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Dickson, Clayton T., Jacopo Magistretti, Mark H. Shalinsky, Erik ~ Pape 1996). Typically, this current acts to promote depolariza-
Fransén, Michael E. Hasselmo, and Angel AlonsoProperties and tion after a hyperpolarizing event. This, in combination with
role of I, in the pacing of subthreshold oscillations in entorhinab 2+~ rrents. functions to induce low-threshold rhythmic
cortex layer Il neurons). Neurophysiol83: 2562-2579, 2000. Var- ; harge in a’number of neurons and thus contributes to brain
ious subsets of brain neurons express a hyperpolarization-activa sfcharg . ., b .
inward current () that has been shown to be instrumental in pacinig)Ythm generation (Llinsand Jahnsen 1982;thiet al. 1998;
oscillatory activity at both a single-cell and a network level. AMcCormick and Pape 1990; Steriade and L4il®88; Steriade
characteristic feature of the stellate cells (SCs) of entorhinal cortekal. 1993). In contrast to €a-dependent oscillations, numer-
(EC) layer II, those neurons giving rise to the main component of thrus studies have shown that some, mainly cortical, neuronal
perforant path input to the hippocampal formation, is their ability tgopulations can generate Nalependent rhythmic subthresh-
generate persistent, Nedependent rhythmic subthreshold membrang|q membrane potential oscillations that are thought also to be
potential oscillations, which are thought to be instrumental in 'mpl?r'nplicated in the genesis of cortical rhythms (Alonso and
menting theta rhythmicity in the entorhinal-hippocampal network.,. . ; P

The SCs also display a robust time-dependent inward rectificationlzif?]%Zi?hizg[]eo\%e\goe: d?&gﬁgggjr'isni:’llj%Gg?gihégsggég;ﬁ);o'e

the hyperpolarizing direction that may contribute to the generation : .
these oscillations. We performed whole cell recordings of SCs # these Na-dependent subthreshold oscillatory events is less

in vitro slices to investigate the specific biophysical and pharmacglear.

logical properties of the current underlying this inward rectification A prominent case of Na-dependent subthreshold oscilla-

and to clarify its potential role in the genesis of the subthreshold osdibry activity is observed in the principal neurons from entorhi-

lations. In voltage-clamp conditions, hyperpolarizing voltage stepml cortex (EC) layer Il (Alonso and Klink 1993; Alonso and

evoked a slow, noninactivating inward current, which also deactivatefinas 1989). These glutamatergic neurons, named by Cajal as

slowly on depolarization. This current was identified,asecause itwas the stellate cells (SCs) (Ramon y Cajal 1902), funnel most of

resistant to extracellular B4, sensitive to C§, completely and selec- the neocortical input to the hippocampal formation via the

tively abolished by ZD7288, and carried by both"Nand K* ions. |, in :

the SCs had an activation threshold and reversal potential at appr(gg_rforant pathway (for review, see !:)olorfo and Amaral 1998)
nd appear to be generators of limbic theta rhythm (Alonso and

mately —45 and—20 mV, respectively. Its half-activation voltage wa p ) s e
—77 mV. Importantly, bath perfusion with ZD7288, but notZ3a Gardém-Austt 1987a,b; Buz&a1996; Dickson et al. 1995). In

gradually and completely abolished the subthreshold oscillations, thMiF0 current-clamp studies have shown that the current-voltage
directly implicatingl,, in their generation. Using experimentally derivedelationship of EC layer Il SCs is extremely nonlinear, display-
biophysical parameters fa, and the low-threshold persistent Naur-  ing robust inward rectification in both the depolarizing and
rent (y,p present in the SCs, a simplified model of these neurons wagperpolarizing direction. Inward rectification in the depolar-
constructed and their subthreshold electroresponsiveness simulated. ity direction is generated by a persistent subthresholt Na
indicated that the interplay betweeég. and |y, can sustain persistent crrent (.0 (Magistretti and Alonso 1999; Magistretti et al.
subthreshold oscillations in SChyap and |y, operate in a “push-pull” 1999) (for a recent review o, see also Crill 1996) that has
fashlon.where the delay in the activation/deactivatioh afives rise to been shown to be necessaryaf%r the development of the robust
the oscillatory process. theta frequency subthreshold oscillations that the SCs display
(Alonso and Klink 1993; Alonso and LIita1989). On the
other hand, the time-dependent inward rectification in the
INTRODUCTION hyperpolarizing direction is affected by extracellular'Qsut

not B&" and thus is likely to be generated by the nonspecific

referred to a$; in heart) has been implicated in the pacemakin tionic current, (Klink and Alonso 1993). Given the prop-

of both single-cell and network rhythmicity (for recent re- rties and role of;, in pacemaking in other excitab_le cells, it
views. see DiErancesco 1993 thiiand McCormick 1998: Was proposed that this current also could contribute to the
' ' " genesis of subthreshold oscillations in SCs (Alonso and &lina

The costs of publication of this article were defrayed in part by the paymeil11989; Klink and Alonso 1993: White et al. 1995 although the

of page charges. The article must therefore be hereby maskbaftisemerit  €Xact nature of this role was not specified. )
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. Using the whole cell patch-clamp technique in the EC slice

The hyperpolarization-activated inward curreht (sually
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preparation, the aim of the present study was to characterBsgies 1000, Redding, CA) and were transferred to an incubation
the specific properties df, in the SCs and to examine the rolechamber in which they were kept submerged fol h at room

of this current in the generation of subthreshold membraffgnperature (24°C). Slices were transferred, one at a time, to a
potential oscillations in these cells. In addition, a simplifieffcording chamber and were superfused with Ringer solution, also at
biophysical simulation based on the voltage- and current-clafi§™ (emperature. The chamber was located on the stage of an

data was used to study the interactions betwiegemd e in upright, fixed-stage microscope (Axioskop, Zeiss) equipped with a

- - N ater immersion objectiveX{(40—-63: long-working distance), No-
the generation of such oscillations. Our results indicate that tﬂ%rski optics, and a near-infrared charge-coupled device (CCD) cam-

dynamic interplay between the gating and kinetic properties gfa (Sony XC-75). With this equipment, stellate and pyramidal-like

I, and Iy,p is essential for the generation of rhythmic subcells could be distinguished based on their shape, size, and position

threshold oscillations by the SCs. Given the key position of théthin layer Il of the medial entorhinal cortex (FigA) (Klink and

SCs in the temporal lobe memory system, modulatioh, @ Alonso 1997). Stellate cells (SCs) were selected for whole cell re-

the SCs may have major implications for the control of pop@gording.

lation dynamics in the entorhinal network and in the memory

processes it carries out. Some of these results have begitording

presented previously in abstract form (Dickson and Alonso

1996, 1998; Frariseet al. 1998). Patch pipettes (4—7 M) were filled with (in mM) 140-130 gluconic

acid (potassium salt: K-gluconate), 5 NaCl, 2 MgdO0 N-2-hydroxy

METHODS ethylpiperazineN-2-ethanesulfonic acid (HEPES), 0.5 ethylene glycol-

bis(3-aminoethyl etherN,N,N’,N'-tetraacetic acid (EGTA), 2 ATP
General (ATP Tris salt), and 0.4 GTP (GTP Tris salt), pH 7.25 with KOH. In
additional experiments performed to assess the contribution of chloride

Brain slices were prepared from male Long-Evans rats (100—-250ans tol,,, a modified intracellular solution was made containing (in mM)

i.e., 30—60 days of age) as previously described (Alonso and Klid0 K-gluconate, 10 KCI, 5 NaCl, 2 MgClI2, 10 HEPES, 0.5 EGTA, 2

1993). Briefly, animals were decapitated quickly, and the brain wa§P-Tris, and 0.4 GTP-Tris, pH 7.25 with KOH. The liquid junction

removed rapidly from the cranium, blocked, and placed in a cofubtential was estimated following the technique of Neher (1992). In brief,

(4°C) Ringer solution (pH 7.4 by saturation with 95%-8% CQ,) the offset was zeroed while recording the potential across the patch

containing (in mM) 124 NaCl, 5 KCI, 1.25 NgRQ,, 2 CaC), 2 pipette and a commercial salt-bridge ground electrode (MERE 2, WPI,

MgSQ,, 26 NaHCQ, and 10 glucose. Horizontal slices of the retroSarasota, FL) when the chamber was filled with the same intracellular

hippocampal region were cut at 350—40M on a vibratome (Pelco solution as used in the pipette. After zeroing, the chamber solution was

