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Excitatory interneurons dominate sensory processing in
the spinal substantia gelatinosa of rat
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Substantia gelatinosa (SG, lamina II) is a spinal cord region where most unmyelinated primary
afferents terminate and the central nociceptive processing begins. It is formed by several
distinct groups of interneurons whose functional properties and synaptic connections are poorly
understood, in part, because recordings from synaptically coupled pairs of SG neurons are
quite challenging due to a very low probability of finding connected cells. Here, we describe
an efficient method for identifying synaptically coupled interneurons in rat spinal cord slices
and characterizing their excitatory or inhibitory function. Using tight-seal whole-cell recordings
and a cell-attached stimulation technique, we routinely tested about 1500 SG interneurons,
classifying 102 of them as monosynaptically connected to neurons in lamina I-IIIL. Surprisingly,
the vast majority of SG interneurons (n = 87) were excitatory and glutamatergic, while only 15
neurons were inhibitory. According to their intrinsic firing properties, these 102 SG neurons were
also classified as tonic (n = 49), adapting (n = 17) or delayed-firing neurons (n = 36). All but
two tonic neurons and all adapting neurons were excitatory interneurons. Of 36 delayed-firing
neurons, 23 were excitatory and 13 were inhibitory. We conclude that sensory integration in the
intrinsic SG neuronal network is dominated by excitatory interneurons. Such organization of

neuronal circuitries in the spinal SG can be important for nociceptive encoding.
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The spinal substantia gelatinosa (SG), a dorsal horn
region where most fine-calibre C- and A§-fibres terminate
(Rethelyi, 1977; LaMotte, 1977; Light & Perl, 1977; Sugiura
et al. 1986), is a key element in the nociceptive processing
system. Diverse sensory modalities are encoded in the SG
by the types of terminating afferents, the firing properties
of intrinsic SG neurons and their synaptic connectivity
(Brown, 1981; Cervero, 1987; Willis & Coggeshall, 1991).

Several groups of SG neurons with distinct intrinsic
firing properties were characterized by both sharp
electrode (Yoshimura & Jessell, 1989; Thomson et al. 1989;
Lopez-Garcia & King, 1994) and tight-seal recordings
(Grudt & Perl, 2002; Ruscheweyh & Sandkuhler,
2002; Santos et al. 2004; Graham et al. 2004). SG
neurons with distinct firing properties show type-specific
morphological features and intralaminar distributions
(Grudt & Perl, 2002; Melnick et al. 2004a,b; Santos et al.
2004), butlittle is known about their synaptic connections.
This knowledge is, however, important because neuronal
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firing activity and the strength of its synapses are related.
Indeed, activity-dependent modification of synaptic
strength, or synaptic plasticity, is an essential property of
neuronal networks (Malenka & Nicoll, 1999; Turrigiano &
Nelson, 2004; Malenka & Bear, 2004; Lisman & Spruston,
2005) and plays a key role in nociceptive processing
and chronic pain development (Woolf & Salter, 2000;
Ji et al. 2003; Salter, 2005). Thus, the firing pattern of
a neuron can critically determine the efficiency of its
functional connections and ultimately its contribution to
the network activity. Therefore, to better understand how
nociceptive information is processed within the superficial
dorsal horn, it is essential to study firing patterns of SG
interneurons and their synaptic connections.

Such investigation relies on identifying pairs of
monosynaptically coupled neurons. This is a difficult
task, however, if a conventional double patch-clamp
recording technique is used, since the probability of finding
monosynaptically connected neurons in slices of the
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superficial dorsal horn is very low (Lu & Perl, 2003).
Indeed, recent studies have provided the first insight into
the neuronal architecture of SG network showing that SG
neurons form specific excitatory and inhibitory circuitries
in the SG as well as laminal (Lu & Perl, 2003, 2005).
However, the total number of recordings from pairs of
SG neurons is quite limited as well as the knowledge on
the network organization. Therefore, we implemented a
novel approach for efficiently identifying monosynaptic
connections and studied discharge properties of excitatory
and inhibitory SG interneurons. This approach combines
atight-seal whole-cell recording from postsynaptic neuron
with a specific cell-attached stimulation of presynaptic
neuron. We focused on two critical and unknown aspects
of SG network organization: (1) the functional balance
between the excitatory and inhibitory modes of sensory
processing, and (2) whether and how neuronal firing
properties correlate with their synaptic connections. We
have characterized synaptic connections for SG neurons
with different firing patterns and found that signalling
within the SG network is dominated by excitatory
glutamatergic interneurons.

Methods

Tight-seal recordings were made using both 200 pm trans-
verse and 300 um parasagittal slices prepared from the
lumbar enlargement of the spinal cord of 2- to 7-week-old
rats (Bentley & Gent, 1994; Melnick et al. 2004a). The
animals were killed in accordance with the national
guidelines (Direc¢ao Geral de Veterinaria, Ministério da
Agricultura). After the anaesthesia by intraperitoneal
injection of sodium pentobarbital (30 mgkg™'), the
vertebral column was quickly cut out and immersed in
ice-cold oxygenated artificial cerebrospinal fluid (ACSF).
The 5-7 mm segment of the lumbar enlargement was
dissected and the slices were prepared using the tissue
slicer (Leica VT 1000S). The slices were then incubated
for 40-60 min in ACSF at 33°C. The SG (lamina II) was
identified in the dorsal horn as a translucent band of about
60 pm thickness in its intermediate region (see Fig. 6). The
marginal 20 pm layer of the dorsal horn separating the SG
from the white matter was considered as lamina I. Neurons
were localized during recording according to a position of
the pipette tip on the video image of a superficial dorsal
horn.

