurokinin 1 (NK1) receptor
antagonist (Oury-Donat et al., 1994); [Sar9,Met(02)11]-SP (Sigma), a
selective NK1 receptor agonist; and TTX (Sigma). Repeated application
of substance P was preceded by a 7- to 10-minute wash with normal
ACSF. Recorded data were digitized by a Digidata 1320 A/D board,
filtered at 5 kHz, and analyzed using Clampfit 8.0, Origin (Microcal
Software, Northampton, MA, USA), Whole Cell Program, and Electro-
physiology Data Recorder (Dr. J. Dempster, University of Strathclyde,
Glasgow, UK).

Excitatory postsynaptic potentials (EPSPs) were detected offline.
Control conditions were compared with the effect of the investigated
drugs by determining an average EPSP number per second for a 120-s
period at the beginning of the recording (control) and at the end of the

drug application (effect).
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2.4 | Histological processing

After fixation in 4% paraformaldehyde, the spinal cord was embedded
in agar and transverse 100-mm-thick serial sections were cut with a
vibrating tissue slicer (Leica VT1000). Transverse sections were used
instead of sagittal ones to allow precise delineation of the laminae and
measurement of exact mediolateral extent of the processes.

Spinal cord slices were immersed in 4% paraformaldehyde after the
recording session. Fixed slices were flat re-embedded in agar and re-
sectioned to 60-micron-thick sections.

To reveal biocytin, in both cases, sections were permeabilized with
50% ethanol and treated according to the avidin-biotinylated HRP
method (ExtrAvidin-Peroxidase, Sigma, diluted 1:1000) followed by a
diaminobenzidine chromogen reaction. To allow determination of the
laminae and confirmation of the location of the recorded neuron in the
intermediate gray matter, sections were counterstained with toluidine
blue and mounted in DPX (Fluka).

2.5 | Cell reconstruction

3D reconstructions of lamina | neurons, filled in isolated spinal cord
blocks, were done using Neurolucida (versions 10 and 9; MBF Bio-
science, Williston, USA). Each serial section (4-27 sections/neuron)
with all its neuronal processes (dendrites and axons with varicosities)
was traced in a separate serial section layer in Neurolucida, using a
100x oil immersion objective. Certain landmarks (cracks, capillaries,
etc.) were also labeled at lower magnification (10x objective) for cor-
rect alignment of the sections. Consecutive serial sections have been
aligned by rotating them to find the best fit of the traced contours of the
gray matter and section outlines. Each section was aligned to its neigh-
bor proximal to the soma-containing section. The alignment procedure
always started from the section containing the soma and sections were
gradually aligned toward the rostral and caudal directions.

Dendrites and axons were identified as described earlier (Szucs
et al, 2010, 2013); dendrites showed gradual tapering, usually
dichotomic branching, and occasional spines. Axons, on the other hand,
had an even diameter, branched frequently, often in angles close to per-
pendicular and possessed numerous varicosities of varying diameter
(0.5-1.5 um). In contrast to our earlier reconstructions from sagittal
sections (Szucs et al., 2013), we did not aim to connect the continu-
ing processes to form a single axonal or dendritic tree since, due to the
plane of sectioning, the complex arbors (especially in case of lamina |
IN axons) were cut in too many pieces. Note that none of the analyses
performed in this work required a single connected tree.

2.6 | Quantification of total process lengths

Closed bounding contour lines have been delineated to measure the
sum of the lengths of dendritic and axonal processes using the algo-
rithm provided by Neurolucida Explorer (versions 10 and 9; MBF
Bioscience, Williston, USA). Laminar borders of adult rats could not

be applied in our sections due to the age of our experimental animals.
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Therefore, we determined eight regions for the spatial distribution
analysis as follows. Toluidine blue background staining clearly outlined
lamina Il (substantia gelatinosa), whereas the region dorsal to it and
within the gray matter was considered to be lamina I. Laminae Ill-
IV were separated from laminae V-VI with a curved line resembling
the same border in adult rats (Paxinos, 2007), starting from the inner-
most point on the lateral side of the neck of the DH and reaching the
midpoint between the lower border of lamina Il and the level of the low-
ermost point of the dorsal column. Laminae VII-X contained the rest of
the gray matter below the lowermost point of the dorsal column. The
white matter was divided into dorsal, lateral, and ventral parts sepa-
rated by the ventral rootlets leaving and dorsal rootlets entering the
spinal gray matter.

When determining the symmetry of axonal and dendritic trees, the
following methods were used: For mediolateral symmetry measure-
ments, a line perpendicular to the dorsal contour of the spinal DH and
passing through the cell body has been drawn. This line served as a
guide throughout the aligned serial sections and the ipsilateral spinal
cord half has been split into a medial and lateral part along this line in
all serial sections. Processes within the medial part were considered as
being located medial to the cell body, while the ones falling in the lateral
part were considered as lateral to it (graphical explanation in Figure 2a).
To separate the processes along the rostrocaudal axis, serial sections of
a given cell have been split into rostral and caudal groups starting from
the section containing the soma. The section with the soma has been fil-
tered in the Z-axis at the level where the soma contour was the largest.
Processes rostral to this level have been cut and pasted into the rostral
group of the split serial reconstruction, while caudal parts have been
added to the caudal serial section group (Figure 2b). Process lengths in
the two groups formed from the serial sections have been quantified
separately.

