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Del Negro, Christopher A., Chie-Fang Hsiao, and Scott H. Chan- cumulation (Gorman et al. 1981, 1982; Li and Hatton 1996;
dler. Outward currents influencing bursting dynamics in guinea piRose and Ransom 1997). For example, inward Caurrent
trigeminal motoneuronsl. Neurophysiol81: 1478-1485, 1999. To cgn activate CH -dependent K currents during bursts (Le-

initiate and maintain bursts (and plateau potentials) in the presenceggtndre et al. 1985; Tell and Jean 1993) or cau§é(dapen-

serotonin, guinea pig trigeminal motoneurons utilize L-typé Cand + ; ot .
persistent Na inward currents. However, the intrinsic currents tharg;:\ent C&" current inactivation (Benson and Adams 1989;

contribute to burst termination and determine the duration of t anavier etal. 1991; Heyer and Lux 1976; Kramer and Zucker

interburst interval are unknown. Therefore we investigated the roles 5769)- N&' currents can activate the Nﬂ(+'ATPase pump
outward currents, whose slow activation is coupled to cytosolic cati6iring bursts (Johnson et al. 1992; Li et al. 1996; Tsai and
(Ca&2" and N&) accumulation. First we examined aCadependent Chen 1995) or possibly experience voltage- or cytosolic Na
K" current (.o with apamin and B&"-substituted, low-C&" dependent inactivation (Fleidervish et al. 1996).
solution. Blockade of,_c, lengthened burst duration and cycle time In trigeminal motoneurons that innervate jaw musculature
but did not abolish bursting. Next we studied the'W&*-ATPase hoth C4" and Na currents are important for serotonin-
pump currentl) with cardiac glycosides. In the presence of apamifyqyced bursting (Hsiao et al. 1998). Therefore intracellular
?hr_ollpw-gaf /Ba q 10':’;'%”' ti'%Ck'”tg'p (W'gh Ou?b?.'“ or SgOpI':.a”'t gccumulation of Ca and Na ions may activate distinct slow
idin) decreased both burst duration and cycle time and ultimately, |- i7ing currents. Here we test the hypothesis that an

transformed bursting into tonic spiking. We conclude that, andl,, . .
contribute to burst termination in trigeminal motoneurons. The&P@min-sensitive, Ca-dependent K current (.c,) and a

currents influence temporal bursting properties such as burst durafféidiac glycoside-sensitive N&(*-A‘[Pase pump current)
and cycle time and may help determine the phasic activity of mactivated by intracellular C& and Na', respectively, contrib-

toneurons during rhythmic oral-motor behaviors. ute to burst termination and the overall dynamics of bursting
behavior.
INTRODUCTION METHODS

Neuronal bursting behavior, by a traditional mechanism (Del Trigeminal motoneurons were recorded intracellularly in 450-
Negro et al. 1998), utilizes non- or slowly inactivating inwardhick transverse brain stem slices from adolescent guinea pigs (150—
currents to generate a region of negative slope resistance in2he g), as shown previously (Chandler et al. 1994; Hsiao et al. 1998).
steady-state current-voltage\() relationship. This region of Slices were perfused in a gas-interface chamber at 34°C with oxy-
negative slope resistance creates two stable membrane stg§8ated Ringer solution containing (in mM) 130.0 NaCl, 3.0 KCl,
on either side of spike threshold: one quiescent state ad> KMPO» 2|0.0 '\('jaHCQ’ 1szl(|) E(’j'g\,';tcose’ 2'4| Cagl a”c'i'/nl"?
another suprathreshold or active state, at which the cell d gsS0O, Microelectrodes were fille 3 M KCI (15-20 MD).

. ; Jrrent-clamp experiments were performed with an Axoclamp 2A
charges tonically. These two states are traversed during lifier in bridge mode (Axon Instruments, Burlingame, CA).

quiescent and active phases of bursting. _ The acceptance criteria for trigeminal motoneurons included resting
To initiate individual bursts, the inward currents underlyingotential less thar-50 mV, input resistance of 6-18® and action

the negative slope resistance cause rapid depolarization, wigetential amplitude>60 mV (Chandler et al. 1994; Curtis and Ap-

shifts the membrane potential from its quiescent to active st@ienteng 1993).

