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Abstract—A hyperpolarization-activated cation conductance contributes to the membrane properties of a
variety of cell types. In the thalamus, a prominent hyperpolarization-activated cation conductance exists in
thalamocortical cells, and this current is implicated in the neuromodulation of complex firing behaviors. In
contrast, the GABAergic cells in the reticular nucleus in the thalamus appear to lack this conductance. The
presence and role of this cation conductance in the other type of thalamic GABAergic cells, local inter-
neurons, is still unclear. To resolve this issue, we studied 54 physiologically and morphologically identi-
fied local interneurons in the rat dorsal lateral geniculate nucleus using eitro whole-cell patch
recording technique. We found that hyperpolarizing current injections induced depolarizing voltage
sags in these geniculate interneurons. Th¥ relationship revealed an inward rectification. Voltage-
clamp study indicated that a slow, hyperpolarization-activated cation conductance was responsible for
the inward rectification. We then confirmed that this slow conductance had properties of the hyperpolar-
ization-activated cation conductance described in other cell types. The slow conductance was insensitive
to 10 mM tetraethylammonium and 0.5 mM 4-aminopyridine, but was largely blocked by 1-1.5 mM Cs

It was permeable to both Kand Na ions and had a reversal potential-e##44 mV. The voltage depen-

dence of the hyperpolarization-activated cation conductance in interneurons was also studied: the activa-
tion threshold was about55 mV, half-activation potential was abot80 mV and maximal conductance

was about 1 nS. The activation and deactivation time constants of the conductance ranged from 100 to
1000 ms, depending on membrane potential. The depolarizing voltage sagis\anelationship were

further simulated in a model interneuron, using the parameters of the hyperpolarization-activated cation
conductance obtained from the voltage-clamp study. The time-course and voltage dependence of the
depolarizing voltage sags anéV relationship in the model cell were very similar to those found in
geniculate interneurons in current clamp.

Taken together, the results of the present study suggest that thalamic local interneurons possess a
prominent hyperpolarization-activated cation conductance, which may play important roles in determining
basic membrane properties and in modulating firing patt@ri€99 IBRO. Published by Elsevier Science
Ltd.
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In mammals, the thalamus plays an important role iand synchronization of oscillatory activi®y, and
the transmission of sensory signals to cort&¥lItis inhibitory mechanisms have been implicated in
clear that inhibitory mechanisms contribute signifithe manifestation of aberrant oscillations of
cantly toward determining the character of thepilepsy?549.52:5556
ascending sensory signal, altering the time-course Thalamic functions are mediated largely by three
of sensory responses as well as the tuning of sensdigsic cell typeg! Thalamocortical cells are excita-
receptive field properties3365461.62 |nhibitory tory neurons, and they alone project to the cortex.
mechanisms also play a role in a second majdnhibition in the thalamus arises primarily from two
thalamic function; they contribute to the genesi§ABAergic neurong” interneurons and cells in the
thalamic reticular nucleus (TRN), which reside

respectively within and adjacent to the thalamic

$To whom correspondence should be addressed at: Departm P . .
of Cell Physiology, Max-Planck Institute for Medical fillclei. Both interneurons and TRN cells innervate

Research, Jahnstr. 29, Heidelberg D-69120, Germany.  thalamocortical cells and shape the signal that is sent
Abbreviations EGTA, ethyleneglycolbis(aminoethyl ether) to the cortex. The nature of this inhibitory shaping
tetra-acetate; HEPESN-2-hydroxyethylpiperaziné~-2-  depends in part on the response properties of the

ethanesulfon!c acidjy, hyperpolarlzatl_on—actlvated cation jtarneurons and TRN cells. Numerous studies of
conductance; liea, leak conductance;l;, low-threshold

calcium conductance; LGN, lateral geniculate nucleust,he electrophysiological properties of TRN Ce!ls
TRN, thalamic reticular nucleus. have shown that they are endowed with active
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membrane conductances that alter their firing beh@-35. The solution was continuously bubbled with 95% O

vior.#>1924|n contrast, interneurons have been littl% CQ: Slices containing the LGN, each Spn thick,