ACSF contained (mm): NaCl 115, KCI3, CaCl, 2,
MgCl, 1, glucose 11, NaH,PO, 1,NaHCOj; 25, and glucose
11 (pH7.4 when bubbled with 95%/5% mixture of
0,/CO;). MgCl, was excluded from the ACSF used
for recordings to avoid a possible block of the NMDA
receptor-gated postsynaptic currents at potentials close to
the resting membrane potential. Standard pipette solution
contained (mm): KCI3, potassium gluconate 150.5,
MgCl, 1, BAPTA 1 and Hepes 10 (pH 7.3 adjusted with
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KOH, final [K"] was 160.5 mm). The theoretical reversal
potential for CI~ (Eg) was —81 mV in all experiments.
The pipettes used for perforated-patch recordings
were filled with solution containing (mm): NaCl5,
potassium gluconate 145, Hepes 10, amphotericin B
(final concentration 100 g ml™!, freshly prepared from a
60 mg ml ™" stock solution). All chemicals were purchased
from Sigma.

Recording pipettes were pulled from thick-walled
borosilicate glass tubes (Modulohm, Denmark),
fire-polished, and had a resistance of 3-5MSQ. The
pipettes used for cell-attached stimulation were narrower
than those for the tight-seal recordings and had a
resistance of 13-27 MQ when fire-polished and filled
with ACSE. An EPC-10-Double amplifier (HEKA,
Lambrecht, Germany) was used in all experiments. The
voltage-follower circuitry of the amplifier was employed
for the current-clamp measurements. The effective corner
frequency of the low-pass filter in voltage-clamp mode
was 3 kHz. The frequency of digitization was always
10kHz. Offset potentials were compensated directly
before formation of a seal. Liquid junction potentials were
calculated and corrected for in all experiments. The series
resistance, determined in the current-clamp mode from
the instantaneous voltage change produced by a current
step injection, did not exceed 14 M2 (with an exception of
one cell). The voltage error due to resistance in series did
not exceed 2 mV in all current-clamp recordings and was
below 3 mV in all but three voltage-clamp experiments.
Input resistances (Ryy) of neurons were measured in both
current-clamp (using a —10 pA hyperpolarizing current
of 500 ms duration) and voltage-clamp modes (from a
change in a leakage current at a 100 ms voltage step from
—80 to —120 mV).

Recordings in perforated patch mode were made
20-30 min after establishing the gigaseal contact with the
cell. This time period allowed amphotericin B to perforate
the membrane under the pipette and reduce the access
resistance. Stable recording with perforated patches lasted
for up to 2 h. Stability of perforated patches was controlled
by adding to the pipette solution fluorescent dye Alexa 694.
Only when patch membrane had been ruptured did the cell
body also become fluorescent.

Resting membrane potential (V') is critical for pattern
identification in some types of SG neurons and therefore
special precaution was taken to correctly estimate it. Since
the Ry in SG neurons is in the gigaohm range, an
unbalanced steady-state current of just a few picoamps
at the amplifier input could substantially influence the
measured V' value (Santos et al. 2004). Thus, we balanced
the input of the amplifier in a current-clamp mode before
each experiment using a 0.5 GS2 resistor model circuitry
in accordance with a procedure described by Santos et al.
(2004). The remaining uncompensated input current was
less than 1 pA.
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SG neurons were separated into three groups on the
basis of their firing properties, tonic neurons (TNs),
adapting neurons (ANs) and delayed-firing neurons
(DNs) as described in detail by Santos et al. (2004).
In brief, TNs were able to support tonic firing during
500 ms depolarization induced by a sustained current
injection. They had a low mean firing threshold of about
—50mV and 10-20 pA current pulses were sufficient
to evoke firing (Santos et al. 2004; Melnick et al.
2004a). Under voltage-clamp condition, TNs showed
inward rectification. A characteristic feature of ANs
was a burst-like firing of spikes only at the beginning
of depolarization. The mean firing threshold of about
—50 mV was not significantly different from that in TNs
(Santos et al. 2004; Melnick et al. 2004b). In both TNs and
ANgs, a transient K™ current was not seen at voltage steps
from —80 to —60 mV (Melnick et al. 2004a,b). A principal
difference of DNs was the presence of a large transient
K" current that substantially influenced the firing pattern.
The spike threshold in DNs (about —40 mV, Santos et al.
2004) was considerably higher than in TNs or ANs and
was reached at stimulation as strong as 50-70 pA, since
a large portion of injected current was compensated by
activating the transient K* current. In DN the first spikes
typically appeared with a considerable time delay at the end
of the pulse and moved to its beginning as the stimulation
increased. An inward rectification was less pronounced
in DNs. There were, however, some minor variations in
discharge patterns of DNs at strong stimulation. Some
cells discharged regularly during the whole pulse, while
others belonging to this group showed either interrupted
bursts or single spikes (Santos ef al. 2004). In Table 3 these
subtypes of DNs are called DN;, DN, and DN,
respectively.

All numbers are given as mean =+ standard error of
the mean (s.e.M.). The parameters were compared by
independent Student’s t test. The present study is based
on recordings from 249 superficial dorsal horn neurons,
217 of which were located in the SG. These statistics do not
include the cells from the control experiments, in which
inhibitory interneurons were selectively searched, to avoid
bias toward the contribution of inhibitory neurons. All
experiments, except those in Fig. 2B, were carried out at
room temperature of 22-24°C.

