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Tuning Thalamic Firing Modes via Simultaneous Modulation
of T- and L-Type Ca>" Channels Controls Pain Sensory
Gating in the Thalamus

Eunji Cheong, Sukchan Lee, B. Jiwon Choi, Minjeong Sun, C. Justin Lee, and Hee-Sup Shin

Center for Neural Science, Korea Institute of Science and Technology, Seoul 136-791, Korea

Two firing modes of thalamocortical (TC) neurons, tonic and burst firings, are thought to reflect the divergent states of sensory signal
transmission from the thalamus to the cortex. However, the behavioral consequences of changes in the thalamic firing between the two
modes have not been well demonstrated. Moreover, although the firing modes of TC neurons are known to be affected by corticothalamic
inputs via thalamic metabotropic glutamate receptor type 1 (mGluR1)-phospholipase C 34 (PLC[34) pathway, its molecular mechanisms
have not been well elucidated. We addressed these questions using PLC[34-deficient mice, which show decreased visceral pain responses.
We demonstrate that burst and tonic firings of TC neurons are concomitantly regulated by PLC[34 pathway. Blocking of this pathway by
the mutation simultaneously increases bursting and decreases tonic firing of TC neurons through concurrent upregulation of T- and
L-type Ca>" currents. The mice with increased bursting and decreased tonic firing of TC neurons showed reduced visceral pain re-
sponses. Furthermore, we show that modulation of the Ca>* channels or protein kinase C (PKC), a downstream molecule of PLC[34,
altered the firing modes of TC neurons and pain responses in the predicted ways. Our data demonstrate the molecular mechanism and
behavioral consequences of altered firing modes of TC neurons in relaying the visceral pain signals. Our study also highlights the thalamic

PLC[4-PKC pathway as a “molecular switch” for the firing modes of TC neurons and thus for pain sensory gating.
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Introduction
The thalamus plays a pivotal role in sensory signal processing,
integrating sensory inputs from the periphery as well as inputs
from other brain regions and then sending the integrated infor-
mation to the cortex (McCormick and von Krosigk, 1992; Ste-
riade et al., 1993; Sherman and Guillery, 1996; Llinés et al., 1998;
Jones, 2000; Le Masson et al., 2002). Thalamocortical (TC) neu-
rons produce two distinct firing patterns that are thought to re-
flect the status of signal transmission from the thalamus to the
cortex. Tonic firing is generally believed to represent a relay mode
of afferent sensory signals to the cortex (McCormick and von
Krosigk, 1992). In contrast, low-threshold burst firing has been
associated previously with drowsy/sleep states or loss of con-
sciousness in several studies (von Krosigk et al., 1993; Kim et al.,
2001; Crunelli and Leresche, 2002). However, controversy re-
mains regarding the exact role of low-threshold burst firing in the
sensory gating function of the thalamus (Sherman, 2001; Swad-
low and Gusev, 2001; Kim et al., 2003).

The transition between these two firing modes primarily de-
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pends on the balance between excitatory and inhibitory inputs
onto TC neurons. Inhibitory inputs from reticular nucleus (von
Krosigk et al., 1993; Huntsman et al., 1999) and inputs from the
ascending reticular activation system (Steriade, 1996) to TC neu-
rons have been thought to modulate the activity of TC neurons.
In addition, activation via descending corticothalamic pathways
was found previously to increase the excitability of TC neurons
via metabotropic glutamate receptor type 1 (mGluR1) pathway
(McCormick and von Krosigk, 1992; Pedroarena and Llinds,
2001). The importance of mGluRs in modulating thalamic activ-
ity was corroborated by reports showing high expression of
mGluR1 in TC neurons (Shigemoto et al., 1992), exclusively at
postsynaptic membranes of corticothalamic inputs (Vidnyan-
szky et al., 1996). In the brain (Kim et al., 1997), especially in the
thalamus (Miyata et al., 2003), mGluRs are linked to phospho-
lipase C (PLC) activity. PLCB4 is the major subtype in the tha-
lamic relay region (Watanabe et al., 1998) and is extensively
linked to mGluR1 in thalamic neurons (Miyata et al., 2003). Mice
lacking PLCB4 or wild-type mice treated with an mGluR1 antag-
onist or a PLC inhibitor display a reduced Formalin-induced
inflammatory pain response (Miyata et al., 2003) but maintain
normal pain responses involving spinal reflexes.

Despite a number of studies investigating thalamic sensory
gating, the actual behavioral consequences of changes in the tha-
lamic firing modes have not been well demonstrated. Moreover,
although the firing modes of TC neurons are known to be af-
fected by corticothalamic inputs via the mGluR1 pathway, its
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molecular mechanisms have not been well elucidated. Here, us-
ing PLCB4 ™/~ mice, which show a diminished visceral pain re-
sponse, we demonstrate that the thalamic mGluR1-PLCf34 path-
way concomitantly controls both burst and tonic firing modes by
simultaneously modulating T- and L-type Ca** channels. These
results highlight a critical role of the thalamic mGluR1-PLC4
pathway in setting the firing modes of thalamocortical neurons
and provide new insight into the mechanisms by which cortico-
thalamic inputs contribute to the control of thalamic sensory
gating.

Materials and Methods

Animals. The PLCB4 knock-out mouse line was maintained in two in-
bred strains, C57BL/6] and 129S4/SvJae. Male homozygous mutant
PLCB4~"~ mice and wild-type littermates used for pain testing and
patch-clamp analyses were F1 homozygotes derived from mating het-
erozygous mice of 12954/Svjae and C57BL/6] genetic backgrounds. Ge-
notypes were determined by PCR analysis using the following primers:
F1, 5-CTCCACACTCTGCAA-CCTAC-3; R1, 5'-AGTTACTTCTG-
GATTTTCAGCC-3'; 22 PGK, 5'-CTGACTAGGGG-AGGAGTAGAA-
G-3’. Animal care and handling were performed according to institu-
tional guidelines (Korea Institute of Science and Technology, Seoul, Ko-
rea). The mice were allowed access to food and water ad libitum and were
maintained under a 12 h light/dark cycle.