A B C

*

25um

o koo

Fic. 1. Basic electrophysiological profile of entorhinal cortex (EC) layer Il stellate cells (SCs) under whole cell current-clamp
recording conditionsA: digitized photomicrograph demonstrating the visualization of a patched SC. - - -, approximate border
between layers | and 1IB: V-I relationship of the SC irA demonstrating robust time-dependent inward rectification in the
hyperpolarizing directionC: action potential fromD2) (*) at an expanded time and voltage scale. Note the fast-afterhyperpo-
larization/depolarizing afterpotential/medium afterhyperpolarization (fast-AHP/DAP/medium-AHP) sequence characteristic of
these cellsD: subthreshold membrane potential oscillatiohaifd2) and spike clustering3j develop at increasingly depolarized
membrane potential levels positive to abet5 mV. Autocorrelation functionifsetin 1) demonstrates the rhythmicity of the
subthreshold oscillations.
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replaced with the extracellular recording solution, and the potential Biophysical simulation
corded was used as an estimate of the liquid junction potential. Using this . o
method, we recorded a value between 2 and 3 mV. Membrane potentid} simple Hodgkin-Huxley model was assumed for describipg
values reported herein do not contain this correction. activation and deactivation. We applied the basic relationship
Tight seals £1 G() were formed on cell bodies of selected EC
layer Il SCs, and whole cell recordings were made by rupturing the
cell membrane with negative pressure. Both current- and voltagehere
clamp recordings were made with an Axopatch 1D patch-clamp
amplifier (Axon Instruments, Foster City, CA). For current-clamp Gh(V,1) = Ghax- m(V,t) o)

recordings, the low-pass filter-@dB) was set at 10 kHz, whereas for . i L . . .
voltage clamp, it was set at 2 kHz. Al current- and some VOltaQ%Edm is the probability of the activating particle to be in the permis-
{

(V1) = Gp(V,t) - (V = V) @)

clamp experiments were stored by PCL coding on VHS tape (Ne ve position. Becaudg activation and deactivation could be properly

rocorder, Neurodata, New York), and all voltage-clamp experimer[l tzggvhltzxd%unlgﬁ;gl(p’c%ﬁngﬁlemns\t’fgfq' zilvvizsasagglfr? dsé%p%rately
were stored on computer by digital sampling at 4 kHz, using pCla % P P ’ eap

software (V6.0, Axon Instruments). Data stored on VHS tape was (V) = [Gra(V,t) + GV, D]+ (V = V)
digitized and plotted off-line by sampling at 20 kHz using Axoscope
software (V1.1, Axon Instruments). Conductance values were derived from amplitude coeffici@gt (

The identification of neurons as SCs was confirmed by curremalues by applying the relationshi,(V.t) = ANVDI(V — V),
clamp recordings demonstrating the presence of robust inward reethere the index i is either 1 or 2. The functions describmg(V)
fication with hyperpolarizing current pulses in addition to the preseneere derived directly front,,(V) activation curves. The transitions of
of subthreshold membrane potential oscillations at depolarized levéle activating particlem, were schematized as the following first-
(Fig. 1,B andC) (Alonso and Klink 1993). SCs fulfilling the follow- order Kinetic reaction:
ing criteria were considered acceptable for further analysis: stable

aj

membrane potential less than50 mV, input resistance>-75 M(), 1-m=nm
overshooting spike, and a balanced series resistarM() com- Bi
pensated between 60 and 80%. from which it follows

. m(V,t) = m(V) — [m.i(V) — mg] - exp(—t/m) 3)
Solutions

where
Various salts and drugs were added directly to the perfusate from

concentrated stock solutions during experiments. Divalent cations such as 7i(V) = Uai(V) + Bi(V)] 4

Ba®", Cd*, or Cd*" were added to a modified Ringer solution without
phosphates or sulfates. To isoléigo compute activation curves using mi(V) = aiV/e(V) + Bi(V)] ®)

the tail current method (se&suLts, the following solution was used (in Numerical values for the rate constanisand 3; were derived from
mM): 80 NaCl, 40 tetraethylammonium chloride (TEA-CI), 5 KCI, 4the experimental values of time constants of activation and deactiva-
4-aminopyridine (4-AP), 2 MgGJ 2 BaCl,, 2 CoCl,, 1 CaC}, 0.2 CdC),  tion (1) and from them,, curves by applyingggs. 4and 5. Rate-

26 NaH,CO;, and 10 glucose and AM tetrodotoxin (TTX). Lowering constant plots were best fitted with the empiric function

the extracellular concentration of sodium ions (NaCl) was achieved using

equimolarN-methylo-glucamine substitution in a no phosphate/sulfate a;(or Bi) = (& Vi + b)H{1 — expl(Vin + bi/a)/k ]}

Ringer solution. Alterations in the concentration of potassium ions (KC&W
was achieved in the same way in a no phosphate/sulfate Ringer solu 9 age dependence of rate constants, the chandesliring various

with a consistent concentration (119 mM) of NaCl. To prevent the Iated t-cl tocol icall tructed
influence of synaptic transmission on the subthreshold membrane be ﬁgpu ated current-clamp protocols were numerically reconstructed on

ior in current-clamp recordings, 6-cyano-7-nitoquinoxaline-2,3-dio ?I_E:T‘)':S?é :ehqéugﬁlorll?ﬂgg da%(:Eg'sgrliBigZ %Z?;et%téaé;%?és used
(CNQL(-: 10 ’lf-M)’ DL—hg-?jrgln0-5-phosphonoperétan(;]lcdaud (AF|>-5: Sor l,, (see preceding textEgs. 1and 2). PGN V) was modeled
s o e o g SEC0ing 0 he votage-depencnce cata Epored by Magist and
CSlCtI. (1_2 ITnM?tor ZD7288 (rllo(t)tl\g)f""‘"“S aB(gjl_eid(?ireCt'y toctﬂ)e Riager ?(rilr?gti(c and)'vSﬁggg.tg:éfﬁdvevﬁieasgfﬂfetetf’s ciﬁzsét%?éggfﬁ u: '
solution. All salts were purchased from oronto, , Whereas . L o9 ; al
TEA-C, 4-AP, TTX, and BMI were purchased from Sigma (St. Louighere used in a simplified model of an EC SC aimed at reproducing the

MO). CNQX, AP-5, 2-OH-saclofen, and ZD7288 were purchased fronpbthreshold oscillatory behavior of membrane potential in these
Tocris Cookéon (Uk) ’ same neurons. In this model, the neuron was considered as mono-

compartmental, and its membrane conductance consis®g & .o
and a linear leakage conductan€g)(whose current reversed at the
Analysis equilibrium potential for K. The parameters of the equations de
scribing conductance kinetics and voltage dependence were given the
Traces were plotted and measurements made with the usesafe numerical values as returned by the analysis of the relevant
pClamp (Clampfit) and Origin (Microcal, Northampton, MA) soft-experimental data (seesuLty. Nat and K* reversal potentials had
ware packages. Curve fitting of subtracted traces was conducted Wfta theoretical (Nernst) values calculated for the ionic conditions
pClamp software. The fittings were made from a time point 15 nemployed in our current-clamp experimentg{ = +87 mV, V, =
after the application of the hyperpolarizing voltage step so as to83 mV). The reversal potential fdg, (V,, = —20 mV) and the
minimize any capacitive or membrane charging transients. All curvamplitude ratio between the fast and slow kinetic components,,of
fitting procedures were optimized using the least sum of squar®3,;max /Gromax = 1.85) also matched exactly the experimentally
method. The standard deviation between the fit and the data were usleskerved average values. Only the absolute values of maximal con-
to estimate the goodness of the fit. Autocorrelational analysis wdgctances G,,,,) were adjusted until a good concordance between
conducted with Matlab (Mathworks, Natick, MA). Spectral (Fouriersimulations and experimental observations was achieved. In the sim-
analysis was conducted using both Origin and Matlab. ulations here illustratedG,max Gnapmax 8Nd Gvax €qualed 98.0,

r obtaining the analytic functions appropriately describing the
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17.4, and 78.0 pS/pF, respectively. These values compared reaghraracteristic fast after hyperpolarization (arrowhead F®). 1
ably, namely within a factor of 2, with the experimentally measurefdllowed by a depolarizing afterpotential and a medium after
values. . ) . ) ) hyperpolarization. Finally, and most importantly, patched SCs
Numeric solution of the differential equations was achieved by the ‘{50 developed rhythmic subthreshold membrane potential os-
of a one-step Euler integration method. The integration step size was 8 tions and demonstrated cluster discharge when depolarized
!

ms. Preliminary tests on the adequacy of this integration method w . .
carried out by reducing the step size £25 times, which revealed an Wﬁh DC current in the membrane potential range betwegb

optimal convergence. The simulation programs were compiled usit§d —50 mV (Fig. ID, 1-3. At an average membrane poten-

QUICkBASIC 4.5 (Microsoft). Data were analyzed using Origin. tial of =52 = 1 mV, the peak frequency of these membrane
potential oscillations as determined by Fourier analysis aver-
RESULTS aged 3.1+ 0.7 Hz f = 12). The SCs had an average resting

membrane potential of 55 £ 3 mV and an input resistance of
The results presented in this study were based on a databegg+ 40 MQ.

of 131 EC layer Il SCs intracellularly recorded under whole Although not further treated, in some instances, neurons
cell patch conditions and met the criteria specifiehémHops.  other than SCs were recorded from. Pyramidal-like cells of EC
The studied neurons were identified as SCs by their graager Il (n = 10), could be distinguished from SCs based on
morphological characteristics (Klink and Alonso 1993) as afheir pyramidal shape and their limited expression of time-
forded by direct visualization of their somata and proximalependent inward rectification (Klink and Alonso 1993). Layer
dendrites (Fig. &) but mainly by their characteristic electro-||| pyramidal cells o = 3) were distinguishable based on their
physiological properties (Alonso and Klink 1993; Alonso angualitatively smaller size, their high-input resistance (2187

