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Slack KNa channels influence dorsal horn
synapses and nociceptive behavior
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Abstract

The sodium-activated potassium channel Slack (Kcnt1, Slo2.2) is highly expressed in dorsal root ganglion neurons where it

regulates neuronal firing. Several studies have implicated the Slack channel in pain processing, but the precise mechanism or

the levels within the sensory pathway where channels are involved remain unclear. Here, we furthered the behavioral

characterization of Slack channel knockout mice and for the first time examined the role of Slack channels in the superficial,

pain-processing lamina of the dorsal horn. We performed whole-cell recordings from spinal cord slices to examine the

intrinsic and synaptic properties of putative inhibitory and excitatory lamina II interneurons. Slack channel deletion altered

intrinsic properties and synaptic drive to favor an overall enhanced excitatory tone. We measured the amplitudes and paired

pulse ratio of paired excitatory post-synaptic currents at primary afferent synapses evoked by electrical stimulation of the

dorsal root entry zone. We found a substantial decrease in the paired pulse ratio at synapses in Slack deleted neurons

compared to wildtype, indicating increased presynaptic release from primary afferents. Corroborating these data, plantar test

showed Slack knockout mice have an enhanced nociceptive responsiveness to localized thermal stimuli compared to wildtype

mice. Our findings suggest that Slack channels regulate synaptic transmission within the spinal cord dorsal horn and by doing

so establishes the threshold for thermal nociception.
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Introduction

The precise molecular mechanism underlying the pro-
cessing and transmission of nociceptive signals to the
brain via the dorsal root ganglion (DRG) and spinal
cord dorsal horn (DH) remain unclear. As a result, treat-
ment options are limited, and a significant portion of the
population suffering from one of the many types of pain
is faced with inadequate analgesia or debilitating side
effects. The superficial DH consists of a heterogeneous
neuronal network that processes sensory signals before
they are relayed to the brain. Identifying key proteins
involved in regulating the flow of pain-related signals
at primary afferent synapses, and subsequent processing
within the DH is a key step in identifying potential tar-
gets for novel therapeutic strategies.

Slack (Kcnt1, Slo2.2) channels are large conductance
sodium-activated potassium (KNa) channels expressed
throughout the central and peripheral nervous sys-
tems.1,2 High levels of expression in DRG and

downstream spinal cord DH, along with a functional
role regulating neuronal firing, have made them of inter-
est in the study of pain.3–7 Functionally, they are thought
to control neuronal firing rates and patterns by promot-
ing adaptation and afterhyperpolarization.8,9 Studies in
Slack knockout (KO) mice have been focused primarily
on electrophysiological analysis of the DRG and

1Program in Neuroscience, State University of New York at Buffalo, Buffalo,

NY, USA
2Department of Pharmacology and Toxicology, State University of New

York at Buffalo, Buffalo, NY, USA
3Institut fuür Pharmazie, Pharmakologie, Toxikologie und Klinische

Pharmazie, der Universität Tuübingen, Tuübingen, Germany
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behavioral paradigms. Several reports indicate that cul-
tured DRGs lacking Slack channels are hyperexcita-
ble,4,7 and behavioral phenotypes suggest an anti-
nociceptive role for Slack in neuropathic pain.6 The
involvement of Slack channels in regulating synaptic
function in the superficial, pain-processing lamina of
the DH is unclear. The superficial DH receives nocicep-
tive inputs from DRG neurons, which make connection
with second-order sensory neurons, forming the first cen-
tral synapse along the pain pathway. Within the DH,
inhibitory and excitatory interneurons modulate the
signal before projection neurons relay the information
to the brain.10–12 Previous studies indicate that Slack
channels are located on primary afferents terminating
in the superficial DH.6 To date, electrophysiological ana-
lyses of Slack channels have focused on the peripheral
sensory neurons in the DRG, leaving the channels con-
tribution to the first central synapse and DH network
unknown. To this end, we performed whole-cell record-
ings from transverse spinal cord slices to investigate the
role of Slack channels in the superficial lamina of the
DH.

