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Spinal lamina I and the lateral spinal nucleus (LSN) receive and integrate nociceptive primary afferent inputs to project through diverse
ascending pathways. The pattern of the afferent supply of individual lamina I and LSN neurons through different segmental dorsal roots
is poorly understood. Therefore, we recorded responses of lamina I and LSN neurons in spinal segments L4 and L3 to stimulation of six
ipsilateral dorsal roots (L1–L6). The neurons were viewed through the overlying white matter in the isolated spinal cord preparation
using the oblique infrared LED illumination technique. Orientation of myelinated fibers in the white matter was used as a criterion to
distinguish between the LSN and lamina I. Both types of neurons received mixed (monosynaptic and polysynaptic) excitatory A�- and
C-fiber input from up to six dorsal roots, with only less than one-third of it arising from the corresponding segmental root. The largest
mixed input arose from the dorsal root of the neighboring caudal segment. Lamina I and LSN neurons could fire spikes upon the
stimulation of up to six different dorsal roots. We also found that individual lamina I neurons can receive converging monosynaptic A�-
and/or C-fiber inputs from up to six segmental roots. This study shows that lamina I and LSN neurons function as intersegmental
integrators of primary afferent inputs. We suggest that broad monosynaptic convergence of A�- and C-afferents onto a lamina I neuron
is important for the somatosensory processing.

Introduction
Spinal lamina I processes diverse modalities of nociceptive input
and projects through ascending tracts to different areas of the
brainstem and thalamus (Lima and Almeida, 2002). Lamina I
neurons receive inputs from thin afferents innervating skin,
joints, muscles, and viscera (Cervero and Connell, 1984a,b;
Dostrovsky and Craig, 2006). The central branches of thin affer-
ents entering the superficial dorsal horn terminate not only in the
segment of root entrance but also one to two segments above and
below (Szentagothai, 1964; Cruz et al., 1987). These studies indi-
cated that neurons in the same segment can receive afferents from
different roots. Indeed, it has recently been shown that single
lamina II neurons receive converging monosynaptic A�- and
C-fiber inputs from several roots and that this can be important
for both the sensory integration and the formation of robust and
precise somatotopic maps (Pinto et al., 2008b). Although a num-
ber of in vivo unit recording studies have examined the afferent
input to lamina I neurons (Kumazawa and Perl, 1978; Woolf and
Fitzgerald, 1983), the pattern of multisegmental convergence of
A�- and C-fiber input to lamina I neurons remains unknown.

The lateral spinal nucleus (LSN) is located within the dorso-
lateral funiculus in the rat spinal cord (Gwyn and Waldron, 1968,

1969). The LSN differs from the superficial dorsal horn in the
nature of its neuropil, where the cell bodies are found surrounded
by the rostrocaudally oriented myelinated axons. LSN neurons
project through ascending tracts to the brainstem, hypothala-
mus, and thalamus (Menétrey et al., 1982; Pechura and Liu, 1986;
Menétrey and Basbaum, 1987; Leah et al., 1988; Burstein et al.,
1990a,b) and can be activated by noxious stimulation (Olave and
Maxwell, 2004). However, little is known about the afferent in-
puts to the LSN. LSN neurons are not directly activated by cuta-
neous stimulation (Giesler et al., 1979; Menétrey et al., 1980) but
respond to movement of joints and deep tissue (Menétrey et al.,
1980). For this reason, the afferent input to the LSN is associated
with C-fibers innervating muscles (Olave and Maxwell, 2004)
and viscera (Sugiura et al., 1989). To our knowledge, there are no
reports describing the responses of LSN neurons to stimulation
of dorsal roots.

One reason why the complex pattern of afferent supply of
lamina I and LSN neurons has not been previously described is
the lack of an adequate experimental approach. However, the
recent development of imaging techniques has enabled visu-
alization of intact lamina I neurons for the tight-seal record-
ings in the isolated spinal cord with attached dorsal roots
(Safronov et al., 2007; Szucs et al., 2009). The neurons visual-
ized through the overlying white matter preserved both their
dendritic structure and primary afferent input. Furthermore,
organization of the myelinated fibers in the dorsolateral white
matter could be used for identification of lamina I and LSN
neurons.

Here we studied monosynaptic and polysynaptic responses of
individual lamina I and LSN neurons to stimulation of six ipsi-
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lateral dorsal roots. We found that both types of neuron function
as intersegmental integrators of primary afferent input. Our data
suggest that broad convergence of afferents onto a lamina I neu-
ron is important for the somatosensory processing.

Materials and Methods
Preparation of the spinal cord with six roots. Lab-
oratory Wistar rats (2–5 weeks old) of either
sexes were killed in accordance with the national
guidelines (Direcção Geral de Veterinária, Min-
istério da Agricultura) after anesthesia with in-
traperitoneal injection of Na �-pentobarbital
(30 mg/kg) and subsequent check for lack of
pedal withdrawal reflexes. The vertebral column
was quickly cut out and immersed in oxygenated
artificial CSF (ACSF) at room temperature. The
vertebral column was opened from its ventral
side with scissors, and the lumbar spinal cord
with unilateral L1–L6 dorsal roots was dis-
sected. The pia mater was locally removed in
the region of interest with forceps and scissors
to provide access for the recording pipette. The
spinal cord was glued with cyanoacrylate adhe-
sive to a golden plate (the dorsolateral spinal
cord surface was up) and transferred to the re-
cording chamber (Fig. 1A). All measurements
were done at 22–24°C.

Identification of lamina I and LSN neurons.
Lamina I and LSN neurons were visualized
(Fig. 1 A) through the intact dorsolateral white
matter in the lumbar spinal cord using the
oblique infrared LED illumination technique
(Pinto et al., 2008b; Szucs et al., 2009). Identi-
fication of the neurons was based on orienta-
tion of myelinated fibers in the dorsolateral
white matter and was confirmed by morpho-
logical analysis of biocytin-labeled neurons.
Lamina I neurons were identified in the dorsal
gray matter lateral to the dorsal root entry
point, in the region indicated in Figure 1 B. The
white matter in this region is thin in young
animals and has virtually no ascending/de-
scending primary afferent fibers (Pinto et al.,
2008b). The neurons in the dorsal gray matter
medial to the dorsal root entry point were not
accessible for tight-seal recordings because of
the thick dorsal white matter formed by as-
cending/descending afferents (Pinto et al.,
2008b). The fraction of lamina I inaccessible
for recording changed with age, being smaller
in younger animals. The LSN was found near to
the spinal cord surface and was separated by
the white matter from lamina I (Fig. 1 B).

