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bstract—The generation of thalamic bursts depends upon
alcium currents that flow through transiently open (T)-type
alcium channels. In this study, we characterized the native
-type calcium current underlying thalamic burst responses

n the macaque monkey. Current clamp recordings from lat-
ral geniculate nucleus (LGN) slices showed characteristic
urst responses when relay cells were depolarized from rel-
tively hyperpolarized membrane potentials. These bursts
ould also be elicited by stimulation of excitatory synaptic
nputs to LGN cells. Under voltage clamp conditions, the
nactivation kinetics of native currents recorded from primate
GN neurons showed consistency with T-type currents re-
orded in other mammals and in expression systems. Real-
ime reverse transcriptase PCR performed on RNA isolated
rom the LGN (including tissues isolated from magnocellular
nd parvocellular laminae) detected voltage-dependent calcium
hannel (Cav) 3.1, Cav 3.2, and Cav 3.3 channel transcripts. Cav

.1 occurred at relatively higher expression than other iso-
orms, consistent with in situ hybridization studies in rats, indi-
ating that the molecular basis for burst firing in thalamocor-
ical systems is an important conserved property of primate
hysiology. Since thalamic bursts have been observed dur-

ng visual processing as well as in a number of CNS disor-
ers, studies of the expression and modulation of these cur-
ents at multiple levels are critical for understanding their
ole in vision and for the discovery of new treatments for
isruptions of thalamic rhythms. © 2006 IBRO. Published by
lsevier Ltd. All rights reserved.

ey words: lateral geniculate nucleus, burst, EPSP, monkey,
ynomolgus macaque, epilepsy.
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453
he past decade has seen an explosion of knowledge of
he molecular properties and functional roles of calcium
hannels (for review, see Perez-Reyes, 2003). One type of
alcium channel, the transient (T)-type or low voltage-
ctivated calcium channel, is implicated in the generation
f normal brain rhythms, including the spindle waves re-
orded in the electroencephalogram (EEG) during sleep.
-type currents were first identified in thalamocortical cir-
uitry by Jahnsen and Llinás (1984a,b) based on intracel-

ular recordings in guinea-pig thalamic neurons. Similar
ecordings have since been made in other species, includ-
ng current clamp recordings in monkey thalamic neurons
e.g. Crunelli et al., 1989; Coulter et al., 1989; Ramcharan
t al., 2000; Monckton and McCormick, 2003). In all cases,

nward T-type currents, activated at hyperpolarized mem-
rane potentials, produce a depolarization that elicits high
requency bursts of action potentials. While these bursts
articipate in normal thalamic oscillations, they are also

nvolved in several disorders of brain rhythms (Jeanmonod
t al., 2001; Llinás et al., 2001; McCormick and Contreras,
001).

Three structurally and functionally distinctive T-type
alcium channels have been cloned, denoted voltage-de-
endent calcium channel (CaV)3.1, CaV3.2 and CaV3.3
Perez-Reyes, 1999; Catterall et al., 2003). Electrophysi-
logical recordings from cell lines engineered to express
hese different transcripts (and a number of splice variants)
ave revealed functional differences in the calcium cur-
ents carried by these channels (Klöckner et al., 1999).
oreover, in situ hybridization studies have revealed that

hese channels are differentially distributed throughout the
rain (Talley et al., 1999). In the rat thalamus, CaV3.1 is
ound predominantly in relay neurons, and has an intrigu-
ng reciprocal relationship with thalamic reticular nucleus
eurons, which weakly express CaV3.1 but strongly ex-
ress CaV3.3. Findings such as these portray a functional
iversity that may underlie differences in the tendency of
eurons in different regions of the brain to burst, as well as
rovide a potential explanation for observed differences in
he native currents found in different brain regions (Hugue-
ard and Prince, 1992; Tarasenko et al., 1997; Joksovic et
l., 2004).

Despite the clear importance of T-type channels to
euronal bursting and pacemaker activity in humans and
heir potential role in disorders of thalamic rhythms, there
ave been no direct recordings of the underlying native
urrent under voltage clamp conditions in a non-human
rimate, and the expression patterns of T-type calcium
hannel transcripts in primate relay nuclei are unknown.

e studied the characteristics of native T-type calcium

ved.
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urrents using whole cell recordings (either high imped-
nce electrodes for current clamp measures or patch elec-
rodes for voltage clamp) in brain slices of the dorsal lateral
eniculate nucleus (LGN) of the cynomolgus macaque.
dditionally, using reverse transcriptase PCR (RT-PCR)
e identified the three major T-type calcium channel vari-
nts that contribute to native currents in the LGN of the
acaque.