Llinas 1989) (Fig. 1,B-D). Indeed, as illustrated in Fig. 1,MQ) and the absence of time-dependent inward rectification
patched SCs demonstrated qualitatively the same electrqmeickson et al. 1997).

sponsive properties that distinguish SCs recorded with sharp

electrodes. First, the patched SCs demonstrated robust tirﬂ?'perpolarization—activated time-dependent inward

dependent inward rectification in the hyperpolarizing directiofatification in SCs corresponded to a slow, noninactivating
As shown in Fig. B, the membrane voltage responses tQ .~ 4 current '

hyperpolarizing current pulses did not monotonically reach a

steady value but displayed, after a certain delay, large ampli-As illustrated for a typical SC in Fig. 2, the depolarizing sags
tude “sags” back to more depolarized values. Second, ttat developed on membrane hyperpolarization in current-

action potential of the patched SCs also demonstrated tiamp conditions 4, <) were paralleled by the development
A Current clamp | B Voltage clamp

N e

=== FIG. 2. Characterization of inward rec-
\( tification in the SCsA: in current-clamp

conditions, hyperpolarizing current pulses
evoke voltage responses with a robust
time-dependent depolarizing sag-). B:

in the same neuron, under voltage-clamp
conditions, hyperpolarizing voltage steps
evoke a slow inward currentl) that

grows in amplitude and rate of activation

‘ with increasing hyperpolarization.C:
° S00pA peak and steady-staié plot (O ande,
OnA respectively) derived from the data #
Kyw————————— m E . Time-dependent inward rectification i_s
"200ms graphically represented as the depolariz-
ing shift between peak and steady-state
C Current (nA) D Membrane Potential (mV) potential readingsD: instantaneous and
50 steady-statd-V plot (0 and e, respee
10 08 06 -04 -02 140 120 100 -8 60 40 tively) derived from the data i. Time-
Y 60 < dependent inward rectification is apparent
° geakd s . Z © Instantaneous PR as the negative difference in the holding
* Steady State « o = * Steady State Lo current between the instantaneous and
. ¢ R =70 = . ° e, | 500 steady-state measurements. All traces
. * 2 0 ° . < shown were obtained in the standard
. ¢ ° 80 & o © . e Ringer solution.
° o ° L F-1000 £
o L-90 © . =
o ° -g . 8
5 100 & . 1500
o L]
110 : L -2000
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of a slow inward current on step hyperpolarization undénstantaneous-V relationship that was always observed at
voltage-clamp conditiond, —). Note that the time course andpotentials negative to about80 mV in control conditions
amplitude of this inward relaxation was overtly voltage depefFig. 3C, squares). This Bd effect suggests the presence of a
dent (see following text). In all cases, analysis of the subthresiinor|,,, in the SCs. In contrast to B4, in all SCs testedn(=

old input-output relations under current-clamp revealed that the), bath application of Cs (1-6 mM) always produced a
steady-state voltage-currei-() curve (Fig. Z; @) showed a gybstantial decrease Ip (though never a completg block).
marked upward bending over the entire voltage rang@(t0  Thijs decrease was assessed by expressing the percentage de-

—120). Similarly, analysis of input-output relations under voltzrease in the difference between the instantaneous and steady-
age-clamp revealed that the steady-state current-voltage cutMgq <urrent at potentials betweer60 and—80 mV before

(sd-V; Fig. 2D, @) showed a robust inward shift, as comparegj e application of Cs(cf. Ishii et al. 1999). It was dose

erg\],vthsetelgzti?m\?v?tioLrﬁe?qjkr)rr?;]tévﬂtage? Coulzra\:iezgz(l?ﬁ Q))r'rfga;lo\(ljvependent and ranged from 60 to 75% for a concentration of 2
g y yperp y M Cs" (n = 5) that produced close to maximal effects.

inward current relaxations were associated with a membrarﬁ%— . . .
conductance increase because the instantaneous current flow? Ve that Cs %r(iﬂucefcfi otnly ? tﬁartlal bllogk gt‘ in (tjhe N
ing at the break of the hyperpolarizing commands was largepS: W€ assessed the €ellects or the novel bradycardic agen

than that recorded on first jumping to the command potential /288, which has been reported to be a potent blockef of
(see Fig. #A). Thus SCs do possess a robust time-dependdhpther cells (BoSmith et al. 1993; Harris and Constanti 1995;
hyperpolarization activated conductan€X Maccaferri and McBain 1996; Williams et al. 1997). As illus-
trated in Fig. 3 D andE), in all cases testech(= 9), bath
application of ZD7288%10 min; 100M) always resulted in

a complete and irreversible block gf. When the cells were

In addition to a time-dependent inward rectifier such,as N€ld at—60 mV (about resting level), application of ZD7288
many neurons also possess a fast inward rectifiercirrent @ways resulted in an outward shift of the holding current
(I«ir) (reviewed by Hille 1992). It has been shown that in mang;”ea”:_l?’S + 52 pA,n = 5), indicating thalG,, is active at
cells bath application of B4 and Cs can be used to phar fhe resting membrane potential (see following text). Signifi-
maco|ogica||y dissedt‘] from |Kir because B& bIOCkSIKir and cantly, ZD7288 did not abolish the small inward shift of the
not I, whereas CS blocks bothl,; andl, (Hagiwara et al. instantaneous$V relation below—80 mV (Fig. 35) and thus
1976, 1978). In agreement with this, in all SCs testee-(8), Whereas ZD7288 fully blocked}, it did not affectl;,. Al-
bath application of B&™ (0.5-2 mM) had no effect oh, (Fig. though small, the remaining fast inward rectification, however,
3, A-0), although it did block the small inward bending of thecould be blocked fully by the further addition of Bathat also

Pharmacological block of inward rectification

Control B Ba** Membrane Potential (mV)
-140 -120 -100 -80 -60 -40
N e
u& | i 3 gud’ FiG. 3. Effects of extracellular Bd and
L 1nA R £  ZD7288 onl,. A and B: current responses
N . Q S 1000 = evoked by a series of voltage-clamp steps in
] (] 45 o * ' Control Inst g control conditions &) and during superfusion
| [ -e0mV e ——ee——5 110 - o M ggptlfggtss -2000 3 with 2 mM B&* (B). C: I-V plot of both the
-115 500ms O . o Ba”SS instantaneous(@ando) and steady-state@nd
° -3000 e) current responses frov andB. Note that
Ba?* did not block time-dependent inward
. rectification (generated by;) though it did
D Control E  +zo7288 \ F +Ba’ L appear to affect fast inward rectification (ap-
N : | parent as the negative bending of the instanta-
\“% P neous current plot at potentials negative to
\ O 500pA  —80 mV).D—F: current responses evoked by a
b’,\ - A & e series of voltage-clamp steps in control condi-
K [ tions ©), in the presence of 100M ZD7288
L\& Gl r 1s (E) and during further addition of 2 mM B&
-120my BV -110mv (F). G: I-V plot of both the instantaneous (
- . ando) and steady-stateo(and e) current re
sponses from@}, control) and E, +ZD7288).
G H H: 1-V plot of both the instantaneous &ndx)
Membrane Potential (mV) Membrane Potential (mV) and steady-stateo(and ®) current responses
420 100 80 60 40 420 100 80 60 40 from (E, +ZD7288) and k, +B&"). Note
o w that ZD7288 completely abolished time-de-
oo g g Lo 5 pendent inward rectification and that Ha
SRR g © ;, 1 abolished the remaining, minor, fast inward
g ° L [ -200 I a 28 @ [0 z rectification. All recordings were carried out in
- . - -400 S ; 2 g = | if the presence of LM TTX and 2 mM C&*.
" 4 = |nst - -600 qt; s = ZD Inst L-zoo g
. e SS o g8 o ZD S8S i &)
o O ZD Inst | -800 ® Ba® Inst
o ZD 88 L-1000 ® Ba” SS

-400
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caused a decrease in slope conductance due to its blockiigereV,, is the membrane potential of the prepulsg,, the
action on leak currentq(= 3; Fig. 3,F andH). membrane potential at whic,, is half activatedk a slope
factor, andl is the amplitude of the tail current recorded after
the prepulse. The tail current analysis yielded an activation
range ofG,, between—45 and—115 mV, a mean value for,,,
—77 = 5mV and a slope factok) of 11.2+ 1.8 (Fig. £).