Materials and methods

Animals

Wildtype (WT) and Slack KO mice were housed at the
University at Buffalo Laboratory Animal Facility on a
12/12 light/dark cycle with free access to food and water.
All experimental procedures were in accordance with the
guideline of the National Institute of Health and were
approved by the University at Buffalo Institutional
Animal Care Use Committee.

Slice preparation

Under isoflurane anesthesia, mice (P15–P32) were
decapitated, and a ventral laminectomy was performed
to access the spinal cord. The lumbar portion was dis-
sected and embedded in low-gelling temp agarose (Sigma
Aldrich, St. Louis, MO) and bathed in ice-cold modified
artificial cerebrospinal fluid (ACSF) of the following
composition (in mM): 110 choline chloride, 2.5 KCl,
0.5 CaCl2, 7 MgSO4, 1.25 NaH2PO4, 26.2 NaHCO3,
11.6 sodium L-ascorbate, 3.1 sodium pyruvate, and
25 glucose. Transverse slices of the lumbar spinal cord
were obtained using a vibrating blade microtome
(Lancer series 1000; Leica Biosystems, St. Louis, MO).
Slices were incubated for at least 45min at 35�C to 37�C
in regular ACSF of the following composition
(in mM): 119 NaCl, 2.5 CaCl2, 1.3 MgSO4,
1 NaH2PO4, 26.2 NaHCO3, 15 glucose, and 1.0 sodium
L-ascorbate and continuously bubbled with 95% O2 to
5% CO2. After incubation, slices were left for 1 h to

recover before being transferred to the recording cham-
ber (Warner Instruments, Hamden, CT) fixed to an
upright microscope. The slices were continuously per-
fused (2–3ml/min) with room temperature (�22�C)
ACSF saturated with 95% O2 to 5% CO2.

Electrophysiological recordings

Neurons within the translucent band that delineates
lamina II (substantia gelatinosa) were visualized with a
40X water-immersion lens and equipped with differential
interference contrast and infrared optical system. Whole-
cell recordings were obtained with patch electrodes (3–
5M�) filled with internal solution containing (in mM):
120 potassium gluconate, 10KCl, 10 sodium phospho-
creatine, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid, 1MgCl2, 1 ethylene glycol-bis(2-amino-
ethylether)-N,N, N0, N0-tetra-acetic acid, 2Na2-ATP,
and 0.25Na-GTP, at a pH of 7.3 and osmolarity of
280 to 290mosmol�1. Excitatory post-synaptic currents
(EPSCs) were evoked using a stimulating electrode filled
with ACSF and placed in the dorsal root entry zone
(DREZ), located by the remaining dorsal roots. The dur-
ation (100–200 ms) and intensity (5–99V) of the stimulus
were adjusted to 75% of the maximum amplitude of
EPSCs. EPSCs were evoked every 20 s. In some experi-
ments, a paired stimulus was delivered at inter-stimulus
interval of 40ms to determine the paired pulse ratio
(PPR). Membrane currents were amplified with a
Multiclamp 700B amplifier (Molecular Devices, Union
City, CA), digitized with Digidata 1440 and collected
using pCLAMP 10 software (Molecular Devices,
Union City, CA). All chemicals used for ACSF prepar-
ation were purchased from Fisher Scientific (Pittsburgh,
PA). Picrotoxin and GYKI 54266 (4-(8-Methyl-9H-1,3-
dioxolo[4,5-h][2,3]benzodiazepin-5-yl)-benzenamine
hydrochloride) were purchased from Tocris Cookson
(Ellisville, MO, USA). Loxapine succinate (LOX) was
purchased from Sigma Aldrich.

Hargreaves (plantar) test for thermal nociception

Baseline thermal nociception was measured using the
Hargreaves Apparatus by Ugo Basile (Varese, Italy).
Mice (6–10 weeks) underwent two days of habituation
followed by three days of measurements. On days 1 and
2 (habituation), mice spent 30min in homecages acclima-
tizing to the testing room and were then transferred to
testing chambers for 1 h. On days 3 through 5, mice
underwent testing. An infrared stimulus (IR 40) was
delivered through the plexiglass floor to the plantar sur-
face of the hind paw, and the latency to withdrawal was
measured automatically. For each subject, three to six
measurements per hind paw were taken and used to com-
pute the average latency to withdraw (seconds). A
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maximum IR exposure time of 15 s was set to ensure no
tissue damage occurred, and at least 5min was left
between measurements taken from the same mouse.

