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Electrically silent neurons in substantia gelatinosa

of the rat spinal cord

Substantia gelatinosa (SG) neurons are usually categorized on three main types: tonic, adapting
and delayed firing (DFNs), based on characteristic firing response evoked by sustained stimulation.
Here, the existence of electrically silent neurons (ESNs, 9.3 %) is reported by using patch-clamp
recording and confocal microscopy in spinal cord slices from 3-5 weeks-old rats. Those neurons
does not generate spikes at their resting membrane potential (~ -69 mV) but only at preliminary
depolarization to > -60 mV. In the latter case, spikes appeared starting from the end of stimulation,
which is characteristic feature of DFNs. With the exception of APs block, all other passive and active
electrophysiological properties of ESNs and DFNs were similar. Their main morphological proper-
ties (vertical orientation of dendritic tree and axonal trajectory) were close too. A distinctive feature
of ESNs was larger amplitude of outward A-type K* current (K ). The results suggest that the latter
might cause a block of APs in ESNs, while these cells likely are a functional (i.e., non-firing) subtype
of DFNs. The role of DFNs in descending control of pain transmission via modulation of its K, is
hypothesized.

Key words: spinal cord, substantia gelatinosa, firing pattern, action potentials, A-type current,

pain.

INTRODUCTION

Substantia gelatinosa (SG) or lamina II of the
spinal cord plays an important role in the pro-
cessing of nociceptive and thermoreceptive
information. SG cells receive monosynaptic
input from afferent fibers and relay it further
to projection neurons located in laminas I and
IV-V. Therefore, SG cells operate as inter-
neurons in sensory dorsal horn networks.
Their structural and physiological character-
istics are highly heterogeneous, however.
Morphologically, there have been described a
variety of neuronal cell types [4, 5, 7, 12-14,
20, 21]. According to physiological classifi-
cation, three major groups have been shown:
neurons with tonic, adapting and delayed fir-
ing (DFNs) [1, 5, 11-14, 18, 19, 22]. The lat-
ter has distinct electrophysiological and mor-
phological properties. Among the first are a
high threshold of action potentials (APs) in
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response to stimulation, appearance of APs
starting from the end of stimulus (i.e., with
delay) and possession of high amplitude sub-
threshold K* current of A-type (K,), which
activates before inward Na* current and thus
is believed to be a cause of APs delay [5, 10,
13,17, 18]. Morphologically, DFNs have ver-
tical orientation of their dendritic and axonal
trees [13]. Here, I report the existence of
electrically silent neurons (ESNs), which do
not respond by APs to stimulation at their rest-
ing membrane potential (RMP). Despite this
distinctive feature, all other physiological and
morphological properties of ESNs are similar
with those of DFNs, except of the larger am-
plitude of K, in silent neurons. The results
suggest that the larger K, might cause not
only a delay but also a full block of APs in
ESNs, while the latter likely is a functional
subgroup of DFNs in substantia gelatinosa. It
is proposed that DFNs might have a role in
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descending control of pain transmission via
modulation of its K.