A schematic drawing of the fiber orientation
together with the fiber images used for the
identification of lamina I and the LSN is shown
in Figure 1C. At the lateral border of lamina I
(region 2), a clear transition between the
dorsolateral funiculus (left) and lamina I
(right) was seen. In this transitional zone, the
dorsolateral funiculus appeared as a bundle
of densely packed parallel rostrocaudal myelin-
ated fibers free of cell bodies. In contrast, lam-
ina I was devoid of parallel fibers but possessed
large cell bodies of superficial neurons (Fig. 1C,
region 2, bottom). Laterally to this transitional
zone, the LSN was seen as a column of numer-
ous cell bodies surrounded by the parallel my-
elinated fibers (region 1). Medial to the

transitional zone, lamina I appeared as a network of randomly oriented
fibers and dispersed cell bodies (region 3). Near to the dorsal root entry
point, the bundles of ascending/descending primary afferent fibers form-
ing the dorsal white matter demarcated the medial border of lamina I

Figure 1. Identification of lamina I and LSN neurons in the isolated spinal cord. A, Preparation of the lumbar spinal cord with
unilateral six dorsal roots, L1–L6. The roots were stimulated through suction electrodes. Inset, Lamina I neuron viewed using
oblique LED illumination. B, A cross section of the fixed spinal cord (L4, 27-d-old rat) with indications of the LSN and the lamina I
region accessible for the recording. Continuous lines show the border of the gray matter and the LSN. C, Schematic drawing of the
fiber orientation in the dorsal and dorsolateral white matter used for the identification of the LSN and lamina I. The photographs
shown below were taken from the regions (1– 4) indicated on the schematic drawing. The focal plane was chosen to show the
fibers. Region 1, The LSN: large neuronal cell bodies are surrounded by the parallel rostrocaudal myelinated fibers of the dorsolat-
eral funiculus. Region 2, Transitional zone between the dorsolateral funiculus (left) and lamina I (right). Region 3, Network of the
randomly oriented fibers and the scattered cell bodies in lamina I. Region 4, The medial border of accessible part of lamina I (left)
and myelinated fibers in the dorsal root entry zone (right). D, Parasagittal sections (100 �m thick) of the spinal cord with a
biocytin-labeled LSN neuron (left) and lamina I neuron (right). Locations of the sections are shown in the schematic drawings
where asterisks indicate the cell body positions. Left, LSN neuron is found outside the spinal gray matter within the dorsolateral
funiculus. Continuous lines show the dorsal borders of the white matter in the top and bottom of the section. Right, Lamina I
neuron is seen within the dorsolateral gray matter. Dashed line shows the border between the gray and white matter. Continuous
lines indicate the dorsal borders of the white matter in the top and bottom of the section.
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accessible for recordings (region 4). Lamina I
neurons could be clearly distinguished from
deeper located lamina II neurons whose so-
mata were smaller and appeared as a densely
packed cell layer (Szucs et al., 2009).

Cell filling, processing, and reconstruction. In
47 experiments, neurons were labeled by in-
cluding biocytin (0.5%) in the pipette solution.
Labeled neurons were revealed and recon-
structed as described previously (Pinto et al.,
2008b; Szucs et al., 2009). After fixation in 4%
paraformaldehyde, the spinal cord was embed-
ded in agar and parasagittal serial sections
(thickness, 100 �m) were prepared with a tis-
sue slicer (Leica, VT 1000S). To reveal biocytin,
the sections were permeabilized with 50% eth-
anol and treated according to the avidin-
biotinylated horseradish peroxidase method
(ExtrAvidin-Peroxidase, diluted 1:1000) fol-
lowed by a diaminobenzidine chromogen reac-
tion. Sections were counterstained with 1%
toluidine blue to determine borders of the gray
matter and laminae during reconstruction.
Photomicrographs were taken with a Primo
Star (Zeiss) microscope equipped with a
Guppy (Allied Vision Technologies) digital
camera. Contrast and brightness of the images
used for the figures were adjusted using Adobe
Image Ready software.

Reconstructions were done from serial sec-
tions. A window of the Neurolucida software
(MBF Bioscience, review version) was dimmed
and superimposed on the live digital image of
the section (objective, 40�) by means of the
Transparent Windows 2.2 application. All den-
drites, somata, and axons as well as contours of
the gray and white matter were completely
traced into a serial section data file in two di-
mensions. During the reconstruction, the

Figure 2. Mixed inputs to an L4 lamina I neuron. Mixed (monosynaptic and polysynaptic) EPSCs were elicited in an L4 lamina I
neuron by stimulating L1–L6 roots. A, Each root was stimulated at least 10 times with a 1 ms current pulse at 0.1 Hz to elicit both
A�- and C-fiber mixed EPSCs. For each root, individual recordings (upper traces) were averaged (lower traces). B, Each dorsal root
was stimulated at least 10 times with a 50 �s pulse at 1 Hz to elicit only A�-fiber mixed EPSCs. Averaged responses (lower traces)
were obtained from individual recordings (upper traces). C, The averaged traces are shown superimposed. Holding potential
was �70 mV. Here and in the following figures, the fastest evoked EPSCs (monosynaptic and polysynaptic) appeared with
latencies corresponding to afferent conduction velocity below 4.4 m/s (conduction velocity of the fastest A�-afferents in
dorsal roots, Pinto et al., 2008a). Note that all roots differed in length, and therefore, had different latency criteria for
separation of A�- and C-fiber EPSCs.

Table 1. Converging monosynaptic inputs to L4 and L3 lamina I neurons

Cell
Firing
type

L1 L2 L3 L4 L5 L6

Input from roots Converging rootsA� C A� C A� C A� C A� C A� C

Lamina I neuron in L4
1 DFN � — � — � — � * * * * * 4A� 4
2 TFN — — � — � * � * * * — * 3A� 3
3 TFN — — — — � — � — � * * * 3A� 3
4 TFN — — — — — — � — � * � — 3A� 3
5 DFN — — � — — — � * � � * — 3A� � 1C 3
6 TFN — — � � — — — — � * � � 3A� � 2C 3
7 TFN — � — � � — � — � � � * 4A� � 3C 6
8 TFN — * * * * � * * � * — * 1A� � 1 C 2
9 TFN — — — � — � � * � * — * 2A� � 2C 4
10 TFN — — * * — * � * * � � � 2A� � 2C 3
11 TFN — — — — — � — � — — 2C 2

Lamina I neuron in L3
12 TFN — — � — � * � * � — * — 4A� 4
13 DFN — — — — � — � — � — — — 3A� 3
14 TFN — — — — — — � * � * — — 2A� 2
15 — � � — � — � — � — * * 4A� � 1C 5
16 DFN — — — — � * � � � * � * 4A� � 1C 4
17 TFN — — � � * * � * � * — — 3A� � 1C 3
18 TFN — — — — * � � — — — — — 1A� � 1C 2
19 TFN — � * � � * * � — * 1A� � 3C 4
20 TFN — — — � — � — � — � — — 4C 4

