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Key points

• Sensory neurons that detect painful and non-painful stimulation of body tissues have axons that
project to the dorsal horn of the spinal cord, where their terminations are partially segregated
into superficial (I–II) and deep (III–IV) dorsal horn laminae, respectively.

• The dorsal horn contains many excitatory and inhibitory interneurons whose axons synapse
on other dorsal horn neurons to enhance or suppress sensory transmission.

• This study used a localized stimulation technique (laser scanning photostimulation) for
high-resolution mapping of synaptic connections between dorsal horn interneurons, in an
in vitro ‘slice’ preparation of the mouse lumbar spinal cord.

• Some neurons in superficial layers of the dorsal horn have long dendrites that extend ventrally
into deeper layers of the dorsal horn, and these neurons can receive excitatory or inhibitory
synaptic input from neurons in the deeper layers.

• These interlaminar connections may be involved in interactions between transmission of signals
underlying painful versus non-painful sensations.

Abstract The primary goal of this study was to map the transverse distribution of local excitatory
and inhibitory synaptic inputs to mouse lamina I spinal dorsal horn neurons, using laser scanning
photostimulation. A sample of lamina II neurons was also studied for comparison. Lamina I
neurons received excitatory synaptic input from both laminae I–II and the outer part of III–IV,
especially the II/III border region, while the inhibitory input zones were mostly confined within
I–II. The excitatory synaptic input zones showed a pronounced medial asymmetry, which was
correlated with a matching asymmetry in the dendritic fields of the neurons. Inhibitory input
from laminae III–IV was found in a subpopulation of neurons occupying a highly restricted zone,
essentially one cell layer thick, immediately below the lamina I/II border, with morphological and
physiological properties that were distinct from other laminar populations in the superficial dorsal
horn, and that suggest a critical role in interlaminar communication. This subpopulation also
received excitatory input from laminae III–IV. Within this subpopulation, inhibitory III–IV input
was correlated with the presence of long ventral dendrites. Correlations between the distribution
of synaptic input zones and dendritic fields support the concept that interlaminar communication
is mediated in part via contacts made onto ventrally extending dendrites of superficial laminae
neurons. The results point to the presence of cell type specificity in dorsal horn circuitry, and
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show how the study of connectivity can itself help identify previously unrecognized neuronal
populations.
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Introduction

The superficial spinal dorsal horn (laminae I–II) is a
major termination site for small diameter A-delta and
C nociceptive primary afferent fibres (Light & Perl, 1979;
Sugiura et al. 1986), and plays an essential role in the trans-
mission and modulation of nociceptive sensory input to
the CNS (Willis & Coggeshall, 2004; Todd, 2010). Lamina
I contains a major population of ascending nociceptive
projection neurons that are critically involved in the trans-
mission of sensory inputs underlying pain behaviour and
hypersensitivity (Craig & Kniffki, 1985; Mantyh et al. 1997;
Nichols et al. 1999). The organization of primary afferent
input to dorsal horn neurons has been examined in great
detail (Light & Perl, 1979; Woodbury & Koerber, 2003;
Braz et al. 2005; Dahlhaus et al. 2005; Zylka et al. 2005;
Boada & Woodbury, 2008), but much less is known about
the patterns of interneuronal connectivity within the
dorsal horn. One basic question concerns the organization
and origin of interlaminar connections. Such connections
subserve both the transmission of nociceptive primary
afferent input from superficial to deep laminae, as well
as the transmission of non-nociceptive input from deep
to superficial laminae. A further question concerns the
organization of this circuitry at the level of specific cell
types. A growing body of evidence supports the existence
of cell type specificity in these interneuronal connections
(Lu & Perl, 2003, 2005; Zheng et al. 2010; Torsney &
MacDermott, 2006; Yasaka et al. 2007; Schneider, 2008;
Luz et al. 2010; Zheng & Schneider, 2011), although
this search is constrained by the current incomplete
state of knowledge in identifying and defining the full
constellation of cell types that exist in the dorsal horn
(Todd, 2010). At the same time, it is possible that
identifying patterns of connectivity between dorsal horn
neurons might itself help in the ongoing attempt to define
dorsal horn cell types.

In previous studies, we have used laser scanning photo-
stimulation (LSPS) to show cell-type-specific patterns of
local connectivity for lamina II neurons of rat dorsal horn
(Kato et al. 2007, 2009). This method uses light-induced
uncaging of glutamate as a stimulus to map the locations
of local interneurons that give rise to synaptic inputs to
a single morphologically identified postsynaptic neuron
(Callaway & Katz, 1993; Katz & Dalva, 1994). Our prior
studies were done mostly in parasagittal slices because the

major lamina II cell types can only be distinguished in
the parasagittal plane and, furthermore, connectivity in
the transverse plane was found to be relatively sparse. The
original goal of the present study was to focus specifically
on mapping the inputs of lamina I neurons, for which
transverse mapping was required, as these neurons can
have mediolaterally oriented dendritic fields (Lima &
Coimbra, 1986; Light et al. 1993; Galhardo & Lima, 1999).
It was decided to switch to the mouse for the present
study, partly because it was thought that the smaller
size of this species might mean that more connectivity
might be detected, as a larger proportion of the intrinsic
circuitry would be contained in the limited depth of
tissue (∼100 μm in the z-axis) that is excited by the
ultraviolet beam used for LSPS. The results did in fact
show a robust connectivity in the transverse plane, with
distinct patterns that could be correlated with differences
in dendritic morphology and thus suggest the presence
of subpopulations and cell-type-specific connectivity.
The results also revealed a previously undemarcated
zone immediately ventral to the lamina I/II border that
contained neurons with properties that were distinct from
those of other superficial dorsal horn neurons and that
suggest a unique role in interlaminar circuitry.

Methods

All experimental procedures involving the use of animals
were approved by the Institutional Animal Care and Use
Committee of the Beth Israel Deaconess Medical Center.
Methods for spinal cord slice preparation, whole-cell
recording and LSPS were as described for the rat in Kato
et al. (2009). The methods section of that paper discusses
various methodological issues, including evidence that the
glutamate uncaging stimulus does not activate axons of
passage, and that the synaptically evoked responses are
mostly monosynaptic.