Activation of |,

We estimated the activation curve of the membrane coﬂf- . . ;
ductance underlyingy, (G,) by applying two different pro For comparison, in fogr' cells we applied slow<10
tocols (Fig. 4). In the first protocol, a modified RingefV/s) 100 mV hyperpolarizing voltage ramps from a hold-

; P Nt tential of—30 mV in control and after block df, with
solution (as specified imetHobs) was used. The activation N9 POteNta .
curve of G, was estimated from the peak amplitude of th D7288 (Fig. D). In these experiments, AM TTX, 2 mM

. - o’", and 2 mM B&" were added to the control Ringer.
tflgg%:;erzlzs_reg)oﬁf; Zt :l:r?:fgf rrrl])\//p((anrp_oli)rigirnzt 5(3?;;85ubtraction of the ZD7288V curve from the control curve
. . I E yiel h - I-V relationship f hich
clamp steps from a holding potential in the range-af5 to yielded the steady-stati, relationship from which we

; ) estimatedG,, according to the formul&,= 1,/(V,, — V)
—30mV (Fig. 4,A-C). When stepping back te 60 mV,, the whereV,, is the reversal potential fdy, estimated tn(; be-21

zero current level was the tail current amplitude after thgy, (see following text, Fig. 6). The resulting values were
most depolarized voltage step (at leas#0 mV). Tail normalized to the maximal conductand®,f,,; 10.4 = 2.3
current amplitudes were normalized to the maximal vaILHas) and plotted against.. In all cases the curves were
(Imay) @nd plotted as a function of the membrane potentigle]| fitted with a Boltzmann equation as in the preceding
during the hyperpolarizing prepulse. In all cases<( 13), texi. This ramp analysis yielded\4 , of —76 + 4 mV and
the data were well fitted with a Boltzmann equation of thg slope factor of 12.1+ 2, which were not significantly

form different to those obtained by tail current analysis by two-
tailed t-tests f(15) = 0.36, P > 0.05; t(15) = —0.85,
Ul oy = (1 + g((Vm-var2ik) -1 P > 0.05].

500ms
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%ﬁ\‘\x\ e Mean ' %‘\\\m} v Averaged Ramp
084 . o n3 16/10/96 N - - - Ramp Fitting
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\
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FiIG. 4. Activation curve for the conductan&,. A: incremental hyperpolarizing voltage-clamp steps increase the amount of
that is activated as well as the amplitude of the tail currents that follese{. B: tail currents fromA shown at an expanded time
and current scale. Tail current amplitude measurements were taken at the time indicated by the empty circle and bréken line.
plot of the activation curve d,. Filled circles, averaged activation curve for 13 SCs. Individual experiments first were fitted with
Boltzmann functions and the interpolated values for the steps at each 10-mV increment were used to compute the average value.
Small open circles, data derived from cell A Line, best Boltzmann fit to the average (sesuLT9 where the half activation
voltage and slope factor were found to b&7 = 5 mV and 11.2+ 1.8, respectivelyD: G, activation curves also were estimated
in four cells froml,-V relations where,, was isolated by subtracting ZD728& curves from control-V curves obtained through
slow ramp protocolsifset, seeresuLTsfor details). As can be seen, ti&, activation curve obtained in this manner (noisy line)
and its Boltzmann fit (dotted line) largely overlap the activation curve obtained from tail current analysis (continuous line; same
as inC). Tail current protocols were conducted using the specialized solution describedHobs, and ramp protocols were
conducted in solution containing M TTX, 2 mM Co?*, and 2 mM B&*.
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Time course of activation and deactivation the first and second time constants of deactivation were found
to be voltage dependent, becoming faster with increasing de-

. A X ) o polarization (Fig. 5,C and D). The first time constant of
sharply with hyperpolarization (e.g., FigBR This qualitative ya5ctivation ranged from 23 9 to 58 = 13 ms for voltage

observation was further explored in a more quantitative Malkans to—40 and —50 mV, respectively. The second time
ner. To maximize the accuracy of our kinetic analysis, W&nstant of deactivation ranged between 2488 and 326+
isolatedly, by subtracting from control current traces evoked byg s for the same voltage steps. The amplitude of the fast

hyperpolarizing voltage-clamp steps, the current traces evokgda ¢onstant was roughly 1.25 that of the slower, and this ratio
to the same potentials in the presence of the selektiiecker .o 2ined constant over the voltage range tested
ZD7288 f = 5; Fig. BA). Over the whole voltage range tested, '

As stated previously, the rate of activation Igfincreased

the |, current relaxations were best fitted with a double exp?e | of
nential function of the form eversal of |
(1) = AU + AU 4 C Estimation of the reversal potential §f was achieved by

two different methods, which took advantage of the fact that at

wherel(t) is the amplitude of the current at timteC is a —80 mV, G,, was strongly activated and did not show time-
constant, and\;, andA, reflect the amplitude coefficients ofdependent inactivation (Fig. 8,andB). In all experiments, the
the fast ;) and slow ) time constants, respectively. -At superfusing Ringer solution contained @M TTX, 2 mM
tempts to fit the subtracted traces with a single exponent@bCl, and 2 mM BaCJ. Thus in the first method, we esti
function were judged to be unsuccessful based on visual mated the reversal potential bf (V,,) from the intersection of
spection and by comparison of the standard deviations of ttihe instantaneous (chord) current-voltage relationships re-
fits using single or double exponential functions (not showmorded at holding potentials 6f80 and—40 mV (i.e., in the
Both the first and second time constants were found to peesence and absence lgf Fig. 6C) (Mayer and Westbrook
voltage dependent, as shown in Fig.G,and D, becoming 1983). In 17 neurons examined, this method provided an av-
faster with increased hyperpolarization. The first time constagriage value fol,, of —21 + 5mV.
ranged between 7& 12 and 39+ 6 ms for voltage steps to To support the preceding estimation, we used a second
—70 and—110 mV, respectively. The second time constamhethod in which we took advantage of the fact thatis
ranged between 372 39 and 164+ 45 ms for the same selectively and fully blocked by ZD7288 (see preceding text).
voltage steps. The ratio of the amplitude coefficients for ti@hord conductance measurements were made from voltage
first (A,) and secondA,) time constants increased from 1 asteps from a holding potential of 80 mV before and after
—70 mV to just over 2 at-110 mV. block of I, using ZD7288 and the instantaneous I/V relation

An equivalent method as the one described in the precedstgps in both conditions were constructed (Fig.06sF). In
text was conducted to study the rate of deactivationl,of eight neurons examined, the average voltage at which the
isolated with the use of ZD7288 (FigB} Isolatedl,, current linear fits for both plots intersected, i.e., the reversal potential
traces evoked by depolarizing voltage steps from a holdifgr I, was —22 = 6 mV, a value that was not significantly
potential of —60 mV were also well fitted by a double-expo-different from that found with the tail current analysis method
nential function. As for the time constants of activation, botabove {(23) = 0.44,P > 0.05].

A Activation B Deactivation

-60 -E -65

FiIG. 5. Activation and deactivation kinetics
of I, I,, was isolated by subtraction of ZD7288
current traces from control current traces re-
corded in the presence of AM TTX, 2 mM
Cc®*, and 2 mM B&*. A: averagedr{ = 5) |,,
traces (- - - ) evoked by hyperpolarizing steps
from —60 mV. |, activation time course was
well fitted by a double-exponential decay func-
tion (—, seeresuLTs for details).B: averaged
(n = 5) I, traces (- - - ) evoked by depolarizing

C D steps from—60 mV (same collection of cells as
90+ m Activation o in A). I, deactivation time course was also well
o Deactivation " SC“V?FIO?_ C fitted by an incremental asymptotic double-ex-
80 . 4004 U Deactivation ponential function (—, seeesuLTsfor details).
704 . l L C andD: plots of the 1st and 2nd time constants
350 vati vati :
- - C = - ) of activation and deactivation as a function of
g 60 " L € 200] : membrane potential. Kinetics of activation lgf
= 50 n Rl’ - (w) can be seen to be voltage dependent with both
= ~ 2 250- - the 1st C) and 2nd D) time constants decreas-
(< 401 = . = = ing with hyperpolarization. Kinetics of deactiva-
304 200 tion of I, (o) also can be seen to be voltage
- dependent with both the 1sE)Y and 2nd D) time
20 1504 " constants decreasing with depolarization.
-110 -100 -90 -80 -70 60 -50 -40 -110-100 -90 -80 -70 -60 -50 -40

Membrane Potential (mV) Membrane Potential (mV)
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FIG. 6. Reversal potential df,. Extrapolated reversal potential bf (V,,) was estimated by 2 different approachasC. SCs
were held at-40 and—80 mV (A andB, respectively) and the instantanedué relations constructed/,, was estimated from the
intersection of the extrapolatdeV relations derived from both holding potentiafS)(D andE: SCs were held at-80 mV, and
the instantaneoukV relation was constructed in control conditiori®) @nd duringl,, block with ZD7288 E). V,, was estimated
from the intersection of the extrapolated relations derived in both condition§), All recordings were conducted in a solution
containing 1uM TTX, 2 mM Cc®**, and 2 mM B&".

lonic basis of |, Role of |, in membrane potential oscillations

The fact that in the SC¢, reverses at about-20 mV Given the overlap between the activation range Gy
suggests that, as in other neurons (Crepel and Penit-Soria 1488eshold at about-45 mV), and the voltage range at which
Halliwell and Adams 1982; Mayer and Westbrook 1983; Mcsubthreshold membrane potential oscillations occur in SCs
Cormick and Pape 1990; Spain et al. 1987; Takahashi 199060 to —50 mV), we sought to define the involvementlgf
this hyperpolarization-activated inward current might be cal? these OSC'”at'P”S by exploring the effects on them of Cs
ried by a mixture of both N&aand K" ions. Indeed, increasing 207288 and B&'. Because these agents, particularly @sd
the extracellular concentration of K([K *].) (Fig. 7) produced Ba ", greatly enhance spontaneous synaptic events, we carried