This table describes only those lamina I neurons for which the monosynaptic inputs from at least two segmental dorsal roots could be confirmed. Monosynaptic A�- and C-fiber inputs are indicated by open and filled circles, respectively.
Asterisks (*) indicate inputs from segmental roots that could not be analyzed due to large number of overlapping EPSCs. — indicates inputs from roots that were analyzed, but the monosynaptic EPSCs were not revealed. In cells 11 and 19,
the L2 roots were damaged. In the last but one column, the input from the roots is given as n1A� � n2C, where n1 and n2 are the numbers of different segmental dorsal roots with monosynaptic A�- and C-fiber projections, respectively. In
the last column, the number of converging roots is the number of segmental dorsal roots with monosynaptic A�-/C-inputs. TFN, Tonic-firing neuron; DFN, delayed-firing neuron. The firing pattern in cell 15 could not be identified.

2386 • J. Neurosci., February 10, 2010 • 30(6):2384 –2395 Pinto et al. • Converging Afferent Input to Lamina I Neurons



microscope stage was aligned manually. The location of the neuronal
soma and processes were determined on reconstructions of individual sec-
tions where borders of the gray and white matter were clearly identifiable.
The two-dimensional serial sections were overlaid, aligned using the
NeuroExplorer software (MBF Bioscience), and exported as bitmap im-
ages. Gray lines in Figures 6 B and 9B indicate the contours of the bottom
of the serial sections. For clarity, some contour lines were omitted.

Successful recovery was achieved in 14 cases for 10 lamina I neurons
and 4 LSN neurons. In all these cases, the cell identification based on the
fiber orientation was confirmed (Fig. 1 D; see also Figs. 6 B, 9B).

Recording. Whole-cell recordings from spinal sensory neurons
(Melnick et al., 2004a,b; Szucs et al., 2009) were done in ACSF containing
the following (in mM): NaCl 115, KCl 3, CaCl2 2, MgCl2 1, glucose 11,
NaH2PO4 1, and NaHCO3 25 (pH 7.4 when bubbled with 95–5% mix-
ture of O2-CO2). The amplifier was EPC10 (HEKA). The pipettes were
pulled from thick-walled glass (BioMedical Instruments) and fire pol-
ished (resistance, 3–5 M�). The pipette solution contained the following
(in mM): KCl 3, K-gluconate 150, MgCl2 1, BAPTA 1, and HEPES 10 (pH
7.3 adjusted with KOH, final [K �] was 161 mM). The signal was low-
pass filtered at 2.9 kHz and sampled at 10 kHz. Offset potentials were

compensated before seal formation. Liquid
junction potentials were calculated and cor-
rected for in all experiments using the com-
pensation circuitry of the amplifier. The series
resistance was 9 –28 M�. Lamina I and LSN
neurons were classified as tonic-firing neurons
and delayed-firing neurons using criteria de-
scribed previously for lamina II neurons (San-
tos et al., 2004, 2007). Tonic-firing neurons
were able to support tonic firing during 500 ms
depolarization induced by sustained current
injection. In delayed-firing neurons, the first
spikes typically appeared with a considerable
time delay (200 –500 ms) at the end of the de-
polarizing pulse and moved to its beginning as
the stimulation increased. All numbers are
given as mean � SEM.

Stimulation of dorsal roots. Six unilateral
roots (L1–L6) were stimulated as described
previously (Pinto et al., 2008b). Each root was
inserted into a suction electrode fabricated
from borosilicate glass tube. The electrodes
were fire polished to fit the size of the roots and
mechanically fixed on a common holder. An
isolated pulse stimulator (2100, A-M Systems)
connected via a six-position switcher was used
for a sequential stimulation of roots. Each suc-
tion pipette had its own reference electrode.
Stimulation intensities used in these experi-
ments did not evoke a cross-stimulation of
roots by neighboring suction electrodes (Pinto
et al., 2008b).

To evoke EPSCs in lamina I and LSN neu-
rons, the roots were stimulated at intensities
determined for complete recruitment of A�-
and C-fibers in our previous study (Pinto et al.,
2008a). With a 1 ms pulse, complete activation
of both A�- and C-fiber-mediated compound
action potential currents in isolated dorsal
roots was reached at 50 –150 �A (in most cases
�100 �A) [see recruitment curve for C-fibers
in Fig. 3C, control, from Pinto et al. (2008a)].
The present study was done using younger rats
with thinner dorsal roots, and smaller currents
(�100 �A) were sufficient for the fiber recruit-
ment. Therefore, a 1 ms pulse of 100 �A was
applied to completely activate both A�- and
C-fiber EPSCs. For each neuron, at the begin-
ning of the experiment, all roots were addition-
ally tested at 150 �A to confirm that neither the

number nor the magnitudes of EPSCs could be further increased. When
the duration of the pulse (100 �A) was reduced to 50 �s, only the A�-
component remained (see Fig. 2 B, C). With one exception (Table 1, cell
14, root L4, conduction velocity 5.7 m/s), the monosynaptic A�-fiber
EPSCs appeared with latencies corresponding to afferent conduction
velocity of 0.41– 4.4 m/s, which was within the range reported for the
A�-component of the compound action potential current (Pinto et al.,
2008a). The latencies of the C-fiber-mediated EPSCs corresponded to
afferent conduction velocity below 0.55 m/s (Pinto et al., 2008a,b). The
latencies were measured from the end of a 50 �s pulse for A�-fibers and
from the middle point of a 1 ms pulse for C-fibers with a 1 ms allowance
for synaptic transmission. The conduction distance included the length
of the root from the opening of the suction electrode to the dorsal root
entry zone and the estimated pathway within the spinal cord. Stimulus
utilization time, i.e., the delay between the stimulus and beginning of the
spike in the axon (Waddell et al., 1989), was not taken into account.