Briefly, 21–24-day-old C57BL6 mice (Charles River
Laboratories, Wilmington, MA, USA) were anaesthetized
with urethane and decapitated, and a portion of the spinal
cord was removed. Parasagittal slices of 250 μm or trans-
verse slices of 400 μm thickness were prepared from the
enlargement of the lumbar spinal cord with a vibratome
(Vibratome 3000 Plus, Leica Biosystems, Buffalo Grove,
IL, USA). The Krebs solution in the recording chamber
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Figure 1.

contained (in mM): NaCl, 117; KCl, 3.6; CaCl2, 2.5;
MgCl2, 1.2; NaH2PO4, 1.2; NaHCO3, 25; glucose, 11.
It also contained 100 μM 4-methoxy-7-nitroindolinyl
caged L-glutamate (Tocris, St Ellisville, MO, USA). The
patch pipettes (6–8 M�) were filled with a solution
containing (in mM): potassium-gluconate, 136; KCl, 5;
CaCl2, 0.5; MgCl2, 2; EGTA, 5; Hepes, 5; Mg-ATP, 5; for
recording EPSCs in the voltage-clamp mode; Cs2SO4, 110;
tetraethylammonium-chloride, 5; CaCl2, 0.5; MgCl2, 2;
EGTA, 5; Hepes, 5; Mg-ATP, 5; for recording inhibitory
outward currents in the voltage-clamp mode. Recordings
were made using an Axon MultiClamp 700B amplifier
(Molecular Devices, Union City, CA, USA). Laminar
regions were visualized by infra-red differential inter-
ference contrast (IR-DIC) under 10× and 40× objectives.
Blind whole-cell recordings were obtained from neurons
at a depth of 50–100 μm in the slice. In some experiments,
following the synaptic mapping with LSPS (described
below), neurons were tested for a response of a slow inward
current to bath application of substance P (SP; 2 μM for
1 min; Tocris, Bristol, UK). A fluorescent dye (Alexa Fluor
555 hydrazide, tris salt, 40 μM; Invitrogen, Eugene, OR,
USA) was added to the pipette solution in order to visualize
the neuron during the recording periods. Neurobiotin
(0.1%; Vector, Burlingame, CA, USA) was also added
for further anatomical examination following histological
processing. Slices were fixed in 4% paraformaldehyde for
1–3 days. Neurobiotin was visualized by reacting with
streptavidin conjugated to Alexa Fluor 555 or Alexa Fluor
488 (Invitrogen), and dendritic drawings were made from
photomicrographs of stained cells (Fig. 1B).

The photostimulation apparatus (Prairie Technologies,
Middleton, WI, USA) employed a continuous argon
ion (UV) laser, as described in Kato et al. (2009). The
laser beam was coupled to a fibre optic and transmitted
through the 40× water immersion objective (NA 0.80)
of an Olympus BX51WI microscope, to deliver 5 mW at
the specimen. The microscope was mounted on an x–y
motorized stage (Scientifica, Uckfield, East Sussex, UK),

A, locations of all the neurons for which mapping of synaptic input
zones was done in transverse slices (n = 77), plotted on a drawing of
the right dorsal horn. The borders of laminae I–II are shown. B and
C, examples of intracellular staining of lamina I neurons. In B, the
axon was visible (arrowhead). The neuron in C was located at the
border between the NK1 band (red) and the overlying white matter.
D, excitatory synaptic input zone of a lamina I neuron. Dendrites are
white, soma is pink. The axon was also visible in this cell, and is
shown in orange. E, inhibitory synaptic input zone of a lamina I–II
border cell. The calibration bar also applies to D. Lateral is to the
right in all images. Fa,b, examples of photostimulation-induced
excitatory and inhibitory responses from the maps shown in D and E,
respectively; the three traces (1–3) correspond to the marked
stimulus sites in each map. The 3 ms stimulus is indicated by the pink
bar.
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while the tissue was mounted independently on a fixed
platform. The stimulus site was changed by moving the
entire microscope, so the laser beam was always centred
within the microscope objective and the microscope field,
and the optical properties of the stimulus were identical
for all stimulus sites.

A critical methodological step that was carried out at
the outset of our first LSPS studies in the rat was to
test the effectiveness of the photostimulus for evoking
action potentials in dorsal horn neurons, and determine
the spatial resolution of the photostimulation (Kato et al.
2007). Because the evoking of synaptic responses by photo-
stimulation requires the firing of action potentials in pre-
synaptic neurons, the spatial resolution of the synaptic
mapping is determined by the size of the surrounding
area from which a neuron can be activated to threshold.
This was determined by recording from a sample of dorsal
horn neurons in current-clamp mode while mapping the
locations of stimulus sites that were effective for evoking
action potentials. Those studies showed that sites that
were effective for evoking action potentials were primarily
restricted to sites overlying or adjacent to the soma and
most proximal dendrites. Thus, although the glutamate
uncaging will also activate glutamate receptors on distal
dendrites, that activation is relatively ineffective at exciting
the neuron to threshold and so is expected to make
only a minimal contribution to the synaptically evoked
responses. For the present study, this action potential
mapping was repeated for a sample of dorsal horn
neurons in the mouse (Supplemental Fig. 1). Whereas
the action potential mapping in the rat had been done
while recording in whole-cell mode, the action potential
recordings in the mouse were done in cell-attached
mode, in order to avoid possible effects of the whole-cell
recording configuration on neuronal excitability. Synaptic
mapping was always done in whole-cell mode, under
voltage-clamp conditions.