Our study shows that the key features of native T-type
alcium currents and associated thalamocortical bursts are
resent in the primate brain and bear striking similarities
ith those recorded in other species. Knowledge of the
etails of these currents and the underlying channel distri-
utions in primates will further illuminate the role of these
hannels in human health and disease.

EXPERIMENTAL PROCEDURES

hese studies were carried out in conjunction with other studies
sing tissues recovered after necropsy. Cynomolgus macaques
nderwent necropsy in accord with protocols approved by the
ake Forest University Health Sciences Animal Care and Use
ommittee and in agreement with National Institutes of Health and
.S. Department of Agriculture Guidelines, including measures to
liminate suffering and to reduce animal numbers to a minimum.
Ariwodola et al., 2003). Animals were perfused through the heart
ith ice-cold artificial cerebrospinal fluid (ACSF) containing (in
M): 124 NaCl, 5 KCl, 2 MgSO4, 2 CaCl2, 23 NaHCO3,
NaH2PO4, 10 glucose (pH 7.4, osmolarity 290–300 mOsm)

xygenated with 95%O2:5% CO2. All of the remaining brain tissue,
s well peripheral tissues including the heart and liver, was used

n other ongoing studies within the Center for the Neurobehavioral
tudy of Alcohol at Wake Forest University School of Medicine, or
as stored at �80 °C for later use.

After necropsy a tissue block containing the LGN was imme-
iately immersed in oxygenated (95% O2:5% CO2), ice cold su-
rose-substituted ACSF containing (in mM): 220 sucrose, 12
gSO4, 10 glucose, 2 KCl, 1.5 NaH2PO4, 26 NaHCO3, 0.2 CaCl2

pH 7.4, osmolarity 290–300 mOsm). A block of tissue containing
he LGN was sectioned on a vibratome (model OTS 4000, Elec-
ron Microscopy Sciences, Fort Washington, PA, USA) at 400 �m,
nd slices were maintained in oxygenated, warm (34 °C) ACSF of
he same composition as the perfusion ACSF, for at least 1.5 h
efore being transferred to a recording chamber (Harvard Appa-
atus, Holliston, MA, USA). Slices were recorded from using
blind” recording techniques, from 400 �m slices. For high imped-
nce electrode recordings, slices were placed on a nylon mesh in
recording chamber at an interface of warmed (34 °C), oxygen-

ted (95% O2, 5% CO2) air and buffer. For whole cell patch
ecordings, slices were submerged in oxygenated ACSF at 34 °C
nless otherwise stated. Oxygenated ACSF was perfused at 2 ml
er minute.

ecordings

harp electrodes (50–100 M�) were pulled from borosilicate
lass (Sutter Instruments, Novato, CA, USA) with a P-87 horizon-
al puller (Sutter Instruments) and filled with 4 M potassium ace-
ate. Patch pipettes (5–10 M�) were pulled from the same glass
ith a PC-10 vertical puller (Narishige International USA, Inc.,
ast Meadow, NY, USA), and were filled with an internal solution
ontaining (in mM): 100 gluconic acid, 100 CsOH, 10 NaCl, 10
EPES, 20 TEA-Cl, 1 EGTA, 4 ATP (pH 7.3 with 2 N CsOH,
smolarity 270–290 mOsm). A liquid junction potential of �7 mV,
etermined experimentally, was corrected for post hoc. Cellular

ctivity was acquired with an AxoClamp 2B amplifier (Axon Instru- c
ents, Union City, CA, USA), digitized with a Digidata 1322 (Axon
nstruments), and analyzed using pCLAMP 9.0 software (Axon
nstruments). To acquire cells for voltage clamp, patch pipettes
ere advanced “blind” through tissue in bridge mode until encoun-

ering a cell, a �1 G� seal was formed, the membrane ruptured
o allow whole cell access, and the amplifier was then switched to
ingle-electrode voltage clamp recording mode. Current clamp
ecordings were included if the recording duration exceeded 10
in, with a resting membrane potential of �50 mV or less, and
vershooting action potentials. For all voltage clamp experiments,
etrodotoxin (TTX, 1 �M; Alomone Laboratories, Jerusalem, Is-
ael) was included in ACSF to block sodium action potentials.