; ; ; ; ot : t this analysis during synaptic transmission block with
an increase iy, (with no change in th&,, activation curve; not ou . ;
shown) as well as an increase in instantaneous conductanceSARX (10 M), APS5 (50 uM), bicuculline (10 uM), and

expected for K being an important carrier fdg, an increase 2"OH-saclofen (10QuM). In line with a role ofl, in the

. o -.generation of the rhythmic subthreshold oscillations, we ob-
in [K ], from 1 to 10 mM produced an average positive shi e _ Cn — '
in Vi, of 10 + 4mV (n = 4, Fig. D). @erved that the addition of Cs(1-2 mM; n = 4) to the

. . . superfusate resulted in a progressive disruption (and slow-
On thf other hand, reductions in the concentration of ex_traca 5wn) of the oscillations. However, as previously reported
lular Na™ from control levels (151 mM) to 26 mM reversibly (jink and Alonso 1993), some trains of subthreshold oscilla-
reduced the amplitude &f (Fig. 8 without changing the activa- tory activity could consistently be observed in the presence of
tion properties of the conductance underlying this current (N@&*. This result might be interpreted as suggestive that, in
shown). Concomitant with this reductiod, shifted in the hyper  addition tol,,, another conductance operating in the subthresh
polarizing direction by an average of 215mV (n = 5). These old range, such as the M current, may play a major role in the
results indicate that Naions also largely contribute Q. generation of the rhythmic subthreshold oscillations by the
Finally, a number of neurons (5) were recorded using $Cs. Alternatively, it also might be that the expression of
modified intracellular solution containing an additional 10 mMubthreshold oscillatory activity by the SCs is rather insensitive
Cl™ in the pipette solution (seeetHops). Although in these to the level ofl,, expression and that a major decreasé,iis
cases, the chloride reversal potential was theoretically shiftedcessary to abolish the oscillations. To explore these possi-
by ~20 mV in a positive direction, no significant differencebilities, we first tested the effects of the more potigritlocker
was observed in either the average reversal potentiaB[= 2ZD7288. In all cells, application of 50-100.M ZD7288
6 mV; t(20) = —1.48,P > 0.05] or the activation properties ofalways resulted in membrane hyperpolarization{% mV;
I, (not shown). Thus using the Goldman-Hodgkin-Katz equa = 8) concomitant with the block of the typical depolarizing
tion and an estimated/,, of —21.5 mV, we calculated a voltage sag evoked by hyperpolarizing current pulses. Simi-
permeability (conductance) ratio for Nand K" (pNa“/pK™) larly to Cs", ZD7288 always produced a progressive disrup
of ~0.4 forl, in the SCs. tion of the oscillations, though, in contrast to what was ob-
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FIc. 7. 1, is increased an¥,, shifted in a depolarized direction in raised K. A: I,, was evoked by hyperpolarizing voltage
steps from a holding potential 6§40 mV in a control Ringer solution containing 1 mM {k.. B: increasing the concentration of
[K*], markedly increased the amplitude lpfevoked at the same potential leve. washing with 1 mM [K'], reversed this
increaseD: cells were held at-40 and—80 mV (op and bottom left,respectively) and the instantanedu¥ relations were
constructed in both 1 and 10 mM [K,,. Right V,, in both 1 mM ¢, =, and —) and 10 mM [K], (o, o, and - - -) was estimated
from the intersection of the extrapolated I/V relations constructed frotB @ ands) and —80 mV (@ ando). Note that in this
cell changing the [K], from 1 to 10 mM shifted the extrapolatag, from —24 to —17 mV. All recordings were conducted in a
solution containing uM TTX, 2 mM Cc®**, and 2 mM B&".

served with C8, this disruption always proceeded to dor I, Thus the block of the oscillations by ZD7288 cannot be
complete block (Fig. 9—0C). Although these data suggest thatattributed to a nonspecific effect of the drug.

indeed, a major block df, is necessary to completely abolish Finally, it also might be argued that the disappearance of
the oscillations, it could be argued that the blocking effect stistained subthreshold oscillations with ZD7288 resulted from
ZD7288 might have been due to a nonselective action of tHi membrane conductance decrease due t tieck and not
drug on another conductance operating in the oscillatory ran§¥.thely, block per se. This possibility was tested with the use
To exclude this possibility, we performed a series of voltag®f Ba" (1-2 mM;n = 7), which, in contrast to ZD7288, does
clamp experiments in which we examined the effects &et affectl, (cf. Fig. 3) but which, similarly to ZD7288, also
ZD7288 on the outward current relaxations evoked by a serfd@duces a major decrease in membrane conductance. Impor-
of depolarizing voltage-clamp steps from60 mV (about @nty, and in shéaip contrast to the ZD7288 results, bath su-
resting level) to the voltage range where subthreshold oscil grfusion with Ba " resulted in both a significant increase in

. . - e amplitude [1.2+= 0.5 mV; t(4) = 2.7; P < 0.05] and a
tions develop {55 to —50 mV; Fig. 134 and up to theG, significant decrease in the frequencyl.3 = 0.1 Hz;t(6) =

activatiqn threshold {45 mV). These experiments Wfre Cor"8.8; P < 0.01] of the subthreshold oscillations (Fig.3;F). In
ducted in the presence of AM TTX and 2 mM CG". As consequence, the above indicates thalays an essential role
shown in Fig. 10B-D, ZD7288 (100uM) always caused a i, the generation of rhythmic subthreshold oscillations by the
robust outward shift in the holding current and a complete arges ang that leak conductances can modulate their amplitude

selective block of both the outward current relaxations igng frequency through their effects on passive membrane prop-
response to membrane depolarization as well as the associaigigs.

tail currents on return to the holding potential € 4). In
contrast, there was a nearly perfect overlap between the trace . .
at —45 mV, the threshold for activation d¢f, before and afterafsojﬁl gtfi Ohnf;md ap In the generation of subthreshold

ZD7288. This indicates that, in the voltage range fref®0 to

—45 (which includes the voltage range at which the membraneAlthough the preceding experimental data indicate théat
potential oscillations occur) the action of ZD7288 was specifitecessary for the genesis of subthreshold oscillations by the



I, IN EC LAYER Il NEURONS 2571

A 151mM Na’ B 26mM Na* C wash

200pA
500ms
D Reversal 206
40mV 1  —=— 151mM Na’ -40mV
-aumy: = " 1501 e 151mM Na’ -80mV /
a —LoMa 1000 -=- 26mMNa’ -40mV
‘ /Con‘fol | —e— 26mMNa’ -80mV
Q h 50 -
-80mV 1
- — 0 ., -
QQ:_ | o
= -50+ ’
© g -1004
| somv =]
‘J Lo Na* © -
. -200
-80mVJ Control 200pA 1
250 1 :
500ms 3001 i -45.9mV | -198mv
T T T T T T T T T T T 1

-100 I %0 -8 -70 60 -50 -40 -30 -20 -10
Membrane Potential (mV)

Fic. 8. |, is decreased and its reversal potential shifted in a hyperpolarized direction in lowergld.[Nal,, was evoked by
hyperpolarizing voltage steps from a holding potentia-af0 mV in a control Ringer solution (151 mM [N&,). B: lowering
[Na*], to 26 mM (substitution wittN-methyl-D-glucamine) diminished the amplitude lgfevoked at the same potential levels.
washing with control Ringer reversed this reductibn.cells were held at-40 and—80 mV (top andbottom left,respectively)
and the instantaneous/ relations constructed in both 151 mM [NR (control) and 26 mM [N&], (low Na*). Right V,, in both
151 mM [Na‘], (=, ®, and —) and 26 mM [N&], (5, 0, and - - -) was estimated from the intersection of the extrapolaiéd
relations constructed from40 @ ands) and —80 mV (© ande). Note that in this cell changing the [Ng, from 151 to 26 mM

shifted the extrapolated,, from —19.8 to—45.9 mV. All recordings were conducted in a solution containingM. TTX, 2 mM
Co?*, and 2 mM B&".

SCs, previous studies have shown that these oscillations activation and deactivatior;( Fig. 11B, 1 and2) and them,;

also dependent on the activation of a subthreshold persistentves, as explained in detail imETHoDS.