Results

Our experiments were designed to (1) find mono-
synaptically connected pairs of superficial dorsal horn
neurons with a presynaptic neuron located in the SG, (2)
identify excitatory or inhibitory nature of the synapse,
(3) correctly record the intrinsic firing patterns of pre-
synaptic neurons, and (4) map the network connections
of SG neurons within the superficial dorsal horn.
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Identification of monosynaptic connections

Throughout this study the action potentials in
presynaptic neurons were evoked using a cell-attached
stimulation, specific for stimulated cell. The efficiency
of this technique was first tested by the simultaneous
whole-cell current-clamp recording from extracellularly
stimulated neuron (Fig.1A, n=12). A 1ms current
pulse of 100 nA was applied to a stimulation pipette
at a frequency of 1 Hz as it was approaching the cell.
The stimulation artifacts were clearly recorded by the
whole-cell electrode but a membrane depolarization
was very small. After the stimulation pipette has been
brought in a contact with the membrane of the cell soma,
the amplitude of the stimulation artifact recorded by
the whole-cell electrode increased but the membrane
depolarization was still insufficient to excite the cell. An
application of a slight negative pressure to the stimulation
electrode, which increased the seal resistance several
times, resulted in a membrane depolarization sufficient
for activation of a spike at each stimulation pulse. The
overshoot of the extracellularly activated spike was similar
to that of the first spike in a train evoked by direct injection
of depolarizing current through the whole-cell electrode
(Fig. LA). If a stronger negative pressure was applied to
the stimulation electrode, the overshoot potential in all
cells increased to non-physiological values of more than
+100 mV (not shown). When the contact between the
membrane and the stimulation pipette had been broken,
the neuron no longer responded to the extracellular
stimulation, indicating that the stimulation was efficient
only for the attached neuron. The stimulation technique
was effective for all three types of neurons studied. One
pipette could be repeatedly used to stimulate different
cells, thus providing an efficient method for searching
presynaptic neurons.

To identify SG neurons as excitatory or inhibitory
interneurons, we used the experimental protocol shown
in Fig.1B. First, a postsynaptic neuron located in
laminae I-IIT was voltage clamped at —80mV. The
extracellular pipette was then brought in contact with
a SG neuron which was presumably presynaptic, and
a slight negative pressure was applied. After this, a
voltage command changed the membrane potential in the
postsynaptic neuron for 100 ms to —100 and —60 mV
before returning back to —80 mV. Thirty milliseconds after
beginning of each voltage step, a 1 ms current pulse of
100 nA was applied through the cell-attached pipette to
the presynaptic neuron. If the neurons were connected,
synaptic responses were evoked in a postsynaptic neuron
at three different potentials at a 10Hz frequency
(100 ms stimulation interval). The same voltage command
was repeated three more times (without stimulating a
presynaptic neuron) in order to obtain an averaged
trace used for subtraction of transients, leakage currents
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Figure 1. Focal cell-attached stimulation

A, in control experiments a direct whole-cell current-clamp recording
from the extracellularly stimulated neuron was done. A 1 ms current
pulse of 100 nA was injected through an artificial cerebrospinal fluid
(ACSF)-filled stimulation pipette at a frequency of 1 Hz. Note the
stimulation artifacts recorded intracellularly. Simple touching of the cell
by the stimulation pipette (without pressure application) did not result
in spike activation. However, spikes appeared at each current pulse
after a slight negative pressure had been applied to the stimulation
electrode and disappeared after an electrode had been withdrawn
(with a positive pressure). The rightmost traces show superimposed
the extra- and intracellularly (the first spike in a train) activated spikes.
B, experimental procedure used for identifying the excitatory and
inhibitory neurons. The postsynaptic currents (/lpost) were recorded in a
voltage-clamped neuron at —100, —60 and —80 mV (each potential
applied for 100 ms, Vcom post) While the presynaptic neuron was
focally stimulated at 100 ms intervals (frequency of 10 Hz, /ex pre)-
Recordings from two different neurons allowing characterization of
their presynaptic connections as excitatory (upper) and inhibitory
(lower). C, comparison of mono- and polysynaptic responses.
Monosynaptic connection: first pulses (to —100 mV) from five
consecutive voltage commands similar to those in part B are shown
superimposed. The interval between voltage commands was 1.5's.
Polysynaptic connection: three non-consecutive pulses to —100 mV
(empty episodes recorded in between are not shown). D, simultaneous
whole-cell recordings from two synaptically connected neurons. An
action potential activated by a direct injection of current pulse

(100 pA, 5 ms) in a presynaptic neuron evoked a short latency inward
current in a postsynaptic neuron voltage clamped at —80 mV.
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and voltage-gated KT currents (activated at —60 mV).
Thus, corrected traces shown in all figures contain only
stimulation artifacts and postsynaptic currents. If the
neurons appeared to be not connected, we progressively
increased a negative pressure in the stimulation pipette to
evoke large overshoot spikes in the presumably presynaptic
neuron to ensure that lack of a postsynaptic response was
not caused by insufficient stimulation of the presynaptic
neuron.

A presynaptic neuron was considered as excitatory
if its stimulation evoked inward postsynaptic currents
at —100, —60 and —80 mV. A neuron was considered
as inhibitory if the currents were inward at —100 mV
and outward at —60mV, becoming negligible at
—80mV, a potential close to an Eg of —8lmV.
If the postsynaptic neuron was switched to current
clamp, the corresponding excitatory or inhibitory
postsynaptic potentials, EPSPs or IPSPs, were observed.
This classification was also confirmed by specific receptor
pharmacology: excitatory postsynaptic currents (EPSCs)
were blocked by the AMPA/kainate receptor antagonist
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 um,
n=16), while inhibitory postsynaptic currents (IPSCs)
were blocked by the glycine receptor antagonist strychnine
(I um, n=6). In eight early experiments, excitatory
connections were identified on the basis of EPSPs recorded
in a current-clamped postsynaptic neuron.

The responses were considered monosynaptic if they
showed a constant latency and low percentage of
failures at 10 Hz stimulation (Fig. 1B, three postsynaptic
currents were recorded at different potentials with
intervals of 100 ms). Figure 1C shows monosynaptic
EPSCs recorded at first voltage steps to —100 mV from
five consecutive voltage commands similar to those shown
in Fig. 1B. In contrast, polysynaptic EPSCs could be clearly
distinguished on the basis of variable latencies and frequent
failures (Fig. 1C, failures are not shown). Polysynaptic
connections were not included into this study.