Classification of monosynaptic EPSCs. The EPSCs were evoked at fre-
quencies allowing discrimination between the monosynaptic and
polysynaptic inputs. These were the highest frequencies at which stable

Figure 3. Integrated mixed inputs to lamina I neurons. A, integrated mixed inputs to an L4 lamina I neuron from L1–L6 roots.
For each root, the areas under the corresponding averaged traces (similar to those in Fig. 2C) were calculated by integration. The
integrated input is given in pC (1 pC is the electrical charge transferred, for example, by a 100 pA current for 10 ms). B, Distributions
of integrated mixed inputs to an L3 lamina I neuron. C, The distribution of the integrated A�- and C-inputs, A�-inputs, and C-inputs
centered on the segment where the neuron was located (0, vertical gray bar). More caudal and more rostral segmental dorsal roots
are indicated by positive and negative numbers, respectively. D, Comparison of the integrated mixed inputs to L4 lamina I and
lamina II neurons from the strongest root (L5). The data for lamina I neurons (n � 13) are from A, while those for lamina II neurons
(n � 19) were obtained by reevaluation of recordings from Pinto et al. (2008b). SG, Substantia gelatinosa (lamina II).
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A�- and C-fiber compound action potential currents could be evoked in
the isolated dorsal roots (Pinto et al., 2008b). Based on those data, the
A�-fiber-mediated EPSCs were considered as monosynaptic if the la-
tency variation was �1 ms and there was no failure in 10 consecutive
stimulations with 1 ms and 50 �s pulses at 1 Hz. The C-fiber-mediated
EPSCs were considered as monosynaptic if there was no failure and the
latency variation was �1 ms during 10 consecutive stimulations at 0.1
Hz. A root with multiple C- or A�-fiber inputs to a spinal neuron was
considered as projecting monosynaptically if at least one EPSC was iden-
tified as monosynaptic. EPSCs that did not fulfill these criteria and all
IPSCs were classified as polysynaptic. The EPSCs were recorded in lam-
ina I and LSN neurons at �70 mV when IPSCs were small or not present.
In the case of large polysynaptic IPSCs, the holding potential was
changed to �80 mV (ECl � �80 mV). Analysis of polysynaptic inhibi-
tory inputs was beyond the scope of this study.

Results
The following experiments were designed to study (1) the relative
strength of monosynaptic and polysynaptic (mixed) inputs aris-
ing from different dorsal roots, (2) how the pattern of mixed
inputs changes with segmental location of the spinal neuron,
(3) whether the mixed inputs from several dorsal roots can
evoke spikes in one neuron, and (4) whether A�- and C-fibers
from different roots can converge monosynaptically onto sin-
gle neurons.

Thirty-six lamina I neurons (n � 19, L4; n � 17, L3) and 16
LSN neurons (n � 9, L4; n � 7, L3) were tested for receiving
inputs from the L1–L6 roots. To examine the change in the input
pattern with location of the spinal neuron, recordings were done
in two spinal cord segments, L4 and L3. The input resistances
were 1.8 � 0.2 G� (n � 36, lamina I) and 1.8 � 0.3 G� (n � 16,
LSN), respectively. The resting potentials measured with bal-
anced amplifier input (Santos et al., 2004) were �63.8 � 1.6 mV
(n � 36, lamina I) and �62.0 � 1.7 mV (n � 16, LSN).

Mixed inputs to lamina I neurons
Mixed inputs arising from six roots were analyzed in 23 lamina
I neurons (n � 13, L4; n � 10, L3). In the remaining 13 cells,
the analysis could not be done because of either discharge of
voltage-gated Na � currents triggered by the EPSCs, damage
of one of the six roots during the preparation, or deterioration
of the recording conditions before the entire stimulation pro-
tocol could be completed.

Mixed inputs recorded in an L4 lamina I neuron are shown in
Figure 2. First, each dorsal root was stimulated 5–15 times with a
1 ms pulse to elicit both A�- and C-fiber-mediated mixed EPSCs
(Fig. 2A, upper traces), which were averaged for each dorsal root
(lower traces). Then, each root was stimulated 5–15 times with a
50 �s pulse to elicit only A�-fiber-mediated mixed EPSCs (Fig.
2B, upper traces), which were also averaged (lower traces). The
averaged traces are shown amplified and superimposed for each
root (Fig. 2C). As expected, in most cases, the averaged A�-fiber
input had a pronounced short-latency component, while the A�-
and C-fiber input had both the short-latency (A�) and the long-
latency (C) components.

To quantify the mixed inputs arising from individual roots,
the area under the corresponding averaged traces was calculated
by integration and resulting histograms are shown in Figure 3.
The largest integrated A�- and C-fiber mixed input to an L4
lamina I neuron (Fig. 3A) (n � 13) arose from the dorsal root L5
(16.1 � 4.9 pC), followed by L4 (8.1 � 2.0 pC). The sum of all
inputs from the L1–L6 roots was 39.5 � 7.4 pC.

The A�-fiber mixed inputs (Fig. 3A) were smaller with the
maximum value of 4.3 � 0.7 pC obtained for the L5 root. The

C-fiber input was calculated as a difference between the corre-
sponding integrated A�- and C-inputs and A�-inputs. The stron-
gest C-fiber mixed input (Fig. 3A) also arose from the L5 root
(11.8 � 4.9 pC).

Similar measurements were done for L3 lamina I neurons
(Fig. 3B) (n � 10). The strongest A�- and C-fiber mixed input
was from the root L4 (12.5 � 2.9 pC), followed by L3 (10.2 � 3.0
pC). The sum of the A�- and C-fiber inputs from the L1–L6 roots
was 35.9 � 9.2 pC. The strongest A�-fiber inputs and C-fiber
inputs to L3 lamina I neurons were also from the L4 root (Fig.
3B). The entire pattern of afferent input was shifted rostrally by
one segment in comparison with that described for an L4 lamina
I neuron.

The inputs to lamina I neurons located in different segments
were summarized by centering them on the segment of the neu-
ron location (Fig. 3C). Each centered distribution was obtained
from 23 individual histograms normalized to 1. They also showed
that the strongest mixed inputs arose from the root of the neigh-
boring caudal segment (�1), followed by the root of the spinal
segment of neuron location (0).

The non-NMDA receptor blocker CNQX (10 �M) completely
suppressed inputs from 25 roots (data not shown; recovery, n �
16). The GABAA receptor blocker picrotoxin (100 �M) had no
effect on the amplitudes of EPSCs evoked from the six dorsal root

Figure 4. Efficacy of inputs to a lamina I neuron. A, Voltage- and current-clamp recordings of
synaptic inputs to an L4 lamina I neuron. Roots (L1–L6) were stimulated by 1 ms pulses to
activate both A�- and C-fiber mixed EPSCs and EPSPs. The membrane potential was close to
�70 mV. B, The mean number of spikes evoked per stimulation of a root. For each neuron, each
root was stimulated at least 10 times and the mean numbers were calculated. Graphs are based
on data from 13 L4 lamina I neurons and 11 L3 lamina I neurons. Vertical gray bars indicate the
segment of the neuron location. APs, action potentials.
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inputs in lamina 1 neurons (n � 6, data not shown), indicating
that, under our conditions, GABAergic presynaptic inhibition
(Wall and Bennett, 1994; Wall, 1995) did not reduce the inputs to
the neurons.