oltzmann analysis

verage peak inactivation currents were normalized to the peak of
he maximally available current (I/Imax). This relative current was
lotted as a function of pre-pulse potential and fitted with a Bolt-
mann equation: I�Imax/(1�exp[(V�V1/2)/k]) to derive, by least
quares fits, the half-maximal voltage (V1/2) and slope factor (k)
alues (Coulter et al., 1989; Crunelli et al., 1989).

otal RNA preparation

otal RNA was prepared from the thalamus (LGN, Magno and
arvo regions) of adult cynomolgus macaques using TriReagent

Molecular Research Center, Cincinnati, OH) according to the
anufacturer’s protocol. RNA was further purified using Qiagen
ini Spin Columns (Valencia, CA) according to the manufacturer’s

nstructions. RNA concentrations were determined spectrophoto-
etrically by measuring the absorption at 260 nm in a NanoDrop-
000 spectrophotometer (NanoDrop, Wilmington, DE). RNA qual-

ty was assessed by electrophoresis in 1% agarose formaldehyde
els (Ambion, Inc., Austin, TX).

omplementary DNA (cDNA) synthesis

DNA was synthesized using the Invitrogen SuperScript III First
trand Synthesis System (Invitrogen Life Technologies, Carlsbad,
A, USA) for real-time PCR as per manufacturer’s instructions.
riefly, RNA was mixed with random hexamers (2.5 ng/�l final
oncentration) and dNTPs (0.5 mM final concentration) for 5 min
t 65 °C and then placed on ice for at least 1 min. cDNA Synthesis
ix (Invitrogen Life Technologies) containing RT buffer, MgCl2,
TT, RNaseOUT and SuperScript III RT (final concentrations 1�,
mM, 10 mM, 2 U/�l and 10 U/�l respectively) was then added at
5 °C for 10 min followed by cDNA synthesis at 50 °C for 50 min.
DNA reaction was terminated by incubation at 85 °C for 5 min.
NA was removed from RNA:DNA hybrids by incubation with
Nase H at 37 °C for 20 min. cDNA was then diluted to a final
oncentration of 2 ng/�L.

eal-time RT-PCR

eal-time PCR was performed using the 5=-exonuclease method
Taqman) and an Opticon II system (MJ Research, Waltham, MA,
SA). Taqman Universal PCR Master Mix (Applied Biosystems,
oster City, CA, USA) containing TaqDNA polymerase, dNTPs,
�dUTP), and buffers was used according to manufacturer’s in-
tructions. Primer and probe combinations for each of the T-type
alcium channel isoforms of the cynomolgus macaque were de-
igned using Primer Express (Applied Biosystems). Probes were
abeled 5= with 6-FAM and 3= with TAMRA or BHQ1 as quencher
Integrated DNA Technologies, Carolville, IA, USA). Sequences
or each primer/probe were chosen from unique regions within
ach human gene by excluding conserved sequences. Regions
urrounding known splice sites of the human subunits were also
xcluded. These sequences were cloned from cynomolgus ma-

aque total RNA by RT-PCR and sequenced. For �1G (Cav 3.1:
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enBank # AY268438), the primer/probe set was GCCAGACCG-
AAGAATTTTG (5= primer), CCTGGGTGAGGATCTGAAAGAC

3= primer), and TCCTTGCTCTGGGCCATCGTCAC (probe). For
1H (Cav 3.2: GenBank # AY268439), the set was TGGTGGTG-
AGACGCTGAT (5= primer), GCAGCAGATGAGGACGATGTT (3=
rimer), and TCGTCACTCAGGCCCATCGG (probe). Finally, for �1I
Cav 3.3: GenBank # AY268440), the set was CGCCCGTTGCCT-
CTTCT (5= primer), GCACACCATCTTGATACACCAGTT (3=
rimer), and TGCGACAGACCACCAGCCCC (probe).