The percentage of monosynaptically connected neurons
in both parasagittal and transversal slices was low.
A total of 173 connections (156 excitatory and 17
inhibitory) were found by testing about 1500 presumably
presynaptic neurons. A tight-seal recording could be,
however, established with 102 presynaptic neurons (87
excitatory and 15 inhibitory) that are described in this
study. Recordings of postsynaptic currents and potentials,
as well as blocker testing, were done using the cell-attached
stimulation of a presynaptic neuron. At the end of the
experiment we retained the stimulation pipette as a marker
of the presynaptic neuron position, while the other pipette
had been changed to establish a whole-cell mode and to
record discharge pattern in the presynaptic neuron. In five
control experiments, simultaneous whole-cell recordings
from connected neurons were done (Fig. 1D). In this case,
the recording from the postsynaptic neuron continued,
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while a position and a shape of the presynaptic neuron was
carefully marked on the video monitor and the stimulation
pipette had been substituted with the second whole-cell
electrode. In all five connections, an action potential
elicited by a direct current injection to a presynaptic
neuron was followed by the EPSCs in a postsynaptic
one. The time delays and the kinetics of EPSCs were
indistinguishable from those seen with the extracellular
cell-attached stimulation.

Determination of firing patterns. We have previously
characterized three types of SG neurons — TNs, ANs and
DNs — on the basis of their firing patterns (Santos et al.
2004; Melnick et al. 2004a,b; see Methods). However,
the reports on the discharge properties of SG neurons
studied by the patch-clamp technique are controversial
(Grudt & Perl, 2002; Lu & Perl, 2003; Hantman et al. 2004;
but see Ruscheweyh & Sandkuhler, 2002). Differences in
firing patterns reported in our studies and others may
be a consequence of a number of experimental factors,
such as measured mean values of Vy (varying from
—48 to —77 mV) and Ry (ranging from about 160 M2
to 1.7 GR2) or usage of different intracellular solutions.
In addition, intrinsic discharge patterns might depend
on whether the measurements are carried out at room
temperature or at 37°C. Therefore, we first tested the
firing patterns and measured V and Ryy in SG neurons
using the least invasive form of the patch-clamp technique,
perforated-patch recording (Horn & Marty, 1988; Rae et al.
1991), which prevents dialysis of cytoplasmic factors and
alteration in divalent cation concentrations that normally
occur in the whole-cell mode.

In experiments with perforated patches shownin Fig. 2A
we recorded the same three basic types of SG neurons, TNs
(n=10), ANs (n=10) and DNs (n=10), as described
by Santos et al. (2004). We found that the firing patterns
were stable and could be recorded without modification
for up to 2h. The Vy values measured with a balanced
amplifier input were close to —70 mV, and the mean Ry
obtained in current clamp was above 1 GS2 for all three
types of neurons (Table 1). For five neurons of each type,
the temperature of the solution was increased to 35-37°C
(Fig. 2B). This did not modify the characteristic discharge
pattern, implying thata correctidentification of SG neuron
could be done at room temperature.

In whole-cell recordings with our pipette solution
(1 mm BAPTA) the same three types of SG neurons were
seen. In test experiments with 15 neurons (five of each
type) stable unmodified firing patterns were recorded
during periods of 42 min to 2h 1 min. Altogether, the
whole-cell recordings were made from 186 SG neurons of
which 89 were classified as TNs, 37 as ANs and 60 as DNs.
The mean Vy and Rpy measured in whole-cell mode (see
Table 1) were close to those of perforated-patch recordings.
We thus concluded that the whole-cell recording with our
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internal solution was adequate for correctly characterizing
pattern, Vg and Rjy in SG neurons.

Presynaptic TNs

Of the total 102 presynaptic SG neurons that were studied,
49 were identified as TNs (Fig. 3A). A majority of their
synaptic connections (36 of 49; 73%) were intralaminar
with another SG neurons, whereas only eight were found
with lamina I, and five with lamina III neurons (Fig. 6A
and Table 2). According to firing patterns, 31 of 49
connections were formed with TNs, 8 with ANs and 10
with DNs (Fig. 6A and Table 2). It should be noted that
all postsynaptic neurons located in laminal were TNs.

>

perforated patch

| 50 mv

500 ms

Figure 2. Perforated-patch recording of firing patterns of
substantia gelatinosa (SG) neurons

A, membrane responses in a tonic neuron (TN), an adapting neuron
(AN) and a delayed-firing neuron (DN) to 500 ms current injections.
Stimulation protocols are shown below the traces. Passive membrane
responses were elicited by an injection of a hyperpolarizing current of
10 pA (all depolarizing currents are appropriately scaled). B, discharge
patterns of a TN, an AN and a DN at 22-24°C and 35-37°C. In all
traces in this and the following figures dashed lines indicate 0 mV or
0 pA.
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Table 1. The mean Vg and R|y values measured in perforated-patch and whole-cell recordings

R|N (GQ) VR (mV)
Whole cell Perforated patch Whole cell Perforated patch
TN 2.26 +0.12 (89) 2.22 +0.48 (10) —72.8+0.4 (89) —71.4 4+ 0.5 (10)
AN 1.90 +0.18 (37) 2.02 +0.31 (10) -71.8+0.5(37) —70.3+0.8(10)
DN 1.69 +0.11 (60) 1.59 + 0.37 (10) —74.1 + 0.4 (60) —74.7 £ 0.7 (10)

RN, input resistance. The membrane potential (Vg) was measured with a balanced amplifier
input (see Methods) in a total of 186 whole-cell modes and 30 perforated patches. Numbers of

recordings are given in parentheses.

The distances between synaptically coupled neurons varied
from 6 to 75 pum, with a mean distance of 19.2 £ 2.1 um
(n=49).