(see Fig. B of Del Negro et al. 1998). Conversely, bursts Bath-applied drugs were effective after3.5 min of perfusion;

terminate because of much slower membrane processes gqatplete solution change required20 min. We used 1M sero-

generate repolarizing currents (Bertram et al. 1995; Rinzel aj9@in (Sigma Chemical, St. Louis, MO) to elicit bursting; this dose

Ermentrout 1998). During the active phase these steadily gr _|e_1bly induces bistability and bursting in trigeminal motoneurons

ing currents cause a decline in intraburst spike frequency iao et al. 1998). Other drugs were used at the following concen-

4 . ions: apamin (0.2uM, Sigma), ouabain (6uM, Sigma), and
ultimately a return to quiescence. The source of the repo"”“&?ophanthidin (4M, Sigma). In some experiments Zaconcentra-

ing currents can be a distinct set of ion channels, intramefm was lowered to 0.4 mM and substituted wit?Ban an equimo-

branous ion pumps, the slow inactivation of inward currents, g basis.

a combination of these factors. The repolarizing currents thaBursting characteristics such as the time of burst onset and termi-

terminate bursts are usually activated by cytosolic cation awation and intraburst spike frequency were measured with Datapac |lI

v0.1.47 (Run Technologies, Irvine, CA). Burst duration was defined

The costs of publication of this article were defrayed in part by the payme@$ the mean time from burst onset to termination in three or more

of page charges. The article must therefore be hereby magdaftisemerit consecutive bursts. Burst cycle time was defined as the mean time

in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ from burst onset to onset in three or more consecutive cycles. Means
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A 1 5 outward currents during the burst (Figz,loroken line inserted
for reference).

Role of C&"-dependent K current

-70 . . .
L-type C&™" currents provide the majority of inward current

needed for serotonin-induced bursting (Hsiao et al. 1998).
Because C& may accumulate intracellularly during bursts
and trigeminal motoneurons express an apamin-sensitive,
Ca"-dependent K current (Chandler et al. 1994; Kobayashi
et al. 1997), we tested whethigr -, was involved in the burst
termination. Specifically, we applied apamm= 5) or B&™-
substituted, low-C& solution fi = 4) to reduce or elimi-
nately_ca
. Apamin typically prolonged burst duration and extended the
cycle time. In Fig. 2 mean burst duration increased signifi-
. cantly from 47+ 2to 271+ 30 s P < 0.001), and mean cycle
time increased from 11% 5to 490+ 46 s P < 0.001) in the
time (s; presence o_f apamin. In general, apamin significantly increased
FIG. 1. Serotonin-induced plateau potentials and bursting in trigemingﬁrSt duratlor_l by 313 76% (0 :0 5/5,P < 0.01) and extended
motoneuronsA: from resting potential{ 70 mV), plateau potentials could be I’S_t_ CyCIe.tlme b.y 202 58% (n = 4/5,P < ('.)'05)' In .
evoked by 300-ms, 1-nA current pulsdmtom tracg. Continuous bursting addition to increasing burst duration and cycle time, apamin

activity was evoked by adding a constant current bias of 0.5 nA. By removing
the depolarizing current bias, the cell reestablished its resting membran control B control
*
-65

potential and again exhibited plateau potentials in response to the transient .
stimuli. The current calibration applies #goandB. The time calibration applies
only to A. B andC: plateau potential®) and a burstC) from the record irA
(responses labeled 1 and 2, respectively) are displayed with an expanded time
scale. For each response, the instantaneous intraburst spike frequency is plotted60 ]
synchronously below the voltage trajectory. The voltage calibratiorC in apamin . o
applies to all traces. Time calibrations ®andC are displayed as the abscissa low Ca™/Ba
of the frequency-timef{t) plot (botton).
-65
are reported as SE. Pharmacologically induced changes in bursting washout
characteristics were tested for each cell individually with unpaired
Student'st-tests (SYSTAT 7.0, SPSS, Chicago, IL). -60
60 | 20 mv 10s