METHODS

Patch-clamp recordings were performed on
300-mm parasagittal and coronal slices pre-
pared from the lumbar enlargement of the
spinal cord of 3-5 week-old Sprague-Dawley
rats. The animals were anesthetized by Na-
pentobarbital (30 mg/kg ip). Slices were in-
cubated in artificial cerebrospinal fluid
(ACSF) for >30 min at 32-33°C before ex-
periments (carried at similar temperature).
Lamina II was identified as a translucent band
in the dorsal horn. The neurons were visual-
ized by infrared-differential interference con-
trast (IR-DIC) optics of a Zeiss FS2 micro-
scope (Carl Zeiss, Germany). ACSF contained
(in mM): NaCl, 124; KCl, 3; CaCl, 2.5;
MgSO,, 1.3; NaH,PO,, 1.4; NaHCO,, 26; glu-
cose, 10 (pH 7.4 when bubbled with 95% O,
- 5% CO,). Pipettes had resistances of 5-7
MW when filled with an internal solution con-
taining (in mM): K-gluconate, 125; KCI, 4;
MgATP, 5; NaGTP, 0.3; EGTA, 5; HEPES, 5;
neurobiotin, 0.2 % (pH adjusted to 7.25 with
KOH, osmolarity adjusted to 295 mOsm). Pi-
pette tips were filled separately, with internal
solution without neurobiotin. The MultiClamp
700B amplifier was used for recordings. Sig-
nals were filtered at 3 kHz and digitized at 10
kHz using a computer interface (Digidata
1322) and pCLAMP 9.2 software (Axon In-
struments, Burlingame, CA). Recordings were
not corrected for the liquid junction potential.
Series resistance was <25 MW and was not
compensated. Firing of APs was evoked by
500 ms depolarizing current steps of varying
intensities (range 10-650 pA). Passive elec-
trical properties of cells were measured as
described earlier [14]. Following recordings,
slices were fixed in 4 % paraformaldehyde in
0.1 M phosphate-buffered saline (PBS) at 4°C
for 48 h. After washing overnight in 20 %
sucrose solution, unsectioned slices were in-
cubated with neutravidin-conjugated Alexa
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594 (1:300) for 1 h, washed with PBS and
mounted in Prolong® anti-fading medium (Mo-
lecular Probes). Images (1-2 mm interval)
were taken and processed with a Zeiss
LSM510 confocal microscope. Data are pre-
sented as mean = S.E.M. They were statis-
tically analyzed by Student t-test, and proba-
bility level P < 0.05 was taken as significant.

RESULTS

The recordings were obtained from 108 neu-
rons, which were categorized based on their
typical firing response (i.e., firing pattern)
evoked by sustained depolarization of increas-
ing amplitude [14]. A small proportion of nerve
cells (9.3 %) at their natural RMP did not re-
spond by APs to stimulation of any intensity
(Fig. 1, Aa); such cells were called “electri-
cally silent neurons” (ESNs). This non-re-
sponsiveness did not result from the cell’ dam-
age or some other technical reasons, judging
on their negative RMP (-69 + 1.4 mV) and
high values of input resistance (701 + 122
MW). The overall shape of depolarizing mem-
brane response in ESNs (notably, a notch on
depolarizing phase and its gradually increas-
ing amplitude to the end of stimulation) was
similar to that of subthreshold responses in
DFNs (Fig. 1, traces 2-3 in panel Aa vs. trace
1 in panel Ba). With sufficient membrane de-
polarization to > -60 mV, ESNs were able to
fire usual APs with a delay starting from the
end of depolarization (Fig. 1, Ab), which was
again similar to the behavior of DFNs (Fig. 1,
Ba, traces 2-3). The delay in DFNs decreased
with membrane depolarization (Fig. 1, traces
2%in panels Ba vs. Bb). This voltage sensitiv-
ity was quantified for both DFNs and ESNs
(Fig. 1, C). From the graph, it was evident
that, qualitatively, the delay behaved similarly
in both cell types, in ESNs however the volt-
age dependence was shifted to more positive
potentials. All other passive electrical prop-
erties of two cell types were close too (RMP
and input resistance of DFNs, —-68 £ 1.2 mV
and 675 MW respectively, were not different
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Fig. 1. Firing behavior of electrically silent (ESNs) and
delayed firing neurons (DFNs). (A-B) Voltage responses
of ESN (Aa) and DFN (Ba) to depolarizing currents of
increasing intensity (protocol is shown below traces). ESN
did not generate action potentials (APs) to stimulations.
Upper dashed line in all panels show 0 mV level for the
last (upper) trace. RMP is indicated near the first response.
(Ab), stimulation of previously depolarized ESN by ~9
mV evoked APs. The intensity of stimulation is the one
used for trace 3 from the panel a, RMP is the same for
traces 3°* in both panels (indicated by dotted line). (Bb),
depolarization of DFN shorten the delay in APs. The in-
tensity of stimulation is the one used for trace 2 from the
panel a, RMP is the same for traces 2° in both panels
(indicated by dotted line). (C) Voltage dependence of the de-
lay before first AP in DFN and ESNs (n =5 in both groups).
The curve for ESN is shifted in depolarized direction
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from the values for ESNs mentioned above,
P > 0.5, unpaired t-test).