All but two connections of TNs were excitatory.
The mean maximum EPSC amplitude measured at
—100 mV was 90.3 & 10.6 pA (n =20). The time course
of decay was monoexponential with a mean time

postsynaptic

A presynaptic

- -100 mV

)
B
control D-AP5 CNQX recovery
Wﬂ Ta\//»«: I I
20 ms

Figure 3. Connections of presynaptic TNs from the SG

A, examples of recordings obtained from one monosynaptic excitatory
connection between a TN from the SG and a postsynaptic DN from
the SG (25-day-old rat). Recorded EPSCs are given with the
corresponding stimulation protocols (above). The current-clamp traces
show EPSPs at different membrane potentials in a postsynaptic
neuron. The time moment of a cell-attached stimulation of a
presynaptic neuron is indicated by an arrow. Note that substantial
membrane depolarization of postsynaptic DN was needed for EPSPs to
reach the threshold of action potential firing. B, EPSCs in the control
solution and in the presence of 10 uMm CNQX and 50 um
p-aminophosphonovalerate (0-AP5).

constant of 5.0+ 0.5ms (n=20). The mean latency
of responses, calculated as a time interval between
the end of the stimulation artifact and the beginning
of the EPSC, was 2.6 =0.4ms (n=20). The EPSCs
evoked by TN stimulations were completely blocked
by the glutamate AMPA receptor antagonist CNQX
(10 um; n=>5) but were insensitive to the NMDA
receptor blocker p-aminophosphonovalerate (p-AP5;
50 um, n =5, Fig. 3B).

The two inhibitory connections of TNs from the SG
were interlaminar with a TN from lamina I and with a DN
from lamina III (Fig. 6A, marked by asterisk).

Presynaptic ANs

All 17 presynaptic ANs were excitatory interneurons
(Fig. 4A). In accordance with our previous results (Santos
et al. 2004; Melnick et al. 2004b), they were mostly found
in the lateral SG. In parasagittal sections, ANs were seen
only if the surface of the slice included a part of the
lateral SG (Fig. 6B). Of 17 presynaptic ANs, 12 formed
intralaminar contacts with SG neurons (71%), three with
lamina I neurons, and two had terminals in lamina III
(Table 2). On the basis of firing patterns, presynaptic
ANs formed contacts with 6 TNs, 1 AN and 10 DNs. All
three excitatory connections to lamina I neurons recorded
here were with TNs. The distances between coupled
neurons varied from 9 to 54 um, the mean distance being
21.1£29 um (n=17).

The mean maximum EPSC amplitude was
103.3+33.8pA (n=15) and the time constant of a
decay was 5.0 £ 0.4 ms (n = 15). The mean latency was
2.6 £0.3ms (n=15). As with the presynaptic TNs, we
also found that EPSCs associated with AN firing were
completely blocked by 10 um CNQX (n=4) but not
50 um D-AP5 (n = 4; Fig. 4B).

Excitatory DNs

Of 36 presynaptic DNs 23 were excitatory interneurons
(Fig. 5A), and 74% of their connections (n=17) were
intralaminar with another SG neuron (Fig. 6C): 10 with
TNs, 6 with ANs, and only 1 with a DN. Beyond the
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Table 2. Connections of presynaptic SG neurons
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247

Postsynaptic neuron

Lamina | Lamina Il (SG) Lamina lll
Presynaptic neuron (SG) TN AN DN TN AN DN TN AN DN Total
All connections (n = 102)
TN 741 — — 21 8 7 2 — 241" 49
AN 3 — — 3 1 8 — — 2 17
DN (inhibitory) 7 — — 2 — 3 — — 1 13
DN (excitatory) 3 — — 10 6 1 — — 3 23
2 weeks (n=11)
™ 1 — — 1 — — 1 — — 3
AN 1 — — 2 — — — — — 3
DN (inhibitory) 2 — — 1 — — — — — 3
DN (excitatory) — — — 2 — — — — — 2
3 weeks (n = 36)
TN 34+ 1* — —_ 15 4 2 1 — 1* 27
AN 1 — — — 1 2 — — — 4
DN (inhibitory) — — — — — 2 — — — 2
DN (excitatory) 1 — — 2 — — — — — 3
4-7 weeks (n = 55)
TN 3 — — 5 4 5 — — 2 19
AN 1 — — 1 — 6 — — 2 10
DN (inhibitory) 5 — — 1 — 1 — — 1 8
DN (excitatory) 2 — — 6 6 1 — — 3 18

TN, tonic neuron; AN, adapting neuron; DN, delayed-firing neuron. The upper part of the table summarizes all connections
obtained in this study. In lower parts of the table, the data are separated in three groups being presented for 2-week-old rats
(postnatal days 15-20), 3-week-old rats (postnatal days 21-27) and 4- to 7-week-old rats (postnatal days 28-49). *Inhibitory

connections of presynaptic TNs.

SG, DNs showed excitatory connections with three TNs
in lamina I and 3 DNs in lamina III.

The mean value of maximum EPSC was 75.1 & 16.8 pA
(n=10) at —100 mV, with a latency of 2.5+ 0.4ms
(n=10). The time constant of EPSC decay was
454+ 0.5ms (n=10). We found that CNQX at 10 um
(n=7),butnot 50 um p-AP5 (n = 7), completely blocked
the EPSCs (Fig. 5B). The mean distance between coupled
neurons was 23.8 3.3 um (n=23; range from 6 to
59 um).

Inhibitory DNs

The remaining 13 presynaptic DNs were identified as
inhibitory interneurons (Fig. 7A). A majority of their post-
synaptic connections were formed with lamina I neurons
(n=17), while only 38% (n = 5) with SG neurons (Fig. 7C
and Table 2). A remaining connection was with another
DN from lamina III. Thus, most connections of inhibitory
DNs were interlaminar. All seven connections formed in
lamina I were with TNs. In total, 13 DNs inhibited 9 TNs
and 4 DNs. The distances between coupled neurons varied
from 9to 36 um, and the mean distancewas 21.6 & 2.5 um
(n=13).