Micro-osmotic pump implantation and visceral pain test. For drug infu-
sion into the brain, micro-osmotic pumps (Alzet) were placed in the
mouse brain with the tips targeting the ventroposteromedial/ventropos-
terolateral (VPM/VPL) region of the thalamus (anteroposterior, 1.6; lat-
eral, =1.7; ventral, 3.4 mm) using a stereotaxic device (David Kopf In-
struments). Micro-osmotic pumps were implanted as described
previously (Kim et al., 2003). Infusion positions were confirmed by post-
mortem histology. Visceral pain was induced by injection of acetic acid
(0.6% in saline) into the peritoneum at 6 ml/kg. Pain tests and data
analysis were performed in a double-blinded manner. Information about
the genotype and drugs infused was not exposed to either the investigator
who performed the pain tests or to the evaluators to prevent any bias.
Pain responses were recorded with a CCD camera, and the results were
analyzed later by evaluators blinded to the mice genotypes or drugs in-
jected. The video was analyzed by at least two evaluators independently.
After the evaluation on pain responses were completely done, the infor-
mation about the genotypes and drugs were pooled with the results.

Single-unit recording of VPM/VPL neurons. Wild-type and PLCB4~/~
mice were anesthetized with low-dose urethane (1.5 g/kg) and fixed in a
stereotaxic device. The level of anesthesia was monitored with limb-
withdrawal reflexes. Low-dose urethane anesthesia has been used to
record the primary sensory responses or to induce type 2 theta rhythms
similar to awake electroencephalogram patterns in animals (Brecht and
Sakmann, 2002; Buzsdki, 2002; Miyata et al., 2003; Aguilar and Castro-
Alamancos, 2005). To insert an electrode, the scalp was incised, and a
hole was drilled into the skull above the region where the VPM/VPL
thalamic nuclei are located (anteroposterior, 1.6; lateral, 1.7 mm).
Parylene-coated tungsten microelectrodes (2 M()) were positioned into
the VPM/VPL thalamic regions (depth, 3.4—3.7 mm) until unit spikes
were observed. The units responsive to intraperitoneal acetic acid injec-
tion were further analyzed. Signals were amplified ~5000-fold and band-
pass filtered at 300—-3000 Hz with a Cyberamp402 amplifier (Molecular
Devices), digitized at a 10 kHz sampling rate with Digidata (Molecular
Devices), and stored in a computer for analysis. The recording positions
were confirmed by postmortem histology. The number of spikes was
quantified using MiniAnalysis software (Synaptosoft).

Preparation of brain slices and acutely dissociated neuronal cells. Firing
patterns of TC neurons were recorded in acutely isolated brain slices
from ~4-week-old mice. The brain was blocked and sectioned in the
coronal plane in ice-cold slicing solution (in mm: 124 NaCl, 26 NaHCO,,
1.25 NaH,PO,, 5 MgCl,, 1 CaCl,, 3 KCl, and 10 glucose) and incubated
for at least 1 h in slicing solution at room temperature before use. All
experiments in which Ca** currents were recorded were performed us-
ing acutely dissociated cells from 14- to 17-d-old mice. Brain slices ob-
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tained using the method described above and incubated for at least 1 h
were then treated at 37°C in an oxygenated HEPES-buffered solution [in
mwm: 150 NaCl, 3 KCl, 2 CaCl,, 10 HEPES, 2 MgCl,, and 10 glucose, pH
~7.4 (320-330 mOsm)] containing 2 mg/ml protease XIV (Sigma) for
10 min, followed by incubation at room temperature for 5 min. After
enzyme treatment, slices containing the VPM/VPL region were dissected
by scalpel cuts, and cells were triturated with fire-polished Pasteur pi-
pettes and plated onto glass coverslips.

Whole-cell and perforated patch clamping. Firing patterns of thalamic
relay neurons in brain slices were recorded under current-clamp mode in
artificial CSF solution (in mm: 124 NaCl, 26 NaHCO;, 1.25 NaH,PO,, 1.3
MgSO,, 2.4 CaCl,, 3 KCl, and 10 mm glucose) bubbled with 95% O,/5%
CO,. Patch electrodes (4—6 M{)) fabricated from standard-wall borosili-
cate glass (GC150F-10; Warner Instruments) were filled with an intrapi-
pette solution containing the following (in mm):140 K-gluconate, 10
KCl, 1 MgCl,, 10 HEPES, 0.02 EGTA, 4 Mg-ATP, and 0.3 Na,-GTP, with
pH adjusted to 7.35. Signals were amplified with a Multiclamp 700-A
amplifier (Molecular Devices) and analyzed using pClamp 9.2 and Mini-
Analysis software (Synaptosoft).

Ca*" currents were recorded with the whole-cell configuration from
acutely dissociated neurons. Healthy-appearing neurons with processed
dendrites were chosen for recording Ca?* currents. Cells with mem-
brane capacitance values between 30 and 50 pF were included in the
analysis. Recordings were performed in an extracellular solution consist-
ing of the following (in mm): 100 NaCl, 25 tetraecthylammonium (TEA)-
Cl, 5 CaCl,, 20 HEPES, 2 MgCl,, 5 4- aminopyridine (4-AP), 10 glucose,
and 0.001 tetrodotoxin (TTX), pH 7.4 (320-330 mOsm). Patch pipettes
were filled with a solution containing 130 mwm CsCl, 10 mm HEPES, 5 mm
TEA-CI, 10 mm EGTA, 4 mm MgCl,, 4 mm Mg-ATP, and 0.3 Na,-GTP,
pH 7.3. The series resistance compensation function (>60%) was used
routinely, with final access resistance ~10 M(). The currents were cor-
rected for capacitive currents and for leak currents using a P/4 leak sub-
traction protocol. Signals were digitized using an Axopatch 200-B ampli-
fier (Molecular Devices) and analyzed using pClamp 9.2 or 10 software.