RESULTS

ntracellular recordings were obtained from 72 LGN neu-
ons from thalamic slices maintained in vitro. Of these, 52
eurons, with a mean resting membrane potential of
61.1�1.6 mV, were recorded under current clamp con-
itions with high impedance electrodes, and 20 neurons,
ith a mean resting membrane potential of �62.3�1.5 mV
ere recorded under voltage clamp conditions. All record-

ngs were made from parvocellular laminae (layers 4–6) of
he LGN.

haracteristics of bursts and underlying native
-type currents

he responses of LGN cells to depolarizing current pulses
re shown in Fig. 1. During current clamp recordings,
epolarizing LGN cells by injecting currents from holding
otentials near �60 mV resulted in tonic streams of action
otentials. While in some cells the frequency of tonic firing

ncreased in proportion to the depolarizing step, in many

ig. 1. Tonic and burst response modes of monkey thalamic neurons
olding potential of �54 mV elicited an initial passive response follow

epolarizing current steps from �78 mV elicited stereotypical burst response
otentials at the peak. Scale bar�20 mV, 40 ms.
ases tonic firing was sporadic, with interruptions in the
onic firing sequences (Fig. 1A, second trace; n�9). A low
hreshold burst could be reliably elicited in response to
epolarizing current pulses from a relatively hyperpolar-

zed membrane potential (Fig. 1B). All cells tested with this
rotocol showed this bursting response pattern. Burst firing

n monkey LGN cells, as in other species, was expressed
s triangular waveform with a burst of two to seven fast
ction potentials (with interspike intervals of �4 ms or less)
ccurring at the peak of the underlying Ca2� mediated
epolarization (Jahnsen and Llinás, 1984a,b; Lu et al.,
992; Monckton and McCormick, 2003; Ramcharan et al.,
000).

In order to study the current underlying monkey tha-
amic bursts, we used patch clamp techniques with TTX
ncluded in the ACSF to block voltage-dependent Na�

urrents. The voltage dependent inactivation of the T-type
urrent is illustrated in Fig. 2. T-type current was inacti-
ated through a series of depolarizing command poten-
ials, progressing at 3 mV increments, starting at �132
V, and stepping to �60 mV. Peak inactivation (n�5)

urrent was normalized to the peak of maximally available
urrent (I/Imax). The mean Imax elicited was 799�142pA.
he mean�S.E.M. of I/Imax was plotted as a function of the
repulse command potential and fitted with a Boltzmann
istribution as shown in Fig. 2B. Our results indicate the
ange of current inactivation was between �70 and �110
V, the current inactivation k was 5.6, and the T-type

eries of depolarizing current steps (ranging from 0.1–0.7 nA) from a
ogressive regular spiking from LGN neurons. (B) The same series of
. (A) A s
ed by pr
s composed of a triangular depolarization with three to five action
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urrent V1/2 was �85 mV. These data for T-type current
nactivation are in agreement with previous observations of
ative current studied in vitro in rodent and carnivore re-
orded under similar conditions (Coulter et al., 1989; Her-
andez-Cruz and Pape, 1989; Mu et al., 2003).

ecovery from inactivation

ursts can be elicited in LGN thalamocortical cells of other
pecies by injecting hyperpolarizing current pulses into the
ell, resulting in the deinactivation of the T-type current

ig. 2. Voltage dependent steady-state inactivation of T-type calcium
urrent in LGN relay neurons. Inactivation kinetics were measured in
esponse to a series of depolarizing command potentials from �132
V to �63 mV, held for 1 s, then stepping to �60 mV, although the

ange of voltages producing inactivation, as shown, was between
117 mV to �69 mV. (A) Representative traces showing inactivation
f T-type current using the command potentials shown below the set of

races. (B) Currents elicited at each command potential were normal-
zed to the peak current elicited (I/Imax) and plotted against the com-

and potential. The data were fit with a Boltzmann function (n�5). The
and V1/2 derived from the Boltzmann are shown on the graph. Error
ars represent standard error of the mean. Scale bar�100 pA, 30 ms.
ollowed by activation that occurs during repolarization of
c
m

he membrane (Jahnsen and Llinás, 1984a,b; Kim et al.,
995; Bal et al., 1995a,b), a process that reflects recovery
rom channel inactivation.

We studied the time-dependent process of recovery
rom inactivation of native T-type current in 11 LGN cells
ith voltage clamp recordings (Fig. 3). Cells were hyper-
olarized to �115 mV for 1300 ms then depolarized to
60 mV to completely inactivate the T-type current. The
mplitude of the current elicited was used as Imax for
omparisons to a test pulse of �60 mV after hyperpolar-

zations of varying time intervals (10–600 ms) to �115
V. The amplitude of the current elicited from this test
ulse was divided by Imax to characterize the time course
f removal of inactivation. Imax for the population of cells
as found to be 702�71 pA. As shown in Fig. 3B, I/Imax

as plotted against the time interval of hyperpolarization,
nd the data points were best fit with a single exponential
ecay function with a time constant of 49.4 ms (95%
onfidence interval�45.3–54.3 ms).