RESULTS -63

In the presence of serotonin, trigeminal motoneurons exhibitC D
plateau potentials and spontaneous rhythmic bursting (Hsiao et

al. 1998). Figure 1 illustrates these behaviors in a typical ceII.A120 . o control
At resting potential, the cell was bistable. Therefore transienty¥ L ® apamin L = low Ca"/Ba"”

stimuli evoked plateau potentials (Fig. A,andB, n = 135, - e
including cells from our earlier paper) (Hsiao et al. 1998). This % 60 - 20 * .
behavior could be converted to continuous bursting activity by z _k&% _ ",

-
(=)
o

frequency (H
(4]
o

{

o control

injecting depolarizing constant current (Fig.AandC, n = £ .
90). In all cells recorded, burst duration ranged from 0.7 to 0t /T op , . .
53 s, the interburst interval ranged from 4.2 to 123 s, and the 0 120 240 0 7 14
cycle time ranged from 4.9 to 178 s. time (s)

Several features of the plateau potentials and bursts suggest . ) o
éIG. 2. Role of a C&"-dependent K current (,.c,) in burst termination.

that repo'.anzmg (_:urrents were recruited .throthOUt the aCt'ﬁ.&eguring serotonin-induced bursting, apamin reversibly lengthened burst

phase. First, during the plateau potentials and bursts, Spigation and cycle time. Time calibration is shown; 0.2 nA of bias current was

frequency declined monotonically until burst termination (Figapplied during washouB: during serotonin-induced bursting in a different

1, B and C, botton), which is characteristic of a traditional, motoneuron, B# -substituted, low-C& solution (low C&"/Ba?*) caused

negative slope resistance-based bursting mechanism (Bertﬁi{ma' enhancement of burst duration and cycle time. Time calibration is

. . shown. The voltage calibration iB applies toA and B. Holding currents in

,e't, al. 1995; Del Negro etal. 1998). Also a hqmp-hkg depOIaEbntrol and low-C4'/Ba2* conditions were-0.3 and—0.5 nA, respectively.

izing afterpotential occurred at burst termination. This suggegfSinstantaneous intraburst spike frequency is plotted vs. tirteplot) for

that the voltage trajectory rose after the previous spike begintrol () and apamins) conditions. A broken horizontal line was inserted

failed to reach threshold putatively because of the growi@%_rﬁ%"ence at the 'eVdeD' Of_5_r'2fbecl<’3‘use this was the SP”IE% ffegulency near
P : ich bursts terminated: similar -t plots comparing control) and low-

repo!arlz_lng current (Flg. 1B andC, _arrows). Last, aﬂer burst Ca*/Ba®" (m) conditions. A broken horizontal reference line was inserted at

termination, the membrane potential was hyperpolarized byz94z. individual bursts represented in the plots are marked inA and B

mV compared with burst onset, suggesting the growth afth *.
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the absence ofix_-,) when the instantaneous intraburst spike
frequency declined to low values similar to control. In Fig, 2

T Shamin E spike frequency at the time of burst termination was 5 Hz in
e control and 8 Hz in the presence of apamin. In FiD, 2he
oms spike frequency was 3 Hz in control and 5 Hz in low?CA
- Ba®" solution. These data suggest that the net outward current
\\_l 1
0 10 20

A control apamin B

at the time of burst termination was similar in the presence or
absence of,_c,. Therefore some compensatory mechanism(s)
must be present to terminate bursts after the blockadig af

O
o

—— control
ouabain

20 mvV

Rt

3ms

frequency (Hz)
N
(6]

o

Role of Na/K*-ATPase pump

time (s)

O

apamin + ouabain If lx.ca Was the only outward current controlling spike
frequency decline and burst termination, we would expect

- apamin or low-C&"/Ba?* solution to induce tonic spiking

|§ (because bursts would not be able to terminate). However,

™ bursting continued in apamin or low-€@Ba*" conditions,
suggesting additional sources of slow repolarizing current.

000t W e Woron VI8 o Vo Vo o s cr et eunor semtiion /7N

750 90s 80's Because transient and persistent'Neurrents contribute to
525 . serotonin-induced bursting in trigeminal motoneurons (Hsiao
8 L - T . et al. 1998), cytosolic Na accumulation might also activate
£, : "‘ % ***h AL 310 Satnd Liie slow repolarizing current, analogous to“Caor cause slow
N S N Y S— Na" current inactivation. The NgK*-ATPase pump is asso-

time (s) ciated with bursting behavior (Johnson et al. 1992; Li et al.