© 2007 The Authors. Journal compilation © 2007 The Physiological Society

The mean maximum IPSC amplitude was
75.8 £ 28.9 pA (n = 10) for inward currents at —100 mV,
and 26.5+33pA (n=10) for outward currents at
—60 mV. The latency of the inhibitory synaptic response
was 2.4+04ms (n=10). The decay kinetics of the
IPSCs were fast, the mean time constant was 5.3 = 0.8 ms
(n=11) measured at —100mV. These IPSCs were
completely blocked by the glycine receptor antagonist
strychnine (1 um, n=6, Fig. 7B), but not by picrotoxin
(100 um, n=>5, Fig. 7B).

Finally, we compared major parameters of inhibitory
and excitatory DNs: Ry, Vg, the current-clamp membrane
time constant, the threshold of the action potential and
the spike overshoot (Table 3). None of these parameters
was found to be significantly different between two
populations of DNs.

Control experiments

To test whether the low frequency of recording from
inhibitory SG interneurons might be due to some
limitations in the experimental protocol, we changed
several parameters and specifically searched for inhibitory
interneurons (for this reason the data were not included
in the main statistics). First, although the slice thickness in
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the above experiments was sufficient to preserve dendritic
trees in most types of SG neurons (Grudt & Perl, 2002;
Melnick et al. 2004a,b), we further increased the thickness
to 500-600 um in both parasagittal and transverse slices
to ensure a complete preservation of distal dendrites. In
these parasagittal sections, the slice thickness exceeded
the mediolateral extensions of dendrites in all types
of SG and laminal neurons (Grudt & Perl, 2002). In
transverse slices, the thickness exceeded the rostrocaudal
dimensions of all SG neurons and nonprojection lamina I
neurons (Grudt & Perl, 2002). Laminal projection
neurons, with the largest rostrocaudal dendritic extension
(mean >700 m), probably also preserved distal parts
of dendrites remaining in the slice, if it was taken into
consideration that any sectioning close to the soma of
a superficial neuron unavoidably cut about a half of
its dendritic tree and the other half is smaller than the
thickness of our transverse slice. Second, we changed the
amplitude of the first step in the testing voltage command
to —120 mV to increase the driving force for IPSCs and
therefore their resolution. Third, we made recordings from
presumably not connected neuron pairs in 10 um CNQX,
to ensure that IPSCs in these pairs were not masked by

presynaptic

postsynaptic

- -100 mV

B
control D-AP5 CNQX recovery
110 pA W

10 ms

Figure 4. Excitatory connections of ANs

A, examples of recordings obtained from one connection between a
presynaptic AN from the SG and a postsynaptic DN from lamina Il
(26-day-old rat). EPSCs and EPSPs at different voltages in the
postsynaptic neuron. The time moment of a cell-attached stimulation
of a presynaptic neuron in current-clamp traces is indicated by an
arrow. B, EPSCs in control solution and in the presence of 10 um
CNQX and 50 uMm D-AP5.
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glutamate-mediated EPSCs of the same magnitude, and
finally we made recordings from pairs of neurons located
in the centre of the SG near the interface of laminae II; and
I1,, where Lu & Perl (2003) found inhibitory GABAergic
connections.

Under these conditions, we tested an additional 409
pairs of neurons: 107 in parasagittal and 302 in transverse
slices. Only 24 neuron pairs (5.9%) were monosynaptically
connected. Nineteen connections were excitatory and
therefore were not subjected to further study. The
remaining five connections were inhibitory. In three of
them, the IPSCs were blocked by 1 pum strychnine but not
by 100 uM picrotoxin, indicating a glycinergic nature of
presynaptic neurons. One of these presynaptic neurons was
aDN and two were TNs. In the two remaining connections,
the IPSCs were completely blocked by addition of 100 um
picrotoxin but not by 1 um strychnine. One of these
GABAergic presynaptic neurons was a DN shown in Fig. 8,
while the other was a TN (not shown). In both GABAergic
neurons, the IPSCs were clearly seen at —120 and —60 mV
(Fig. 84 and B) as well as at —100mV (not shown).
Both GABAergic neurons were found near the interface
of lamina II, and II;, where a total of 54 neuron pairs were

presynaptic

postsynaptic

|20 mv
1-(;(-)-ms
| | | 15
-60 mV -80 mv VESST

]POST

B
control D-AP5 CNQX recovery
W w\/w“ o T
5ms

Figure 5. Monosynaptic excitatory connections of DNs

A, examples of recordings from a connection between a presynaptic
DN from the SG and a postsynaptic TN from lamina | (26-day-old rat).
EPSCs and EPSPs at different voltages were recorded in the
postsynaptic neuron. The time moment of a cell-attached stimulation
of a presynaptic neuron in current-clamp traces is indicated by an
arrow. B, EPSCs in control solution and in the presence of 10 um
CNQX and 50 uM p-AP5.
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tested. In eight pairs of apparently not connected neurons,
recordings were also done in the presence of 10 um CNQX.
In none of them IPSCs became visible after addition of
the blocker, indicating that in these pairs IPSCs were not
masked by EPSCs.
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Thus, these control experiments confirmed the
adequate resolution of IPSCs in all our experiments
and the overall low percentage of inhibitory connections

of SG neurons with their possible region-specific
localization.
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Figure 6. Distribution of excitatory connections of presynaptic SG interneurons

The diagrams of distributions of excitatory connections between presynaptic TNs (A), ANs (B) and DNs (C) from
the SG and different types of postsynaptic neurons located in laminae |, Il (SG) and lll. Data from both transverse
(upper) and parasagittal (lower) sections. Dashed lines indicate the border of the SG. In this and the following
figure, all pre- and postsynaptic neurons are indicated by open and filled symbols, respectively. The two inhibitory

connections of TNs are marked by asterisks in A.
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Table 3. Comparison of inhibitory and excitatory DNs