When determining the distribution of processes between the medial
and lateral parts of the DH, the area of laminae -1V has been splitinto a
medial and lateral half separated by a vertical line, perpendicular to the
midpoint of the mediolateral extent of the dorsal contour of the gray

matter.

2.7 | Statistics

Data are presented as “mean + SEM.” Statistical analyses were car-
ried out using Origin 9 (Microcal Software, Northampton, MA, USA).
Mediolateral and rostrocaudal symmetry comparisons were done
using one-way ANOVA. Interlaminar differences were assessed with
Mann-Whitney test, while EPSP frequency in control and during drug
application periods was compared using the two sample Student’s

t-test with Welch correction.

3 | RESULTS

We performed complete reconstruction of 10 PNs and 15 INs that
were filled intracellularly in lamina | of the spinal DH of young rats.
Putative PNs and INs were distinguished based on the presence and
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TABLE 1 Basicanatomical parameters and firing patterns of the neurons in this study
Somatodendritic Type of More than 50% of
morphology (Lima & collaterals (Szucs Firing pattern Number of stem dendrites located
Cell no. Coimbra, 1986) etal.,, 2010) (Luz et al., 2014) Axon origin dendrites inLF
PNs 1 Flattened Lateral Tonic Dendrite 4 No
2 Flattened Mixed Tonic Soma 4 No
3 Flattened Mixed Tonic Soma 5 Yes
4 Multipolar Lateral Tonic Dendrite 5 No
5 Flattened Ventral Tonic Soma 2 Yes
6 Multipolar Mixed Tonic Soma 5 No
7 Multipolar Lateral Tonic Dendrite 4 Yes
8 Multipolar Mixed Tonic Dendrite 4 No
9 Pyramidal Ventral n.d. Soma 4 No
10 Flattened No collateral n.d. Dendrite 4 No
INs 1 Multipolar Tonic Soma 5 No
2 Multipolar Tonic Dendrite 7 No
3 Multipolar Rhythmic Dendrite 7 Yes
4 Multipolar Rhythmic Dendrite 4 Yes
5 Flattened Tonic Soma 4 Yes
6 Flattened n.d. Dendrite 4 No
7 Multipolar Rhythmic Dendrite 6 No
8 Multipolar Rhythmic Soma 7 No
9 Multipolar n.d. Dendrite 8 Yes
10 Multipolar Tonic Dendrite 7 No
11 Multipolar Tonic Soma 6 Yes
12 Fusiform Gap Soma 5 No
13 Multipolar Rhythmic Soma 6 No
14 Multipolar Tonic Soma 6 No
15 Multipolar Gap Dendrite 5 No

absence, respectively, of a thick main axon crossing the midline in
the anterior commissure and entering the contralateral anterolateral
white matter. All 25 cells could be classified based on the somatoden-
dritic classification of Lima and Coimbra (1986) and most had firing
patterns reported earlier in lamina | (Table 1). Although the reconstruc-
tions of PNs contained the main axon, the quantitative analyses were
performed only for its local spinal axon collaterals. One of the PNs did
not have any local axon collaterals and was only used in the analyses
of dendritic tree. The main axon of all PNs could clearly be traced to
the contralateral white matter except one, which got gradually fainter
and could not be followed beyond the level of the central canal. Nev-
ertheless, the course and appearance of this main axon showed all
the characteristics described earlier for PN main axons (Szucs et al.,
2010). The mean total length of dendritic segments of PNs and INs was
4022 + 574 um and 3215 + 373 um, respectively, while mean total
axon length was 4697 + 1490 um for PNs and 22,888 + 3211 um for
INs. These values, along with the number of stem dendrites in the two
groups, showed the same difference and were comparable to those

obtained from our complete connected 3D reconstructions of PNs and

INs from sagittal slices (Szucs et al., 2010, 2013). However, it should
be noted that axons of 17 out of these 25 neurons reached one or the
other end of the preparation; thus, the total length of the axon in these
cases was underestimated.

3.1 | Branching patterns

Neuronal cell bodies reconstructed in this study were mostly located in
the lateral half of the DH, due to the better accessibility of this region
when using the intact spinal dorsal cord preparation. The transverse
sectioning plane allowed better tracing of the fine collaterals running
in the mediolateral direction. As a result of this, besides the regular
PN collateral types (Figure 1a,b), we recovered collaterals that crossed
the midline and invaded the contralateral gray matter. One of these
PNs had a fine collateral branch that crossed the midline in the dor-
sal commissure and started ascending toward dorsal laminae before it
got faint beyond being traceable (Figure 1c). This cell could have been
classified as a ventral-collateral-type PN based on our earlier classifi-

cation scheme (Szucs et al., 2010). Another mixed-collateral-type PN
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(a) (b)

(9)

% N

FIGURE 1 Representative examples of PN and IN axons. Neurolucida reconstructions allowing comparison of the density of collaterals in a
lateral-collateral-type (a) and a mixed-collateral-type PN (b). Note that the majority of collaterals target laminae deeper than lamina Il. (c, d) Two