. . -yyere cut from the tissue blocks with a DTK-1000 micro-
studied, and until recently, the membrane propertu{%Cer (Dosaka Em Co.). These slices were kept in oxy-

of interneurons were thought to be largely I_iné%lr, genated physiological solution for at least 2h before
suggesting a relatively simple contribution taecording. During the recording, slices were submerged in
thalamic function. It is now clear that the inhibitorya Plexiglas chamber and stabilized using a fine nylon net
role of interneurons can be more complex. Fozi\ttached to a platinum ring. The chamber was perfused with

. . . warmed and oxygenated physiological solution, and the
example, like thalamocortical and TRN cells, interp,if.time for the bath solution exchange was about 7 s.

neurons are endowed with the voltage-dependeriie temperature of the bath solution in the chamber was
low-threshold calcium conductancé;.*3%% This kept at 34.0= 0.5°C. All antagonists were bath-applied.

conductance can produce highly non-linear burst The whole-cell recording techniqUu&®was used in this
response§6~65 study. Patch electrodes were made from borosilicate tubing

and their resistances were 7—9Mwith the intracellular
Anpth?r voItage-dependgnt conductance, a hypafolution. The standard intracellular solution (in mM) was:

polarization-activated cation conductanck),(is potassium gluconate 120, HEPES 10, EGTA 5, MgZi|

also heavily involved in regulating the neuronaATP 4, GTP 0.1, CaGl0.5, KCI 10 and 0.25% biocytin, at

. ; ; ; ; i~ PH 7.25. A 10-mV liquid junction potential was subtracted
firing properties.y has been implicated in alterlngfrom all membrane potentials. An Axoclamp-2A amplifier

the level of many fundamental membrane propertigayon, instruments) was used to perform both current-clamp
of neurons, such as resting membrane potential aggd voltage-clamp recordings. The electrode capacitance
input resistance, and it is also involved in morend series resistance compensation was made in discon-
complex patterns of activity, including modulatingt'nuous current-clamp mode, with the head stage output

- - -monitored continuously on a second oscilloscope. The series
the amplitude and time-course of pOStSyn‘”‘pt'gsistance was then read directly from the amplifier, while

responses, altering integrative ability, and pacinge input resistance was estimated by measuring the voltage
the frequency of oscillation¥:2%33%0|n addition,l;, change in response to a small hyperpolarizing current.
kinetics are regulated by many neurotransmitférs.Single-electrode continuous voltage-clamp study was
This makes the role of, in thalamic cells particu- performed only on the cells with low access resistance,

. . o ranging from 15 to 30 M (20.4=* 3.7 MQ; mean= S.D.).
larly important, since thalamic firing patterns can bgring” the voltage-clamp study, access resistance was

dramatically altered by neurotransmittéts. compensated with sourcing or sinking excess current,
While previous studies have shown that thalamovhich effectively pushes the voltage beyond that measured
cortical cells are richly endowed with, channels, through the electrode by manually programming or by using

10,33 ; the internal compensation circuit of the Axoclamp 2A
and TRN cells lack therf,®*the prevalence dfin amplifier. Access resistance compensation of 70—-85% was

?ntemeurons is unclear. Earlier work Con‘?'UdE‘d thabutinely achieved (cf. Ref. 24). Unless stated otherwise,
interneurons lacked;,?® but recent studies have 4 uM tetrodotoxin, 50Q.M 4-aminopyridine, 10 mM tetra-
demonstrated a depolarizing “sag” of membranethylammonium and 40QM Ni 2+ were included in the bath

potential in some interneurons, as well as aﬁolutionduringthevoltage-clamp recordings. Currents were

; I . ! 324258 often averaged three times to increase the signal-to-noise
inwardly rectifying1-V relationship: Though  ratio. After recordings, slices were fixed by immersion in

suggestive ofy, these studies did not further char-49 paraformaldehyde in 0.1 M phosphate buffer, resec-
acterize the conductance underlying the observéidned, histologically reacted for biocyfh and subse-

responses. Further, the depolarizing sag and inwafigently drawn with the aid of a camera lucida system. Al
ﬁhemlcals were purchased from Sigma.