Dynamic plantar test for mechanical nociception

Baseline mechanical nociception was measured using the
Dynamic Plantar Aesthesiometer by Ugo Basile (Verese,
Italy). Mice (4–8 weeks) underwent two days of habitu-
ation (described above) followed by one to two days of
baseline measurements. A Von Frey–type 0.5mm fila-
ment was applied to the hind paw with a max force of
5 g occurring over a 2-s period. The latency to withdraw
(seconds) and force applied at the time of withdrawal
(grams) were automatically recorded. For each subject,
3 to 6 measurements per hind paw were taken and used
to compute the average latency and force.

Data analysis

MiniAnalysis software (Synaptosoft, Decatur, GA) was
used to analyze spontaneous EPSCs. Clampfit 10.2 soft-
ware (Molecular Devices) was used to analyze evoked
EPSCs and current clamp recordings. The amplitude of
evoked EPSCs was calculated as the difference between
the average current during the 2ms window at peak amp-
litude and the average baseline current taken 5ms before
the stimulus artifact. For each cell, recordings were nor-
malized to a baseline of 10min prior to drug application.
PPR was calculated by dividing the amplitude of the
second EPSC by the amplitude of the first
(PPR¼EPSC2/EPSC1). For each cell, the PPRwas calcu-
lated during baseline and peak effect following drug appli-
cation. Graphs were plotted, and statistics computed using
Origin 8.0 software (Microcal Software, Northampton,
MA, USA) and GraphPad Prism 6 software (GraphPad
Software Inc., La Jolla, CA, USA). Results are expressed
as mean þ/� SEM. A two-way analysis of variance with
multiple comparisons and bonferroni post hoc test were
used to compare propensity to fire between KO and WT
in tonic and delayed firing neurons. All other comparisons
were made using a paired or unpaired student t test.
P< 0.05 was considered significant.

Results

All studied neurons were classified as putatively inhibi-
tory or excitatory based on previously described and
characterized firing phenotypes.13,14 Tonic firing
(Figure 1(a,i)) or initial bursting (Figure 1(a,ii)) neurons
were considered to be inhibitory, and delayed
(Figure 1(b,i)) or single spiking (Figure 1(b,ii)) neurons
were considered excitatory (Figure 1). To assess whether
Slack channel deletion alters neuronal excitability, we
measured the propensity to fire of tonic (inhibitory)

and delayed (excitatory) firing neurons in response to
various magnitudes of current injected for 600ms
(Figure 2). The percentage of each firing class encoun-
tered was consistent between genotypes. For WT, 64%
were tonic firing and 36% delayed, while 63% were tonic
and 36% delayed in KO tissue. In tonic firing neurons,
Slack channel deletion significantly decreased the pro-
pensity to fire at all magnitudes of current injections
except 90 pA (Figure 2(a) to (c)). In delayed firing neu-
rons, Slack deletion increased the propensity to fire at
lower current injection levels, reaching significance at 50
and 70 pA (Figure 2(d) to (f)). Resting membrane poten-
tial differed between WT (�47.05 þ/� 1.97mV) and KO
(�53.35 þ/� 2.34mV) tonic firing neurons (p¼ 0.045),
but not WT (�58.42 þ/� 2.34) and KO (�57.5
þ/� 2.40) delayed firing neurons.

A balance between excitatory and inhibitory tone
within superficial DH network is required for normal
processing of sensory information.12 We determined
whether Slack channels impacted optimum network syn-
aptic drive by measuring glutamatergic spontaneous
EPSCs onto putative excitatory and inhibitory neurons.
In Slack KO mice, the frequency of spontaneous EPSCs
was significantly increased in excitatory (67% delayed
firing, 33% single action potential (AP)) neurons
(Figure 3(a), (e), (f)) and a slight but insignificant
decrease in inhibitory (93% tonic firing, 7% initial burst-
ing) neurons (Figure 3(a), (c), (d)) without affecting amp-
litude (Figure 3(b)). The two-fold frequency increase in
excitatory neurons is clearly illustrated by a leftward
shift in the inter-event interval cumulative distribution
(Figure 3(e)).