For perforated patch recordings, the pipette solution contained 50
pg/ml gramicidin-D, 75 mm Cs,SO,, 10 mm KCl, and 10 mm HEPES, pH
7.3, 310 mOsm. Extracellular solution consists of the following (in mm):
100 NaCl, 25 TEA-CI, 5 BaCl,, 20 HEPES, 2 MgCl,, 5 4-AP, 10 glucose,
and 0.001 TTX, pH 7.4 (320-330 mOsm). It took ~20-30 min to achieve
acceptable perforation, with final series resistances ranging from 15 to 30
M(). The membrane holding potential was —60 mV if there was no other
specification.

Data analysis. A two-tailed t test was used for statistical analysis unless
otherwise specified. Firing patterns of TC neuronsand Ca" current data
were analyzed using MiniAnalysis software. All values are expressed as
means * SE.

Reverse-transcription-PCR analysis. Total RNA was isolated from both
whole brain and the VPM/VPL region of F1 wild-type mice by using RNA
isolation reagent (Tri reagent; MRC). To produce ¢cDNA, 1 g of total
RNA was reverse transcribed with Moloney murine leukemia virus re-
verse transcriptase (Invitrogen) using oligo-dT priming (Invitrogen).
PCR primers used to confirm expression were as follows: actin: F1
primer, 5'-AGATCTGGCACCACACCTTC-3" and R1 primer, 5'-
TCTCCAGGGAGGAAGAGGAT-3" were used to produce a 462 bp
c¢DNA; SK1 channel: F2 primer, 5'-GAAAAGCGTAAACGGCTCAG-3’
and R2 primer, 5'-ACCAACTCCAGCGAGATCAG-3" were used to pro-
duce a 281 bp c¢DNA; SK2 channel: F3 primer, 5-CTGTTTGAGA
AGCGCAAGC-3" and R3 primer, 5'-ACGCTCATAAGTCATGGC-3' were
used to produce a 261 bp ¢cDNA; SK3 channel: F4 primer, 5'-CACCAG
ACTCTGCTCCATCA-3" and R4 primer, 5-CGATGATCAAACC
AAGCAGG-3" were used to produce a 319 bp ¢cDNA; BK channel: F5
primer, 5'-GAGGTGCAGTGGCTTCTCTT-3' and R5 primer, 5'-
CCTGCCCACCAGAGAATTAG-3" were used to produce 311 bp a cDNA;
@lC  L-type Ca®" channel: F6 primer, 5-GCAGTATGGGA
AACCCAAGA-3" and R6 primer, 5'-GCTCCTTTCCCTCCTAGAGC-3’
were used to produce a 435 bp cDNA; and aa1D L-type Ca** channel: F7
primer, 5-AATTCGGGGTGTCATAACCA-3" and R7 primer, 5'-
CACAGCACTCCTCGCTACTG-3" were used to produce a 355 bp cDNA.
PCR conditions consisted of 5 min at 94°C for one cycle and then 40 cycles
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Figure1. Visceral pain responsesand in vivofiring patternsin VPL/VPM neurons in wild-type

and PLCB4 ™~ mice. The number of writhes was measured for 20 min () and quantified at
each 5 min interval (B) after intraperitoneal injection of acetic acid. The number of writhing
responses was significantly lowerin PLC34 "~ mice than in wild-type mice ( p < 0.001). Error
bar represents SEM if there is no specification. Each spike of single-unit activities of VPL/VPM
neurons recorded in vivo from wild-type (€) and PLCB4 "~ (D) mice before and after intraperi-
toneal aceticacid (a.a.) injection was plotted as a point at the interspike interval before the spike
on the x-axis and the interspike interval after the spike on the y-axis on a log-log scale. n refers
to the number of mice used for in vivo recordings. E, The number of spikes per second of total,
burst, and single-spike during the 10 min baseline recordings before acetic acid injection
showed no differences between two genotypes. F, The spike numbers per second in each cate-
gory were normalized to the spike numbers in the baseline recording. The normalized spike
numbers referenced to the baseline spike numbers of each neuron revealed significantly higher
burst spikes and lower single spikesin PLCB4 ™ mice (open bars) than wild-type mice (filled
bars) after acetic acid injection.

lasting 40 s each at 94°C, 40 s at 56°C, and 40 s at 72°C, followed by 5 min at
72°C.

Results

Firing pattern of TC neurons in vivo correlates with
behavioral evidence of pain

To determine the role of the thalamic mGluR1-PLCf4 cascade in
pain signal processing, we compared visceral pain responses in-
duced by acetic acid injection between PLCB4 /™ mice and their
wild-type littermates (Fig. 1 A, B) as described previously (Kim et
al., 2003; Choi et al., 2007). Pain responses were recorded with a
CCD camera, and the results were analyzed later by investigators
blinded to the mice genotypes or drugs injected. The number of
writhes, including abdominal stretching and constriction, was
counted to measure visceral pain responses. Wild-type mice
showed typical visceral pain responses characterized by writhing
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reflexes. In contrast, PLCB4~'~ mice displayed fewer writhing
responses ( p < 0.001) (Fig. 1 A), suggesting that the activity level
of the endogenous PLCB4 pathway modulates pain signal pro-
cessing. These results were consistent with the previous observa-
tion that PLCB4 /~ mice showed a reduced Formalin-induced
inflammatory pain response (Miyata et al., 2003).

To investigate the firing patterns of thalamic neurons during
visceral pain induction, we performed in vivo extracellular single-
unit recordings in the VPM/VPL regions in lightly anesthetized
mice with the low-dose urethane. Previous studies have shown
that, under the low-dose urethane anesthesia, the sensory-evoked
responses can be measured in thalamocortical neurons and cor-
tical neurons in primary somatosensory cortex (Brecht and Sak-
mann, 2002; Miyata et al., 2003; Aguilar and Castro-Alamancos,
2005). Neurons in VPM/VPL regions whose firing patterns were
changed responding to acetic acid injection into the abdomen of
mice were analyzed in this study (supplemental Fig. S1, available
at www.jneurosci.org as supplemental material). Low-threshold
burst spikes were defined by the preceding silent period longer
than 100 ms, high-frequency spikes of 200—400 Hz with more
than two spikes, a shortening of the first interspike interval (1-4
ms), and a progressive prolongation of successive interspike in-
tervals as described previously in the literatures (Guido et al.,
1992; Kim et al., 2003). Each spike was categorized to burst or
single spike according to this definition (supplemental Fig. S1,
available at www.jneurosci.org as supplemental material).