rectification reported in the interneurons was sma
and inconsistent, which may reflect the effects of )

sharp electrode impalemettThis issue warrants COMPuter modeling

further study, given the importance of inhibition to Computer modeling was performed on a Sun workstation
thalamic function and the limited information about!Sing NEURON The model interneuron had 15 cylin-

the basi b d firi i fthal drical compartments, representing a soma, two equivalent
€ basic membrane and hiring properties orthalami,yima| dendrites and 12 equivalent distal dendrites.

interneurons. Thus, in the present study, we used tB@meters ) and lengthsl() of these cylinders, estimated
whole-cell recording technique to study the hyperfrom stained geniculate interneurons and adjusted to fit the

polarization-evoked responses in physio|ogica||y1embrane time constamt=95 ms, are listed below:
and morphologically identified local interneurons p,,,.=10pm andLeme= 16 wm;

in the rat dorsal lateral geniculate nucleus (LGN).  Dproximal dendrite= 3-25»m andLyroximal dendrite= 240 p.m;
distal dendrite= L 75 M aNdLgistal dendrite= 180 pum.

EXPERIMENTAL PROCEDURES As with previous modeling studié$;:%% the specific
) membrane capacitanceC{) and cytoplasmic resistance
Physiology (R) for the model cell were set to be jdF/cn? and

Experiments were performed in thalamic slices fromt00¢2 cm, respectively. . .
four- to 10-week-old Sprague—Dawley rats (100—300 g: The model cell was equipped with a Hodgkin—Huxley
Harlan Sprague Dawley). All efforts were made to minimiz%tyle conductancel) and a leak conductancéey. Thus,
suffering and the number of animals used. The rats wef® model can be described by the following equation:
deeply anesthetized by halothane and decapitated. The CrndV/dt = —ligak — I + linjs (1)
brain was quickly removed into cold (62®) physiological
solution containing (in mM): NaCl 126, KCI 2.5, NaPO, whereC,, is the specific membrane capacitance §gdhe
1.25, NaHCQ 26, MgSQ 1, dextrose 20, CagP, at pH injected current from the soma.
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The leak currentl e, is described as patterns, encompass a relatively large area within
leak = GearV — Eioads ) th(_e _LGN (Fig. 1C). In most interneurons, an axon
) originated from the soma or proximal dendrite and
where geq=0.008 mS/ct is the conductance and ramified locally in the LGN. The axonal and den-
Eeax= — 72.5 mV the reversal potential. driti b ded to b ially off f h
The hyperpolarization-activated cation curremy, is ritic ar 0rs tended to be spatially 0 set from eac
described as other, with the axon arbor occupying a relatively

smaller area near the soma.
Ih = ghheo(V — Ep) 3

dhv/dt = [he, (V) — hl/m(V), (4  Presence ofilin interneurons

whereg, = 0.03-0.37 mS/crhis the maximal conductance, \We determined the-V relationship by examining
En=—44mV s the reversal potential, their responses to depolarizing and hyperpolarizing
heo (V) = V{1 + expi(V + 79/7.41} current steps (Fig. 2). The large hyperpolarization
caused sags of membrane potential back toward
the resting membrane potential during the later

(V) = expl(V + 2933)/29.7J41 + expl(V + 767)/7.8}.  portion of the current stepné=33; Fig. 2A). The
These values were determined based on the voltagle_-v.rEIa“OnShIp at this Iat.e pOIn_t of the hyp(_a_rpol_ar-
clamp data (see Results section). ization revealed a prominent inward rectification
leak Was inserted uniformly in the soma and dendrites{Fig. 2B), which was observed consistently in all

Since the distribution of;, in the subcellular compartments 33 cells. The derivation of thé—V curve from
in geniculate interneurons is uncle&ywas only inserted i tha |inear relationship typically started at about

the soma to simplify the simulation. The maximal conduc-_ - - f .
tances of these two currents and reversal potentidjeQf 60mV and increasingly deviated with greater

were adjusted so that the model cell had a resting membral¥Perpolarizations,  suggesting an underlying
potential of —69 mV and input resistance of 600 The voltage-dependent conductance activated at about
ratio of these two conductance-mediated inward currents,g0 mV.