(Continues)
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FIGURE 1 (Continued)

examples for novel types of commissural PN axon collaterals. (c) Ventrally oriented axon collateral branching from the main axon on the ipsilateral
side and crossing the midline in the dorsal gray commissure through lamina X. (d) Collateral branching on the contralateral side from the main axon
after crossing the midline. (€) Photomicrograph showing the boxed region from panel d, where the collateral branches from the main axon just
below the central canal. (f) Aligned reconstruction of a lamina | IN with a compact slightly asymmetrical axon, dominating the lateral side of the cell.
(g) Lamina I IN with a sparser, more symmetrical axon centered on the soma. Note that in both cases (f, g), the axon occupies mostly laminae I-II. (h)
Reconstruction of a laterally positioned IN with a recurrent axon that fills also the medial aspect of the DH. (i) Photomicrograph showing a dorsally
spanning lower order collateral that branches from a higher order axon in a perpendicular, candle-like manner. Note that for all aligned
reconstructions, the spinal cord, gray matter, and central canal contours were taken from the section that contains the soma; therefore, some of
the processes in distant sections may appear to fall outside the boundaries of the contours. The irregularity of the contours is due to faithful
representation of the section contours after the shrinkage and distortions that occurred during histological processing. Arrow, axon collateral in
PNs/lower order branch in INs; arrowhead, main axon in PNs/higher order branch in INs; dashed line, gray matter border toward dorsal funiculus.

Scale bars: 250 um in the reconstructions; 50 um in panel e; 100 um in panel i. Soma and dendrites are in blue, and axon is orange in all the

reconstructions.

had a clear collateral bearing varicosities that passed through lamina X
and also aimed toward dorsal laminae (Figure 1d,e). However, the main
axon in this case gave rise to this collateral on the contralateral side.

INs analyzed in this study showed axonal trees similar to those of
our earlier reconstructions from sagittal sections (Szucs et al., 2013).
The transverse sectioning plane in this case, however, allowed a clear
distinction of two major variations of the axonal trees. The first and
more frequent IN axon type (10 out of 15) was a compact dense axon
that did not exceed significantly (Figure 1f) or stayed within (Figure 1g)
the mediolateral span of the dendrites of the neuron. In either case, the
axonal tree was centered on the soma and appeared to have little or
no asymmetry. The axon branches of this tree type were concentrated
in laminae I-11 with only occasional protrusions in deeper laminae.
Another, less frequent axonal tree type (five out of 15) was a sparser
axon that innervated regions that fell well outside the mediolateral
area occupied by the dendrites (Figure 1h,i), usually toward the medial
direction resulting in great asymmetry. An extreme variation of this
morphology was already reported in our earlier work (see figure 4 in
Szucs et al., 2013). This type of axon always showed the candelabra-
like collateral branching (Szucs et al., 2013) when a higher order axon
branch running between laminae Ill and IV gave rise to collaterals
branching in an almost perpendicular manner and running toward the
superficial laminae where they arborized extensively. Axon collaterals
of both PNs and INs could be detected outside the boundaries of the
gray matter, frequently in the dorsolateral funiculus and occasionally
in the dorsal funiculus.

3.2 | Relative spatial distribution of dendritic and
axonal trees

Thin and thick primary afferents carrying electrical signals of differ-
ent sensory modalities show heterogeneity in their entry sites and
distribution along the mediolateral axis of the superficial DH. Since
both axonal and dendritic trees of the reconstructed neurons showed
variable mediolateral asymmetry, we checked if there is any correla-

tion between the asymmetry of the dendritic and axonal trees in the

mediolateral and rostrocaudal directions. The method of determin-
ing symmetry of the dendritic and axonal trees is visually explained
in Figure 2a,b (see the figure legend for detailed explanation of the
calculation). While dendritic trees of PNs and INs showed similar vari-
ation in their mediolateral symmetry, the axons of INs were more
centered on the soma, while PN collaterals were located significantly
more lateral to the soma (Figure 2c). Along the rostrocaudal axis, PNs
and INs showed a similarly large variability of the side where the axonal
and dendritic dominance occurred (Figure 2d). Axon collaterals and
dendrites of PNs showed a clear tendency (78%) to be distributed
on the same side of the soma (termed as homologous distribution;
Figure 2e), while contrary to this, the majority of INs (80%) had a het-
erologous distribution, that is, their axons and dendrites dominated
the opposite side of the soma. Interestingly, PNs showed a mostly het-
erologous distribution (78%) along the rostrocaudal axis (Figure 2f),
while the IN group had almost equal cases of homologous (47%) and
heterologous (53%) distribution of the processes. We also checked if
the somatodendritic type or firing pattern of the neuron showed any
correlation with the distribution type of the axons or dendrites. Most
likely due to the modest sample size, we could not detect correlation
between these parameters (Figure 3).