For synaptic mapping, the duration of the UV laser
pulse was 3 ms and the caged glutamate concentration
was 100 μM. A single photostimulus was delivered
once to each site in a rectangular stimulation grid.
Sites were stimulated in an order determined by a
non-nearest neighbour algorithm to avoid desensitization,
at 0.5–0.67 Hz. Spacing between sites in the stimulation
grid was 15 μm dorsoventrally, 25 μm mediolaterally
(in transverse slices) and 50 μm rostrocaudally (in
parasagittal slices). Excitatory and inhibitory synaptic
responses to photostimulation were recorded in separate
experiments, under voltage-clamp conditions. Excitatory
(inward) and inhibitory (outward) currents were recorded
at holding potentials of −70 and 0 mV, respectively.
Synaptic events as well as direct responses were detected
with the aid of MiniAnalysis software (Synaptosoft, Fort
Lee, NJ, USA) and confirmed by visual inspection.
Peak amplitude and time of onset were determined for

each event. Responses evoked by direct (non-synaptic)
glutamate-induced currents in the recorded neurons and
those evoked synaptically as a result of suprathreshold
excitation of presynaptic neurons were distinguished by a
latency criterion, as determined previously by Kato et al.
(2007). In that study, it was found that direct responses to
glutamate uncaging occur only at onset latencies shorter
than 6 ms. Therefore, the synaptic response amplitude for
each trial (each stimulation site) was measured as the sum
of the peak amplitudes of all of the synaptic events whose
onset occurred within the time window of 6–106 ms,
relative to stimulus onset. Spontaneous activity was
measured during the 100 ms pre-stimulus interval of each
stimulus trial. A moving average of spontaneous activity
was then calculated from the pre-stimulus activity over
100 stimulus trials. This moving average of spontaneous
activity was then subtracted from the activity measured in
the response time window to obtain the net response in
each trial.

A colour-coded contour map was made for each
neuron showing the amplitude of the synaptic response
evoked from each stimulation site in the photostimulation
scanning grid (Fig. 1D–F). When combining individual
maps to make population averages, the response
amplitudes of individual neurons were normalized based
on peak response amplitude in order to equalize their
contribution to the averaged map. For construction of
averaged maps, individual maps were aligned dorso-
ventrally either by soma location or by laminar borders.
For averaging of parasagittal maps, as in our prior
studies (Kato et al. 2009), a straightening procedure was
done on the individual maps prior to combining them
for averaging, in order to make the laminar borders
straight and perfectly horizontal. This procedure involves
measuring the dorsoventral position of the lamina II/III
border at each rostrocaudal position, and then shifting the
dorsoventral coordinates of each column of stimulus sites
dorsally or ventrally so that the dorsoventral coordinate of
the lamina II/III border has the same value at all rostro-
caudal positions. As part of this straightening procedure,
the dorsoventral dimension of each individual map is
adjusted so that the dorsoventral width of laminae I–II
is standardized to a uniform value at all rostrocaudal
positions for all of the individual maps. In our pre-
vious study, in which the sample of transverse maps
was very small, no straightening procedure was devised
for the transverse maps, and consequently no trans-
verse averaged maps were constructed with alignment by
laminar borders. For the present study, a straightening
procedure was used for the transverse maps that was
similar to that used for the parasagittal maps, but it
included one extra step prior to the straightening. Because
the superficial laminae are curved in the transverse plane,
each map was rotated clockwise or counterclockwise if
necessary to make the superficial laminae horizontal at
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the neuron’s position. Consequently, the vertical axis
in the averaged maps does not strictly correspond to
the dorsoventral axis of the dorsal horn, but instead
corresponds to the ‘outer-to-inner’ axis of the dorsal horn
laminae, whose slant relative to the dorsal–ventral axis
varies somewhat across different mediolateral positions.
The same rotation angle that was used for the synaptic
input map for each neuron was also used to rotate the
dendritic drawing for that neuron, prior to quantitative
analysis. Thus, throughout this study, in the text as well as
the averaged maps, the term ‘dorsoventral’ when applied
to the transverse data actually denotes the outer-to-inner
axis rather than the true dorsoventral axis. The amount
of rotation needed for most neurons was relatively
small (<15 deg), because the electrode sampling was
done at an intermediate position along the mediolateral
axis (Fig. 1A) where the laminae are most nearly
horizontal.

For each neuron, a plot was made of the amplitude of the
evoked responses along each axis (e.g. for a mediolateral
plot, each point represents the sum of the response
amplitudes across all dorsoventral positions, for a given
mediolateral position). From these plots, a weighted mean
was then calculated for each neuron, along each axis,
as a way to represent the position of the synaptic input
zone (Kato et al. 2009). In addition, a weighted mean
was also calculated for each dendritic drawing, for each
axis. This was done by converting the dendrite drawing
into a black-and-white pixel (TIF) image, and calculating
the weighted mean of the distribution of black pixels. The
map rotation and the dendritic weighted mean calculation
were done with custom software in Matlab (The
MathWorks, Natick, MA, USA). The map straightening
was done with custom software in LabView (National
Instruments, Austin, TX, USA). Statistical comparisons
were done by unpaired t test, one-way ANOVA
and Chi-square test. Measurements are reported as
mean ± SD.

Initially, an attempt was made to assign laminar location
for each stained neuron to either lamina I or lamina II by
examination of IR-DIC images of the live slice, as well as
brightfield and darkfield images of the fixed slice as viewed
both in water and in mounting media. Staining for the
neurokinin 1 (NK1)-immunoreactive band in lamina I was
also done in some slices (Fig. 1C), using rabbit anti-NK1
primary antibody (Sigma, St Louis, MO, USA), 1:10,000,
with donkey anti-rabbit conjugated to Alexa Fluor 555
(Invitrogen). (NK1 immunoreactivity was not detected in
any of the recorded neurons, possibly due to inadequate
tissue fixation and preservation.) However, the laminar
position was ambiguous for a substantial portion of the
sample, in that some portion of the soma appeared to
at least partially overlap the lamina I/II border. It was
finally decided to simply make a measurement for each
neuron of the distance from the dorsal edge of the soma to

the white matter border, from IR-DIC and fluorescent
images taken of the live slice during recording. These
measurements were made blinded to the results of the
synaptic mapping. These measurements were then used
as the criteria for subdividing the sample into laminar
groupings.

Results

LSPS was used to map excitatory and inhibitory synaptic
input zones (in separate neurons) of superficial dorsal
horn neurons in both transverse and parasagittal slices,
in young mice (21–24 days old). Neurons that were just
ventral to lamina I, within one cell diameter of the lamina
I–II border (with the dorsal edge of their soma touching or
nearly touching the I–II border), were grouped separately
from the other lamina II neurons, and are here termed
‘lamina I–II border’ cells. We have not termed this region
IIo because the latter term encompasses a larger portion
of lamina II.