Two-dimensional interspike interval plots were obtained
from 5 min recordings before and after acetic acid injection (Fig.
1C,D). The points within the rectangles at the bottom right clus-
ters indicate the initial spike in each burst event according to our
criteria, and the bottom left clusters mostly represent the second
to penultimate spikes in bursts. The top left clusters mostly rep-
resent the last spikes in bursts. The top right clusters mostly rep-
resent single spikes in tonic mode. Some points in these clusters
may include single low-threshold spikes, but they were counted
as single spikes because they were not distinguishable according
to the criteria used in this study. PLCB4~/~ thalamic neurons
mostly showed more spikes in the clusters representing the initial
spike in bursts than wild-type thalamic neurons after acetic acid
injection, which suggested the increased occurrence of burst
events (Fig. 1C,D). In fact, the normalized number of burst events
in PLCB4 ™'~ mice was significantly higher than that of wild-type
mice only after acetic acid injection, whereas there was no differ-
ence in the number of burst events before acetic acid injection
(supplemental Fig. S1, available at www.jneurosci.org as supple-
mental material).

The spike numbers in total, burst-spike, and tonic-spike cat-
egories were summed and divided by the recording time to obtain
the spikes per second of total, burst spike, and tonic spike, respec-
tively. There were no significant differences in the baseline spikes
per second of total (p = 0.762), single spike ( p = 0.301), and
burst spike ( p = 0.336) between PLCB4 ’~ and wild-type mice
(Fig. 1E). The spikes per second of total, burst, and single spikes
of each neuron after the acetic acid injection were normalized to
their own baseline spikes per second to obtain the normalized
ratios. The total spike numbers were nearly doubled relative to
the baseline in both wild-type and PLCB4 ’~ mice. Neurons in
PLCB4 /™ mice showed significantly higher burst spike numbers
(p < 0.001) and lower single spike numbers ( p < 0.001) than
those in wild-type mice only after intraperitoneal acetic acid in-
jection (Fig. 1F). The number of spikes per burst in PLCB4 ™/~
mice increased significantly ( p < 0.001) and was higher than that
in wild-type mice ( p < 0.05) after acetic acid injection (supple-
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mental Fig. SI1 available at www. A +/+
jneurosci.org as supplemental material).

Single and burst spikes of thalamic neu- | IM
rons have been implicated in the transmis-

sion and inhibition of sensory signals to
the cortex, respectively. Therefore, our
data suggest that the increased burst spikes
and decreased single spikes observed in
PLCB4 /" thalamic neurons may corre-
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0.001) at all of the tested prepulse mem-
brane potentials (Fig. 2C). The most con-
spicuous finding was that a slight hyperpo-
larization of the membrane potential, to
approximately —65 mV, elicited a low-
threshold burst firing in PLCB4 /~ (Fig.
2 Bii) but not in wild-type (Fig. 2Aii) TC
neurons. Tonic spike numbers were signif-
icantly lower in PLCB4~’~ TC neurons
with a wide range of depolarizing current
injections (Fig. 2D).

There was no notable difference in the resting membrane po-
tential (—58.21 £ 4.34mV,n = 15vs —55.47 = 6.23 mV, n = 14;
p = 0.71) or in input resistance (241.02 * 17.82 M, n = 13 vs
274.77 £ 24.93 M), n = 10; p = 0.29) between wild-type and
PLCB4 '~ TC neurons. The amplitudes and half-widths of ac-
tion potentials in burst or tonic firing modes did not differ be-
tween the two genotypes.

The propensity for increased burst firing and less tonic firing
of PLCB4~/~ TC neurons suggested that the increased burst
spikes and decreased single spikes in in vivo single-unit record-
ings of PLCB4 ™/~ thalamic neurons were primarily attributable
to altered firing properties of individual PLCB4’~ TC neurons.
These observations led us to pursue two additional lines of inves-
tigation. First, the increase in burst firing led to an investigation
of T-type Ca*" currents. Second, the decrease in tonic firing led
to an investigation of afterhyperpolarization (AHP), an impor-
tant factor that determines the firing rate of neuronal cells
(Stocker, 2004).

depolarizing currents.

Modulation of Ca®* currents in TC neurons of PLCB4 "/~
mice

As an initial step in understanding the cellular mechanism(s)
underlying changes in the firing patterns of PLCB4 '~ TC neurons,
low-voltage-activated (LVA) and high-voltage-activated (HVA)
Ca®" currents were measured sequentially from individual TC neu-

Prepulse membrane potential (mV)
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® % 5 e
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Figure2. Altered firing properties of PLC34/~ TCneuronsin the VPM/VPL regions. Representative traces showing the firing
pattern of wild-type (4) and PLCB4 ™~/ (B) TC neurons from whole-cell patch recordings. Low-threshold burst firing was elicited
by injecting prepulses hyperpolarizing the membrane potentials to approximately () —80 mVand (i) — 65 mV. Traces were then
enlarged to show a closer look of spikes in a burst. Tonic firing was induced with depolarizing currents, (iii) 200 pA and (iv) 400 pA.
The bottom panel displays the applied current steps. €, The number of spikes in a burst induced after various hyperpolarizing
prepulse membrane potentials in wild-type (filled circles) and mutant (open circles). D, Tonic spikes per second induced by various

rons (supplemental Fig. S2, available at www.jneurosci.org as sup-
plemental material). The amplitudes of both LVA and HVA Ca**
currents were significantly higher in mutant than in wild-type TC
neurons ( p <0.05) (Fig. 3A-D), whereas the normalized I-V curves
were unchanged (supplemental Fig. S2, available at www.jneurosci.
org as supplemental material).