E‘efg't‘g? Zt_’i’ a voltage step from60 to —100mV, was  y/qtage-clamp study was then performed to deter-

The time step for the simulations was typically set afine the cellular mechanism underlying the inward
0.025 ms. Sometimes, a shorter time step (e.g., 0.01 egctification in 28 interneurons. In voltage-clamp
0.005ms) was also used to repeat the simulations. Tirode, these cells responded to hyperpolarizing

and

results were nearly identical. voltage steps with slowly activated inward currents
(Fig. 3A). The result suggests that a slow hyper-
RESULTS polarization-activated conductance was responsible

for the non-lineal -V relationship.

The slow kinetics of the inward currents suggest

A hyperpolarization-activated cation conductancthat the underlying conductance might lpet® This
was studied in 54 interneurons in the rat LGN. Thé&ea was tested with pharmacological approaches
recordings usually lasted 1-4 h and cells typicallyFig. 3). Bath application of 500M 4-aminopyri-
showed no consistent sustained change in restidjpe and 10 mM tetraethylammonium had little
membrane potential or input resistance throughoeffect on the inward current (not illustrated).
the experiment. Our previous study has demondowever, when cesium (Cs1-1.5 mM), a potent
strated that geniculate interneurons, when recordéd blocker® was applied to the bath solution, it
with patch pipettes, exhibit a dramatically higheblocked the slow inward currents € 3; Fig. 3B).
input resistance and a longer membrane timEhe Cs application also revealed thhi, in inter-
constant than relay celfS. These two properties neurons was voltage independent, since the instan-
are sufficient to unambiguously distinguish intertaneous current increased linearly with the increase
neurons from relay cells. In this study, the sami@ hyperpolarization. After washing out Csthe
criteria (i.e. input resistance larger than 3000M slow inward currents recovered (Fig. 3C). The
and/or time constant longer than 50 ms) were usedsults thus suggest that the slow inward currents
to identify interneurons prior to subsequent morphaare mediated bys.
logical confirmation (Fig. 1B). For these inter- To confirm the idea that the slow inward currents
neurons the input resistance was 60309 M(), were mediated by, a cation conductanc®;the ion
the time constant was 93:124.2 ms and the resting selectivity of the conductance was investigated by
membrane potential was68.6= 4.8 mV. changing the extracellular concentration of nd

The morphology of all 54 interneurons wasNa® (Fig. 4). After the control currents were
recovered, which confirmed that the recordingsbtained by hyperpolarizing voltage steps in the
were obtained from interneurof%:l737:385758 A normal bath solution (Fig. 4A), the extracellular
representative morphological example is illustratel * was increased from 2.5 to 7.5 mM. This manip-
in Fig. 1A. It has a bipolar appearance, with twallation increased the amplitudes of inward currents
dendrites arising from a small soma. The dendriteéy = 4; Fig. 4B). The control currents recovered after
which are beaded and have intricate branchingashing in the normal bath solution (Fig. 4C). In the

Neuronal identification
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Fig. 1. Characterization of a geniculate interneuron. (A) Morphology of a geniculate interneuron, reconstructed
by camera lucida. (B) Responses of the same interneuron to depolarizing and hyperpolarizing current pulses. The
resting potential of this cell was- 73 mV and the access resistance of the recording wasQ8(f¥)) Location of

the cell in the LGN.

same experiment, extracellular Naoncentration instantaneous-V relationships at different holding
was then decreased from 153 to 39 mM by substitupotentials (cf. Ref. 6). Since the instantaneous
ing extracellular N& ions with NMDG" ions. The current consists only of, and a linear leakage
manipulation decreased the amplitudes of inwarcurrent (see Fig. 3), the instantanedu¥ relation-
currents i =4; Fig. 4D). The control currents ships obtained at different holding potentials will
again recovered after washing in the normal batimtersect at the point where the driving force for
solution (Fig. 4E). Together, the results indicaté, is zero (i.e.V,=E;). Figure 5A—-D shows an
that the slow inward currents carry both*Kand example of how this method gave an estimated
Na® ions, supporting the idea thatis responsible reversal potential ofy, in an interneuron. The cell
for the non-linearl-V relationship found in inter- was initially held at—60, —65 or —70 mV before
neurons. This experiment also suggested thgt being stepped to a series of potentials frerd5 to
carried both K and Na ions in interneurons, —105 mV. The instantaneous currents in response to
since the instantaneous currents were sensitive ttee voltage steps were then measured to obtain the
the changes in extracellular’kand Na concentra- 1-Vrelationships. Thé-V relationships were linear,
tions (Fig. 4F). consistent with the fact thdt, in interneurons was
a linear conductance, and intersected at about
—47 mV, which was the reversal potential Igffor
this cell. The mean reversal potential of theesti-