Unlike our prior data in the rat, where input zones in
the transverse plane were spatially restricted and relatively
sparse, the transverse maps in the mouse revealed robust
connectivity, with heterogeneity and distinct patterns that
point to the presence of subpopulations. Lamina I neurons
received excitatory input from both lamina I–II and the
outer part of III–IV, with the peak input coming from the
II/III border region (Fig. 1C), while the inhibitory zones
were mostly confined within I–II (Fig. 2A and D). The
population average of the excitatory synaptic input zones
for the lamina I neurons showed a pronounced medial
asymmetry (Fig. 2A and H). Such an asymmetry was
not present in the inhibitory input zones of the lamina
I neurons, or in the excitatory or inhibitory input zones
of the lamina II or lamina I–II border neurons (Fig. 2B–F
and H). A matching medial asymmetry was found in the
dendritic fields of the lamina I neuron population (Figs 3A,
4Ad and 5B). This population asymmetry in the dendrites
resulted from a subset of neurons with dendrites that
extended further in the medial versus the lateral direction,
either because of relatively short lateral dendrites (e.g.
neurons in column 1 in Fig. 3A) or because of medial or
ventral curvature of lateral dendrites (e.g. first two neurons
in columns 3 and 4 of Fig. 3A). Within the lamina I neuron
population, the dendritic asymmetry was correlated with
the asymmetry in the excitatory input zones (r = 0.59,
P < 0.01; Fig. 5B). However, some medial asymmetry
of the excitatory synaptic input zone was present even
in neurons whose dendritic field was symmetric (i.e. in
Fig. 5B, note the negative y-values of the points whose
x-values are near 0).

The lamina I–II border cell population differed in its
synaptic input zones from the cells above and below it in
lamina I and II. Inhibitory input from laminae III–IV was
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found in a subset of neurons that were all contained in
the I–II border region (Figs 1E and 2E). The neurons
in this region were heterogeneous, and only the sub-
group of neurons with relatively long ventral dendrites

received the inhibitory laminae III–IV input. Neurons
with long ventral dendrites were also present in the
remainder of lamina II, but only those in the I–II border
region received the inhibitory input from III–IV. There
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A–F, averaged transverse maps of excitatory (A–C) and inhibitory (D–F) synaptic input zones for lamina I cells (A
and D), ‘lamina I–II border’ cells (B and E) and lamina II cells (C and F). The ‘I–II border’ cells are located in a
very restricted zone in the outermost part of lamina II, essentially one cell layer in width, with the dorsal edge of
their soma touching or nearly touching the inner border of lamina I. For the lamina I cells and the laminae I–II
border cells, the soma locations of each of these two populations are confined within a very narrow dorsoventral
range, and so the soma locations of the recorded (postsynaptic) neurons in each map are marked by a single
white circle (A, B, D and E). However, the sample of lamina II neurons is spread over a much larger dorsoventral
range, and so the soma location of each neuron in the sample is marked individually with circles (Ca and Fa).
In addition, a separate set of ‘soma-aligned’ averaged maps is shown for the lamina II neurons (Cb and Fb), in
which the maps of the individual neurons were aligned dorsoventrally by soma location rather than by laminar
borders (same colour scales as in Ca and Fa, respectively). G and H, plots of the dorsoventral (G) or mediolateral (H)
distribution of synaptic response amplitudes for each of the averaged maps shown in A–F. In G, plots are shown
with dorsoventral alignment by laminar borders (upper plots) and by soma position (lower plots).
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was a significant correlation between the dorsoventral
distribution of the dendritic field and the dorsoventral
distribution of the inhibitory synaptic input zone for the
lamina I–II border cells (r = 0.68, P < 0.05) as well as the

lamina I cells (r = 0.68, P < 0.05), but not for the lamina
II cells (Fig. 5C).

The I–II border population was also distinctive in that it
contained neurons with more ventrally located excitatory

400mm

Outer

Inner

Medial Lateral

A  Lamina I neurons

C Lamina II neuronsB  Lamina I-II border neurons

Figure 3.
Two-dimensional drawings of all of the stained neurons for which synaptic maps were obtained in transverse slices,
divided into the three groups defined by laminar location (A, lamina I neurons; B, lamina I–II border neurons; C,
lamina II neurons). A few neurons with poor dendritic staining were excluded. In addition, several neurons that
were stained but for which synaptic mapping was not successful are included in this figure and in the anatomical
analysis. Because dorsal horn laminae are not strictly horizontal in the transverse plane, each drawing was rotated
clockwise or counterclockwise if necessary to make the dorsal horn laminae horizontal at the neuron’s position.
Consequently, the vertical axis in the figure does not strictly correspond to the dorsoventral axis of the dorsal
horn, but instead corresponds to the ‘outer-to-inner’ axis of the dorsal horn laminae, whose slant relative to the
dorsal–ventral axis varies somewhat across different mediolateral positions. Somas are pink. Although axons could
be identified for some neurons, they are omitted from this figure.
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Figure 4.
Aa–e, scatterplots showing the variation in different dendritic
parameters with laminar position of the neuron as measured by
distance below the white matter, for the neurons shown in Fig. 3.
The distance is measured from the dorsal edge of the soma. The
solid red vertical line in each plot marks the approximate position of
the inner border of lamina I, and the dotted red vertical line marks
the inner border of the ‘lamina I–II border’ region. ‘Density’ (a) is an
artificial measurement made by converting the dendritic drawing
into a black-and-white pixel image and calculating the percentage of
black pixels within a rectangle that encloses the dendritic field. The
neurons with high ‘density’ are the ones with compact, bushy
dendritic trees, as viewed in the transverse plane (i.e. fourth and fifth
columns of lamina II neurons in Fig. 3.). b and c, total dendritic

input zones (relative to the soma) than other lamina II
neurons (Fig. 4B), resulting in a substantial excitatory
input from lamina III–IV (Fig. 2B). Unlike the inhibitory
input zones, the dorsoventral position of the excitatory
input zone was not correlated with the distribution of the
dendritic field, in either the lamina I–II border cells or the
lamina I cells; however, this correlation was significant for
the remainder of the lamina II population (i.e. excluding
the I–II border cells; r = 0.60, slope = 0.32, P < 0.05).
Although the prior study in the rat did not make dendritic
measurements, a similar correlation was found in that
study for lamina II neurons, using the direct response
to glutamate as an indirect indication of the dendritic
distribution (fig. 5G of Kato et al. 2009).