The prominent feature of DFNs is the ex-
pression of high-amplitude K, [7, 13, 18]. The
properties of ESNs and DFNs were compared
in this respect. Figure 2 (A and B) shows ionic
currents evoked by voltage steps to between
—55 and —-35 mV delivered after a hyperpo-
larizing pre-pulse to —120 mV to remove in-
activation. Both ESNs (A) and DFNs (B) had
fast K, activated at subthreshold voltages, i.e.
before Na* current. Initial I-V curves are dem-
onstrated on panel C, dotted and solid lines
schematically show activation of Na* spike.
Such presentation of only initial I-V curves
was chosen to minimize the voltage error
inevitable in recording of high-amplitude
currents. As evident from the panel C, the K,
current was significantly larger in ESNs.

Morphology of neurobiotin-filled and
reconstructed in parasagittal slices ESNs was
studied using confocal microscopy and
compared with that of DFNs [13]. The
orientations of dendritic tree and axon trajec-
tory are considered as the most important
morphological criteria, which indicates direc-
tionality of information processing in the spi-
nal dorsal horn [4, 5, 20]. Individual ESN could
have quite variable appearance, e.g., shape
and size of the soma, number and width of
primary dendrites, their branching pattern, etc.
However the overall orientation of their den-
dritic trees was predominantly vertical (6 out
of 9 cells), as in DFNs (Fig. 3). Similarly, their
axons went to lamina I and in 3 cases both to
lamina I and III.

DISCUSSION

SG neurons are known for the large variabili-
ty of their properties. Here I report the exist-
ence of previously unrecognized cell group in
SG with remarkable electrical behavior, the
neurons of which were unable to generate APs
at RMP (ESNs). With membrane depolariza-
tion to > -60 mV, ESNs did generate APs. This
suggests, first, that some ionic current is ac-
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tive at RMP and effectively blocks APs, and
second, preliminary membrane depolarization
inactivates the current and unblocks the APs.
Such voltage dependence of firing is known
specifically for DFNs and is attributable to
powerful K, which activates at subthreshold
potentials and causes the delay in APs gener-
ation [7, 10, 13, 18]. In agreement, ESNs pos-
sessed even larger K, than DFNs suggesting
that it might cause not only the delay but also
a block of APs generation. K, is known to
inactivate strongly at negative subthreshold
potentials [10] and it matches well with our
experiments, where ESNs started generating
spikes after preliminary depolarization. How-
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Fig. 2. Voltage-clamp recordings of subthreshold currents
in delayed firing (DFNs, A) and electrically silent (ESNss,
B) neurons. Voltage protocol is the same and shown below
traces. Both cell types possessed outward A-type K*
current (K, ) activating before inward Na* current (arrow).
(C) Initial 1-V curve of K, in DFNs (filled) and ESNs
(open symbols). Activation of Na* current is shown sche-
matically for both groups by dashed and solid lines,
respectively. ESNs had larger K, (P < 0.03, unpaired
t-test, n = 6)
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ever, to prove definitely the causative rela-
tion between the expression of K, and block
of APs, further experiments with selective
pharmacological suppression of the current