In current clamp recordings, monkey burst responses
howed a characteristic refractory property consistent with
emoval of inactivation. As shown in Fig. 4A, this was
bserved as rebound responses that began as subthresh-

ig. 3. Time dependence of recovery from inactivation in LGN relay
eurons. (A) Representative voltage clamp traces illustrating time
ependent process of recovery of T-type current following complete

nactivation. Cells were hyperpolarized to �115 mV for 1300 ms then
tepped to �60 mV to elicit a maximal T-type current. They were then
tepped back to �115 mV for 10–600 ms and released again to �60
V. The first current elicited in each sweep was deemed Imax, and the

ubsequently elicited current was divided by this to arrive at I/Imax

hich was plotted against the time of hyperpolarization (B). The data
oints were best fit with a single exponential decay function with a time

onstant of 49.4 ms (n�11). Error bars represent standard error of the
ean. Scale bar�300 pA, 50 ms.
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ld low-threshold calcium depolarizations after short hy-
erpolarizing steps, which elicited bursts after sufficiently

ong periods of hyperpolarization. These responses were
ependent both upon the amplitude of the hyperpolariza-
ion as well as the duration of the hyperpolarizing pulse.
he responses were steeply graded in the numbers of
pikes (one to five) that could be elicited in response to
yperpolarizing current injections (n�10).

Temperature affects the time-dependent kinetics of
he removal of inactivation from T-type channels
Crunelli et al., 1989). We tested a group of cells at room
emperature (22 °C; n�7) and a group at 34 °C (n�4) to
haracterize deinactivation in LGN cells under both condi-
ions, which are plotted in Fig. 4B. Peak current amplitudes
ere elicited by 450 ms hyperpolarization at 34 °C while a
yperpolarization interval of 900 ms was required for peak
urrent activation at 22 °C. Current amplitudes were mea-
ured following varying lengths of hyperpolarizing steps
etween 10 and 1200 ms, and each current amplitude was
ivided by the peak current elicited to calculate an I/Imax

alue. These values were plotted against the hyperpolar-
zing interval and the data points were fit with single expo-

ig. 4. Deinactivation of bursts and T-type calcium current in LGN re
yperpolarization dependence of bursts. Cells were held at �60 mV an
eleased from hyperpolarization. With increased amplitude or duration
otentials riding the crest. Scale bar�15 mV, 50 ms. (B) Represent
ecorded at 34 °C. Cells were held at �60 mV, hyperpolarized to �110
as deemed Imax, and all current amplitudes were divided by this to giv
ere best fit with a single exponential decay function with a time cons

ecorded at room temperature (22 °C). Under this temperature condit
ata points were best fit with a single exponential decay function with
lotted on the graph. Error bars represent standard error of the mean
ential functions with time constants of 223.9 ms (95% t
onfidence interval�197.2–258.9 ms) at 22 °C and
5.6 ms (95% confidence interval�60.9–71.2 ms) at
4 °C.

oltage-dependent synaptic properties of monkey
GN neurons

range of voltage-dependent responses of monkey LGN
eurons recorded under current clamp conditions is illus-
rated in Fig. 5. Fig. 5A shows the firing pattern as well as
ynaptic responses over a range of membrane potentials.
yperpolarizing current steps elicited bursts of action po-

entials upon repolarization of the membrane. Depolarizing
urrent steps elicited tonic streams of action potentials,
ith the frequency of tonic spikes increasing in tandem
ith the size of the depolarizing current step (n�6). In the
idpoint of the voltage step a 0.1 ms electrical stimulus
as delivered through a bipolar stimulating electrode
laced in the white matter adjacent to the LGN. In the
resence of picrotoxin, a GABAA receptor antagonist, ex-
itatory postsynaptic potentials (EPSPs) could be elicited
pon electrical stimulation (50–500 �A). The shape of

ns. (A) Representative current clamp recordings illustrating time and
with the indicated current to hyperpolarize then for 150–600 ms, then

olarization, a greater low-threshold spike was elicited with more action
age clamp traces illustrating the time dependence of T-type current