To investigate the contribution of Slack channels to
regulating transmission at primary afferent synapses,
we measured the amplitude and PPR of paired EPSCs
evoked by electrical stimulation of the DREZ. In WT
tissue, bath application of the non-selective Slack chan-
nel opener LOX15 (50mM) potentiated the amplitude of

(a) (b)

Figure 1. Classification as inhibitory or excitatory based on

previously established firing phenotypes. (a) Tonic firing (i) and

initial bursting (ii) neurons are considered to be inhibitory.

(b) Delayed firing (i) and neurons that fire a single action potential

(ii) are considered to be excitatory.
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Figure 2. Slack deletion alters intrinsic excitability of dorsal horn neurons. (a) to (c) Input output curve (a) and histogram (b) showing the

average propensity to fire of tonic firing WT (n¼ 25) and KO (n¼ 19) neurons. (c) Representative traces from tonic firing neurons. (d) to

(f) Same parameters as (a) to (c) illustrating comparison between delayed firing WT (n¼ 14) and KO (n¼ 11) neurons.

WT: wildtype; KO: knockout.

Figure 3. Slack deletion increases the frequency of spontaneous EPSCs in putative excitatory neurons. Average baseline frequency (a)

and amplitude (b) of spontaneous EPSCs for inhibitory WT (n¼ 15) and KO (n¼ 10) neurons, and excitatory WT (n¼ 9) and KO (n¼ 9)

neurons. Cumulative distribution of the inter-event interval for inhibitory (c) and excitatory (e) WT (black) and KO (red) neurons.

Representative traces WT and KO inhibitory (d) and excitatory (f) neurons.

WT: wildtype; KO: knockout.
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evoked EPSCs onto inhibitory (83% tonic firing, 17%
initial bursting) neurons but had no effect on excitatory
(60% delayed, 40% single AP) neurons (Figure 4(a)).
This potentiation was accompanied by a decrease in
the PPR (Figure 4(b)), indicating increased presynaptic
release from primary afferents. Remarkably, in the
absence of Slack, LOX decreased the amplitude of
evoked EPSCs in inhibitory (86% tonic firing, 14%
initial bursting) neurons and again had no effect on exci-
tatory (80% delayed firing, 20% single AP) neurons
(Figure 4(c)). The LOX-mediated inhibition was not

accompanied by an altered PPR (Figure 4(d)). Taken
together, the data indicate that Slack channels are
involved in regulating primary afferent synapses onto
inhibitory neurons, and LOX has Slack-dependent and
-independent effects. Under control conditions prior to
the application of LOX, the PPR significantly differed in
WT and KO tissue (Figure 4(e) and (f)). The reduced
PPR in KO tissue indicates altered basal release proper-
ties result from Slack channel deletion. In the absence of
Slack, there is an increased probability of glutamate
release from primary afferents.

Figure 4. Slack deletion alters synaptic responses to LOX in inhibitory but not excitatory neurons. (a) Average EPSC amplitude in

response to LOX (50 mM) for inhibitory (circles) and excitatory (squares) WT neurons. Inset representative traces before (1, black) and

after (2, red) LOX for inhibitory (above) and excitatory (below) neurons, p< 0.01. (b) PPR for WT inhibitory neurons before and after

LOX. (c) Same parameters as (a) for Slack KO, p< 0.01. Inset representative traces before (1, black) and after (2, red) LOX for excitatory

(above) and inhibitory (below). (d) PPR for Slack KO inhibitory neurons before and after LOX (p< 0.05). (e) Basal PPR for WT and KO

inhibitory neurons. (f) Basal PPR for WT and KO excitatory neurons (p< 0.05).