We also measured the reversal potentiall,pf mated by this measure in four interneurons was
using two different methods (Fig. 5). One way to—44.7+= 2.9 mV.
estimate the reversal potential is by measuring the The reversal potential df, was also obtained by

Reversal potential of,lin interneurons
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Fig. 2. Responses of a rat geniculate interneuron to current injections. (A) Step hyperpolarizing current injections

revealed an inward rectification in a geniculate interneuron. Note that the recording traces were averaged five

times. Thd -V relationship at the point indicated by a dot in A is plotted in B. The dashed line is a linear line. The
resting potential of this cell was63 mV and the access resistance of the recording was9 M
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Fig. 3. Hyperpolarization-activated slow inward currents in a geniculate interneuron. (A) Hyperpolarizing

voltage steps revealed slowly activated inward currents in the interneuron. (B) The inward currents were largely

blocked by 1.5 mM C$ in the bath solution. (C) The inward currents recovered after the washout ah@ise

bath solution. Insert in B shows the voltage protocol used in experiments in A—C. The holding potential between

the trials was—60 mV. (D) |-V relationships for instantaneous curreris filled symbols) and steady-state

currents [ss open symbols) obtained by experiments in A and B. The resting membrane potential of this cell was
— 67 mV and the access resistance of the recording was24 M

directly measuring the membrane potential at whichctivated by stepping the voltage te 105 mV.
the slowly tail current reversed from being inward toAfter the I,-mediated slow current reached its

being outward (Fig. 5E, F). In this cadg,was first

maximal value, the voltage was stepped back to a
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Fig. 4. lonic selectivity of the slow inward currents in a geniculate interneuron. (A) Hyperpolarizing voltage steps

revealed slowly activated inward currents. (B) Increasingdéncentration in the bath solution increased the

amplitudes of slow inward currents. (C) The controls recovered after washing in the normal bath solution. (D)

Current amplitude decreased when the concentration 6fidées was decreased by substitution of NMDi®ns.

(E) Recovery to control level after washing in the normal bath solution. Insert in C shows the voltage protocol

used in experiments in A—E. The holding potential between the trials-v&smV. (F) |-V relationships for

instantaneous currents, filled symbols) and steady-state currerts ¢pen symbols) obtained by experiments in

A, B and D. The resting membrane potential of this cell w&3 mV and the access resistance of the recording
was 15 M.

series of test potentials from85 to —45 mV (Fig. Plotting the amplitudes df, tail currents against the
5E). The amplitudes of thig tail currents were then preceding command potentials resulted in the
plotted against test potentials to reveal the reversstleady-state activation curvé V)] for I,. The
potential (Fig. 5F). The mean reversal potential;of h.(V) was fitted by the Boltzmann equation (Fig.
in five interneurons obtained using this method wagC), which provided estimates of the half-activation
—44.2+3.0 mV. and steepness ¢t (V) for I, in interneurons to be
—80.8 mV and—7.2, respectively.

Both activation and deactivation time constants of
I, were highly voltage dependent. These time
To better understand the action bf in inter- constants were quantified by fitting the recording
neurons, the kinetics of this current were alstraces with exponential function£5). Single
studied. Becausk, does not inactivate, the voltageexponential processes satisfactorily described all
dependence of steady-state activation can be directlgtivation and deactivation current traces, while
measured from the amplitudes &f tail currents, two exponential functions sometimes improved the
wherel, was isolated from the instantanedyg.*® fit. To simplify the analysis and simulation, all
However, the full experiment was successful in onlgurrent traces were fitted by single exponential func-
four interneurons whosk, tail currents were large tions. The time constants resulting from the fitting
enough to be measured. The experiment showed thegre plotted against the command potentials (Fig.
the amplitudes ofl, tail currents were dependent6D). These experimental data were then fitted with a
upon the preceding hyperpolarization (Fig. 5A, B)bell-shaped function, which resulted in the