Fic. 3. Effects of apamin and apamif ouabain on bursting characteris- 1996; Tsai and Chen 1995), is activated by cytosoli¢ Nend

tics. All data were obtained from the same céllindividual bursts in control ; ; i~ . Nan
(left) and apaminr{ght) conditions during serotonin-induced bursting. Intra-IS electrogenic (because of pump stoichiometry: 3 S

burst spike frequency is plotted synchronously below the voltage traces. Tiﬁ::\étrUded for every 2 Kions t.hat entef) (Lmer 1991). Thﬁre'
calibration plotted as the abscissa of fheplots. B: effects of apamintop fore we tested the potential contribution of the ™M&"-

traced and apamin+ ouabain fottom trace}on the action potential elicited ATPase pump currentl {) with cardiac glycosides ouabain

by 3-ms rheobasic current stimuli. Superimpogeg tracesillustrate the Sn = 8) and strophanthidim(= 6), which block pump activity.
blockade of the medium-duration afterhyperpolarization by apamin (- - -); : ’. . NP
spikes were truncated. Voltage and time calibrations apptgpdracesonly. To determine the role dfp we first applied apamim(= 4,

R + 2+ ; _ ;
Superimposedbottom tracesshow the ~20% decline in action potential F19- 3A) Of IOW'Ca? /Ba™" solution @ = 4, Fig. 4A) to block
amplitude caused by ouabain (- - -). The action potential under apamin |, Once apamin or low Ca/Ba?" was effective, as mea-
ouabain conditions was measured during the tonic spiking state sho@ah in sured by blockade of the mAHP (FigB3top), ouabain was
Holding current was-0.4 nA. Voltage and time calibrations apply ltottom added to b|OCk|p. In all trigeminal motoneurons tested,

tracesonly. C: serotonin-induced bursting, continued froln Ouabain was bai ltimatel bolished bursti d ind d toni ik
bath applied 2 min before the start of this record. Instantaneous intraburst sp ain ulimately abolished bursting and Induced tonic Spik-

frequency is plotted synchronously below the voltage trajectory, time calioifld. Nevertheless, in three of four cells exposed to apamin
tion shown in the abscissa of thé plots, and time breaks in the recording areouabain (Fig. &) and two of four cells exposed to low €4

indicated. Holding current was 0.5 nA. The voltage calibration i€ applies Bg2* + guabain (Fig. A), bursting activity continued during
toAandC. a transition period that preceded tonic spiking.
also elevated the intraburst spike frequency-tifig (elation- During this transitional bursting phase, ouabain decreased
ship (Fig. L), consistent with its suppression of the mediumburst duration and cycle time and reduced the amplitude of the
duration afterhyperpolarization (mAHP) in trigeminal mopostburst afterhyperpolarization (AHP). In Fig. 3, burst dura-
toneurons (Fig. B) (Chandler et al. 1994; Hsiao et al. 1997tion decreased significantly from 104 1.0 to 7.6+ 0.4 s
Kobayashi et al. 1997). (P < 0.05), and cycle time decreased from 29:85.2 to

We also tested the role df ., with Ba®"-substituted, 10.6+ 0.3 s P < 0.001) (measured at the temporal midpoint
low-C&" solution because Ba can penetrate G4 channels between the time of ouabain application and the time at which
but does not activatk_.,. Similar to apamin, low-Cd/Ba®" motoneurons assumed tonic spiking). Also ouabain reduced the
solution enhanced burst duration and cycle time. In FB. 2oostburst AHP, as measured during the interburst interval (Fig.
mean burst duration increased significantly from 3.9.2 to 3C, broken line inserted for reference). In lowX#&Ba?*
11.9+ 0.6 s P < 0.001), and mean cycle time increased froraolution, ouabain similarly decreased burst duration and cycle
9.0 £ 0.5 to 22.0*+ 0.8 s P < 0.001). In general, low time and reduced the postburst AHP (Figd)4In general,
Ca*/Ba®" significantly increased burst duration by 337 ouabain significantly decreased burst duration ta-581% of
142% 6 = 3/4,P < 0.01) and extended cycle time by 271 burst duration in the presence of apamin alome=(3/3,P <
76% ( = 3/4, P < 0.001). Like apamin, low-CGd/Ba®" 0.05) and to 68% of burst duration in low-€dBa?" solution
solution also elevated the intraburfst curve (Fig. D). The (n = 1/2,P < 0.05). Moreover, ouabain decreased cycle time
elevation in spike frequency could be caused by suppressiort@b + 2% of cycle time in the presence of apamin alone=(
the mAHP, blockade of B4 -sensitive K channels (Hsiao et 3/3, P < 0.001) and to 33% of cycle time in low-&aBa?"
al. 1997), or a combination of both effects. solution h = 2/2,P < 0.001).