It is well established that both lamina | PNs and INs frequently pos-
sess axon-bearing dendrites (Szucs et al., 2010, 2013). Thus, we quan-
tified the percentage of axon and dendrites in four spatial quadrants
(rostromedial, rostrolateral, caudomedial, and caudolateral) around
the neuronal somata to see if the location of the axon-bearing dendrite
shows any correlation with the distribution of the axon around the cell.
Inline with the symmetry analyses in Figure 2, PN processes were more
polarized (very dark and very pale spatial quadrants; Figure 4b-d),
while IN processes were more equally distributed around the soma
(Figure 4e-g). In case of neurons with axon-bearing dendrites, axon col-
laterals of PNs and axonal processes of INs were mostly concentrated
in quadrants other than the one containing the dendrite that gave rise
to the axon (Figure 4b,e). We were also unable to reveal any typical dis-
tribution pattern correlating with the firing pattern or somatodendritic

type of either PNs (Figure 4c,d) or INs (Figure 4f,g).
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FIGURE 2 Mediolateral and rostrocaudal symmetry of PN and IN processes. (a, b) Schematic drawings explaining spatial distribution analyses
of labeled cell processes in the reconstructed and aligned serial sections. (a) For determining mediolateral symmetry of the processes, a
dorsoventral guideline was drawn perpendicular to the tangential line touching the dorsal horn (DH) surface at the point where the soma was
located. Guidelines are indicated by the red-dashed lines. The same guideline was used in all the aligned serial sections. Processes medial (M) and
lateral (L) to the guideline were considered to be on the corresponding side of the soma. The percentage of processes medial and lateral to the soma
was then compared to a 50—50% (absolute symmetry) case resulting in a lateral or medial dendrite and axon dominance value. These dominance
values were then used as coordinates of the given neuron in the symmetry matrix. A neuron with absolutely symmetric distribution of its dendrites
and axon would be located in the center of the symmetry matrix. Cells that fall in gray quadrants of the symmetry matrix have dendrites and axon

(Continues)
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FIGURE 2 (Continued)

that show similar distribution (homologous), while cells in the white quadrants have contrasting process distributions (heterologous). The dotted
square indicates the —25% to 25% dominance area of the symmetry matrix. (b) Rostrocaudal symmetry was analyzed in the same manner using an
imaginary plane (zero level in Z) crossing the largest diameter of the soma. The location of the zero plane in the serial reconstruction is indicated
with the dashed red line. (c) Mediolateral axon (orange) and dendrite (blue) dominance values of PNs (hollow circles) and INs (full circles). Axon
collaterals of PNs showed a significant lateral dominance compared to axons of INs. (d) Rostrocaudal axon (orange) and dendrite (blue) dominance
of PNs (hollow circles) and INs (full circles). While both axon collaterals and dendrites of PNs showed a wider distribution, there were no significant
differences of the means compared to similar processes of INs. (e) Mediolateral symmetry matrix of PNs (hollow circles) and INs (full circles).
Maijority (78%) of PNs showed homologous distribution of axon collaterals and dendritic processes, while distribution of IN axonal and dendritic
processes was mostly heterologous. (f) Rostrocaudal symmetry matrix of PNs and INs showing mostly (78%) heterologous distribution of PNs and
no preference for homologous or heterologous distribution of INs, as roughly half of them fell in either category.
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FIGURE 3 Mediolateral (a) and rostrocaudal (b) symmetry matrices of PNs and INs. Each cell is represented by a symbol reflecting its
somatodendritic type (Lima & Coimbra, 1986), while the color of the symbol indicates the firing pattern (Luz et al., 2014). None of the investigated
features correlated with the symmetry preference.
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3.3 | Interlaminar distribution of axonal and
dendritic processes

As average density of processes in any given lamina can be very much
distorted by a single neuron with a dense, extensive process, we also

analyzed how frequently each cell group had processes in that lamina

and constructed prevalence maps from these data. High prevalence in
agiven laminaindicates that that type of neuron (PN or IN) is very likely
to have axons/dendrites there.

Dendritic processes of PNs and INs showed very similar distri-
bution among laminae of the spinal cord. As expected, the highest

percentage of the mean total length of dendrites was located in
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FIGURE 4 Forthe (a)
soma-centered-distribution analysis (a), the
rostrocaudal guideline and the zero Z level
guiding plane have been used together. The
resulting spatial quadrants around the soma
are labeled as rostromedial (RM), caudomedial
(CM), rostrolateral (RL), and caudolateral (CL).
Dendrites, blue; axon, orange. Axon and
dendrite distribution of the schematic neuron
in RM, RL, CM, and CL spatial quadrants. The
percentage of axon falling in a given spatial
quadrant is indicated by the orange color scale
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laminae I-Il. In line with earlier reports (Lima & Coimbra, 1986; Szucs
et al.,, 2013), almost all PNs and INs in the lateral part of lamina |
had dendrites that reached out into the dorsal part of the lateral
funiculus (Figure 5a,c). Terminal processes of these dendrites some-
times re-entered the lateral part of laminae I11-1V, and INs frequently
had ventrally oriented dendrites reaching laminae IlI-IV. One PN
had a medially oriented dendrite that reached the dorsal funiculus;
however, this made a negligible contribution to its total dendritic tree
and thus did not show up on the bar chart. Similarly, two PNs and a

single IN with multipolar somatodendritic morphology had ventrally

tonic rhythmic gap n.d.
e
|| L] O 1
] =L o)
0
multipolar fusiform

oriented dendrites, the terminal part of which descended into lamina V
(Figure 5c).