To confirm the involvement of the PLCB4 signaling system in
the modulation of Ca?" currents, we examined the role of pro-
tein kinase C (PKC), a kinase downstream of PLC[34, in the mod-
ulation of Ca** currents in TC neurons in vitro and in the pain
response in vivo (Fig. 4). Amplitudes of both LVA and HVA Ca 2+
currents of PLCB4/~ TC neurons were decreased to 65.7 + 3.4
and 49.1 * 7.3%, respectively, after treating cells with 10 nm
phorbol 12,13-didecanoate (PDD), a PKC activator (Fig. 4 B-D),
whereas 4a-PDD, an inactive structural analog of PDD, at the
same concentration did not affect Ca®" currents (supplemental
Fig. S2, available at www.jneurosci.org as supplemental mate-
rial). LVA and HVA Ca”" currents were significantly decreased
with PDD ( p < 0.001) at various concentrations (1-200 nM), and
this effect was reversible with PDD at concentrations lower than
50 nM, although the full recovery could not be seen within the 1 h
recording time, probably because of the long recovery time from
the PKC activation and the slow current rundown from long
recording time. Although we could not show the full recovery of
currents, it would be important to point out that our data showed
the clear tendency to reverse the downregulation of Ca®" cur-
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-60mv L % % panel). In contrast, wild-type TC neurons
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Figure3. EnhancedLVAandHVA(a 2+ currentsin PLCBIF/’ TCneurons. LVA (4) and HVA (€) Ca %™ currents were measured
from wild-type and PLCB4 ™~ TC neurons. I~V relationships of the LVA Ca ™ current density (B) and of the HVA Ca>™ current
density (D) in wild-type (filled circles) and PLCB4 ™/~ (open circles) TC neurons revealed the increased LVA and HVA Ca?™*
currents in PL(B4’/’ TC neurons. E, LVA Ca%™ currents from wild-type (left) and PL(B4’/’ (right) TC neurons activated by
voltage steps from —100 to —40 mV (top) and from —60 to —40 mV (bottom). F, Steady-state inactivation curves and
activation curves for LVA Ca®™ currents in wild-type (filled circles and black lines) and PLCB4 ™ TC neurons (open circles and
gray lines) showed that less steady-state inactivation of LVA Ca®™ currents increased the window currents in PL(B4 "~ TC
neurons. Ca2™ currents were measured with activation steps to — 40 mV from the given prepulse potentials ranged from — 100
to —50mV. Degree of inactivation was measured as the ratio of current density at given prepulse potential divided by maximum
current density measured at —100 mV prepulse. Activation curves were obtained from Ca* currents measured when the
membrane potential was hyperpolarized to —100 mV followed by the activation steps ranged from —90 to —40 mV. Smooth
curves represent fits to the data with a Boltzmann equation. G, HVA Ca ™ current was measured in voltage steps from —60 to 0

mV before and after 10 um nifedipine (Nif) treatment, in wild-type (left) and PL(B4’/’ (right) TCn
total, nifedipine-sensitive and nifedipine-insensitive HVA Ca 2™ currents.

rents by PDD with washout step. These results suggest that the
attenuated PKC pathway is responsible for the increased LVA and
HVA Ca** currents observed in PLCB4~/~ TC neurons.

We next tested whether modulation of PKC activity in tha-
lamic neurons alters the visceral pain response in vivo. The vis-
ceral pain response was greater in PLCB4 /~ mice infused with
PDD (10 nm) in the thalamic relay region than in PLCB4 /™ mice
infused with vehicle (49.23 £ 7.47,n = 11vs 31.57 = 5.68,n = 9;
P <0.05). Furthermore, the visceral pain response was reduced in
wild-type mice receiving thalamic infusion of chelerythrine (1
uM), a PKC antagonist (38.13 = 5.67,n = 9vs 61.25 £ 6.24,n =
12; p < 0.05). Therefore, the lower pain sensitivity phenotype of

changed in PLCB4 /~ TC neurons com-
pared with wild-type TC neurons (7 = 97
and 92 ms, respectively). These results sug-
gested that reduced steady-state inactiva-
tion of T-type Ca*" currentsin PLCB4 ™/~
TC neurons increases the propensity of TC
neurons for burst firing.

Pharmacological dissection of HVA
Ca’* currents demonstrated that a large
portion of the HVA Ca*" currents in the
cell body and proximal dendrites are me-
diated by L-type Ca®" channels (Fig.
3G,H). Both total and nifedipine-sensitive
HVA Ca®" currents were greater in
PLCB4~/~ TC neurons (p < 0.05),
whereas there was no difference in
nifedipine-insensitive HVA Ca*" currents (Fig. 3H ). This obser-
vation revealed that most of the increased HVA Ca®" currents
observed in PLCB4 /~ TC neurons were nifedipine-sensitive
L-type Ca®" currents.

eurons. H, Current density of

Enhanced AHP in PLC34 '~ TC neurons

To examine whether the increased L-type Ca** currents have
enhanced AHP activated by Ca*™ (Stocker, 2004), we measured
AHP of TC neurons in brain slices. We observed that AHP after
the tonic firing induced by depolarizing currents was greater in
PLCB4 /"~ than in wild-type TC neurons (supplemental Fig. S3,
available at www.jneurosci.org as supplemental material). Then
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the components of AHP were quantified
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in a voltage-clamping mode. The AHP in -40mV OmV
TC neuro%ls was cI))bsegrved as a net inward -60my -100mv h -60mY L
tail current, dissected pharmacologically | o™ o
(Fig. 5A,B). We measured the currents V 300ms

mediated by apamin-sensitive Ca’*- | 500pA

activated K™ channels (K,) by trace sub- bt
traction (Fig. 5Aiv,Biv). The measured re-

versal potential of the inward tail current Bbefore after PDD  after Wash C p<0.001, n=6
appeared to be approximately —50 mV B =100 - -