Comparison with mixed inputs to lamina II neurons
To compare the integrated mixed inputs to lamina I and lamina II
neurons, we reevaluated our data from Pinto et al. (2008b). In 19
lamina II neurons located in L4, the largest A�- and C-fiber input
was from the root L5 (5.8 � 1.4 pC), followed by the root L4
(2.9 � 1.1 pC). The A�-fiber input (0.64 � 0.26 pC, L5; 0.89 �
0.52 pC, L4) was smaller than the C-fiber input (5.1 � 1.4 pC, L5;
2.0 � 0.9 pC, L4). The inputs to L4 lamina I and lamina II neu-
rons from the strongest root (L5) are shown together in Figure
3D. The A�- and C-fiber inputs and the A�-inputs to lamina II
neurons were significantly smaller than those to lamina I neurons
( p � 0.03 and p � 10�5, respectively, independent Student’s t
test), and while we had the impression that the C-fiber input was

also smaller, the difference was not signif-
icant ( p � 0.14, independent Student’s t
test).

Efficacy of mixed inputs to lamina I
neurons
The physiological efficacy of the mixed in-
puts was studied in current-clamp mode
in 24 lamina I neurons (n � 13, L4; n �
11, L3). The synaptic events were re-
corded at a preset membrane potential of
�70 mV while the L1–L6 roots were stim-
ulated to activate both A�- and C-fibers.
In an L4 lamina I neuron shown in Figure
4A, stimulation of each of the six segmen-
tal dorsal roots could evoke spikes. In this
particular neuron, the largest number of
spikes (three) was elicited upon the
stimulation of the L5 root. To quantify
the efficacy of root stimulation in evoking
spikes, we calculated the mean number of
spikes activated per stimulation. For
each neuron, each root was stimulated
at least 10 times, and the mean numbers
are plotted in Figure 4 B. The most effec-
tive input with �2 spikes per stimulation
arose from the root of the neighboring
caudal segment.

These results show that lamina I neu-
rons receive mixed inputs from six dorsal
roots. EPSPs from several roots can evoke
postsynaptic spikes. The strongest input
arises from the neighboring caudal seg-
mental dorsal root. In the following ex-
periments, we analyzed monosynaptic
inputs.

Converging monosynaptic inputs to
lamina I neurons
Of 36 lamina I neurons studied, 7 had only
polysynaptic inputs, 1 had a monosynap-
tic input from only one root, and 8
showed large inputs with numerous over-
lapping EPSCs that could not be analyzed
for their monosynaptic origin. In the re-

maining 20 neurons (n � 11, L4; n � 9, L3), it was possible to
confirm the monosynaptic nature of inputs from several dorsal
roots. Detailed description of these inputs is given in Table 1,
where the neurons are arranged in order of decreasing domi-
nance of A�- over C-fiber inputs. Since even in those neurons
inputs from some roots were too strong to be analyzed (Table 1,
asterisks), our data should be considered as an underestimate of
the true number of converging roots onto single lamina I
neurons.

The L1–L6 roots were first stimulated with 1 ms pulses (Fig. 5,
left) and monosynaptic A�- and C-fiber-mediated EPSCs were
identified on the basis of their stability and conduction velocity of
the corresponding afferents (see Materials and Methods). The
identification was confirmed by stimulating roots with 50 �s
pulses (Fig. 5, middle); in all cases, the A�-fiber-mediated EPSCs
remained, while the C-fiber-mediated EPSCs disappeared.

The L4 lamina I neuron shown in Figure 5 had the broadest
monosynaptic primary afferent input (Table 1, cell 7). The L1 and

Figure 5. Converging monosynaptic A�- and C-fiber inputs to an L4 lamina I neuron. Recording from the lamina I neuron with
the broadest input observed. Left, Recordings of EPSCs elicited by stimulating L1–L6 roots with 1 ms pulses. Holding potential,
�70 mV. Monosynaptic C- and A�-fiber-mediated EPSCs are indicated by filled and open triangles, respectively. The triangles also
show the time moment for which the latency analysis was done (see insets). Middle, The roots were also stimulated with 50 �s
pulses. Recordings are shown as a superposition of 10 consecutive traces for roots with monosynaptic inputs (indicated by trian-
gles) and 5 consecutive traces for roots without monosynaptic input. The C-fiber-mediated input from the L6 root (indicated by a
horizontal gray bar) was too strong and could not be analyzed. Right, Schematic drawing of the monosynaptic projections of C- and
A�-afferents originating from the L1–L6 roots to this L4 lamina I neuron. Insets at bottom show two examples of analysis of the
monosynaptic inputs. Inset 1, EPSCs elicited by stimulating the L4 root at A�-fiber intensity. The faster component (marked by an
asterisk) showing failures and the latency variation exceeding 1 ms was not considered as monosynaptic. The slower component
(indicated by an open triangle) fulfilled criteria of monosynaptic input. The vertical gray bar has a width of 1 ms (maximum latency
variation allowed for the monosynaptic response). Inset 2, The response to the L6 root stimulation consisted of multiple overlap-
ping components of composite EPSC, one of which (indicated by an open triangle) was considered as monosynaptic. The triangle
indicates the exact time moment for which the analysis was done. Note that here and in the following figures the triangles indicate
the monosynaptic component, and therefore, may not coincide with the beginning of the composite EPSCs.
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L2 root stimulations at 1 ms evoked
monosynaptic C-fiber EPSCs (indicated
by filled triangles), which disappeared
with 50 �s stimulations. The input from
the L3 root consisted of one monosynap-
tic A�-fiber EPSC (open triangle) and sev-
eral polysynaptic C-fiber-range EPSCs.
With 50 �s stimulation, only the mono-
synaptic A�-fiber EPSC persisted. Stimu-
lation of the L4 root activated several
A�-fiber EPSCs, one of which could be
identified as monosynaptic. Input from
the L5 root also contained several com-
ponents; one A�- and one C-fiber-
mediated EPSCs could be identified as
monosynaptic. The input from the L6
root was the strongest. One A�-fiber
EPSC component could be classified as
monosynaptic. The C-fiber-mediated
input (horizontal gray bar) consisted of
numerous components, the majority of
which could not be analyzed. The few of
them that could be distinguished did
not satisfy the criteria for a monosynap-
tic input. The soma and proximal den-
drites of this neuron were labeled with
biocytin, confirming its location in L4
lamina I (data not shown).

Thus, this lamina I neuron from the
spinal segment L4 received monosynaptic
A�-fiber inputs from the L3, L4, L5, and
L6 segmental roots and monosynaptic
C-fiber inputs from the L1, L2, and L5
roots (Fig. 5, right). The total converging
monosynaptic input arose from six roots
(L1–L6).