The distribution of the axonal processes showed significant differ-
ences in case of PNs and INs. While the largest share of the total axon
of all INs fell in lamina I, PNs had the largest percentage of their axon
in deeper laminae and in the dorsal part of the LF and only a few had
collaterals in lamina Il (Figure 5b,d). Occasional axons of both PNs and
INs could also be seen in the dorsal funiculus (Figure 5d). All INs had
axons in laminae -1V and more than half of them in lamina V-VI but

only less than 10% in lamina VII-X and in the contralateral gray matter.
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FIGURE 5 Dendrite and axon distribution of PNs and INs in gray matter laminae and white matter funiculi. (a) The mean dendritic length of
both PNs and INs was the highest in superficial laminae (I-11) and in the lateral funiculus of the white matter. The distribution pattern of the two
groups was almost identical. (b) Mean axon length showed significant differences between the PNs and INs in most parts of the DH and in the
lateral funiculus. While laminae Il and I11-1V contained most parts of the IN axons, the largest portion of PN axon collaterals was located in laminae
V-Vl and in the lateral funiculus. Mann-Whitney test: *p <.05; **p <.01; **p <.001. (c) Dendritic prevalence maps (percentage of neurons with
process pieces in the particular region) projected in the transverse plane along the rostrocaudal axis centered on the soma-containing section also
show almost identical occurrence of PN and IN dendrites in the investigated laminae. (d) The axon prevalence map projected to the transverse

plane and individual prevalences in the serial sections centered to the soma.
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FIGURE 6 Total axon length and average varicosity densities of PN and IN axons. While the total axon length nicely reflected the proportional
distributions shown in Figure 5, INs had at least 10 times more axon (a) than PN collaterals (b) in all the investigated gray matter laminae and white
matter funiculi. (c, d) The average density of varicosities along IN axons and PN axon collaterals was almost identical in all investigated regions.

PNs had axons less frequently in laminae I-1V; all of them had axons in
lamina V-VI and roughly the same prevalence of them in lamina VII-
X, as that of IN axons in these laminae. The contralateral laminae 111-X
received occasional PN collaterals more frequently. Interestingly, PN
axons sent collaterals more frequently in the caudal direction, while
IN axons more in the rostral direction (Figure 5d). Interestingly, three
PNs had local collateral branches that either crossed the midline or
branched from the main axon in the contralateral side being in almost
all laminae. There was only a single IN that sent its axon collaterals to
the contralateral laminae V-VI (Figure 5d).

The total length of the axon collaterals of PNs was one fifth of the
total axonal length of INs, but showed a distribution similar to the rela-
tive distribution (Figure 6a,b). The density of varicosities along the axon
did not show significant differences in any of the regions between PNs
and INs (Figure 6c,d).

3.4 | Activation of NK1 receptors leads to
increased excitatory drive in the intermediate gray
matter

Application of SP (1 uM) on spinal cord slices resulted in an average
2.5-fold increase in the number of spontaneous EPSPs arriving to
lamina VII neurons (Figure 7d). Repeated application of SP could
evoke a similar, although less robust, increase in the EPSP numbers
(Figure 7a,b). The selective NK1 receptor antagonist, SR140333, did
not block the EPSP increase at low concentration (10 nM) but abolished
the effect of SP when applied at higher (50-200 nM) concentra-

tions. The effect of SR140333 was reversible in some of the cases
(not shown). In the presence of TTX (500 nM), blocking action poten-
tial generation, SP could not evoke EPSP number increase, excluding
the possibility of activation of presynaptic NK1 receptors (He et al.,
2019; Matsumura et al., 2021). Finally, when the ipsilateral DH was
removed by performing a cut at the base of the DH, application
of SP failed to raise the number of EPSPs registered from lamina
VII neurons (Figure 7b,c). Thus, ventrally projecting axons of NK1-
receptor-expressing superficial DH neurons play a key role in SP-driven
excitation of ventral horn neurons. These superficial DH neurons might
include PNs that contribute to this excitation, directly or indirectly, via
ventral collaterals, but may also involve NK1 receptor expressing INs
that can produce indirect activation via other DH neurons (Figure 7e).