and turned out to be —59 mV with junc- '1 ‘lf-ud" N o ] I

tion potential correction (n = 5) in the K f 150ms ‘é’ € 60 -

presence of 100 nM apamin, close to the L 5 L 40 1

calculated Ey (—60 mV). This inward cur- IEPA Z 3 20

rent was mostly suppressed by 100 uM ni- 0 before PDD Wash
flumic acid (NFA), a Ca®"-activated Cl~

current blocker (Fig. 5Aiii,Biii). The am- Db‘f-‘fore after PDD  after Wash E'o _ p<0.001, n=6
plitude of NFA-sensitive current was ob- W SO B &1991

tained by subtraction (Fig. 5Av,Bv). The ‘ u- 100ms T E gg i T
third component of AHP was insensitive | |L’J £ 2 40

to either apamin or NFA, and its ampli- ‘ 500pA (23 3 20

tude was relatively small. The AHP current Sl 0 T T
was greatly reduced in Ca*" -free extracel- before PDD  Wash
lular buffer (data not shown), suggesting  Figure 4, PKC modulates LVA and HVA Ca2* curtents in TC neurons. A, LVA and HVA Ca* currents were measured by

that Ca®" influx is required for the activa-
tion of AHP current.

PLCB4 ™/~ TC neurons showed larger
amplitudes of both apamin-sensitive K,
currents (p < 0.001) and NFA-sensitive
anion currents ( p < 0.001) than wild-type neurons (Fig. 5C,D). The
decay time constant 7 for the NFA-sensitive current was larger in
PLCB4~/ than wild-type TC neurons (p < 0.001) (Fig. 5D),
whereas there was no significant difference in 7 for apamin-sensitive
K, currents ( p = 0.329) (Fig. 5C) between PLCB4 "~ and wild-
type TC neurons. PDD reversed these enlarged Ca*" -activated AHP
currentsin PLCB4 '~ TC neurons (Fig. 5C,D), which suggested that
the enhanced Ca**-activated AHP currents were probably attribut-
able to the downregulation of PKC activity in TC neurons.

Blocking thalamic L-type Ca>* channels or SK channels
increases the tonic firing rate of TC neurons in brain slices
and increases the visceral pain response in vivo

We next examined whether the modulation of either T-type or
L-type Ca®" current in TC neurons alters the pain response as
expected from our initial observations in PLCB4~/~ mice. Our
previous study demonstrated that a lack of Cav3.1 T-type Ca*™
channels in thalamocortical neurons increases the visceral pain
response (Kim et al., 2003). Here, we examined the influence of
L-type Ca*" channels on the firing rate of TC neurons and on the
visceral pain response by blocking the L-type channels with ni-
fedipine (1-10 uMm). The tonic firing rate of TC neurons in brain
slices increased by ~19% in wild-type (48.7 = 2.0 to 57.5 £ 3.6,
p < 0.005 by paired ¢ test) (Fig. 6A,C) and by ~65% in
PLCB4 ™"~ (29.3 = 2.1 t0 48.0 = 1.9, p < 0.001 by paired ¢ test)
(Fig. 6B,C) TC neurons in the presence of nifedipine (5 um)
without affecting the burst firing rate (supplemental Fig. S3,
available at www.jneurosci.org as supplemental material), which
indicates that the effect of nifedipine at this concentration was
selective for L-type Ca>" channels. It is noteworthy that the dif-
ference in the tonic firing rate between wild-type and PLCB4 ™/~
TC neurons was abolished by nifedipine treatment (5 um), sug-
gesting that the reduced tonic firing rate in PLCB4 ™/~ TC neu-
rons was mainly attributable to increased L-type Ca®" currents.

gramicidin D perforated patch recording from PLCB4 "~ TCneurons. B, LVA Ca™ currents measured before and after adding 10
nuPDD, a PKC agonist, and after washing. €, Effect of PDD on LVA current amplitudes. D, HVA Ca2* currents measured before and
after the addition of PDD and after washing. E, Effect of PDD on HVA Ca™ current amplitude.

The tonic firing rate was also increased in wild-type (50.7 = 4.6 to
57.8 + 5.9, p < 0.005 by paired t test) and in PLCB4 ™/~ (30.5 *
2.6 to 44.2 = 2.1, p < 0.001 by paired ¢ test) TC neurons in the
presence of apamin (100 nm) (Fig. 6 D) without affecting the burst
firing rate (supplemental Fig. S3, available at www.jneurosci.org as
supplemental material).

To determine whether the increased tonic firing rate of TC
neurons caused by blockade of L-type Ca** channels or Ca**-
dependent small-conductance SK-type K channels alters pain
responses in vivo, we examined the visceral pain response of mice
after infusing the pharmacologic antagonist into the thalamic
relay regions. The number of writhing response was significantly
enhanced in wild-type mice infused with 5 uM nifedipine (99.6 =
6.7, p < 0.005) and apamin (88.6 * 7.5, p < 0.01) compared with
those infused with vehicle (65.3 £ 4.2), whereas blockage of large
conductance Ca”*-activated K™ BK channels with iberiotoxin
(50 nm) did not affect visceral pain responses (72.5 * 6.0) (Fig.
6E). It was also increased in PLCB4 /" mice infused with 5 um
nifedipine (76.4 * 8.6, p < 0.005) and with 100 nM apamin
(68.2 = 4.0, p < 0.01) compared with those with vehicle (41.9 *
3.5).

We also confirmed the expression of L-type Ca®* channels
[alC (Cav 1.2) and a1D (Cav 1.3)] and SK channel subunits in
thalamic neurons (supplemental Fig. S4, available at www.
jneurosci.org as supplemental material). These results support
our hypothesis that increased Ca** influx via L-type Ca** chan-
nels in PLCB4 '~ TC neurons augments AHP, which eventually
leads to both decreased tonic firing rates in TC neurons and
diminished pain responses.