WT: wildtype; KO: knockout; LOX: loxapine.
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Recent reports indicate that SlackKOmice do not have
altered baseline mechanical or thermal nociception.6,7 In
agreement with previous reports, we found that baseline
mechanical measurements did not differ in KO mice
(Figure 5(a) and (b)). Thermal nociception of Slack KO
mice was determined previously using the hot plate assay
which is believed to reflect supraspinal pain processing.16,17

In contrast and despite the supraspinal notion, Huang
et al.5 did show that intrathecal injection of siRNA to
knockdown Slack protein significantly reduced 50�C hot
plate latencies. To firmly assess thermal nociception in
the Slack KO mouse, we performed the plantar test with
the Hargreaves Apparatus that allows for the delivery of a
localized heat stimulus to hind paws and prior acclimatiza-
tion to the testing chamber. This assay more accurately
measures nociception at the spinal level. We found
that Slack deletion significantly decreased withdrawal
latencies in both male and female mice (Figure 5(c) and
(d)), indicating that Slack channels contribute to the
spinal processing of thermal nociceptive information.

Discussion

It is known that pain models can cause long-term changes
to neurotransmission and neuronal excitability of specific
neuronal populations within the spinal cord DH, com-
monly seen is a reduction in inhibitory tone and increase
in excitation,18 changes that are believed to underlie central

sensitization and allow the pain to persist long after heal-
ing.19 Likewise, deletion of proteins, such as ion channels,
involved in regulating DHneurotransmission, and network
excitability can cause similar changes producing pro-noci-
ceptive phenotypes.20 Here, we characterized the basal
effects of Slack deletion on synaptic transmission in the
superficial DH and nociceptive behaviors. In addition, we
investigate the effect of the Slack channel opener and poten-
tial analgesic LOX in the pain-processing lamina of theDH.

We show that in the absence of Slack, synaptic drive
onto putative excitatory lamina II interneurons is signifi-
cantly increased, shown by a two-fold increase in the
frequency of spontaneous EPSCs. No change was
observed in putative inhibitory interneurons, suggesting
a change in network excitability favoring excitation.
Lamina II excitatory interneurons receive glutamatergic
input from primary afferents, as well as, inhibitory and
excitatory local interneurons that could be responsible
for the increased synaptic drive. Interestingly, the intrin-
sic properties were also altered in such a way that pro-
motes excitation and decreases inhibition. In the absence
of Slack, inhibitory (tonic firing) neurons fire less, and
excitatory (delayed firing) neurons fire more APs than
WT. While the data indicate an overall network shift
toward excitation, it should be noted that this study
does not provide insight into how Slack deletion affects
inhibitory post-synaptic currents, an equally important
determinant of network excitability in the DH.

Figure 5. Baseline nociception behavior in wildtype and slack knockout mice. Latency (a) and threshold (b) to withdraw hind paws from

a mechanical stimulus in WT (n¼ 5) and KO (n¼ 6) mice. (c) Latency to withdrawal paw from a thermal stimulus (IR: 40) on three

consecutive days of testing in WT male (n¼ 6), WT female (n¼ 4), KO male (n¼ 6), and KO female (n¼ 8) mice. (d) Average withdrawal

latencies from C combined for WT (n¼ 10) and KO (n¼ 14) mice, p< 0.001.

WT: wildtype; KO: knockout.
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Lu et al.6 report that Slack channels are localized to
isolectin B4þ central terminals in the superficial DH. To
date, there is no immunohistochemical evidence suggest-
ing Slack channels are present on DH interneurons,
which leads us to conclude that differences in afferent
input and resultant developmental changes are respon-
sible for the observed altered intrinsic and synaptic excit-
ability. High levels of Slack expression in the DRG
support the idea that Slack channels are positioned at
the terminals of DRG sensory neurons to influence the
flow of sensory information from the peripheral to the
central nervous system.20 Moreover, the basal PPR of
evoked EPSCs was significantly reduced in KO tissue,
indicating increased neurotransmitter release from pri-
mary afferent terminals. This supports the idea that
Slack channels are positioned presynaptically and act
to control or limit basal transmitter release.