Recordings from an L3 lamina I neu-
ron with dominating monosynaptic A�-
fiber inputs are shown in Figure 6A (Table
1, cell 13). The neuron received converg-
ing monosynaptic A�-afferent inputs
from the L3, L4, and L5 roots (Fig. 6A,
right). This neuron was labeled with bio-
cytin and recovery was achieved for the
dendrites and the axon (Fig. 6B). The
rounded soma was located in the lateral
part of the marginal zone in the L3 seg-
ment and some of the dendrites reached
deeper laminae of the dorsal horn. These
characteristics made it similar to the type IIB multipolar neuron
described by Lima and Coimbra (1986). The axon had local col-
laterals around the cell body and one prominent caudally oriented
branch, which gave rise to faint collaterals that could not be followed.
No ventrally oriented branch of this axon could be detected.

Thus, thin afferents from up to six dorsal roots can con-
verge monosynaptically onto individual lamina I neurons and
each neuron can receive inputs from both A�- and C-fibers.

Mixed inputs to LSN neurons
Inputs from the L1–L6 roots were also recorded in 11 LSN neu-
rons (Fig. 7A). The overall input was weaker than in lamina I
neurons. For an L4 LSN neuron (Fig. 7B) (n � 6), the sum of the

A�- and C-fiber mixed inputs from the six roots was 18.7 � 7.6
pC. The strongest root (L5) and the root of the neuron segment
(L4) contributed 6.4 � 2.8 pC and 3.4 � 1.1 pC, respectively. For
an L3 LSN neuron (n � 5, data not shown), the sum of the A�-
and C-fiber inputs from all roots was 29.7 � 8.6 pC, with 6.5 �
3.2 pC arising from the strongest root (L5) and 6.4 � 0.8 pC from
the root of the neuron segment (L3). The centered distribution
for all LSN neurons (Fig. 7C) showed that the strongest mixed
input was from the root of the neighboring caudal segment.

The efficacy of the inputs was studied in four LSN neurons
(n � 2, L4; n � 2, L3). The roots were stimulated to activate both
A�- and C-fiber EPSPs. An L4 LSN neuron shown in Figure 8A
responded with spikes to stimulation of five different roots. How-
ever, the efficacy of root stimulation in evoking spikes in LSN

Figure 6. Converging monosynaptic A�-fiber inputs to an L3 lamina I neuron. A, Left, EPSCs elicited by stimulating L1–L6 roots
with 1 ms pulses. Holding potential, �70 mV. Monosynaptic A�-fiber EPSCs are indicated by open triangles. Middle, The roots
were stimulated at 50 �s. Recordings are shown as a superposition of 10 and 5 consecutive traces for roots with and without
monosynaptic inputs, respectively. Inputs from the roots L4 and L5 also show composite EPSCs (indicated by asterisks) consisting
of overlapping slow A�- and fast C-fiber components. In these composite EPSCs, neither the C-fiber component (analyzed at 1 ms
stimulation) nor the-A�-fiber component (analyzed at 1 ms and 50 �s stimulations) satisfied our criteria for monosynaptic inputs.
Right, Schematic drawing of the monosynaptic A�-fibers projecting from the L3, L4, and L5 dorsal roots to this L3 lamina I neuron.
B, Biocytin-labeled soma, axon, and dendrites of the lamina I neuron from A. The axon had local collaterals around the cell body and
one prominent caudally oriented branch (indicated by an asterisk), which gave rise to faint collaterals. Gray lines indicate the
contours of the bottom of the serial sections (some contour lines were omitted).
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neurons was lower than in lamina I neurons. The mixed inputs
from the root of the neuron segment evoked 0.35 � 0.26 spikes
per stimulation, from the neighboring caudal root 1.1 � 0.4
spikes per stimulation and from the neighboring rostral root
0.30 � 0.18 spikes per stimulation (n � 4; pooled data for the L4
and L3 LSN neurons). Thus again, the most effective input was
from the neighboring caudal segmental root.

CNQX (10 �M) completely blocked inputs from 14 roots
(data not shown; recovery, n � 10). Picrotoxin (100 �M) did not
increase the amplitude of EPSCs evoked by stimulating the L1–L6
roots in 2 LSN neurons tested.

Since, to our knowledge, there are no descriptions of the
membrane properties of LSN neurons, the patterns of their
intrinsic firing were also recorded. LSN neurons (n � 16) were

hyperpolarized or depolarized from a
preset membrane potential of �70 mV
by injecting 500 ms current pulses (Fig.
8 B). Depolarizing current pulses of
5–15 pA were sufficient to evoke dis-
charges in the neurons. Tonic-firing
pattern was found to be typical for LSN
neurons (n � 16). In 14 of 16 LSN neu-
rons, we also observed a typical slow af-
terhyperpolarization preceded by a fast
afterhyperpolarization (Fig. 8C).

Thus, LSN neurons receive A�- and
C-afferent mixed inputs from all six dor-
sal roots and the inputs from several roots
can evoke spikes. The LSN neurons typi-
cally show a tonic pattern of firing.

Converging monosynaptic inputs to
LSN neurons
In 7 LSN neurons (4 from L4 and 3 from
L3), it was possible to analyze monosyn-
aptic inputs (Table 2). In general, the
number of monosynaptically converging
roots was lower than for lamina I neurons
(Tables 1, 2). An L3 LSN neuron shown in
Figure 9A (Table 2, cell 5) received mono-
synaptic A�-fiber-mediated inputs from
the segmental roots L3 and L4. All inputs
from the L1, L2, and L6 roots were
polysynaptic. The A�-fiber inputs from
the L5 root could not be analyzed because
of high activity of multiple components
(indicated by horizontal gray bars). This
LSN neuron was labeled with biocytin,
and recovery was achieved for its den-
drites and the axon (Fig. 9B). The large
cell body was located inside the dorsolat-
eral funiculus (Fig. 9B, photograph) adja-
cent to the lateral border of the dorsal gray
matter. The soma gave rise to four major
dendrites with no specific orientation and
only a few branches along their course.
The axon of this neuron gave rostrocaudal
and ventral collaterals with numerous
varicosities. The main axon descended
ventrally and medially and crossed the
level of the central canal. The course of the
main axon toward the contralateral an-
terolateral white matter indicated that this

cell is likely to be a projection neuron (Mehler et al., 1960;
Dostrovsky and Craig, 2006).

It was possible to conclude that LSN neurons receive converg-
ing monosynaptic inputs from both A�- and C-afferents from
L2–L6 roots (Table 2). The axon organization of the LSN neuron
allows it to project the multisegmental input to both the spinal
gray matter and supraspinal centers.