Discussion

Thalamic PLCB4-PKC pathway tunes the firing modes of

TC neurons

Here we have demonstrated that thalamic PLC4 -PKC pathway
regulates the firing properties of individual TC neurons and
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Figure 5. Enhanced Ca?" -activated AHP in PLCB4~/~ TC neurons. Representative traces of AHP of wild-type (4) and

PLCB4’/’ (B) TCneurons. Panels from i to v show traces recorded sequentially from a single TCneuron. i, AHP; a tail current was
generated after a short depolarization in the presence of TTX. ii, Extended view of the tail current shown (i) before (control) and
after addition of 100 nm apamin, an SK channel blocker. iii, AP in the presence of 100 wm niflumicacid (NFA), a Ca® " -activated
(I~ channel blocker, and apamin. iv, Apamin-sensitive K * current, obtained by trace subtraction. v, NFA-sensitive current,
obtained by trace subtraction. C, Amplitudes (left bar graph) and decay time constants 7 (right bar graph) of apamin-sensitive K,
current of wild-type (filled bars), PLCB4 ™/~ TCneurons with (gray bars) or without (open bars) PDD. ***p < 0,001 by t test. D,
Amplitudes (left bar graph) and decay time constants  (right bar graph) of NFA-sensitive anion currents current of wild-type
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sure spinal reflexes mostly, and found no
significant difference between wild-type
and PLCB4 /" mice (data not shown),
which was consistent with the literature
(Miyata et al., 2003). Therefore, we believe
that there is no significant change in as-
cending pain input pathway at the spinal
level or periphery in PLCB4 /" mice. Our
model suggests that the mGluR1-PLC4 -
PKC signal transduction cascade acts as a
switch regulating the firing modes of TC
neurons (supplemental Fig. S4, available at
www.jneurosci.org as  supplemental
material).

The role of low-threshold burst firing
of TC neurons in signal transmission has
been controversial, whereas tonic firing
putatively serves as a relay mode. Thalamic
burst firing has been associated with drow-
sy/sleep states or loss of consciousness in
many studies (von Krosigk et al., 1993;
Kim et al., 2001; Crunelli and Leresche,
2002) and has been considered a “closed
gate” state that afferent sensory signals en-
counter (Kim et al., 2003). However, it has
also been suggested that burst firing repre-
sents a stronger signal transmission from
LGN neurons to cortex, serving as a corti-
cal “wake-up call” (Sherman, 2001; Swad-
low and Gusev, 2001). Burst firing in rab-
bit LGN neurons has also been associated
with inattentive states (Bezdudnaya et al.,
2006). In our experiments, burst firing was
dramatically increased in PLCB4~/~ TC
neurons, accompanying the decreased
pain response that was observed in the
PLCB4 ™~ mice. This paradigm thus pro-

(filled bars), PLCB4 ™~/ TC neurons with (gray bars) or without (open bars) PDD.

thereby controls visceral pain responses. This was confirmed by
experiments using electrophysiological, pharmacological, and
genetic tools, in vitro as well as in vivo.

Previous studies have shown that activation of thalamic
mGluR1s produces along-term enhancement of thalamic excita-
tory responses (McCormick and von Krosigk, 1992; von Krosigk
et al., 1999) and switches the visual response mode of LGN cells
from burst to tonic firing (Godwin et al., 1996; Golshani et al.,
1998). On the basis of these findings in the thalamus as well as a
putative mechanism suggested previously in the hippocampus
(Charpak et al., 1990), it has been proposed that activation of
mGluR1 enhances the excitability of thalamic neurons by slow
evoked EPSPs (McCormick and von Krosigk, 1992) or synaptic
facilitation (Pedroarena and Llinds, 2001). It was reported that
PLCp4 is extensively linked to mGluR1 in thalamic relay neurons
evidenced by the fact that thalamic infusion of mGluR antagonist
and PLC blocker had the same effect on Formalin-induced in-
flammatory pain responses in mice, whereas mGluR1 and PLC34
are predominant subtypes (Miyata et al., 2003). Therefore, our
results may present a new mechanism for the corticothalamic
control, one mediated via the mGluR1-PLCB4-PKC pathway.
We performed other types of pain responses such as tail-flick test
and acute mechanical pain responses, which are known to mea-

duced a state that is the opposite of that
encountered in our previous study,
wherein the genetic deletion of the tha-
lamic burst firing resulted in an enhanced visceral pain response
in the mouse (Kim et al., 2003). Together, these findings support
the idea that burst firing acts as an inhibitor of visceral pain signal
transmission to the cortex.

Concomitant modulation of T- and L-type Ca** currents
regulates the firing properties of TC neurons

Our results suggest that the activity level of thalamic PLCB4—
PKC pathway controls the firing properties of TC neurons by
simultaneously regulating T-type and L-type Ca*" currents. Our
data show that a PKC agonist, but not an inactive structural an-
alog, decreases T-type and L-type Ca>™ currents reversibly and
that the pain phenotype of PLCB4 /" mice could be rescued by
thalamic infusion of a PKC agonist. The present experiments also
demonstrate that the pain phenotype can be reproduced by infu-
sion of the same region in a wild-type mice with a PKC antago-
nist. Together, these findings strongly support the notion that the
phenotype of mutant mice was primarily caused by disruption of
the PLCB4—-PKC pathway and not by developmental or compen-
satory changes. This model was further supported by our findings
that blocking thalamic L-type Ca** channels recapitulated the
expected alteration in both firing properties of TC neurons and
the visceral pain response (Fig. 6).
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Previous reports have identified altered
Ca’" currents in several knock-out mice.
For example, mice lacking P/Q-type Ca>"
channels show increased T-type Ca** cur-
rents in TC neurons (Zhang et al., 2002;
Song et al., 2004) and enhanced N-type
(Cav2.2) Ca>" currents in cerebellar Pur-
kinje neurons and hippocampal neurons
(Jun et al, 1999). Estrogen receptor-
deficient mice exhibit increased expres-
sion of L-type Ca** channels (Johnson et
al., 1997). However, in no case has distur-
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of the T-type currents in dorsal root gan-
glion neurons (Schroeder et al., 1990) and

downregulation of currents expressed in
Xenopus oocytes (Park et al., 2003) or no
effect on T-type Ca®" channel activity in
hippocampal neurons cultured from rats
or guinea pigs (O’Dell and Alger, 1991)
have been reported. Our results support
the idea that PKC downregulates the
Cav3.1 T-type Ca*™ current. This discrep-
ancy might come from different subtypes
of channels or different cell types. How-
ever, the precise molecular mechanism
and site of PKC-mediated phosphoryla-
tion remain to be clarified (Catterall, 2000;
Perez-Reyes, 2003).