RN VR Membrane time constant Spike threshold Spike overshoot DN subtype

(GQ) (mV) (ms) (mV) (mV) DN; DN, DNs3 Total
Inhibitory 1.74 £0.43 (10) —74.1 £ 0.7 (10) 64.3 +15.5(10) —45.7+£1.2(10) +17.4+3.1(10) 8 3 2 13
Excitatory 1.72+0.18 (10) —73.4+0.9 (10) 63.5 +7.19 (10) -46.3+1.6(10) +11.6+1.6(10) 9 7 7 23
t Test P =0.98, n.s. P =0.55, n.s. P=0.97, n.s. P=0.77, n.s. P=0.11, n.s. — — — —

The parameters were compared by independent Student’s ttest, n.s., not significant. Description of minor differences between
subtypes DN1, DN, and DN3 of DNs is given in Methods. Numbers of recordings are given in parentheses.

in a good agreement with previous morphological
studies. In situ hybridization for three types of vesicular
The principal finding of this study is that the intrinsic gluFamate transporters VGLUTIL, 2 and 3 Fevealed
integration in the SG is dominated by excitatory their expression in 38, 33 and 6% of lammae -1
processing. We implemented a novel experimental ~ Deurons, respectively (Landry er al 2004). Since 14%
strategy for efficiently identifying neuronal connections of neurons positive for either VGLUT1 or VGLUT2
and found that 85% of axosomatic or axodendritic  Were also positive for both these transporters, one can
connections formed by SG interneurons were excitatory. ~ €stimate that glutamatergic neurons represent 68% of

Such a high proportion of excitatory interneurons is  the neuronal population. Another study found that
31 and 14% of SG neurons were GABA and glycine

Discussion
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Figure 7. Monosynaptic connections of inhibitory DNs

A, recordings from an inhibitory connection between a presynaptic DN from the SG and a postsynaptic TN from
the SG (19-day-old rat). IPSCs at different voltages in the postsynaptic neuron. B, IPSCs in control solution and
in the presence of 1 um strychnine or 100 uM picrotoxin. Recordings were made at —100 and —60 mV from the
same neuron. C, the distributions of monosynaptic connections between inhibitory DNs from the SG and different
postsynaptic neurons located in laminae I-Il.
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immunoreactive, respectively, and all  glycine-
immunoreactive cells were also GABA immunoreactive
(Todd & Sullivan, 1990), suggesting that inhibitory inter-
neurons represented 31% of SG neurons. These estimates
for excitatory and inhibitory neurons are highly consistent
with our data if one assumes that some inhibitory neurons
may form presynaptic axoaxonic synapses and therefore
cannot be detected by our technique. It is also possible
that somata of excitatory interneurons originate a larger
number of axonal collaterals and functional synapses than
the somata of inhibitory interneurons.

In terms of integral organization of the SG neuro-
nal network, our data suggest that, regardless of firing
pattern, a majority of SG excitatory interneurons form
intralaminar connections, while those of inhibitory SG
neurons are mostly interlaminar. The relative number of
inhibitory connections was higher for projections from
the SG to laminal (8 of 21, Table 2) and to lamina III (2
of 11, Table 2) being lower for internal projections within
the SG (5 of 70, Table 2). The latter may indicate that
spontaneous miniature IPSCs recorded in a vast majority
of SG neurons (Chéry & De Koninck, 1999) are mostly
induced by neurons located outside the SG.

We have also demonstrated that intrinsic firing of a
SG neuron correlates with its function in such a way
that a vast majority of TNs and ANs are excitatory
interneurons, whereas DNs could be both excitatory
and inhibitory interneurons. An adequate classification
of neuronal firing patterns was critical for this study.
Because of conflicting reports on discharge properties
and membrane parameters of SG neurons, we took
several precautions to ensure correct identification. In
particular, we used the voltage-follower with a balanced
input (Santos et al. 2004) to measure Vi and Ry,
studied passive membrane properties and discharge
patterns at physiological temperatures and recorded
through perforated patches to maximally preserve the
intracellular environment critical for measured
parameters. These experiments confirmed the three
basic types of SG neurons, i.e. TNs, ANs and DN,
proposed previously (Grudt & Perl, 2002; Santos et al.
2004). Our whole-cell recordings have also shown that
a BAPTA-based internal solution preserved the physio-
logical firing patterns. This suggests that (1) these neurons
have highly buffered Ca** under normal physiological
conditions, and (2) firing patterns are highly Ca®*
dependent.

Our observations may also help to explain discrepancies
in firing patterns between different reports. We found
that the mean Rjy was above 1 G2 and Vi was close
to —70mV for all cell types. High Ry appears to be
important for correct identification of TNs. Indeed, in
the majority of them, the tonic firing could be selectively
transformed into adapting upon Rpy reduction, for
example, due to GIRK current activation by p-opioids

© 2007 The Authors. Journal compilation © 2007 The Physiological Society

Interneurons in the spinal substantia gelatinosa 251

(Santos et al. 2004). Likewise, lowering Rjy in ANs
frequently transformed their typical pattern into a single
spike (unpublished observations). However, the basic
firing pattern of both TNs and ANs was weakly sensitive
to Vg, due to low expression of transient Kt channels
(Melnick et al. 2004a,b). In contrast, V' was critical for
correctly identifying DNs. Membrane depolarization can
inactivate a pronounced transient K current conductance
and shorten the characteristic delay of the firing onset
(Yoshimura & Jessell, 1989), thus inducing a tonic-like
discharge. Furthermore, transient K™ current in dorsal
horn neurons was inhibited by Ca*"-dependent protein
kinase C and A (Hu & Gereau, 2003; Hu et al. 2003),
suggesting that insufficient buffering for Ca*" may
transform the delayed-onset firing into tonic firing.