A lack of Slack-specific pharmacological tools has
limited progress in the field, and investigations have lar-
gely focused on the use of Slack KO mice. However,
when used in combination with Slack KO mice, non-
specific openers have the potential to offer insight into
channel function. For example, Lu et al.6 show that LOX
ameliorates neuropathic pain in a Slack-dependent
manner. LOX and its metabolite amoxapine, a tricyclic
antidepressant, open Slack channels.15 Also, amoxapine
has been shown to potentiate the analgesic effects of
morphine, an effect thought to be mediated at the
spinal level.21 Noteworthy, a Phase 1 clinical trial is cur-
rently investigating the tolerability and efficacy of LOX
in patients with neuropathic pain.22

The potentiation and inhibition of evoked EPSCs inWT
and KO tissue, respectively, reflect the actions of LOX at
primary afferent synapses, a key connection point where
unprocessed sensory information is received by the spinal
cord. The fact that DREZ stimulation activatesmany fibers
and various signalling systems must be taken into account.
The resultant evoked EPSC is influenced by the pre- and
post-synaptic mechanisms and activation of various signal-
ing systems, all converging on the cell in question. Precise
molecular and cellular mechanisms underlying the thera-
peutic efficacy of LOX remain unclear, but in addition to
being a Slack channel opener, it is known to influence dopa-
minergic, serotonergic, muscarinic, adrenergic, and hista-
mine systems.23,24 For these reasons, we cannot accurately
discern the Slack-specific contribution to the LOX-
mediated modulation of primary afferent synapses onto
inhibitory neurons. More specific Slack channel pharmaco-
logical tools are needed. Nonetheless, an increase in the
activity of inhibitory lamina II interneurons is consistent
with the proposed efficacy of LOX as an analgesic.22

It is possible that, like BK channels, Slack channels
exert negative control over neurotransmitter release
under basal conditions,25 aligning with the decreased
basal PPR in the absence of Slack. However, it remains

unclear why potentiation of channel activity with LOX
results in a decrease in PPR similar to that seen basally
in Slack KO tissue. The Slack channel’s role in develop-
ment is not well understood; perhaps, in the absence of
Slack channels, compensatory changes to other channels
or G protein-coupled receptor signaling systems occur.
These possibilities, along with the action of LOX at mul-
tiple receptors known to be present in the DH, make it
particularly difficult discern pharmacologically the contri-
bution of Slack by directly comparing responses in WT
and KO tissue. Developmental changes resulting from
enhanced basal afferent tone may be responsible for the
altered intrinsic properties we observed. Furthermore, the
crosstalk between excitatory and inhibitory interneurons,
essential for maintaining optimal network excitability,
may also be impacted in such a way that the processing
of sensory information is altered.

Lastly, we examined basal thermal and mechanical
nociception. In agreement with previous reports,6 we
saw no difference in responses to mechanical stimuli
between WT and KO mice. To date, thermal nociception
in Slack KO mice has been assessed using the hotplate
assay, and no differences between WT and Slack KO
have been reported.6,7 Using the plantar test, we
observed a prominent and significant decrease in the
latency to withdraw hind paws from a localized infrared
thermal stimulus in both male and female mice, indicat-
ing that Slack channels regulate the thermal threshold
for nociception. It is possible that this phenotypic differ-
ence was not previously detected by the hotplate because
it reflects supraspinal nociceptive processing,16,17 or due
to the tests limitations, which include lack of habitu-
ation, increased animal handling, and stimulation of all
body surfaces in contact with the plate.26

Our finding suggests that Slack channels play a role in
regulating synaptic transmission at the level of the DH, a
key part of the sensory pathway that has been over-
looked in studies addressing the channels role in nocicep-
tive processing or more broadly synaptic function. This
work reflects the role of Slack channels during the basal
state and lays a foundation for forming hypotheses
regarding regulation in various models of pain, which
involve long-term changes in synaptic strength and
arrangement. This report furthers the overall character-
ization of Slack KO mice with a focus on the pain-pro-
cessing lamina of the DH and uncovers a baseline
behavioral phenotype not previously reported. In add-
ition, it sheds light on how LOX, a clinically approved
drug on trial for its potential to treat pain, affects neuro-
transmission in the DH.
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