Discussion
Mixed monosynaptic and polysynaptic inputs
We have shown that individual lamina I and LSN neurons can
receive mixed (monosynaptic and polysynaptic) inputs from as
many as six dorsal roots. The pattern of the afferent supply shifts
with the segmental location of the neuron in the spinal cord. For

Figure 7. A�- and C-fiber mixed inputs to an LSN neuron. A, Mixed EPSCs elicited in an L4 LSN neuron by stimulating L1–L6
roots. The stimulation protocol was as in Figure 2. Holding potential, �70 mV. B, Integrated mixed inputs to an L4 LSN neuron.
C, Centered mixed inputs to an LSN neuron. Pooled data from L4 LSN neurons (n � 6) and L3 LSN neurons (n � 5).
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both lamina I and LSN neurons, the
strongest input arose from the root of the
neighboring caudal segment, followed by
the root of the segment of the neuron. In
agreement with this, stimulation of the
neighboring caudal root was most effec-
tive in evoking spikes. Mixed inputs from
up to six roots can be sufficiently strong to
evoke spikes in a lamina I neuron. There-
fore, our data suggest that both lamina I
and LSN neurons are involved in the in-
tersegmental integration of the primary
afferent input. It should be noted that our
stimulation protocol was applied to only 6
roots and it is possible that even more dis-
tal inputs could be found if more remote
roots had been studied. Besides, the inte-
gration pattern described here for young
rats may be more (or less) complex in
adult animals.

With one exception (see Materials and
Methods), the EPSCs were mediated by
afferents with conduction velocities in the
A�- and C-fiber range (�4.4 m/s) (Pinto
et al., 2008a), indicating that the neurons
studied were involved in nociceptive pro-
cessing. The remaining EPSC might be
mediated by one of those A�-fibers (con-
duction velocity, 5.7 m/s) that contribute
to the region of the compound action po-
tential current where A�- and A�-waves
overlap (Pinto et al., 2008a).

The overall mixed input to lamina I
neurons was stronger than that to lamina
II neurons. In part, this difference might
be explained by a possible cut of the lateral
portion of the dendritic tree of lamina II
neurons in the preparation used by Pinto
et al. (2008b). The A�-input was much
stronger in lamina I neurons (Fig. 3D),
which are likely to be the principal targets
of A�-afferents. Surprisingly, the mixed
C-fiber input was also larger in lamina I
neurons. This may imply that lamina I in-
tegrates both its direct C-fiber input and
the C-fiber input to lamina II transmitted
via excitatory interneuron pathways to
lamina I (Santos et al., 2007; Kato et al.,
2009).

Figure 8. Efficacy of inputs to an LSN neuron. A, Voltage- and current-clamp recordings of synaptic inputs to an L4 LSN neuron.
The L1–L6 roots were stimulated by 1 ms pulses to activate both A�- and C-fiber mixed EPSCs and EPSPs. Stimulation of five roots
evoked spikes. The membrane potential was �70 mV. B, Membrane responses of an LSN neuron to an injection of 500 ms current
pulses of �5 pA, �15 pA, �35 pA, and �55 pA. C, A fast afterhyperpolarization (fAHP) and a slow afterhyperpolarization (sAHP)
observed in the majority of LSN neurons.

Table 2. Converging monosynaptic inputs to LSN neurons in L4 and L3

Cell

L1 L2 L3 L4 L5 L6

Input from roots Converging rootsA� C A� C A� C A� C A� C A� C

LSN neuron in L4
1 — — � — — — � — � * * * 3A� 3
2 * — * — — � — * * * � — 1A� � 1C 2
3 — — — � * * — — � * — — 1A� � 1C 2
4 — — — � — — * * * * — � 2C 2

LSN neuron in L3
5 — — — — � — � — * — — — 2A� 2
6 — — � � � — * � — — — — 2A� � 2C 3
7 — — * * * * * * — � — � 2C 2

The table describes those LSN neurons for which the monosynaptic inputs from at least two segmental dorsal roots were confirmed. The same symbols are used as in Table 1.
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Converging multisegmental monosynaptic inputs
Lamina I neurons can receive monosynaptic input from six dif-
ferent segmental roots. This input was broader than in lamina II
neurons, where it arises from two to four roots (Pinto et al., 2008b).
We identified higher percentage of lamina I neurons that exhibited
the monosynaptic A�-fiber inputs (Table 1), while the monosyn-
aptic C-fiber inputs were more frequently seen in lamina II neu-
rons [Pinto et al. (2008b), their Table 1].

Broad monosynaptic inputs to a lamina I neuron imply
several-segment-long spinal branches of thin afferents. Ana-
tomical studies had shown that the central branches of thin

afferents entering the superficial dorsal
horn terminate not only in the segment
of root entrance but also one to two seg-
ments above and below (Szentagothai,
1964; Cruz et al., 1987). Physiological stud-
ies reported monosynaptic C-fiber-
mediated responses in lamina II neurons
located two (Kato et al., 2004; Pinto et al.,
2008b) or, at most, three segments away
from the root entrance segment (Pinto et al.,
2008b). The most distant monosynaptic
A�- and C-afferent inputs to lamina I neu-
rons recorded here were also from the
roots entering three segments away from
the segment of the neuron location (Table
1, cells 1, 7, and 16).

LSN neurons receive monosynaptic pro-
jections from both A�- and C-afferents orig-
inating from up to three roots. They can
integrate multisegmental root inputs for
projection to supraspinal centers (Menétrey
et al., 1982; Pechura and Liu, 1986;
Menétrey and Basbaum, 1987; Leah et al.,
1988; Burstein et al., 1990a,b) and via axon
collaterals to the spinal gray matter (Olave
and Maxwell, 2004). Our data support the
idea of involvement of LSN neurons in no-
ciceptive processing (Olave and Maxwell,
2004). Converging inputs to LSN neurons
can be from afferents innervating joints and
deep tissue (Menétrey et al., 1980), muscles
(Olave and Maxwell, 2004), and viscera
(Sugiura et al., 1989).

Monosynaptic somatosensory
integration on a lamina I neuron
Broad monosynaptic input to lamina I
neurons in L4 –L3 may imply their in-
volvement in spinal somatosensory in-
tegration. Indeed, lamina I receives thin
afferents innervating different somatic
(skin, muscles, and joints) structures
(Dostrovsky and Craig, 2006). These af-
ferents differ in their numbers and seg-
mental distribution within the spinal
cord, however, as the following analysis
shows, those innervating one particular
type of structure are unlikely to provide
the extent of the monosynaptic input re-
ported here.