Although the lamina I–II border cell population was
morphologically heterogeneous (Fig. 3B), the population
as a whole was distinguished morphologically from the
other groups by the fact that it lacked the neurons with very
dense, compact dendritic fields (as viewed in the trans-
verse plane) that are present throughout the remainder of
lamina II (Figs 3C and 4Aa), and also mostly lacked the
mediolaterally oriented, dorsoventrally flattened dendritic
fields that are common in lamina I (Figs 3A, 4Ae
and 5A).

The other lamina II neurons (excluding the lamina
I–II border cells) had inhibitory input zones that were
relatively homogeneous. Their input zones tended to be
at a similar dorsoventral position to the neuron’s soma
(Figs 2Fb, G, 4B and 5C), and so were mostly restricted
to lamina II (Fig. 2Fa and G). The excitatory input zones

expanse (‘range’) in the mediolateral and dorsoventral axis,
respectively. d, difference between the medial and lateral dendritic
range. e, difference between the mediolateral and dorsoventral
dendritic range; large positive values represent the neurons with
mediolaterally oriented, dorsoventrally flattened dendritic fields. B,
plot of the dorsoventral position of the synaptic input zone relative
to the recorded neuron’s soma versus soma position. Excitatory and
inhibitory input zones are represented by open and filled circles,
respectively. A regression line (solid blue line) is drawn for the
inhibitory input zones of lamina I and lamina II neurons (blue circles),
excluding the lamina I–II border neurons (pink circles) (r = 0.81,
slope = 0.88, P < 0.0001; i.e. neurons that are more dorsal have
inhibitory input zones displaced further ventrally from their soma).
The lamina I–II border region contains neurons whose inhibitory
input zones are further ventral relative to their soma than those of
the other lamina II neurons. A second regression line (dotted black
line) is drawn showing a similar relationship for the excitatory input
zones of the lamina II neurons, excluding the I–II border neurons
(open circles with soma position more than 22 μm below the white
matter; r = 0.57, slope = 0.83, P < 0.05); this regression line is
nearly parallel to but displaced ventrally from the line for the
inhibitory input zones. The lamina I–II border population again
differs from the remainder of the lamina II population in that its
excitatory input zones do not fall along this line, because this
population includes neurons with either more dorsal or more ventral
excitatory input zones than are found in the remainder of lamina II.
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tended to be positioned slightly ventral to the neuron’s
soma (Figs 2Cb, G and 4B), and as a consequence the
population average shows excitatory input from laminae
III–IV as well as I–II (Fig. 2Ca and G). Because the
sample of lamina II neurons is spread over a larger
dorsoventral range than the samples of lamina I and
lamina I–II border cells, separate averaged maps are shown
for the lamina II neurons in which the maps of the
individual neurons were aligned dorsoventrally by soma
location rather than by laminar borders (Fig. 2Cb and
Fb). Figure 4B illustrates an additional feature of the
relationship between soma position and synaptic input
zone position relative to the soma. A regression line (solid
blue line) is drawn for the inhibitory input zones of lamina
I and lamina II neurons (blue filled circles), excluding
the lamina I–II border neurons (pink circles), showing
that neurons that are more dorsal have inhibitory input
zones that are displaced further ventral relative to their
soma (r = 0.81, slope = 0.88, P < 0.0001). The lamina I–II
border neurons do not fall along this regression line, in
that their inhibitory input zones are displaced further
ventrally relative to their soma. A similar relationship is
shown by the second regression line (dotted black line)
for the excitatory input zones of the lamina II neurons
(excluding the I–II border neurons). This regression line is
nearly parallel but displaced ventrally from the line for the
inhibitory zones, reflecting the more ventral distribution
of excitatory versus inhibitory zones noted above for
lamina II neurons. An additional difference between the
inhibitory and excitatory input zones of lamina II neurons
is that the inhibitory zones had a greater mediolateral
width (Fig. 2C and F ; 419 ± 126 μm vs. 320 ± 128 μm,
P < 0.05).

Peak amplitude

The peak amplitude of the excitatory synaptic input
varied across the populations (note the differences in
the maximum amplitude of the colour scales for the
different plots in Fig. 2A–Ca). Relatively low response
amplitudes were exhibited by the neurons throughout
the I–II border region and also the outer part of lamina
II (extending down to about 55 μm below the white
matter), while the populations in lamina I and the more
inner part of lamina II (about 55–85 μm below the
white matter) exhibited greater variation, but included
substantial numbers of neurons with higher amplitudes.
Statistical comparison of these four groupings showed that
both the population of I–II border cells as well as the
neurons in the outer part of lamina II were significantly
lower in their response amplitudes than the lamina I cells
(P < 0.01 for both comparisons) or the cells in the inner
part of II (P < 0.05 for both comparisons). The peak
amplitudes for the four groups were 261 ± 163, 103 ± 79,
74 ± 47 and 240 ± 112 pA, for I, I–II, outer II and inner
II, respectively. (Note that this further demarcation of
outer and inner II was done by post hoc observation
of the response amplitudes, not by anatomical criteria,
and was not done for the other analyses in this study.
Separate averaged maps are not shown for these two
further subgroupings within lamina II because there
was no apparent difference in the spatial distribution of
inputs, only their amplitudes.) The amplitudes of peak
inhibitory responses did not show significant variation
between groups. It was also noted that the frequency of
spontaneous EPSCs (sEPSC) was correlated with peak
excitatory response amplitude (r = 0.55, P < 0.0001), and
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Figure 5.
Anatomical/physiological relations. A, dorsoventral versus mediolateral dendritic range. B, correlation of
mediolateral asymmetry, as shown by plot of mediolateral position of excitatory input zone relative to soma
(weighted mean) versus the difference between the medial and lateral dendritic range. The correlation is significant
for the lamina I neurons (r = 0.59, P < 0.01). A weaker but significant correlation is also found if one uses
the mediolateral weighted mean of the dendritic distribution instead of the mediolateral difference (r = 0.45,
P < 0.05). C, dorsoventral position of the inhibitory synaptic input zone (weighted mean) relative to the soma
versus dorsoventral weighted mean of the dendritic distribution. A significant correlation is shown by the lamina I
neurons (r = 0.68, P < 0.05) and the lamina I–II border neurons (r = 0.68, P < 0.05), but not the lamina II neurons.
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that sEPSC frequency showed a similar pattern of variation
between these four laminar groupings as was found for
the peak amplitude of the excitatory synaptic input:
neurons with relatively low sEPSC frequency were present
throughout laminae I–II, while neurons with relatively
higher sEPSC frequency (>11 Hz) were present primarily
in lamina I and inner II. The percentage of neurons with
sEPSC frequency greater than 11 Hz was 48%, 0%, 8%
and 42% for I, I–II, outer II and inner II, respectively
(P < 0.01, Chi-square). The mean sEPSC frequency for
these four groups was 12.1 ± 7.3, 5.8 ± 4.1, 3.9 ± 2.0 and
9.7 ± 6.9, respectively (P < 0.05, ANOVA). For the entire
sample, mean sEPSC and spontaneous IPSC frequency was
9.4 ± 6.8 and 3.3 ± 2.7, respectively (P < 0.0001, t test).