Kinetics of |, in interneurons
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Fig. 5. Reversal potential of in a geniculate interneuron. (A—C) The instantaneous responses evoked by a series

of voltage steps in the same cell at different holding potentials. (D) Instantaheduzirves intersected at the

reversal potential of,. (E) The slow inward current was initially activated by a hyperpolarizing voltage step and

relaxed at different holding potentials. (F) Plotting the amplitudek, ¢dil currents against holding potentials

revealed the reversal potential lgf Inserts in A—C and E show the voltage protocols. The holding potential

between the trials was-60 mV. The resting membrane potential of this cell wa68 mV and the access
resistance of the recording was 2XM

time constant functionr,(V) =exp[(V + 294)/30]/ instantaneousl currents (Fig. 7C;r=0.649,

{1 + exp[(V+ 74)/7.6]}. P <0.0005, ANOVA), suggesting that if an inter-
To estimate the maximal conductance lgfin neuron has a largée, conductance, it will also
interneurons, interneurons were initially held ahave a largel,, conductance, and vice versa.
—60 mV, where most of thg, channels were deac- Figure 7D shows the distribution of the ratio of
tivated, then stepped te- 100 mV, where most of |, in total inward current. As expected, this dis-
the I;, channels were slowly activated £ 28; Fig. tribution is more concentrated, ranging from
7A; also see Fig. 6C). By measuring the differenc&7.4% to 49.6% and having a mean value of

between the instantaneous and steady-state inw&t5+ 8.7%.

currents, the maximall,-mediated inward currents

were obtained. The amplitudes lgfcurrents exhib- _. . . .

ited a scattered distribution between 12.8 an§|mulat|on of } in @ model interneuron

159.5 pA, with a mean value of 56#632.1 pA A simulation was then performed on a model
(Fig. 7B). This gave a maximal, conductance interneuron, using thé;, kinetics obtained in the
of 1.02nS, assuming its reversal potential t@oltage-clamp study, to test whether thealone
be —-44mv {ie. g=Il/(V,—E)=-57pAl was sufficient to produce the inward rectification
[-100 mV— (—44 mV)]=1.02 nA}. This conduc- found in geniculate interneurons (Fig. 8). As with
tance value might be slightly underestimatedoltage-clamp recording on geniculate interneurons,
becausé;, was activated by the commanding hyperthe model neuron also responded to the hyperpolar-
polarizing voltage step from- 60 mV, where about ization voltage steps with slowly activated inward
5% of I, channels were already activated (see Figurrents (Fig. 8A). In addition, in current-clamp
6C). The inward currents were correlated with thenode, the model cell formed voltage sags back
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Fig. 6. Activation and deactivation kinetics bfin geniculate interneurons. (A) was activated by hyperpolar-

izing voltage steps in a geniculate interneuriyrtail currents are expanded in B. Note that the two exponential

and single exponential fitting curves are superimposed on the slow inward current traces (A) and tail current
traces (B), respectively. The resting potential of this cell w&8 mV and the access resistance of the recording
was 14 M). (C) The amplitudes of the instantanedytail currents, obtained from four geniculate interneurons,
were plotted against the preceding hyperpolarizing command voltage potentials. The dashed line is the best fit for
the functionh.(V). (D) Activation and deactivation time constantslgturrents, obtained from five geniculate
interneurons, were plotted against the command voltage potentials. The dashed line is the best fit for the function

(V). The different symbols in C and D represent the data obtained from different neurons.

toward the resting potential during hyperpolarizaresponses in the presence and absenkglokerting
tions (Fig. 8B). Figure 8A and B are based on th&, from the model shifted the resting membrane
average conductance seen experimentally and gretential by 3.5 mV in the depolarizing direction.
not based on the specific data in any of the previodshis was associated with a decrease in the input
figures. Figure 8C shows thke-V curve for this resistance by 29%. The membrane time constant
model (filled circles), as well as results from modelslecreased slightly due to the increased resting
utilizing the maximum (open squares) and minimuneonductance. Interestingly, the results were the
(filled squares) conductances observed. This rangame for either small hyperpolarizations or small
encompasses the experimental data illustrated in tdepolarizations. With hyperpolarizatiot, turned
previous figures. The results further support the idean, producing an inward current that resisted the
that I, is the major reason for the anomalolisV  hyperpolarization. With depolarization;, turned
relationship in interneurons. off, reducing the resting inward current and hence
The steady-state activation curve lgfindicates resisting the depolarization as well. In this way,
that about 20% ofy, channels are activated at theprovides negative feedback that stabilizes the resting
resting membrane potential in geniculate intemembrane potential against small deviations.
neuronsin vitro (see Fig. 6C), suggesting that
may be involved in determining the basic membrane
properties and in modulating the postsynaptic
responses. We thus modeled small signal-evokedIn the present whole-cell recording study, we