4 | DISCUSSION

Axon distribution and trajectory are widely accepted criteria of neu-
ronal classification schemes in several CNS regions, such as the
cerebral cortex (DeFelipe et al, 2013; Markram et al., 2015) or
hippocampus (Klausberger & Somogyi, 2008; Pelkey et al., 2017). Iden-
tification of axonal termination fields and their target domains, based
on detailed axonal reconstructions, largely advanced our understand-
ing of the function of microcircuits in several brain regions (Budd
et al., 2010; Karube & Kisvarday, 2011; Maccaferri et al., 2000). Fur-
thermore, high-resolution spatial maps and quantitative data derived
from single-axon reconstructions provided a novel perspective on sev-
eral aspects of cortical connectivity (Rockland, 2020). Yet, subcortical
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FIGURE 7 Ventrally directed axons of DH NK1 receptor expressing neurons contribute to an excitatory drive onto neurons in ventral laminae.
(a) Application of substance P (SP; 1 «M) in acute spinal cord slices increases the number of spontaneous EPSPs recorded from neurons located in
laminae V-VII. Repeated application of SP resulted in a similar but less pronounced increase. (b) The mean EPSP number was significantly
increased during application of SP. Although the increase in the mean EPSP number was not fully blocked by a low concentration (10 nM) of the SP
antagonist SR140333, the SP-induced modest increase in the EPSP frequency did not reach significance threshold. Higher concentrations of the
antagonist (50 nM, 200 nM) blocked the effect of SP. Application of TTX and the mechanical separation of the DH effectively blocked the
SP-induced mean EPSP number increase. (c) The average ratio of SP evoked mean EPSP number and control mean EPSP number was significantly
reduced (close to 1) in case of effective concentrations of SR140333 (50-200 nM) and TTX (500 nM) or mechanical separation of the DH, as
compared to the mean EPSP number ratio (2.59 + 0.58) for the application of SP alone. Dashed line, ratio = 1; white numbers, numbers of
experiments; two-sample Student’s t-test with Welch correction: *p < .05. (d) The scheme shows the locations of the recorded neurons, and color
code reflects the type of the experiment. Full circles indicate cells that had been recovered, while hollow circles show locations of the cell based on
the maps drawn from the slice during the recording. (e) Hypothetical scheme showing how ventral collaterals (orange) of (1) ipsilateral PNs (hollow;
blue), (2) commissural collaterals (orange) of contralateral PNs (hollow; blue), and (3) local axons (orange) of INs (filled; blue) may excite neurons in
ventral laminae (green) directly or indirectly via one or more putative excitatory INs (black) with unknown location. The red plus signs indicate PNs
and INs as putative NK1 receptor-bearing neurons responding to SP application. The size of the red plus sign reflects the probability of SP
activation.

areas, often due to technical difficulties, gained much less attention in
this respect, leading to rather simplistic circuit descriptions.

While a substantial amount of data is available about the soma-
todendritic morphology of spinal lamina | neurons (Lima & Coimbra,
1983, 1986, 1988, 1989), the laminar and segmental distribution pat-

tern of their axons is much less characterized. All studies agree that the

percentage of PNsin this laminais small (Al-Khater et al., 2008; Browne
et al., 2021; Todd, 2010) and only a few reports suggested their active
participation in sensory processing (Narotzky & Kerr, 1978; Yezierski
et al., 1980) rather than limiting their roles to integrators and output
elements of the DH circuitry. Our earlier qualitative descriptions of

lamina | PN and IN axons also suggested significant involvement in DH
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circuits and indicated substantial differences in the axonal targets of
the two groups (Szucs et al., 2010, 2013). Thus, the main goal of this
study was to analyze the spatial distribution pattern of the dendritic
and axonal processes of spinal lamina | neurons. We used Neurolucida
to fully reconstruct 10 lamina | PNs and 15 INs in 3D. We show that
while these PNs and INs have almost identical dendritic input fields,
their local axon collateral distribution patterns are distinct. We sug-
gest that INs whose cell bodies reside in lamina | establish connections
mostly within the superficial DH and can bridge the medial and lat-
eral halves of the DH. In addition to their supraspinal targets, PNs
also relay their input locally, preferably to deeper laminae of the spinal
gray matter. Furthermore, both PNs and INs have axonal and dendritic

architecture that would allow them to be linked propriospinally.

4.1 | Technical considerations

There are some limitations that have to be considered when interpret-
ing results of the present study. First of all, using the intact spinal cord
preparation biased our sample to the more accessible lateral part of the
DH. Also, due to the very challenging character of serial reconstruc-
tions, our sample is limited for both PNs and INs. This fact did not allow
us to reveal possible correlations between our symmetry/distribution
data and neuronal populations defined on the basis of somatoden-
dritic, electrophysiological, or neurochemical properties. Also, our PNs
were not retrogradely labeled from supraspinal target areas but were
identified on the basis of a single main axon reaching the contralat-
eral anterolateral white matter, and therefore could be considered as
“putative PNs.” However, based on our previous papers and experience
with single-cell reconstructions, we are confident that our PN sample
included only supraspinally projecting lamina | neurons. It should also
be noted that retrograde labeling may also cause bias for certain sub-
sets of lamina | PNs depending on the accuracy of the injection, quality
of transport, and so forth. The post hoc identification approach allowed
us to work with the whole neuronal population of lateral lamina I.
Another limitation arose from our sectioning plane, since the numerous
short pieces of processes in the sequential transverse sections could
not be readily connected to complete axonal and dendritic trees. This,
however, was not critical for the kind of quantitative analyses used in
the present study.