Parasagittal synaptic input maps

In addition to the transverse maps described above,
synaptic input maps of lamina I cells were also obtained

in parasagittal slices (Fig. 6A and D). As with the neuronal
sample obtained in transverse slices, a subset of neurons
in the sample was judged to be just below the lamina
I border, with the dorsal edge of their soma touching or
nearly touching the I–II border, and are grouped separately
as lamina I–II border cells (Fig. 6B and E). In addition, a
small number of neurons in the parasagittal sample was at
a slightly more ventral position, about one cell diameter
below the inner border of lamina I, and are here grouped
separately as IIo cells (Fig. 6C and F). This small sample
of IIo neurons is not comparable to the much larger and
dorsoventrally more extensive sample of lamina II neurons
that was obtained in transverse slices.

As was observed in the transverse maps, the lamina
I–II border cells received a substantial excitatory input
from lamina III–IV (Fig. 6B). However, unlike the trans-
verse data, the sample of lamina I–II border cells that was
mapped for inhibitory inputs did not show a substantial
inhibitory input from lamina III–IV (Fig. 6E). This sample
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Figure 6.
A–F, averaged parasagittal maps of excitatory (A–C) and inhibitory (D–F) synaptic input zones for lamina I cells (A
and D), lamina I–II border cells (B and E) and lamina IIo cells (C and F). As in the transverse sample (Fig. 2), the
I–II border cells are about one cell diameter below the white matter. The small sample of IIo cells in this figure is
restricted to the outermost part of lamina II, just slightly below the I–II border cells (about one cell diameter below
the I–II border), and so is not comparable to the larger and dorsoventrally more extensive sample of lamina II cells
collected in transverse slices (Fig. 2C and F). Ga,b, averaged excitatory synaptic input zones of cells responsive and
unresponsive to substance P (SP), respectively; only lamina I and lamina I–II border cells are included. Note that the
parasagittal maps have a smaller scale than the transverse maps (Fig. 2).
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differed from the transverse sample of lamina I–II border
cells in that it contained only one neuron with relatively
long ventral dendrites, which was the morphological
feature that was associated with lamina III–IV input in
the transverse sample. However, the parasagittal inhibitory
maps revealed one additional distinguishing feature of the
lamina I–II border cells: the inhibitory input zones of the
individual neurons had a significantly smaller rostrocaudal
extent than those of the lamina I neurons (564 ± 393 μm
vs. 950 ± 249 μm, P < 0.05; this is a property of the
individual maps and is not apparent from viewing the
population averages in Fig. 6).

SP responsiveness

Of the 20 neurons whose excitatory input zones
were mapped in parasagittal slices, 15 were tested
for a direct response (slow inward current) to bath
application of SP (2 μM for 1 min) following the synaptic
mapping. A response to SP was found in 7/15 neurons
tested (6/10 lamina I cells, 1/2 lamina I–II border
cells, 0/3 lamina IIo cells; peak response amplitude
14–63 pA). The excitatory synaptic input zones of the
SP-responsive and unresponsive neurons were compared,
excluding the 3 SP-unresponsive IIo neurons (Fig. 6Ga,b).
The SP-responsive neurons had input zones with a
larger rostrocaudal extent (500 ± 325 vs. 150 ± 150 μm,
P < 0.05, for rostrocaudal ‘half-width’, or extent of region
encompassing sites whose amplitude is at least half of the
maximum), and also had a larger peak amplitude in their
excitatory synaptic responses (401 ± 177 vs. 175 ± 100 pA,
P < 0.05). These two groups were not significantly
different in mean sEPSC frequency (21.5 ± 15.4 vs.
7.8 ± 4.7 for SP-responsive vs. -unresponsive neurons,
P = 0.10, t test). However, the proportion of neurons
with high sEPSC frequency (>12 Hz) was greater in
the SP-responsive group (5/7 vs. 0/5 neurons, P < 0.05,
Chi-square). The SP-responsive and -unresponsive
groups were both heterogeneous in their dendritic
morphology.

Discussion

The present study used LSPS to map the location of local
synaptic inputs to superficial dorsal horn neurons in the
mouse. The neuronal sampling in our previous LSPS
studies in the rat was primarily concentrated in lamina
II, and was done almost entirely in the parasagittal plane,
as it appeared that this was the predominant orientation of
the intrinsic connectivity in the superficial laminae (Kato
et al. 2007, 2009). The sample of lamina I neurons in
these prior studies, all in the parasagittal plane, was too
small to investigate the presence of subpopulations or
morphophysiological correlations. The original purpose

of the present study was to obtain a more complete sample
of lamina I neurons, including transverse mapping, to
allow a more quantitative population analysis, as well as
an examination of mediolateral organization. The switch
from rat to mouse was done partly in the hope that
more connectivity would be revealed (see Introduction),
particularly in the transverse plane, and this did appear
to be the case. The unexpected results, including the
mediolateral asymmetry found in lamina I neurons,
prompted us to extend our transverse sampling to include
lamina II as well, in order to clarify the nature of the
laminar-specific population differences we observed in the
transverse maps.