The increased amplitude of T-type
Ca** current in PLCB4 /~ TC neurons
correlates well with an increase in the
number of spikes per burst. In addition,
PLCB4 '~ TC neurons display a greater
tendency for burst firing near the resting
membrane potential, probably attribut-
able to less steady-state inactivation of the
T-type Ca*" current. The ability of T-type
channels in PLCB4/~ TC neurons to
open at potentials where they are normally
inactive provides an opportunity to gener-
ate an enlarged window current, that is, the overlap region be-
tween the activation and steady-state inactivation curves. All
three T-type channel subtypes are predicted to generate window
currents mediated by less than ~1% of the channels in physio-
logical conditions (Crunelli et al., 2006). Therefore, enlarged
window current in PLCB4/~ TC neurons could contribute to
the dramatic increase in the frequency of burst spikes after inhib-
itory inputs observed in PLCB4 ™"~ mice.

Number of writhes [T]

(0 to 20 min)

Figure 6.

Inhibitory role of thalamic L-type Ca*>*
sensory transmission

Our data support the model of an inhibitory role for L-type Ca*"
channels in the firing of TC neurons and transmission of pain
sensation, via interaction with K., channels. This is demon-
strated by our findings that blocking L-type Ca>* channels in-
creased the tonic firing rate and visceral pain responses both in
wild-type and PLCB4 "/~ mice. In particular, a stronger effect of

channels in pain

120
90
60
30

Blocking either thalamic L-type Ca®™*
visceral pain response in vivo. A, Tonic firing of a wild-type TC neuron before and after adding nifedipine (5 wm). B, Tonic firing of
aPLCB4~"~ TCneuron before and after adding nifedipine (5 uu). €, There was a significant increase in the tonic firing rate in
both wild-type TC neurons (*p << 0.005 by paired t test on 6 pairs) and PLCB4 ™/~ TCneurons (**p << 0.001 by paired t test on
6 pairs) after treating with nifedipine (Nif; 5 wm). There was no difference in tonic firing rate ( p = 0.097 by ¢ test) between
wild-type and PLCB4 ™/~ TC neurons after nifedipine treatment, whereas the tonic firing rate of PLCB4 /™ TC neurons was
lower than wild-type TC neurons (***p << 0.005 by ¢ test) before treatment with nifedipine (5 wm). D, There was a significant
increase in the tonic firing rate in both wild-type TC neurons (*p << 0.005 by paired t test on 6 pairs) and PLCB4 ™/~ TC neurons
(**p < 0.001 by paired t test on 6 pairs) before and after treating apamin (100 nm). There was a difference in tonic firing rate
between wild-type and PLCB4 "~ TC neurons before (***p << 0.005 by t test) and after (****p << 0.01 by ¢ test) apamin
treatment. E, Visceral pain responses of wild-type and PLC34 ™/~ mice with thalamic infusion of 5 pum nifedipine (Nif), 100 nm
apamin (Apa), 50 nm iberiotoxin (IBTX), or vehicle (Veh) (***p << 0.005 and ****p << 0.01 by t test), respectively.
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channels or SK channels increases the firing rate of TC neurons in vitro and the

nifedipine on both tonic firing rate and pain responses in
PLCB4 /" mice supports our hypothesis that increased L-type
Ca’” currents in PLCB4~’~ TC neurons decrease the tonic firing
rate, resulting in a decreased pain response.

The most prominent consequence of the increase in Ca**
influx through L-type Ca** channelsin PLCB4~’~ TC neurons is
the subsequent increase in Ca?"-activated AHP, which decreases
the firing rate (Stocker, 2004). The observation that TC neurons
express L-type Ca>™ channels and SK channel subunits (supple-
mental Fig. S4, available at www.jneurosci.org as supplemental
material) supports a role for functional coupling between these
two channels. Coupling between voltage-gated Ca** channels
and Ca’"-activated potassium channels has also been reported
(Stocker, 2004). In CA1 pyramidal neurons, L-type (but not P/Q-
or N-type) Ca®" channels and SK channels are colocalized in the
soma, whereas N-type Ca?" channels are colocalized with BK
channels (Marrion and Tavalin, 1998). Recently, it was reported
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that Cav1.3 L-type Ca>" channels are physically linked to SK
channels in atrial tissue (Lu et al., 2007). In these reports, most of
the AHP current has been attributed to Ca**-activated K * chan-
nels including BK and SK channels, as well as K™ current com-
ponents whose molecular identity is currently unknown (Bond et
al., 2004; Stocker, 2004). Surprisingly, we found that, in addition
to an apamin-sensitive SK component, there was a large NFA-
sensitive anion component in Ca*"-activated AHP of TC neu-
rons (Fig. 5). Additional study is needed to determine the molec-
ular identity of the channels mediating this NFA-sensitive Ca**-
activated anion current.

A molecular switch for thalamic pain sensory gating

Recently, it was shown that the state of thalamic neurons plays a
critical role in controlling sensory information processing in hu-
mans (Schiff et al., 2007). This finding is consistent with the data
presented in this paper. Our results provide new insights into
how cortical excitatory inputs to the thalamus modulate the flow
of sensory information to the cortex. Our study suggests that a
single cellular signal transduction pathway, PLCB4-PKC, is
linked to both T- and L-type Ca** channels and simultaneously
regulates both burst and tonic firing. These findings also high-
light the functional significance of the thalamic mGluR1-
PLCB4-PKC pathway as a “molecular switch” to set the state of
TC neurons in favor of either tonic or burst firing, which would
efficiently sharpen the transition between open and closed gate
status in pain sensory processing.
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