DISCUSSION
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Fig. 7. Conductance df, in geniculate interneurons. (A) A hyperpolarizing voltage step fro6® to —100 mV
activatedl-mediated slow current in a geniculate interneuron. The holding potential before the trial was
—60 mV. The resting membrane potential of this cell wag7 mV and the access resistance of the recording
was 19 M. (B) The histograms show a large variance in the amplitudkg-afediated current in geniculate
interneurons. (C) The amplitude hfmediated slow current was correlated with the amplitude of instantaneous
lieak CUrrent in interneurons. The line is the regression line. (D) Frequency distribution showing reduced variance
whenl,, amplitude is normalized bl,x amplitude in the same cel is the total number of cells sampled in the
histograms.

found that geniculate interneurons consistentlgontributions from potassium conductances to the
exhibited a depolarizing “sag” in response to hypelinward rectification, if they do exist, must be very
polarizing current pulses. We further demonstratesimall.

that the inward rectification underlying the sag was

due to the hyperpolarization-activated conductanc
In. In addition to I, deactivation of potassium
conductances, such dg, may also contribute to The small soma size of thalamic interneurons
inward rectificationt However, it seems unlikely made recording from them difficult and necessitated
that potassium conductances are substantiallye use of correspondingly small electrodes. Such
involved in the inward rectification in interneuronssmall electrodes have a relatively high resistance
since the slow inward currents were not reversed ab current flow, causing errors due to the voltage
— 100 mV, the potassium equilibrium potential. Inbeing measured through a voltage divider between
addition, pharmacological experiments showed th#te electrode’s access resistance and the varying
the slow inward currents were insensitive to tetramembrane resistance of the cell itself. To some
ethylammonium and 4-aminopyridine, but werextent, this can be compensated for by sourcing or
largely blocked by low concentrations of Cs sinking excess current, which effectively pushes the
arguing against the involvement of potassiunvoltage beyond that measured through the electrode.
conductances. Furthermore, computer simulatiofhere will be some remaining irreducible error
showed thatl, parameters obtained from voltagewhich affects our estimates of the voltages at
clamp were entirely consistent with the depolarizwhich I, turns on and at which it saturates. By
ing sag seen in current clamp. Therefore, th®hm's law, this voltage error will be the product

EJ’se of single-electrode voltage clamp in small cells
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Fig. 8. Simulation of thé—V relationship in a model thalamic interneuron. (A) Voltage-clamp simulatiohs of

mediated slow inward currents in the model cell using the mean vallieasinductance (0.13 mS/@&n The

holding potential between the trials wa$0 mV. (B) Current-clamp simulation ¢f-mediated inward rectifica-

tion in the same model cell. (C) Summadr curves, derived from current-clamp simulations, for three models

corresponding to the range of conductance values measured physiologicallyl;m@asiuctance shown in A and

B (filled circles), maximum,, conductance (open squares) and mininiyoonductance (filled squares). TheV
values were obtained at the end of the current step (e.g., dot in B).