Na" current (y.p (Alonso and Lliria 1989). To generate an The derived parameters for the kinetics and voltage depen-
oscillatory phenomenon, a process is needed the actiondence ofl, and those fol - as described previously (Mag
which feeds-back to slow down the rate of the process itségfretti and Alonso 1999) then were incorporated in a single
and, most critically, a delay in the execution of the feedback. f@mpartment model of the SC (seerHops). The model then
SCs, the slow kinetics of activation and deactivationlpf Was explored to test whether it could reproduce characteristic
potentially can implement such a feedback process. To furtfarent-clamp phenomena such as the sag in membrane poten-
clarify the role ofl,, in the generation of subthreshold osgillatidl during hyperpolarizing current steps and the generation of
tions by the SCs and to complement the preceding experimsHPthreshold membrane potential oscillations. .

tal data, we next implemented a simplified biophysical simy- YOItage responses to hyperpolarizing current steps in the

lation of the subthreshold membrane voltage behavior of th del SC are illustrated in Fig. A2Note that the model cell

neurons. Using classical Hodgkin-Huxley formalism, a the id display the typical delayed large-amplitude depolarizing

retical reconstruction of the biophysical propertiesl pfirst ags in response to membrane hyperpolarization as well as

was carried out. To be consistent with our experimental da&ﬁrrent pulses. More importantly, as shown in FigBlthe
indicating both a fast and a slow kinetic component,pfsee ,de| SC also developed sustained rhythmic membrane po-
preceding text; Fig. 5), we constructed activation plots of thgnia| oscillations in response to DC membrane depolarization
corresponding fast and slow conductance compon@sand - from its resting level to about-53 mV. The combined exper-
Gn2, respectively; Fig. 1A, 1 and2) from which them,; curves imental and model work thus demonstrates that in the SCs the
were derived directly by using a standard Boltzmann fittingiterplay betwee,, andlypis essential for the generation of
(seemetHops and legend of Fig. 11). The voltage dependenggistained rhythmic subthreshold membrane potential oscilla-
of the fast and slow rate constantg é&ndB;; Fig. 11C, 1 and tions.

2) was estimated from the corresponding time constants ofAs illustrated in Fig. 1Z, the use of the model SC also

robust rebound potentials at the break of the hyperpolarizing
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Fic. 9. Effects of ZD7288 and B4 on subthreshold oscillation#\ and D: in control Ringer solution containing synaptic
blockers (seaieTHoODS), DC depolarization elicited rhythmic subthreshold membrane potential oscillations in 2 differenBcells.
in the cell shown inA, the subthreshold oscillatory activity was abolished after application fM®D7288. Insetin B shows
the membrane responses to a 0.1-nA hyperpolarizing pulse before and after ZD7288 application, demonstrating a full block of
time-dependent inward rectificatio@: autocorrelation analysis of membrane potential in the just-subthreshold range before and
after application of ZD7288 (— and - - -, respectively). Note lack of rhythmical oscillatory activity after drug applidatiorthe
cell shown inD, the oscillations were still present after application of 1 mMBahowever, they were increased markedly in
amplitude (from 3.6 to 4.5 mV: peak to peak), and reduced in frequency (from 2.1 to 1.1InEe)in D shows the membrane
response to a hyperpolarizing pulse of 0.1-nA demonstrating a large increase in input resistance without block of time-dependent
inward rectificationF: autocorrelation analysis of membrane potential in the just-subthreshold range before and after application
of Ba?" (— and - - -, respectively). Note the longer period of rhythmical oscillatory activity aftér Bgplication.

allowed us to understand the dynamics of the interplay betwedtie to none. The increase and decreasd g during the

Inap @nd 14, (as well asGy,p and G;,) during the oscillatory depolarizing and hyperpolarizing phase of an oscillation main-

cycle. Note that at the trough of an oscillation (1st verticdhins an almost perfect linear relationship with changeg,in

dashed line),p andGy,p are at a minimum, wheredg and In contrast, the trajectory followed Hy, during the depolariz

G, are approaching, but not yet at, their respective maximag phase of the oscillation is substantially different from that

This occurs after a certain delag( maximum lagsG,,rand followed during the hyperpolarizing phadgdecreases slowly

V., minimum by 21 ms at 3 Hz), and thus the attainment of during the initial part of the depolarizing phase but this rate of

maximum level byl,, coincides with the initiation of a depo decrease accelerates as the membrane potential approaches its

larizing phase. As depolarization proceetls, rapidly in- peak value. Similarly, during the hyperpolarizing phase of the

creases becaus®,pbecomes progressively activated. In turngscillation |, increases slowly during the initial portion, and

the depolarization boosted Iby,»leads toG,, deactivation and this rate of increase accelerates as the membrane potential

thus a decrease iy, which slows down and eventually stopsapproaches its minimal value. Basically, the hysteresis intro-

the depolarization. Note that at the peak of the oscillation (2idiced by the kinetic properties of implement a delayed

dashed line),, andG,, (similarly to what reciprocally occurs at feedback mechanism to the voltage changes led,Qy that

the trough) are approaching, but they are still not at, a mirallows sustained oscillatory activity to occur.

mum. This occurs after the peak. Thus the deactivatio®,pf

is now responsible for initiating the repolarizing phase of the, s - yss 10N

oscillation. Membrane hyperpolarization leads to a rapid de-

crease il pthat boosts further hyperpolarization. Eventually The present results demonstrate that the robust hyperpolar-

membrane hyperpolarization leads to the new activatioh, ofization-activated time-dependent inward rectification displayed

and a new oscillatory cycle is initiated. by the stellate cells from EC layer Il is due to an inward current
It can be observed from the traces in Fig.Clthat I,» that we identified a, on the basis of its pharmacological and

essentially changes instantaneously with changesVip biophysical profile as described in other excitable cells (see

whereas changes ipfollow with a certain delay (caused by itsrecent revisions by Clapham 1998; Pape 1996). Importantly,

time-dependent properties). This differential behavior may loeir study also points out that some of the specific biophysical

better understood by plotting,,-andl,, as a function o/, as properties ofl,, in the stellate cells determine that this current

illustrated in Fig. 13. Note that although thecurve demon plays a major “pacemaker” role in the generation of the theta-

strates substantial hysteresis, thge curve demonstrates verylike subthreshold oscillations typical of these neurons (Alonso



I, IN EC LAYER Il NEURONS 2573

T3

B e

B Control C +zD7288 D Superimposed

«Jﬁ‘?} Y A s s

45 . g
m )
\/‘W [ - ﬁyxmmywc&uv

-55 N
P k : =
RO B
L

500ms

Fic. 10. Blocking effect of ZD7288 on the subthreshold membrane potential oscillations can be attributed to the blocking action
of this drug onl,. A: subthrehold oscillations in the SCs develop on DC depolarization to the voltage range between Bhout
to —50 mV.B: voltage-clamp experiment in the same cell showing outward current relaxations (corresporigidgaotivation)
during depolarizing voltage steps through the oscillatory voltage lev&b( —50, and—45 mV), as well as inward current
relaxations (corresponding tpactivation) on return to the holding potentiat0 mV). C: addition of 100uM ZD7288 eliminated
I, and thus caused a robust outward shift in the holding current and the concomitant disappearance of the outward current
relaxations on depolarization as well as the inward current relaxations on return to the holding pdderstigderimposition of
traces inB andC. Note that control and ZD7288 current traces-td5 mV overlap perfectly at steady-state, thus indicating that
in the voltage range examined the actions of ZD7288 were selectivk,.fdoltage-clamp recordings were performed in the
presence of uM TTX and 2 mM C&™.