–600 ms then stepped back to �60 mV. The maximal current elicited
hich was plotted against the time of hyperpolarization. The data points
.6 ms (n�4). This protocol was also run in a separate group of cells
current was not elicited until 900 ms of hyperpolarization, and these

onstant of 223.9 ms (n�7). Only those data points out to 600 ms are
ar�150 pA, 50 ms.
lay neuro
d injected
of hyperp
ative volt
mV for 10
e I/Imax w
tant of 65
ion, peak
hese EPSPs varied with membrane potential. At �60
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V, the EPSPs appeared multimodal, consistent with
-methyl-D-aspartate (NMDA) and non-NMDA receptor
ontributions. At �67 mV, stimulation elicited a mixed
esponse composed of an early EPSP followed by an
ccasional burst as reported in other species (Turner et al.,
994; Bartlett and Smith, 1999). At �83 mV, stimulation
roduced a sharper unimodal EPSP (n�7) (Fig. 5B). We
ompared normalized EPSPs at �83 mV and �67 mV
Fig. 5C). Subtraction of these traces indicates a late com-
onent in the EPSP recorded at �67 mV. Under our re-
ording conditions, in which picrotoxin was included in the
CSF, EPSPs possessing this late component could elicit
urst responses in LGN cells (Fig. 5D).

We also recorded pairs of EPSPs to determine
hether they showed short term plasticity. Paired pulses

ig. 5. Voltage dependent properties of monkey thalamic neurons. (A
V showing the voltage dependent responses of rebound bursts (gray
otentials elicited by depolarizing current injections (black arrow). In th
PSP. Scale bar�5 mV, 50 ms. (B) In the presence of picrotoxin, stim
licited a burst response, but at �60 mV the EPSP showed an additiona
PSPs for comparison of early and late EPSP components. The gray
he subtraction of the two traces, shown below, illustrates the time co
PSP was capable of eliciting a burst of action potentials that arose
PSPs elicited from �66 mV show consistent latency of multimodal EP
cale bar�10 mV, 20 ms. (E) LGN cells display paired pulse facilitation
50 ms. At the shortest interval, a spike was elicited on the second s

n a different cell held at �72 mV. Of the 17 neurons in which paired
00 ms interstimulus interval (ratio�1.3�0.1). Scale bars�5 mV, 50 ms

nterval was 50 ms, and increased at 50 ms increments. At the shorter in
ntervals, the magnitude of depression was reduced. Of the 17 neuron
epression at a 100 ms interstimulus interval (ratio�0.72�0.04). Sca
ave been show to promote synaptic depression at retino- m
eniculate synapses and facilitation at corticogeniculate
ynapses (Turner and Salt, 1998; Granseth et al., 2002;
lexander and Godwin, 2005). While determining the path-
ays of origin of these EPSPs was not possible, EPSPs in

he monkey LGN showed both facilitation and depression
Fig. 5E–F).

olecular characterization of T-type calcium
hannels in the LGN

alley et al. (1999) reported the distribution of mRNA
ncoding the three known T-type channel transcripts in
he rat brain. They reported greater expression of �1G
CaV3.1) in thalamic relay nuclei, with little or no expres-
ion of �1H (CaV3.2) and �1I (CaV3.3). Using RT-PCR

ses of an LGN neuron to a series of current pulses injected from �60
response to transient hyperpolarization and tonic streams of actions

t of the current step, a 0.1 ms electrical stimulus (asterisk) elicited an
elicited a sharp, unimodal EPSP at �83 mV. At �67 mV, stimulation

ponent. Scale bar�10 mV, 20 ms. (C) Normalized and superimposed
s recorded at �67 mV, and the black trace was recorded at �83 mV.
e late component. Scale bar�10 ms. (D) The late component of the
underlying triangular depolarization. Fifty superimposed traces from
variable latency of elicited bursts responses arising from the EPSPs.

nse to paired stimuli delivered at interstimulus intervals of 50, 100 and
he inset trace illustrates another example of paired pulse facilitation
SPs were recorded, three cells showed paired-pulse facilitation at a
cells also display paired pulse depression. The shortest interstimulus

aired pulse depression was greatest, and with increased interstimulus
h paired-pulse EPSPs were recorded, 14 cells showed paired-pulse
mV, 100 ms.
) Respon
arrow) in

e midpoin
ulation
l late com
trace wa
urse of th
from an
SPs, and
in respo

timulus. T
-pulse EP
. (F) LGN
tervals, p
ethods we examined the possible T-type channel tran-
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cripts that may contribute to our electrophysiological ob-
ervations. The LGN tissue used for molecular analyses
as isolated from the face of fresh tissue blocks from four
ases in which in vitro slices were prepared. In two addi-
ional cases, layers 5 and 6 (representing parvocellular
ayers), and layers 1 and 2 (representing magnocellular
ayers) were dissected from the tissue block.