A

Fig. 3. Morphologic appearance of electrically silent (ESN,
A) and delayed firing neuron (DFN, B) in parasagittal slices.
Confocal images of cells are presented as summed Z-pro-
jections. Dashed lines indicate borders between laminas
(numbered). Arrows point to axon-like processes.
Calibration bar, 50 mm
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are needed. All other tested electrophysiologi-
cal and morphological properties of ESNs and
DFNs were similar suggesting that they might
be the same physiological type of neurons in
dorsal horn networks; ESN might represent
then a non-firing state, i.e. a silent mode, of
DFNs due to up-regulation of K. If it is the
case, the functional impact of ESNs on sen-
sory processing can be much larger than if to
judge based on their rare abundance; really,
DFNs and ESNs together constitute about one
third of SG neurons. Vertical orientation of
their dendritic and axonal trees suggests that
those neurons perform interlaminar integra-
tion by acquiring synaptic input from several
spinal layers and transmitting it to projection
cells, the axons of which form spinothalamic
tract [17]. Their physiological features fit well
with this idea. Really, the delay and high rheo-
base of APs in DFNs indicates that signifi-
cant summation of afferent impulses (i.e., in
frequency and amplitude) must happen before
neuronal activation. The appearance and role
of ESNs then can be hypothesized within fol-
lowing physiological scenario. Numerous de-
scending fibre systems have been described
in the dorsal spinal cord, which are supposed
to be involved in antinociception, i.e. in regu-
lation of pain neurotransmission [15]. These
fibers might release various neuromodulators
from their terminals (e.g., oxytocin, seroto-
nin, noradrenalin, dopamine) [2, 3, 6, 9, 16],
which might up-regulate the K, in DFNs and
thus “turn” them off; the latter would effi-
ciently modulate sensory processing. In prin-
ciple, the properties of the channels mediat-
ing K, can be changed by phosphorylation via
various protein kinases [8, 10]. Those kinas-
es, in turn, can be activated in situ by differ-
ent mechanisms, e.g., via B-adrenergic recep-
tors, as was shown in hippocampal neurons
[8]. To give more physiological weight to this
hypothesis, the properties of K, in DFNs of
SG and its modulation be relevant neurotrans-
mitters both in vitro and in situ have yet to be
demonstrated.
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CONCLUSIONS

1. Electrically silent neurons (ESNs) are found
in rat Substantia Gelatinosa. They do not gen-
erate action potentials (APs) in response to stim-
ulations at their resting membrane potential, but
only with preliminary depolarization.

2. All electrophysiological and morpho-
logical properties of ESNs, except of APs
block, are similar to those of delayed firing
neurons (DFNs).

3. ESNs possessed significantly larger A-
type K* current than DFNs, which is presum-
ably a cause for APs block.

I.B. MeabHUK

EJIEKTPMYHO HE3BY/IUIUBI HEIiIPOHU B
JKEJATUHO3HII CYBCTAHLI CHMHHOT'O
MO3KY LIYPIB

3a Tunom rexepauii noreHuianis xaii (I1/1) Heiiponu >xenatu-
HO3HOI cyOCTaHIii CTMHHOTO MO3KY 3BHYaITHO MiIPO3ALIAIOTH
Ha TOHIYHI, 3 aJlaNTalli€lo Ta HEHPOHH 3aTPUMAHOI reHeparii
(H3T'). B exnepumMeHTax Ha 3pi3ax CIHHHOTO MO3KY 3-5-
THXKHEBUX ILIYpiB 3a J0OIOMOror Mmeroxis patch-clamp-
peectpatii Ta KOH(pOKAIEHOI MIKPOCKOIIii Oyia BUsBICHA IpyTa
enexTpudHo He30ymuBux HeiiponiB (EHH, 9,3 %), sxi ne
renepysaiu I1/1 y BiiNOBiib HA CTUMYJIALIIIO IPH TX BIACHOMY
MeMmOpanHOMy moteHmiani (6au3bko -69 MB). TIJ1 mornun
aKTHBYBATHCS JIMILIE IPU JIeNOJsApu3anii MemOpanu 10 -60 MB,
TPH 1IbOMY BOHH 3’ SIBJISUTHCS], TOYMHAIOUH 3 KIHIIA CTUMYJIALLIT
—xapakTepHa puca it H3I". Bynu cxoxunmu Takox Maibke Bei
iHmi enekrpodisiosnoriuyHi Ta Mopdonoriyni Bnactusocti EHH
1 H3I". Ha Bigminy Bix octannix, EHH manu 6iibiry ammtityny
xaniesoro ctpymy A-tumy (K,), o, BiporiaHo, i 61okysao
IT1J]. Takum unHOM, ipuItyckaetbest, o EHH i H3I nanexats
110 €1MHOT (PYHKI[IOHAJIBHOT MOMYIISALIT HeHPOHIB JKeaTHHO3HOT
cybcranuii. 36inbmenns K, y yacTuHH Takux HeHpoHis,
HaIPUKJIA i1 €10 IeSKNX HelipoMe1iaTopiB Y1 MOJYJISTOPIB,
HPH3BOAUTS JI0 X EIEKTPUYHOTO OJIOKY, 1110 MOXKE BiJirpaBaTu
3HA4YHY POJIb Y KOHTPOJI MpoBeAeHHs 00160801 iH(pOpMaLLil.
Ki1r040Bi cr1oBa: CIMHHKI MO30K, JKeJIATHHO3HA CyOCTaHILis,
Oinb, MOTEHIiaNy Jil, THI reHepaii, cTpyM A-Tuiry.