vromod SRR B A G

and Llinas 1989). Indeed, the combined experimental arahd McBain 1996), ZD7288 fully and selectively (in the volt-
modeling analysis we carried out indicate that the kinetege range explored:45 to —120 mV) blocked,, in the SCs.
properties of both the activation and deactivatior pifimple- In general terms, the biophysical properties,cds recorded
ment a delayed feed-back mechanism to the voltage changeshe SCs were similar to those reported for other brain
led by a subthreshold Nacurrent that allows persistent sub neurons though some differences in activation threshold and
threshold oscillatory activity to occur. Although currents reversal potential were apparent, and these appear to be func-
have been shown to contribute to rebound activity in manipnally significantl,, in the SCs appeared as a noninactivating
neuronal types (Crepel and Penit-Soria 1986; Mayer and Westward current that turned on (activated) relatively slowly with
brook 1983; Spain et al. 1987) and to interact with lowhyperpolarization and also turned off (deactivated) slowly with
threshold C&" currents (at rather negative levels; abetf0 depolarization. As with other voltage-dependent currents, the
mV) to generate oscillatory activity (Bal and McCormickconductance that gives riseltpshowed a sigmoidal activation
1997; Brown and DiFrancesco 1980; McCormick and Papeirve with a threshold at around45 mV, a half-activation
1990), to our knowledge, the SCs are the first case in which point at—77 mV, and a slope factor of 12.1. A half-activation
h current has been shown to generate persistent oscillatpgint in the range of—70 to —80 mV is typical of other
activity by interacting with a sustained Nacurrent in the neurons; however, thig activation threshold that we observed
subthreshold voltage range (aboeub5 mV). Intrinsic oscilla- in the SCs was-10—-15 mV more positive than that reported
tory activity in the subthreshold voltage range may be d&br other subcortical or cortical neurons (Bayliss et al. 1994;
fundamental importance in defining the integrative properti€repel and Penit-Soria 1986; Halliwell and Adams 1982; Ka-
of the participating neurons (cf. Hopfield 1995; Lampl andchondi and Reiner 1991; Mayer and Westbrook 1983; McCor-
Yarom 1993; Llina 1988). mick and Pape 1990; Mercuri et al. 1995; Spain et al. 1987).
A characteristic pharmacological feature Igfin all other An activation threshold at about45 mV is, however, com-
cell types studied is its blockade by Téut not B&*. Con  parable with that found in cardiac sinoatrial cells and Purkinje
sistent with this], in the SCs was largely reduced, though ndibers (DiFrancesco 1981; DiFrancesco et al. 1986; Yanagihara
completely blocked, by Cs(1-6 mM) and not significantly and Irisawa 1980) and to recent findings for hippocampal and
affected by BA" (1-2 mM). The incomplete block df, by brain stem neurons (Maccaferri and McBain 1996; Maccaferri
Cs", which also has been observed in other cells (Champigay al. 1993; Travagli and Gillis 1994). In addition, the esti-
and Lenfant 1986; Ishii et al. 1999), prompted us to use theated reversal potential foy in the SCs (about-20 mV) was
recently described bradycardic agent ZD7288 (BoSmith et 40—-30 mV more positive than that reported for other subcor-
1993). As found in other neurons (Gasparini and DiFrancestical or cortical neurons (Bayliss et al. 1994; Crepel and Penit-
1997; Harris and Constanti 1995; thiiet al. 1998; Maccaferri Soria 1986; Halliwell and Adams 1982; Kamondi and Reiner
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1991; Mayer and Westbrook 1983; McCormick and Pap&though many of the studies ok, report a time course of
1990; Mercuri et al. 1995; Spain et al. 1987), though, agaiactivation that appears to be well fitted by a mono-exponential
very similar to the value reported for cardiac sinoatrial cellsinction (Crepel and Penit-Soria 1986; DiFrancesco et al.
and Purkinje fibers (around-25 mV) (DiFrancesco 1981; 1986; Halliwell and Adams 1982; McCormick and Pape 1990),
DiFrancesco et al. 1986; Yanagihara and Irisawa 1980). sbme also have shown that a biexponential fitting best repre-
reversal potential around20 mV clearly suggests that in  sented the time course §f in the corresponding cells (Mayer
the SCs, as in all other excitable cells studied, is a mixeshd Westbrook 1983; Solomon and Nerbonne 1993; Spain et
cationic current carried by both Naand K" ions. Consistent al. 1987). The fact that the activation time constants reported in
with this interpretation, we found that raising [k, shiftedV,, different neurons (measured at similar temperatures) range
in the depolarizing direction (without any significant effect ofrom tens of milliseconds (Crepel and Penit-Soria 1986),
the activation curve) (Halliwell and Adams 1982; Mayer anthrough hundreds of milliseconds (Kamondi and Reiner 1991)
Westbrook 1983; Spain et al. 1987; Takahashi 1990), wherea®l even seconds (McCormick and Pape 1990; Soltesz et al.
lowering [Na'], shifted V,, in the hyperpolarizing direction. 1991), might be interpreted as indicative of multip|€hannel
Alterations in [CI']; changed neither the reversal potential nasubtypes with different gating properties. Thus cells expressing
the activation curve corresponding to this current, suggestingre than oné, channel subtype would show multiple kinetic
that it is cation-specific. components during both the activation and deactivation pro-
With regard to the time-dependent propertieslpin the cesses. Strong evidence for this comes from a zebrafish mutant
SCs, an interesting feature was their biexponential kinefislow m@, which exhibits a slower than normal heart rate. A
nature. We found that the time course of activatiorl,ofvas voltage-clamp analysis in isolated cardiac myocytes from the
described best by a biexponential function having fagtdnd wild-type and the mutant zebrafish demonstrated thatas
slow (r,) time constants that were voltage dependent—dselectively decreased in the mutant. Importantly, this decrease
creasing with increasing hyperpolarization. A dual exponentiappeared to result from the selective diminution of the fast
nature of thel, deactivation time course also was confirmedinetic component of the current (Baker et al. 1997). Finally,
with fast and slow time constants that also showed voltagery recently, three different groups have cloned various genes
dependency—becoming faster with increasing depolarizatiorsponsible forl,, clearly demonstrating the existence of a
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FIG. 12. Modeling of the current-clamp behavior of S@scurrent-clampv-I simulation in a simplified model of a SC. In this
simulation, 600-ms hyperpolarizing current pulses-@f.49, —0.98, and—1.46 pA/pF were injected into the cell from the resting
membrane potential leveH56.7 mV). Simulation parameters wef&;.x = 98.0 pS/pFG;1max/Chamax = 1-85,Crnapmax= 17.4
pS/pF,Gpax = 78.0 pS/pFV,, = —20 mV, V, = +87 mV,V, = —83 mV.B: simulations ofl,- andl,=dependent subthreshold
membrane-voltage\f,,) oscillations. Oscillations were elicited by injection of steady depolarizing current of variable amplitude
(from bottomto top: 0.00,+0.19, and+0.21 pA/pF). Note the absence of oscillations at red§.7 mV) and the gradual increase
in the amplitude of the oscillations with increasing current amplitude. Simulation parameters were the same as desariked for
expanded view of the simulated membrane potential oscillations evoked by the injectich 2 pA/pF and of the behavior of
the underlying currentd,(, | .» and conductance§(, Gy.p)- Vertical, dashed lines help in the appraisal of the phase relationships
between the membrane potential, the currents, and their conductances. Note the almost perfect phase correspondeige between
andly.» although there appears to be a phase lag betWgegand|,,
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family of hyperpolarization-activated cation channels with difKlink 1993). Indeed, full block of, with ZD7288 induced a
ferent activation kinetics (Gauss et al. 1998; Ludwig et alobust hyperpolarization of the resting membrane potential in
1998, 1999; Santoro et al. 1998). current-clamp conditions and a large outward shift in the
holding current at—=60 mV in voltage-clamp conditions. In
addition, in the stellate celld,, also efficiently modulates
membrane hyperpolarization, as observed by the pronounced
In the stellate cells, the rather positive values that we fougpolarizing sags in response to membrane hyperpolarization
for 1, activation (=45 mV) and reversal potentia-Q0 mV) and the robust rebound potentials that follow. In this respect,
indicate that in these neurofjsmust be a major contributor to the stellate cells are densely innervated (Finch et al. 1988;
the resting membrane potential (aroun80 mV) (Alonso and Jones 1994; Jones and Buhl 1993; Kohler 1988; Kohler et al.