Fig. 6 shows relative gene expression profiles of the
-type channel transcripts. Of these, CaV3.1 expression
as greater than both CaV3.2 and CaV3.3 in all examined

issues. CaV3.1 crossed the threshold cycle (CT) around
ycle number 31 in the LGN samples and at about cycle
umber 30 for both magnocellular and parvocellular sub-
ivisions. CaV3.2 and CaV3.3 were expressed at approxi-
ately the same rate and crossed the threshold approxi-
ately five to six cycles later than CaV3.1. The relationship
etween the log[nanograms of total thalamic RNA] put into
he PCR reaction and the relative expression level, repre-
ented by the CT, of each gene product was linear over a
ide range of concentrations (data not shown), indicating

hat CT could be directly related to the amount of mRNA in
he original sample. Thus, we conclude that CaV3.1 RNA is
xpressed in relatively higher abundance than both
aV3.2 and CaV3.3 in the LGN. The same pattern of gene
xpression for T-type calcium channels was observed in
issected whole LGN tissues, as well as parvocellular and
agnocellular subdivisions of the LGN, showing that the
olecular basis of burst firing does not differ between
arallel visual processing streams.

DISCUSSION

his study describes burst responses and the underlying
ative T-type calcium current in the cynomolgus macaque.
e have found that LGN neurons display both burst and

onic modes of firing, with burst firing mode elicited by
ctivation of the T-type calcium current. We have charac-
erized the voltage-dependent process of T-type channel
nactivation, as well as the voltage- and time-dependent
rocess of recovery from inactivation (“deinactivation”).
e have shown that “rebound” burst responses may be

licited through membrane repolarization and bursts may
lso be synaptically activated, arising from the late com-
onent of the EPSP. Finally, we have characterized and
etermined relative expression levels of the three known

soforms of the T-type calcium channel in the LGN.
This T-type current shows impressive similarity in

asic voltage dependent properties, including inactiva-
ion and recovery from inactivation, with T-type current
ecorded from other species and from cloned human
hannels expressed in culture systems (Huguenard,
996; Perez-Reyes, 2003). The T-type current inactiva-
ion kinetics determined through the Boltzmann analysis
ere consistent with previous reports with similar re-
ording situations (Coulter et al., 1989; Crunelli et al.,
989; Mu et al., 2003). The current expressed a time-
ependent recovery from inactivation (“deinactivation”)
hat has been shown to promote rebound bursts in re-

ponse to strong hyperpolarizations such as GABAergic m
nhibitory postsynaptic potentials (IPSPs). This refrac-
ory property factors prominently in the generation of
pindle waves, which humans share with other mam-

ig. 6. T-type calcium channel gene expression in the LGN. Real-time
T-PCR was used to measure relative gene expression of CaV3.1,
aV3.2 and CaV3.3 in the monkey LGN. Gene expression for each
-type channel isoform is shown for tissue samples containing whole
GN (A) and samples from separate animals that represent the mag-
ocellular (B) and parvocellular (C) subdivisions of the LGN, using
rimer/probe combinations specific for each isoform. Arbitrary assign-
ent of a “cutoff” fluorescence level (dashed line) during the log linear
ortion of the fluorescence versus cycle relationship yields a “thresh-
ld” cycle that is directly related to the amount of cDNA present in the
riginal sample. Data are represented as the mean�standard error of

he mean, n�4.
als, and in hypersynchronous thalamic oscillations as-
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ociated with a number of disorders of thalamic rhythm
Jeanmonod et al., 2001; Llinás et al., 2001; McCormick
nd Contreras, 2001).