Based on our results, we propose that there is a highly
restricted zone, essentially one cell layer thick, immediately
below the lamina I–II border whose neuronal population,
although heterogenous, has properties that are distinct
from those of the cells in the remainder of lamina II,
and even the remainder of IIo, as well as from lamina
I. The most unique distinguishing feature of this region
was inhibitory input from laminae III–IV. While some
lamina I cells had inhibitory input zones that extended
slightly across the laminae II/III border, distinct inhibitory
input zones with their peak in laminae III–IV were found
only for cells in this lamina I–II border region. Among
cells in this region, but not in the remainder of lamina
II, inhibitory input from laminae III–IV correlated with
the presence of long ventral dendrites. Cells with long
ventral dendrites were also present deeper in lamina II,
but those cells received inhibitory input only from
positions that were dorsoventrally close to their soma,
a pattern that is relatively invariant for all morphological
cell types throughout lamina II, other than the I–II border
region. Cells in this border region also received excitatory
input from laminae III–IV and, although they are not
unique in that respect, the population differed from that
in the remainder of lamina II in containing cells whose
excitatory input zones were displaced further ventrally
relative to the neuron’s soma. The population also differed
from that in the remainder of lamina II in that, like lamina
I, it lacked the subpopulation of neurons with extremely
dense, compact dendritic fields, as viewed in the transverse
plane. While the lamina I–II border population had some
morphological features in common with the population
in lamina I, it differed in that it mostly lacked the cells with
mediolaterally oriented, dorsoventrally flattened dendritic
fields that are common in lamina I. Most strikingly, it
lacked the pronounced medial asymmetry of excitatory
input zones and dendritic fields that characterized the
lamina I population. A further distinction was that the
peak synaptic response amplitudes as well as the frequency
of sEPSCs were lower than in lamina I. These properties, in
combination, argue for regarding the lamina I–II border
cells as a distinct population within the superficial dorsal
horn.
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We note that the heterogeneity of the neurons in this
region meant that it required a fairly substantial sample
to make such a judgement. We had a high density of
sampling in this region, particularly in the transverse
slices, as a consequence of trying to target lamina I
neurons with blind rather than visually guided patch
recording. We suspect that this region was not sampled
extensively in most previous slice studies, first because
it represents a relatively small proportion of the super-
ficial dorsal horn and so would not be well represented
with random sampling of the superficial laminae, but
also because it would be intentionally avoided in studies
specifically directed at either lamina I or lamina II in order
to avoid ambiguity in laminar assignment. We note that
the demarcation of this as a distinct population, which
does not appear to have been done previously, was based
in part on differences in the patterns of local connectivity.
It should be emphasized that the population is not homo-
geneous, and we have not identified its individual member
cell types. The present line of investigation is in part a
search for cell type specificity in the local circuitry of the
dorsal horn, but this search is limited by the fact that only a
few of the dorsal horn cell types have as yet been identified
(Todd, 2010). The present results suggest that the study
of circuitry can itself give clues to the identification of
previously unrecognized cell types or subpopulations.

In spite of being a small and restricted population,
the properties of the lamina I–II border cells suggest
that they may play a critical role in interlaminar
communication between superficial and deep dorsal horn.
This region received both excitatory and inhibitory input
from laminae III–IV, suggesting a possible role in the
modulation of nociceptive processing in the superficial
laminae by inputs from low-threshold mechanoreceptive
A-beta fibres that project to laminae III–IV. Superficial
dorsal horn neurons normally receive a low level of
excitatory polysynaptic A-beta input, and the increase
in this input that can occur following inflammation,
nerve injury or pharmacological disinhibition may be a
mechanism for mechanical pain hypersensitivity (Baba
et al. 1999; Nakatsuka et al. 1999; Okamoto et al.
2001; Kohno et al. 2003; Torsney & MacDermott,
2006). Conversely, inhibitory A-beta inputs to superficial
laminae could contribute to the inhibitory modulation of
nociceptive transmission by tactile stimulation (Melzack
& Wall, 1965).

The finding of Torsney & MacDermott (2006) that
inhibitory transmitter antagonists increase the A-beta
input to I–II neurons was evidence for a population of
inhibitory interneurons that normally serves to reduce
this A-beta input. These investigators proposed that this
could occur via inhibitory interneurons that themselves
receive monosynaptic A-beta input and in turn project
to superficial dorsal horn neurons that receive excitatory
polysynaptic A-beta input. These inhibitory interneurons

were postulated to be in the vicinity of the laminae II–III
border, and to project their axons into lamina II. The
present results appear to be the first description of an
inhibitory input from laminae III–IV to the superficial
dorsal horn. Because laminae III–IV receives direct input
from A-beta mechanoreceptors (Brown et al. 1980, 1981),
this inhibitory input could potentially represent a circuit
for A-beta inhibition of superficial dorsal horn neurons,
and so could be one of the sources of inhibition that
normally reduces excitatory A-beta input to the super-
ficial dorsal horn. Because this deep inhibitory input was
found in the subset of neurons with long ventral dendrites,
and the degree of inhibitory input was correlated with the
dorsoventral dendritic distribution, we postulate that it
may be subserved in part via axonal connections to ventral
dendrites within laminae III–IV (Fig. 7).

More generally, the present results expand on the idea
that interlaminar communication from deep to super-
ficial laminae is mediated in part by ventrally extending
dendrites of superficial laminae neurons (Kato et al. 2009).
This may be of particular importance as axonal projections
from deep to superficial laminae do not appear to be
a prominent feature of dorsal horn anatomy. The prior
LSPS study of Kato et al. (2009) made maps of the photo-
stimulation sites that produced direct (non-synaptic)
responses to glutamate uncaging and used these as an
indirect measure of the dendritic distribution of the
postsynaptic neuron. A correlation was found between
this distribution and the distribution of the excitatory
synaptic input zone, in the dorsoventral but not the
rostrocaudal axis, for lamina II neurons. The present
study carried this further by making measurements of the
dendritic fields themselves for correlations with the input
zone distributions. The analysis of dendritic/synaptic
correlations in the present data strengthens and extends
the finding in Kato et al. (2009) that the distribution
of excitatory inputs is correlated with the dendritic
distribution, in the dorsoventral axis but not the rostro-
caudal axis. The present results further showed that this
correlation is also present for inhibitory inputs as well,
but only for lamina I and I–II border neurons, and not the
other lamina II neurons.