Last but not least, animals used in this study are very young and the
age groups used for the morphology and slice electrophysiology exper-
iment differ slightly. These animals are still within the first 2 weeks of
postnatal development and the circuitry at this point is not yet fully
mature. We think, however, that the results derived from the electro-
physiology data are not undermined by these changes of the circuitry.
The dorsal-to-ventral projections of PNs are unlikely to disappear as
we observed ventral collaterals of PNs also in older rats. The neuronal
circuitry involved in polysynaptic dorsal-to-ventral connections might
change indeed, as GABA and glycine contribution increases, but that is
unlikely to affect the putative direct excitatory connections that can be

formed via ventral collaterals.
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4.2 | Segmental contralateral projection of lamina |
PN axon collaterals

In addition to our previous description of lamina | PN collaterals,
reconstructions from transverse sections provided evidence that axon
collaterals can also cross the midline in the dorsal commissure or
branch from the main axon on the contralateral side. Although our
sample of PNs is moderate, one third of the reconstructed axons
had contralateral collaterals, while out of the 15 lamina | INs only
a single had an axon collateral crossing the midline. The former col-
lateral type might have been among the axons reported to cross the
midline in the dorsal commissure after biotinylated dextran amine
(BDA) injection into the lateral part of lamina Ill and IV (Petko
& Antal, 2000), where the main axon of this type of lamina | PN
passes through. The axon varicosities found on this type of collat-
eral and also on the one observed to branch from the main axon
on the contralateral side may represent synapses formed on lamina
X neurons, virtually all of which integrate mono- and polysynaptic
inputs from several types of thin primary afferent fibers and play an
important role in nociception (Krotov et al., 2019). Since ventral col-
laterals of lamina | PNs also innervate the ipsilateral lamina V, it is
reasonable to suggest that, via their collaterals, lamina | PNs might
recruit or modulate other supraspinally projecting cell populations and

link ascending systems.

4.3 | Dendritic and axonal distribution patterns
and functional asymmetry of the superficial DH

Neurons in lamina | belong to the late-born population of DH neu-
rons. While early-born dorsal neurons migrate mostly ventrolaterally
and find their final location in deeper laminae of the DH, the late-born
population migrates dorsolaterally and occupies the superficial layers
of the DH (Chen, 2019). These postmitotic neurons extend their neu-
rites as they migrate; as they disperse tangentially in the thin band of
lamina |, in close contact with TrkA+ sensory afferents (Roome et al.,
2022), they are likely to encounter spatial limitations that might deter-
mine the final arrangement of their dendrites and axon. The proximity
of the dorsal pial surface and the high density of primary afferents in
the dorsal root entry zone allow growth of the processes only in the
ventral direction. As a consequence, dorsoventral asymmetry is a char-
acteristic feature of certain types of lamina | neurons and ventrally
oriented dendrites have been demonstrated for both lamina | PNs and
INs (Kosugi et al., 2013; Lima & Coimbra, 1986; Szucs et al., 2013). The
presence or absence of ventral dendrites defines two distinct classes
of lamina | cells receiving input from primary afferent fibers having dif-
ferent central termination fields and processing different modalities
(Kosugi et al., 2013).

Although the mediolateral and rostrocaudal growth of lamina | neu-
ron processes is less restricted, similar anatomical constrains may also
exist in these directions. The dense bundles of thick primary afferents
entering the medial part of the dorsal root entry zone may also form a
physical obstacle for the growing processes of lamina | neurons. Indeed,
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both anatomical and functional mediolateral asymmetry of lamina |
neurons had been reported earlier (Kosugi et al., 2013; Mizuno et al.,
2019). Excitatory input zones of lamina | neurons, defined by laser-
scanning photostimulation, showed a marked medial asymmetry that
matched the structural asymmetry of the dendritic fields of the neu-
rons (Kosugi et al., 2013). A later work from the same group concluded
that the difference between lateral and medial DH in responsiveness
for focal electrical stimulation results from properties of intrinsic ele-
ments of the DH, such as the direction of local connectivity. Their
hypothesis was that neurons in the most medial part of the superficial
DH tend to make excitatory synaptic connections preferentially onto
neurons that are lateral to their cell body and this might reverse direc-
tion for neurons at more central location (Mizuno et al., 2019). This
hypothesis fits well our finding that lamina | INs in the lateral part of
the DH present heterologous axonal and dendritic distribution.

The axons of some lamina | neurons were shown to issue varicosity-
bearing collaterals that generate arbors that overlap the neurons’
dendritic territories in lamina | (Bennett et al., 1981). In our present
sample, the majority of lamina | INs had axons that surrounded the
dendritic arbor of the neurons. However, one third of lamina | INs
had axons extending all the way to the medial end of the DH while
leaving most of their dendrites in the most lateral aspect of the DH. This
axon configuration was also demonstrated in sagittal sections (Szucs
et al., 2013). Mediolateral projections from the lateral and medial end
of the deep DH had been reported earlier (Petko & Antal, 2000) in
rats, although suspected to originate from deep DH laminae. A recent
work analyzing irradiating pain syndromes in the lumbar region and
certain headaches suggested that there might be specific DH neurons
that bridge lateral and medial primary afferent entry zones and serve as
the anatomical basis for irradiating pain and lateromedial information
spread (Defrin et al., 2020). The medially spanning axon phenotype of
lamina | INs described in the present work seems to provide evidence
for this hypothesis. The axon of lamina | INs can spread information
along the mediolateral axis and our finding that most INs showed het-
erologous axon/dendrite distribution also supports this notion. One
cannot exclude that the most polarized neurons having medial axons
and dendrites with very lateral location are the extreme examples of
lateromedial information transmitters. This also raises the possibility
that medially located INs might possess axons reaching the most lat-
eral parts of the DH or even the lateral white matter. Such hypothetical
neurons, however, did not occur in our sample, due to the fact that
our imaging technique gives better access to the lateral half of the DH
(Szucs et al., 2009) and therefore our sample had a bias to lateral lamina
I neurons. While it would be important to connect this phenotype to the
known classifications based on the presence of neurochemical markers
(Gatto et al,, 2019; Todd, 2017) or genetic background (Haring et al.,
2018) of DH neurons, most of the recent data had been accumulated
in mice and not in rat. The lack of correlation between somatodendritic
type or firing pattern with our investigated parameters (symmetry in
process distribution) does not go against earlier findings that link dif-
ferent functions to somatodendritic types among lamina | PNs. It rather
means that the spatial distribution of the axon and dendrites of lam-