Function of |, in the stellate cells

~-0.7

] Fic. 13. Phase plane plot of the simulated mem-
-1.04 /\ NaP I brane potential vs.rihe anaplitude Rf.e andl,. For
08 the simulation shown in Fig. 12 the amplitude of
’ both I, and I,, were plotted with respect to the
-1.14 - | membrane potential. Plot correspondind {g- trav
els a straight line with negative slope showing essen-
| .0.9 — tially no hysteresis. Therefore during both the up-
swing and downswing of the oscillation there is a
relatively “instantaneous” increase and decrease, re-
spectively, in the amplitude ofy,- On the other
1 hand, the plot corresponding i@ demonstrates a
large degree of hysteresis. Therefore oppositely to
-1.34 _ s Inam during the upswing and downswing of the-os
lh cillation there is a delayed decrease and increase,
--1.1 respectively, in the amplitude df. Because ofthis
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tion, respectively).
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1985; Wouterlood et al. 1995) by GABAergic inputs, and wstantially with theGyp activation curve (threshold at about
have observed thaj, efficiently limits the inhibitory postsyn —65 mV) (Magistretti and Alonso 1999), thus setting the stage
aptic potentials that these inputs trigger. Indgealctivation in  for their potential interplay because these conductances acti-
response to amhibitory postsynaptic potentiamplements a vate with voltage changes in opposite directions. Second, and
“resetting” mechanism for the intrinsic oscillations (Alonsanost importantly, the slow activation and deactivation kinetics
and Dickson, unpublished observations). of I,, implement a delayed feed-back mechanism to the voltage
As directly demonstrated in this study, a major rold,pin  changes led by the “instantaneous” changelgip, thus caus
the stellate cells is that of a “pacemaker” current. This role isg the emergence of sustained oscillatory activity (given the
not, however, one of providing a “background” depolarizingassive membrane properties of the cells). Alonso and &lina
current that sustains rhythmic discharge but of contributing {€989) initially had postulated an interaction betwdgrand
the generation of persistent subthreshold oscillatory activitl,,»as the basis for the generation of subthreshold oscillations
We confirmed that the bradycardic agent ZD7288 selectivaby the SCs. Using a bifurcation analysis, White et al. (1995)
abolishedl,, in the range of potentials corresponding to thalso had implicated,, (in addition to an as-yet undetermined
oscillatory range and found that it progressively and constow outward rectifier) in the generation of these oscillations.
pletely abolished the rhythmic subthreshold oscillations. Thidore recently, an interaction betwegpandlpalso has been
evidence directly implicatek, in their generation. proposed as the basis for subthreshold membrane potential
In the present study, we found no evidence of a slomesonance in response to oscillatory intracellular current injec-
outward K" conductance, such as the M current, being necd#n in sensorimotor cortex neurons (Hutcheon et al. 1996a,b).
sary for the generation of the subthreshold oscillations by tBeiring the last 10 years, Nadependent subthreshold osgilla
stellate cells. Indeed B&, which blocks the M-current as well tions similar to those expressed by the SCs also have been
as leak K conductances anl,, increased the amplitude ofobserved in other brain neurons (Alonso et al. 1996; Amitai
the oscillations, which also became more regular and lower1894; Gutfreund et al. 1995; Leung and Yim 1991; L§re al.
frequency. This result is in contrast to our previous study usii®91; Pape et al. 1998), and they have been considered typi-
sharp electrodes (Alonso and Klink 1993) in which we reportegally to emerge from the interplay betwegg,s and an out
an apparent block of the oscillations with ¥a However, in ward K* current, such as an M-type current (Gutfreund et al.
that study B&" was applied in the absence of glutamatergit995; Llinzs et al. 1991; Pape et al. 1998; White et al. 1995,
and GABAergic neurotransmission and thus the apparent bldt®98) or an A-type current (Wang 1993). As in other situa-
may have been due to the increased synaptic backgrodiushs, distinct ionic mechanisms may be responsible for a
activity that is caused by Ba. In addition, because Ba also similar electrophysiological event in different neurons accord-
prolonged the action potential, allowing for an increase@'Caing to their specific integrative needs.
influx and an enhancement of the slow afterhyperpolarizationinterestingly, we found that complete abolition of the rhyth-
(see Fig. 10 in Klink and Alonso 1993), it could have been thatic subthreshold oscillations required a very substantial reduc-
the apparent block of the oscillations also was related totian of I, Cs", which we found to reduck, by ~65%, did not
membrane shunting effect by a €adependent conductance.completely abolish the oscillations, thus suggesting that the
To test these possibilities, we performed additional sharp elexscillatory process per se is very robust and rather insensitive
trodes recordings from stellate cells in a similar manner &svariations in the level of, expression. Indeed our simplified
previously described (Alonso and Klink 1993) in which®Ba model maintained sustained oscillatory activity even when
application (1 mM) was conducted in the presence of glutaras decreased by 50% (not shown). Further reductions caused
matergic and GABAergic antagonists and/or thé Cehannel a very rapidly damping oscillation. However, in an elaborated
blocker CG* (2 mM) (n = 6; not shown). In these experi SC model that we have constructed (Franeeal. 1998) when
ments, in agreement with the above interpretations, the applie impact of channel noise (White et al. 1998) is considered,
cation of B&" during synaptic and Ga conductance block the SC model behaved much more closely to the “real” cell in
with Co** did not abolish the oscillations, which, however, didhat|,, reductions of up to~70% were required to completely
become slower in frequency (as in our present whole cell pataholish subthreshold rhythmicity. The critical importance of
study). In addition, a similar result was observed when wstochastic noise in sculpturing the membrane voltage behavior
repeated the preceding experiment using perforated patchakthe SCs has been treated in detail by White et al. (1998).
cordings (Horn and Marty 1988h(= 2; not shown). We did,
however, observe that, using either sharp electrodes or thesctional role of the subthreshold oscillations
perforated patch technique, block of CTaconductances with
Co** was required to best reproduce our present results using’he potential functional role of subthreshold oscillatory
conventional whole cell patch recording. This suggests thagativity in neocortical neurons was reviewed recently by Con-
run-down of C&" conductances occurred during the convemors (Connors and Amitai 1997) and also has been treated in
tional whole cell technique that allowed for a better expressialetail by others (Engel et al. 1992; Gray 1994; Laurent 1996;
of the oscillations in the presence of HBa(as seen in Fig. 9). Singer 1993). We will discuss briefly here the potential func-
The modeling analysis that was carried out on the basistainal implications that the presence of rhythmic subthreshold
the biophysical properties df, and I,» as experimentally oscillatory activity in the stellate cells may have with regard to
derived from the stellate cells, indicated that the interplagmporal lobe function. A well-established role of the entorhi-
between these two currents appears sufficient for the general network is that of memory function. Indeed the stellate
tion of persistent subthreshold oscillations in these neurorglls from EC layer Il occupy a privileged position in the
First, in the SCs, th&,, activation curve has a rather positiveneocortico-hippocampo-neocortical circuit. They are the tar-
threshold for activation (at about45 mV) and overlaps sub- gets of convergent information from polysensory associational
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areas that they funnel to the dentate gyrus of the hippocampmNso, A. anD KLiNk, R. Differential electroresponsiveness of stellate and
formation via the perforant path. Thus a potential role of thePyramidal-like cells of medial entorhinal cortex layer JI.. Neurophysiol.

intrinsic oscillatory activity of the stellate cells could be that OLLz?q:Sézi_iﬁg'LlL?sfs' R. R. Subthreshold Nadependent theta-like rhyth

|mplement|ng a synchr_onlz!ng mechamsm by which Conver'micity in stellate cells of entorhinal cortex layer Mature 342: 175-177,
gent sensory information is coordinated temporally for its 19g9

transfer to the hippocampal processing machinery and tR@rai, Y. Membrane potential oscillations underlying firing patterns in neo-
formation of a memory event (Buz€al989, 1996; Lopes da cortical neuronsNeuroscienceé3: 151-161, 1994.

Silva et al. 1985; Rudell et al. 1980; ). Although still far fronPAKER, K., WARREN, K. S., YELLEN, G., AND Fistivan, M. C. Defective

; ; e A ¢gpacemaker” currentlf) in a zebrafish mutant with a slow heart raeoc.
directly testing such a hypothesis given the complex nature o atl, Acad. Soi. USAY: 45544559, 1997.

the information processed by the EC, we do know that AL, T. AND McCorwmick, D. A. Synchronized oscillations in the inferior olive

|<'_3‘yer_ Il neurons are powe[ful generators of theta rhythmicity are controlled by the hyperpolarization-activated cation curinNeuro-
“in vivo” (Alonso and Garcta-Austt 1987a,b; Dickson et al. physiol.77: 3145-3156, 1997.

1995; Mitchell and Ranck 1980), and the theta rhythm has be@syuss, D. A, Viana, F., BELLINGHAM, M. C., AND BERGER A. J. Charac-
implicated in memory processes (Greenstein et al. 1988; Holteristics and postnatal development of a hyperpolarization-activated inward
scher et al. 1997; Huerta and Lisman 1993; Larson et al. 1986<iurrent in rat hypoglossal motoneurons in vitdo.Neurophysiol71: 119—

; : . : RV 28, 1994.
Lisman and Idiart 1995; Pavlides et al. 1988; Winson 19788'OSM|TH, R. E., BRiGGs |., AND SturgEss N. C. Inhibitory actions of

Importantly, analy5|s _Of '_nhlb'tory synaptlc_ Input On_ EC lay_er ZENECA ZD7288 on whole-cell hyperpolarization activated inward current
Il neurons show that inhibitory postsynaptic potentials, which () in guinea-pig dissociated sinoatrial node ceBs. J. Pharmacol.110:
EC stellates are likely to receive during theta (cf. Fox 1989;343-349, 1993.

Leung and Yim 1986; Soltesz and Desahs 1993; Ylinen et Brown, H. aND DiIFRANCESCQ D. Voltage-clamp investigations of membrane
al. 1995) can very efficiently reset the intrinsic oscillations currents underlying pace-maker activity in rabbit sino-atrial nddehysiol.

(Alonso and Dickson, unpublished observations; see also Cqpfo"d-) 308: 331-351, 1980, - o
UzsAkl, G. Two-stage model of memory trace formation: a role for “noisy

et al. 19_95). In Qdd!tlon, theorethal,_ex_perlmental and moo_le “brain statesNeurosciencel: 551-570, 1989.

ing studies also indicate that the intrinsic subthreshold oscillgyzsix, G. The hippocampo-neocortical dialog@ereb. Cortexs: 81-92,
tions of individual cells can engender synchronized populationi99s.

activity (Engel et al. 1992; Franseet al. 1999; Jefferys et al. CHAVPIGNY, G.AND LENFANT, J. Block and activation of the hyperpolarization-

K . . Qi . activated inward current by Ba and Cs in frog sinus venoBtlsgers Arch
1996; Kanig et al. 1995; Lampl and Yarom 1993; Singer 1993; Eur. J. Physiol407: 684—690, 1986,

Steriade et a,l' 1990)' . CrapHAM, D. E. Not so funny anymore: pacing channels are cloigliron

In conclusion, the stellate cells from EC layer Il display a 21: 5-7, 1998.
very robustl,, current, which, in conjunction witly, gives Coss, S. R., BiL, E. H., Haasy, K., PauLsen, O., AND SomoGyi, P.
rise to the expression of rhythmic subthreshold oscillations ofSynchronization of neuronal activity in hippocampus by individual

o T ABAergic interneuronsNature 378: 75-78, 1995.
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ot _ ; ; (Lond.)372: 1-23, 1986.
aspects of the distinct VOItage gatEd ion channels underlwngCRlLL, W. E. Persistent sodium current in mammalian central neurmsu.

and Iy,p thus may be of critical importance in exploring the™ ey physiolss: 349-362, 1996.
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