One way that such a correlation could come about
would be if interneurons tended to seek out postsynaptic
targets that are at a similar dorsoventral level to their own
soma. From this preferred pool of potential targets, the
selection of the actual target would then be dependent
on additional factors, including the cell type of the post-
synaptic neuron and whether the inputs were excitatory or
inhibitory (cf. ‘potential synapse’ concept of Stepanyants
et al. 2002, 2004; Shepherd et al. 2005; discussed in Kato
et al. 2007). According to this idea, lamina II neurons,
other than the I–II border neurons, would receive their
inhibitory input from interneurons that tend to target
perisomatic sites (as they have fairly uniform inhibitory
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input zones that tend to be at the same dorsoventral level
as their soma, and show no correlation with their dendritic
distribution), whereas the I–II border neurons as well as
lamina I neurons would receive inhibitory input from
interneurons that tend to target dendritic sites.

An unexpected finding was the striking medial
asymmetry in the excitatory synaptic input zones of
lamina I neurons, which was correlated with an equally
unexpected medial asymmetry in the neurons’ dendrites.
This asymmetry cannot be attributed to border constraints
imposed by the position of the neuron’s soma because the
entire neuronal sample was taken from an intermediate
position along the mediolateral axis of the dorsal horn.
Many of the dendritic processes are truncated in the slice
preparation, but we are unable to formulate a scenario that
would explain how this truncation could produce such an
asymmetry. Furthermore, the dendritic asymmetry is not
only from lateral dendrites that terminated abruptly, but
also from laterally directed dendrites that curved ventrally
or medially, and so is independent of truncation. The
medial asymmetry in the excitatory synaptic input zones
was not solely related to dendritic asymmetry, as it was
present, to a lesser degree, even for those neurons whose
dendritic field was relatively symmetric. The mediolateral
axis of the spinal dorsal horn represents different positions
on the body; in the lumbar enlargement, medial and
lateral dorsal horn represent distal and proximal hind-
limb, respectively (Swett & Woolf, 1985; Bon et al.
2002; Takahashi et al. 2003). In general, there is greater
sensory discrimination and an overall higher level of

sensory representation of distal versus proximal body
regions, including a higher peripheral innervation density
(Mountcastle, 1957; Weinstein, 1968; Wang et al. 1997).
The medial asymmetry we observed would result in
a bias toward receiving excitatory input from more
distal sites on the hindlimb, and so might be a central
mechanism contributing to this enhancement of distal
sensory function.

Lamina I contains a subpopulation of neurons that
expresses the NK1 receptor (the receptor for the neuro-
peptide transmitter SP), and that plays a critical role in
nociception and the development of pain hypersensitivity
(Salter & Henry, 1991; Mantyh et al. 1997; Nichols et al.
1999). The NK1-positive population includes the great
majority of projection neurons in lamina I, although it
is not restricted to projection neurons (Littlewood et al.
1995; Todd et al. 2000; Spike et al. 2003; Al-Khater et al.
2008). We tested a sample of neurons for responsiveness
to SP, as a way to identify the NK1-positive population,
in order to investigate whether this population might
show any differences in its local synaptic input zones.
The SP-responsive neurons had excitatory input zones
with a larger rostrocaudal extent than the SP-unresponsive
neurons, indicating that they are capable of integrating
local inputs from a relatively large area. We also found
that a subset of neurons with very high sEPSC frequencies
was present in the SP-responsive population. It is possible
this subset includes projection neurons, as projection
neurons have been found to have much higher mini-
ature EPSC frequencies than other lamina I neurons in

lateralmedial

I

I-II border region

IIo

IIi

III-IV

Figure 7.
Superficial dorsal horn neurons with long ventral dendrites are critical for interlaminar connectivity (schematic
diagram, transverse). Neurons with long ventral dendrites have a particularly high representation among the
lamina I–II border cell population, but are also present in the remainder of lamina II, as well as lamina I (although
the lamina I neurons with long ventral dendrites tend to have a larger mediolateral dendritic expanse). Neurons
in all three populations receive excitatory input from laminae III–IV, but only the neurons in the I–II border cell
population receive substantial inhibitory input from laminae III–IV. The lamina I neurons tend to have a medial
asymmetry in their dendritic fields and a corresponding asymmetry in their excitatory synaptic input zones. Thicker
black lines are used to represent dendrites and axon terminals, thinner black lines represent axons. Cell bodies of
inhibitory and excitatory neurons are blue and pink, respectively. Lamina II neurons with long ventral dendrites are
excitatory (Yasaka et al. 2010), but such an analysis has not yet been done for lamina I neurons, so the lamina I
cell body is uncoloured in this diagram.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society



1948 M. Kosugi and others J Physiol 591.7

the rat (Dahlhaus et al. 2005), although an opposite result
was found when comparing sEPSC frequency in lamina I
projection and non-projection neurons in the guinea pig
(Grudt & Perl, 2002).

Our prior study in the rat (Kato et al. 2009), although
it had a limited transverse sample, found that excitatory
synaptic input zones of lamina II neurons were generally
much wider rostrocaudally than mediolaterally, and this
was also found in the present study. The previous study also
found that the excitatory input zones of lamina II neurons
were much wider rostrocaudally than their inhibitory
input zones, which suggested that local circuitry might not
be sufficient to account for the large inhibitory receptive
fields often found for dorsal horn neurons (discussed in
Kato et al. 2011). Our present results showed an opposite
but much smaller difference in the mediolateral axis,
where the inhibitory input zones are slightly (30%) wider
than the excitatory input zones, in lamina II neurons
(excluding the lamina I–II border cells). This difference
might contribute to some degree of surround inhibition,
but nonetheless the inhibitory input zones are fairly
restricted, and so it would still appear that descending
inhibition would be required to account for the very
widespread inhibitory influences commonly found in
dorsal horn neurons (Hillman & Wall, 1969; Kato et al.
2011).
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