ina | neurons might be yet another parameter to consider when their

diversity is assessed. These quantitative spatial differences might bet-
ter correlate with somatotopy, integrative properties, or other, yet
unidentified functional differences.

4.4 | PN collaterals provide excitatory drive to
laminae V-VII and might contribute to the
nociceptive flexor reflex directly

Information flow from deeper to superficial laminae in normal and
pathological conditions has been demonstrated by recent works using
transgenic technologies to target selected populations of DH INs
(Braz et al., 2014; Cordero-Erausquin et al., 2016; Duan et al., 2014;
Francois et al., 2017; Petitjean et al., 2015). Classical (Melzack & Wall,
1965) and all recent gating theories of pain transmission consider INs
in laminae -1l (Cordero-Erausquin et al., 2016) as the anatomical
substrate of interactions between primary afferent inputs of differ-
ent modalities but overlook the role of lamina | neurons. A recent
review, however, suggested that placing PNs via their axon collater-
als, as new players in spinal cord pain processing, might help refine
the connectivity principles in the spinal nociceptive network and might
eventually explain some of its still ambiguous actions (Browne et al.,
2020). The authors of this review also point out that “feedforward”
excitation and “feedback” inhibition through inhibitory INs are both
probable functions of PN collaterals. The sole evidence for “feedfor-
ward” excitation of neighboring PNs comes from an in vitro recording
experiment from a pair of synaptically connected lamina | PNs (Luz
et al.,, 2010). Here, we present evidence for SP-evoked “feedforward”
excitatory drive onto lamina VIl neurons, some of which are last-order
premotor INs that relay the sensory activation to motoneurons, form-
ing a pathway that might be part of the withdrawal reflex. The premotor
apparatus, however, is not the only candidate for receiving this relayed
information. Wide dynamic range neurons in deeper laminae might also
be among targets of ventral axon collaterals of lamina | PNs, relaying
nociceptive input for their integrated output toward supraspinal cen-
ters. Neurons giving rise to the spinocerebellar tracts can be among the
targets as well as autonomic sympathetic preganglionic neurons at the
thoracolumbar segments in the lateral horn.

Neurokinin 1 receptors (NK1R) are expressed on ~45% of lamina |
neurons (Todd et al., 1998), majority of which is likely to be excitatory
(Littlewood et al., 1995). Around 80% of PNs express NK1R (Al-Khater
et al.,, 2008; Marshall et al., 1996; Todd et al., 2000) and despite the fact
that INs were shown to have weak NK1R staining (Al Ghamdi et al.,
2009; Cheunsuang & Morris, 2000), one third of them responded to
SP application, although this response was smaller than that in PNs
(Luz et al., 2014). The time course of the depolarization caused by bath
application of SP (see figure 7 in Luz et al. (2014)) suggests a significant
difference in functional NK1 receptor expression between INs and
PNs. Our result that only higher concentrations of the NK1 receptor
antagonist could block the SP-induced excitatory drive indicates that
the contribution of lamina | INs (weaker NK1 receptor expression)
is probably a lot smaller than those of PNs that are known to be rich
in NK1 receptors. Thus, we hypothesize that both INs and PNs in
lamina | responding to SP might contribute to linking the anterolateral
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ascending system to other ascending pathways, or the premotor
apparatus within the ventral horn forming an anatomical basis for
the nociceptive withdrawal reflex. The observation that mechanical
separation of the DH prevents the SP-evoked excitatory drive strongly
supports our hypothesis. However, based on our morphological data,
the dominance of IN axons in superficial laminae suggests access to
other INs involved in mostly sensory networks and, through these,
an indirect influence on deeper laminae. PN axon collaterals, on the
other hand, are more abundant in deeper laminae where they have
better access to INs involved in motor networks, and to motoneuron
dendrites, on which they might even directly form synapses. Neverthe-
less, since this hypothesis is mostly based on our morphological data,
further experiments will be needed to differentiate the contribution of

INs and PNs to the dorsal-to-ventral information flow.

5 | CONCLUSION

In summary, lamina | neurons have distinct local axon collateral dis-
tribution patterns that imply their diverse roles in the spinal cord
circuitry. INs, with their heterologous axonal and dendritic distribution
along the mediolateral axis, provide an anatomical substrate for the
functional asymmetries in the superficial DH and for the mediolateral
information flow explaining observations of radiating pain. At the same
time, INs indirectly, and PNs possibly directly, via axon collaterals pro-
jecting to deeper laminae, mediate a dorsoventral excitatory drive that
can establish a link between the anterolateral system and several other

spinal sensory, autonomic, and motor processing pathways.
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