TNs in the SG can function as signal integrators
(Prescott & De Koninck, 2002) because their discharge
frequency increases with the stimulation intensity being
regulated by the apamin-sensitive Ca®*-activated K*
conductance (Melnick ef al. 2004a). Their axons project
to the SG itself as well as to neighbouring laminael
and III (Melnick et al. 2004a). The present study shows
that the vast majority of TNs are excitatory neurons
interconnecting laminae I, IT and III. The most abundant
type of their connection was intralaminar with other

postsynaptic

presynaptic

4 -120mv |
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control strychnine strychnine recovery
+
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Figure 8. Monosynaptic connection of a GABAergic inhibitory
DN

A, an inhibitory connection between a presynaptic DN and a
postsynaptic TN in the SG (17-day-old rat). IPSCs recorded at —120,
—60 and —80 mV in the postsynaptic neuron. B, IPSCs in control
solution, in the presence of 1 uM strychnine and in the presence of

1 um strychnine and 100 um picrotoxin. At —60 mV, all recordings are
from the same neuron.
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TNs. This implies that excitatory circuitry involving
two intrinsic TNs form an important block in SG
processing. Importantly, excitatory TNs synapse on TNs
from lamina I, a region where most nociceptive projection
neurons are located (Burstein et al. 1987; Lima & Coimbra,
1988; Lima, 1998).

We have recently shown that TN is the only SG cell type
directly inhibited by the p-opioid agonist (Santos et al.
2004). The present classification of TNs as predominantly
excitatory interneurons strongly supports the idea of
specific targeting of postsynaptic p-opioid receptors to
excitatory SG interneurons (Kemp et al. 1996). Because
of their numerous excitatory connections throughout the
superficial dorsal horn, a selective inhibition of TNs may
underlie the analgesic postsynaptic effects of endogenous
enkephalins and administered opioids (Duggan et al. 1977;
Johnston & Duggan, 1981).

AN are preferentially located in the lateral SG and their
dendritic tree and axonal arborization have pronounced
rostrocaudal orientation, with a limited spread in the
mediolateral and dorsoventral dimentions (Santos et al.
2004; Melnick et al. 2004b). Their characteristic firing
adaptation results from a relatively low expression of
voltage-gated Na' channels and is not regulated by
Ca’"-dependent K™ mechanisms (Melnick et al. 2004b).
The ‘input—output’ properties allow ANs to function as
coincidence detectors (Prescott & De Koninck, 2002). Here
we further show that ANs are excitatory interneurons
forming most of their functional connections with local SG
neurons. In the context of neuronal network therefore ANs
appear to be mostly involved in the intralaminar excitatory
processing within the lateral SG.

DNs can be both excitatory and inhibitory interneurons.
Our statistical analysis did not reveal differences in
membrane parameters between these two subpopulations.
The majority of excitatory DNs made connections within
the SG with local TNs. In contrast, inhibitory DNs
formed most connections with laminal TNs. Some of
them released glycine acting on the strychnine-sensitive
receptors. This is in accordance with observations that
spontaneous miniature IPSCs in lamina I neurons were
almost exclusively mediated through strychnine-sensitive
glycine receptors (Chéry & De Koninck, 1999). The mean
time constant of the IPSC decay (5.3 ms) obtained here
is close to that of glycine-receptor-mediated IPSCs in
lamina I-IT neurons (Chéry & De Koninck, 1999). In
general, membrane properties of DNs allow them to act as
input integrators with a high firing threshold regulated
by transient Kt current. Modulation of transient Kt
current by protein kinase A and C, as well as by membrane
potential, provides the mechanisms for the regulation
of sensory processing in both excitatory and inhibitory
circuitries.

The present data are in agreement with excitatory
connections reported for ANs and DNs (Lu & Perl, 2005).

J Physiol 581.1

According to our control experiments, a few per cent
of TNs and DNs in the SG can also be GABAergic
interneurons. Indeed, the GABAergic neurons with tonic
firing were identified by simultaneous recordings (Lu
& Perl, 2003) or green fluorescent protein expression
(Hantman et al. 2004). It seems that neuron pairs with
GABAergic connections are mostly localized in a narrow
transitional zone between laminae II; and II, (Lu & Perl,
2003; our observations) and therefore the probability of
finding them in the rest of the SG is very low. It is also
possible that (1) in the majority of inhibitory synapses
formed by SG neurons, GABA 4 receptors are extrasynaptic
and therefore coreleased GABA and glycine predominantly
evoke glycine-mediated IPSCs (Chery & De Koninck,
1999); and/or (2) some GABAergic neurons in the SG
are involved in presynaptic inhibition of primary afferent
terminals (reviewed in Lima, 1996), and thus cannot be
identified by simultaneous recording from neuronal pairs.

One essential finding of this study is that excitatory
synapses dominating the neuronal network in the
SG are glutamatergic. Our results also indicate
that fast synaptic transmission in these synapses is
mediated through AMPA and/or kainate receptors, since
EPSCs were completely blocked by CNQX. Although
kainate receptors had been implicated in the synaptic
transmission of A§- and C-fibre inputs to the SG (Youn
& Randic, 2004) and in the modulation of transmitter
release (Engelman & MacDermott, 2004), their activation
under our experimental conditions was unlikely because
it required much higher intensity of stimulation (Frerking
et al. 1998; Lee et al. 2004), and EPSCs mediated by
kainate receptors had much slower kinetics (Frerking
et al. 1998; Cossart et al. 2002). In contrast, our data imply
involvement of AMPA receptors, thus being consistent
with observations of others that AMPA receptors are
highly expressed in the superficial dorsal horn synapses
(Tachibana et al. 1994; Tolle et al. 1995; Petralia et al. 1997)
and modulate spinal synaptic plasticity and inflammatory
pain (Hartmann et al. 2004).

In conclusion, the present study has revealed that the
sensory integration in the SG is dominated by excitatory
processing and that the intrinsic firing properties of SG
interneurons correlate with their functions. Excitatory
processing is mostly intralaminar, in contrast to the
inhibition, which is preferentially interlaminar. This
organization of neuronal circuitries in the spinal SG can
be important for nociceptive encoding.
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