Although apamin and low-Ga/Ba?* solution upwardly ~ Ouabain ultimately eliminated bursting. Whégp ., alone
shifted the intraburstt relationship, bursts still terminated (inwas blocked the intraburdtt curve shifted upward but re-
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low Ca""/Ba"” ouabain washout

A

90s
-60 y
B

apamin apamin + strophanthidin

Fic. 4. Effects of ouabain and strophan-
thidin on bursting characteristicé: seroto-
nin-induced bursting in low-Gd/Ba?* so-
lution before [eft), during (niddle), and after
(right) recovery from ouabain application. A
bias current of~0.7 nA was applied during
control and ouabain conditions;:0.6 nA

_ was applied during washout. Time calibra-
10s tion applies only toA; time breaks in the
recording during ouabain application are

shown.B: serotonin-induced bursting in the
Rl presence of apamiteft) and apamint stro-
\ E phanthidin (ight) conditions; 0.1 nA holding
o current was applied during the entire exper-
0 iment. Time calibration applies only tB.
—— Voltage calibration applies té andB.
- : I I I 20

mained smooth and monotonic (Figs. @,and D, and 3). The nonterminating active phase induced by blockade of
When ouabain was added burst duration, burst cycle time, apd-, andl, could be manually terminated by extrinsic current
the postburst AHP all decreased. Later in the experiménjection (M = 8). Figure 5 shows a typical cell in the presence
ouabain disrupted the smooth monotonic decline in intrabuggtapamin+ strophanthidin. Under these conditions rapid burst
spike frequency, the hallmark of stable bursting activity. Th@rmination only occurred after repolarizing current injection,
intraburstf-t curve became erratic and then broke down conmyhereas bursts initiated spontaneously 10—20 s after readjust-
pletely (Fig. 3,Cb-d). Finally, the combined block d.caand  ment of current bias. These data suggest that the motoneurons
|, prevented the rhythmic alternation of active and quiescegf|| possessed a region of negative slope resistance in the
bursting phases. Instead, trigeminal motoneurons assumeddfa@dy-statée-V curve and could initiate bursts (the relationship
tonic spiking state shown in FigsC8l and 4A (middle panél.  petween the negative slope resistance and burst initiation is
This suggests that cells entered an active phase that COUMéBEBIained by Del Negro et al. 1998) but did not possess
terminate, putatively caused by blockade of both slow repolajgfficient intrinsic slow repolarizing processes to terminate
izing currents| c, andl,. . _ _bursts autonomously.

During the nonterminating active phase, action potentials o investigate how, influences intraburst spike frequency
declined slightly in amplitude;-20% (Fig. 3, botton), and 4nd the membrane potential trajectory after burst termination,
repolarized more slowly, suggesting that ouabain affected §@ performed the following experiment. In the absence of
Na" and K" concentration gradients to some extent. In thgsrotonin, we applied apamin to trigeminal motoneurons and
remaining cgﬂs exposed to apaminouabain § = 1/4) and  gimylated bursts by applying current pulses of variable mag-
low-Ce?*/Ba’* + ouabain i = 2/4) the transition to tonic pide (2—4 nA) and duration (0.4—13.6 s). For each simulated
spiking occurred rapidly, and a transient period of bursting,rst, we examined) the postburst AHP after termination of
activity was indecipherable (not shown). _ the stimulus pulse and) the intraburst-t relationship. We