HN.B. MeabHUK

SJIEKTPUYECKHU HEBO3BY/IUMBIE
HEWPOHBI )KEJJATUHO3HOM CYBCTAHIIUA
CIIUHHOI'O MO3I'A KPBICHI

ITo criocoOy renepanuu noteHmanos aeiictaus (I1/1) Helipons
KEJATUHO3HON CyOCTaHIMM CIIMHHOTO MO3Ta OOBIYHO
MO/IPa3/IeNIAIOT HA TOHMYECKHE, AANTUPYIOIIHE U 33/1epAKaHHON
rereparyu (H3T'). B skcnepumenTax Ha cpe3ax CIIMHHOTO MO3ra
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3—5-HeneNbHBIX KPBIC IIPH HOMOIIM METO0B patch-clamp-
PErucTpanyuu U KOH()OKaJILHOH MHUKPOCKOIHH OblLta 0OHa-
pYXeHa TpyIIa JIeKTpUIecKy Mosrqamux Heiiponos (OHH,
9,3 %), koTopsle He reHepupoBaiu I1/] B oTBeT Ha CTUMYIIALIHIO
TPHU UX ECTECTBEHHOM MEMOPaHHOM HOTECHIUANE (TIPUMEPHO -
69 MB). IIJl Morn akTUBHPOBATHCA JIMIIBL TPH NPEABApPU-
TEeJIHOM Jenosspu3ay MeMopansl 10 -60 MB, ipu 3ToM oHH
HOSIBIAINCH C 3a/lepKKoi — XapakrepHas yepra H3I. beuin
CXOJIHBIMH TaK)Ke [IOYTH BCE JIPYTHE EKTPOPYHU3HOIOTHIECKHE
1 Mopdonornyeckue cBoiictea DHH u H3T. B ormmnune ot
nocnenunx, OHH nMenu GoIblIyIo aMIUIHTY Ly KaJIUEBOTO TOKA
A-tuna (K, ), 4ro, BeposiTHO, u Gnokuposano I1JI. Takum
obpazom npexnonaraercs, yro DHH u H3I' npunamiexar k
eIMHON (PU3MOIOTNYECKOll MONMYIAHN HEHPOHOB XKelaTu-
HO3HOM cyOcTaHuy. Yenuyenue K, y yacTu Takux HeHpOHOB,
HanpuMep noJ AeHCTBHEM HEKOTOPBIX MEIUATOPOB MIH
MOZAYJIATOPOB, IPUBOIHUT K UX JIEKTPUYECKOMY OJIOKY, UTO
MOXET MMETb BaXKHYIO POJIb B KOHTPOJIE TPOBEACHUS 00IEBOH
nH}opManun.

KittoueBsble ci1oBa: CIMHHOMN MO3T, JKeJIaTHHO3HAs CyOCTaHIHS,
60J1b, TOTEHIUAIIBI JEHCTBUS, TUII TeHEPALUH, TOK A—THIIa.
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