Afferents supplying joints form �5%
of the somatic afferents (Swett et al.,

1991). In the remaining population, the ratio of the thin afferents
innervating skin to those supplying muscles is 11 to 1 (Swett et al.,
1991) (76% of cutaneous DRG neurons, 69% of which were small
vs 19% of the muscle-innervating DRG neurons, 25% of which were
small). Thus, cutaneous afferents far outnumber those innervating
other structures, and therefore, provide major monosynaptic A�-
and C-fiber input to lamina I neurons. The afferents supplying dif-
ferent somatic structures enter the spinal cord through several seg-
mental roots, analysis of which is presented in Table 3.

Cutaneous inputs to laminae I–II have rigorous somatotopic
organization (Willis and Coggeshall, 1978; Amaral, 2000). For

Figure 9. Converging monosynaptic A�-fiber inputs to an L3 LSN neuron. A, Left, EPSCs elicited by stimulating L1–L6 roots
(1 ms pulses). Holding potential, �80 mV. Monosynaptic A�-fiber EPSCs are indicated by open triangles. Middle, The roots were
stimulated with short pulses (50 �s). Recordings are shown as a superposition of 10 and 5 consecutive traces for the roots with and
without monosynaptic inputs, respectively. Right, Schematic drawing of the monosynaptic A�-fibers projecting from the L3 and L4
roots to this L3 LSN neuron. B, Biocytin-labeled soma, axon, and dendrites of the neuron from A. The soma located inside the
dorsolateral funiculus gave rise to four major dendrites. The axon gave rostrocaudal and ventral collaterals with numerous en-
passant varicosities. The main axon (indicated by an asterisk) had constant diameter and descended ventrally and medially in
several sections before crossing the level of the central canal toward the contralateral anterolateral white matter. Gray lines
indicate the contours of the bottom of the serial sections (some contour lines were omitted).
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segments L4 and L3, cutaneous afferent projections were mapped
by transganglionic tracing methods, which revealed the superfi-
cial dorsal horn regions where neurons can receive monosynaptic
inputs. It was found that the specific cutaneous areas innervated
by different branches of a peripheral nerve project to their sepa-
rate and distinct regions in the superficial dorsal horn (Swett and
Woolf, 1985; Takahashi et al., 2003). Therefore, an L4 –L3 lamina
I neuron located in the projection field of sciatic nerve (Swett and
Woolf, 1985) can receive monosynaptic cutaneous inputs only
from the roots forming this nerve, L3–L6 (mostly from L4 –L5)
(Swett et al., 1991). Similarly, an L3 lamina I neuron from the
projection field of saphenous nerve can only receive monosynap-
tic cutaneous inputs from more rostral L3–L2 roots (Swett and
Woolf, 1985). In agreement with this, thin afferents innervating
cutaneous reference points with single representation fields in the
L4 and L3 segments were shown to enter the spinal cord through
two to four roots (L3–L6) (Table 3) (Takahashi et al., 2003).

Thus, monosynaptic cutaneous inputs to a lamina I neuron from
six roots appear to be unlikely.

To our knowledge, there is no detailed description of projec-
tions of the noncutaneous reference points to the superficial lam-
inae. However, a number of studies described a contribution of
the lumbar roots or dorsal root ganglia (DRGs) to the innerva-
tion of muscles and joints (Table 3). The afferents innervating the
low back or leg muscles were found in four lumbar roots includ-
ing L1 (Pintér and Szolcsányi, 1995; Ohtori et al., 2003). The
afferents originating from joints enter the spinal cord through,
probably, the broadest range of the lumbar dorsal roots (Pintér
and Szolcsányi, 1995; Ohtori et al., 2000, 2003; Nakajima et al.,
2008). For example, the L5/6 facet joint is innervated by five
DRGs, three of which (L3–L5) innervate segmentally and two
(L1–L2) nonsegmentally through the paravertebral sympathetic
trunk (Ohtori et al., 2000). Thus, a noncutaneous reference point
also cannot project to a lamina I neuron through six segmental
roots. Furthermore, low percentages of muscular or joint affer-
ents in peripheral nerves (Swett et al., 1991) make them unlikely
candidates for the majority of converging inputs in Table 1.

Therefore, the most plausible interpretation of our results is
involvement of lamina I neurons in somatosensory integration.
Monosynaptic cutaneous inputs from the L3–L6 roots (supplied
via sciatic nerve) can be directly integrated with muscular or joint
inputs from the L1–L6 roots (Fig. 10). This monosynaptic inte-
gration of somatosensory inputs on a lamina I neuron may un-
derlie neurological phenomena of referred pain originating from
the musculoskeletal structures.

In conclusion, we have shown that lamina I and LSN neurons
receive broad intersegmental monosynaptic inputs from A�- and
C-fibers. Lamina I neurons may function as integrators of so-
matosensory inputs at the spinal cord level.
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Melnick IV, Santos SF, Szokol K, Szûcs P, Safronov BV (2004b) Ionic basis
of tonic firing in spinal substantia gelatinosa neurons of rat. J Neuro-
physiol 91:646 – 655.

Menétrey D, Basbaum AI (1987) Spinal and trigeminal projections to the
nucleus of the solitary tract: a possible substrate for somatovisceral and
viscerovisceral reflex activation. J Comp Neurol 255:439 – 450.

Menétrey D, Chaouch A, Besson JM (1980) Location and properties of dor-
sal horn neurons at origin of spinoreticular tract in lumbar enlargement
of the rat. J Neurophysiol 44:862– 877.

Menétrey D, Chaouch A, Binder D, Besson JM (1982) The origin of the
spinomesencephalic tract in the rat: an anatomical study using the retro-
grade transport of horseradish peroxidase. J Comp Neurol 206:193–207.

Nakajima T, Ohtori S, Yamamoto S, Takahashi K, Harada Y (2008) Differ-
ences in innervation and innervated neurons between hip and inguinal
skin. Clin Orthop Relat Res 466:2527–2532.

Ohtori S, Takahashi K, Chiba T, Yamagata M, Sameda H, Moriya H (2000)
Substance P and calcitonin gene-related peptide immunoreactive sensory
DRG neurons innervating the lumbar facet joints in rats. Auton Neurosci
86:13–17.

Ohtori S, Takahashi K, Chiba T, Yamagata M, Sameda H, Moriya H (2003)
Calcitonin gene-related peptide immunoreactive neurons with dichoto-

mizing axons projecting to the lumbar muscle and knee in rats. Eur Spine
J 12:576 –580.

Olave MJ, Maxwell DJ (2004) Axon terminals possessing alpha2C-
adrenergic receptors densely innervate neurons in the rat lateral spinal
nucleus which respond to noxious stimulation. Neuroscience 126:
391– 403.

Pechura CM, Liu RP (1986) Spinal neurons which project to the periaque-
ductal gray and the medullary reticular formation via axon collaterals: a
double-label fluorescence study in the rat. Brain Res 374:357–361.
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