Burst responses have been observed in response to
ynaptically evoked IPSPs and EPSPs in a number of
pecies (Scharfman et al., 1990; Turner et al., 1994; Bar-
lett and Smith, 1999), and we also observed bursts arising
rom EPSPs elicited by electrical stimulation of monkey
GN slices. While the origin of EPSPs recorded from mon-
ey LGN cells could not be unequivocally identified, they
how similarities in key properties to EPSPs recorded in
ther species, including a voltage dependency and multi-
odal appearance at depolarized membrane potentials.
ynaptically elicited bursts arose from the late component
f the EPSP, consistent with the NMDA component
Scharfman et al., 1990; Turner et al., 1994; Bartlett and
mith, 1999).

Using RT-PCR techniques in tissues from which our
ecordings were derived, we found that all three T-type
alcium channels were expressed in the monkey LGN,
hough not in equal measure. We determined that the
aV3.1 transcript occurred in greater relative abundance

han the CaV3.2 and CaV3.3 transcripts. This is consistent
ith in situ hybridization studies in rat which showed higher
xpression levels of �1G (CaV3.1) in LGN, with other
ranscripts at levels of expression that were either below or
ear the threshold for detection (Talley et al., 1999).

Several studies have suggested that thalamic bursts
ay participate in relaying certain types of visual informa-

ion to cortex (Guido et al., 1995; Reinagel et al., 1999),
nd that these bursts may occur in awake, behaving ani-
als (Martinez-Conde et al., 2002: Ramcharan et al.,
001; Ruiz et al., 2006; Swadlow and Gusev, 2001;
eyand et al., 2001). The monkey LGN comprises six

rincipal layers of neurons that represent the contralateral
isual field. In addition to intrinsic GABAergic interneurons,
hree populations of relay neurons with physiologically dis-
inct properties are found in the primate LGN. These in-
lude so-called magnocellular, parvocellular, and koniocel-
ular types. Magnocellular neurons are sensitive to motion,
re found in layers 1 and 2, and receive retinal input from
arasol retinal ganglion cells (Schiller and Malpeli, 1978).
arvocellular neurons are sensitive to higher spatial fre-
uency information, reside in layers 3 through 6, and re-
eive excitatory retinal input from midget ganglion cells
Perry et al., 1984). Koniocellular neurons are interspersed
ithin and between principal layers (though distinct lami-
ae in the macaque are difficult to demonstrate), and
eceive input predominantly from blue-ON retinal ganglion
ells (Martin et al., 1997). Because of these important
unctional differences between LGN cell types, and be-
ause bursts have been recorded in magnocellular and
arvocellular neurons (Ramcharan et al., 2001; Ruiz et al.,
006) we also examined T-type channel gene expression
or tissues dissected from layers 5 and 6, corresponding to
he parvocellular subdivision of the LGN, and layers 1 and
, corresponding to the magnocellular subdivision. We
easured gene expression of T-type channels in both
ubdivisions, and found expression of all transcripts. We
ound no evidence based on these samples that the rela-
ive level of expression of the three channels differed be-
ween magnocellular and parvocellular subdivisions. This
uggests that whatever the roles burst responses play in
halamic rhythms or in visual processing, the biological
asis for bursts is common to the different visual process-

ng streams.

CONCLUSION

e have characterized the key properties of native T-type
alcium currents in the cynomolgus macaque using a
ange of technical approaches. We have successfully im-
lemented whole cell, voltage clamp recordings in adult
onkey thalamus in order to directly record native T-type

alcium currents. While such recordings in mature animals
resent a special challenge, and the numbers of observa-
ions are necessarily limited, they contribute an important
ranslational linkage between burst responses and the un-
erlying T-type currents performed in other species and
he situation in humans. Current and voltage clamp record-
ngs revealed that the key features of native T-type cur-
ents of the monkey are consistent with those recorded
rom other species. In addition, we showed that excitatory
ynaptic inputs to the monkey thalamus are capable of
ctivating T-type burst responses. The physiological ex-
ression of neuronal T-type calcium channels is synony-
ous with burst firing in a variety of brain regions. Using
T-PCR we found that the molecular basis of these cur-

ents may depend more upon expression of the CaV3.1
ranscript, which was expressed in higher relative abun-
ance in the entire LGN as well as the important parvocel-

ular and magnocellular subdivisions. The organization of
he monkey LGN is homologous to that of humans, thus
he results of our study should add to the framework for
nderstanding the contribution of T-type calcium currents
o thalamic bursts in humans. This is of particular impor-
ance because of the participation of bursts in a range of
isorders of thalamic rhythm.
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