of the access resistence and the injected currenells were studied with short current pulses, which
Therefore, the error will be worse for determinatiorwould not have revealed the effects induced by slow
of 1, maximal opening, since these data points amonductances, such gsindeed, other studies, using
determined using the highest currents. This will thelonger pulses, showed that some geniculate inter-
tend to make the steady-stdtd ., curve (Fig. 6C) neurons generated an evident depolarizing sag
appear slightly less steep. Additionally, the entirdack toward the resting membrane potential during
curve will be shifted slightly to the left. However, hyperpolarization and had a non-lindai relation-
in most of our recordings, the errors were minimalship324258Qur findings that geniculate interneurons
For the worst case of Fig. 6, the uncompensatedspond to hyperpolarizing current steps with an
error at the channel saturation is-5.2mV inward rectification are consistent with these studies,
(370 nA, X14 MQ). With compensation we would although we report this effect in all, rather than a
estimate this error to b&1.6 mV. Uncompensated minority, of our cells.
error at near channel threshold would be even The reasons for this discrepancy in incidence may
smaller and would be brought down to a negligiblarise from differences in technique, as we used the
value with compensation. whole-cell recording technique and previous studies
used sharp electrodes, which may introduce a non-
selective leak conductané&.Consistent with this
idea, we find much higher values for input resistance
An early study reported that geniculate interthan were reported in the sharp electrode studies.
neurons had a relatively linearV relationship?® Under conditions of high input resistance, the rela-
which led to the conclusion thdt was absent in tively small I;, current in interneurons (see below)
local interneurons in the thalamésHowever, the would result in fairly large deflections in voltage,

Comparison with other studies
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whereas the effect might be shunted (or simply toeoltage change with decreasd jnAt the same time,
small to see) under conditions of lower inputhe time constant shortened, since a smaller voltage
resistance. deflection was required to reach the appropriate
The maximal conductance df in interneurons percentage of the final value. Thegemediated
appears to be smaller than that described in othalterations in membrane properties will determine
cell types, where values of 2—-10 nS have generalhow the interneurons integrate and respond to
been reported. In thalamocortical cells, in particulasynaptic stimuli®*Furthermore],, can be activated
a maximall,, conductance of 10-40 nS was foundy inhibitory postsynaptic potentials and afterhyper-
with a sharp electrod® or 3—-15nS with a patch polarizations, and in turrl,, can curtail the ampli-
electrode (our unpublished data; also see Ref. Qude and time-course of the inhibitory postsynaptic
TRN cells, on the other hand, appear to haveno potentials and afterhyperpolarizatiotfe?4>506¢his
channels:1°Despite its small maximal conductanceconductance is likely involved in modulating the
Iy in interneurons can produce a pronounced depfiring characteristics of interneurons.
larizing sag with hyperpolarizing current clamp. Animportant property of;, is that its kinetics can
This is possibly due to the high input impedancée modulated by a variety of neuromodulattts,
of interneurons, which require less current tehus providing a mechanism for modulating
produce a noticeable effect. Our simulation wathese fundamental membrane properties. In LGN
able to confirm the internal consistency of our datthalamocortical cells, acetylchlorine, noradrenaline,
by demonstrating that the conductance value waerotonin, histamine and nitric oxide increase the
calculated under voltage clamp could fully explairmaximal conductance df, and positively shift its

the effect observed under current clamp. activation curve’*353%86 while other substances
(e.g., adenosine) do the oppositeAt present, it is
Functional considerations not clear what effects the various neuromodulators

may have onl, in interneurons (cf. Ref. 42).
However, if interneurorl, channels can be modu-

6,28,40 i
suggesfted fo."h' For exa_mple, in many cell lated, this could have pronounced effects on the
types, including thalamocortical cell$, plays a fundamental properties of the cells.

key role in generating and pacing intrinsic oscilla-
tions 23334%While interneurons also have an intrinsic

A variety of complex functions have been

oscillation>864 1, appears not to be involved, since CONCLUSIONS
the oscillation occurs at depolarized levels, out of o o
the activation range df. Ourin vitro data suggest that the hyperpolarization-

I is also implicated in more fundamental cellula@ctivated cation conductandg, is likely to play an
functions334°and several observations suggest thémportant_role in modulating th(_e eleptrophy5|olog|-
l,, is indeed involved in basic membrane propertie%a| behawops ofmterm_aurons. Since interneurons are
of interneurons. For examplé, has a prominent able to proylde complicated formg of |nh|b|t|on on
maximal conductance with about 20% of channel§1alamocortical cell$; 14224443t will be interest-
activated at the resting membrane potential, and tHeg to further study howl, regulates the firing
maximal conductance df, is correlated withl,e,, Patterns in interneurons and the interneuron-
suggesting that, as withe 11 also plays a crucial mediated inhibition in thalamocortical cells.
role in determining the basic membrane properties.

Our modeling results indicate thigtis implicated in
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