To further test the role of,, we repeated these experimentgyepy compared these measures in control versus ouabain (
with the cardiac glycoside strophanthidin. This drug was ag) or strophanthidinr{ = 1) conditions. In all cells tested
plied s_equentia}lly, after apamin, with the_ same criteria as taGabain blocked the postburst AHP (Figh, énse), suggesting
ouabain experimentsn(= 6). Strophanthidin, like ouabain, that|  activated during the simulated burst and produced the
ultimately abolished bursting and induced a nonterminating,apain-sensitive AHP at burst termination. Ouabain also

active phase (Fig.B). Three of six cells exposed to strophangpitted the intraburst-t relationship upward, which further
thidin exhibited an analyzable transitional bursting phase. Sim-

ilar to ouabain, strophanthidin decreased burst duration and apamin + strophanthidin
cycle time. In Fig. 8, burst duration decreased significantly

from 44+ 0.2 to 1.5+ 0.2 s ¢ < 0.01), and cycle time
decreased from 11.3 0.8 to 29+ 0.2 s f < 0.001)
(measured at the temporal midpoint between the time of stro-
phanthidin application and the time at which cells assumed
tonic spiking). Strophanthidin, similar to ouabain, reduced the 4,
postburst AHP (Fig. B, broken line inserted for reference). In
general, strophanthidin significantly decreased burst duratior/©0 A

to 54% of burst duration in the presence of apamin alone ( —
2/3,P < 0.001) and decreased cycle time to 43% of cycle time
in apamin aloner( = 3, P < 0.001). One-fal of the rigeminal .5, FIeos el stiee e ool miaing s e psence
mOtoneuro_nS e_"PoseO_' to Strophanthldm:( 3/6) _rgipldly as- cauged rapid buprst termination. After burst t)éfmiﬁation, rgadjustmer{t of the
sumed tonic spiking without a discernable transitional burstifghs current allowed subsequent bursts to initiate autonomously after 1020 s.
phase (not shown). All voltage, current, and time calibrations are shown.
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ouabain express a region of negative slope resistance in their steady-
state I-V relationship, which can twice intersect the zero-
current axis with positive slope.

The inward currents underlying the region of negative slope
resistance provide the structural framework for bistability (pla-
teau potentials) and bursting by creating stable membrane
states on either side of spike threshold, quiescent and tonic
spiking, separated in th&V relationship by the region of
regenerative inward current. Therefore how do bistable or

| 5mV bursting cells move from state to state; what controls the
Eja'bain o - dynamics?
< trol To answer_thls, we addres} ho_vv membrane poter]tla_l fl_rst
80 ms moves from its quiescent to active state, thereby initiating a

plateau potential or burst, ar) what slow repolarizing pro-

B cesses activate during the burst to diminish intraburst spike
frequency and ultimately terminate the active phase.

T 300r. 0y

T | W Burst initiation

> 90 o

2 . Wﬁf@a Trigeminal motoneurons utilize L-type €aand persistent

g 200 r 60 L ! - Na" currents to initiate and maintain plateau potentials and

g L 08 bursts (Hsiao et al. 1998). Serotonin transforms membrane

o o control properties by inducing the necessary region of n_egative slope

= 100 | Pimons » ouabain resistance and negatively shifting th&/ relationship so that

n . L the region of negative slope resistance often lies below the

0.0 04 08 zero-current axis in the region of net inward current (Chandler

) and Trueblood 1995; Hsiao et al. 1998). In this case the only
time (s) stable membrane state is the tonic spiking state, at a depolar-

FIG. 6. Effects of ouabain on simulated bursts.membrane voltage re- 1Z€d mem_brane potential. Therefore bursts initiate autono-
sponses to 3 nA, 0.8 s current pulses in the presence of apamin, defore (mously (Figs. € and 2 of Del Negro et al. 1998).
and after (ight) application of ouabain;-0.4 nA of bias current of was applied  Sometimes the effects of serotonin are insufficient to shift
in ouabain conditions to maintain membrane potential-66 mV. Voltage, the region of negative slope resistance fuIIy into the region of
current, and time calibrations are shovnset postburst afterhyperpolariza- . . . h
tion for control and ouabain conditions (superimposed ftomtrace3 in an €t inward current. In this case, tiev curve intersects the
expanded scale; separate voltage and time calibrations are sBofshplots ~ Zero-current axis three times (twice with positive slope), and
comparing intraburst spike frequency in contro) @nd ouabain&) condi- the cell is bistable. Then from the resting state plateau poten-
tions. Inset same data on an expanded ordinate axis. Serotonin was RR{|s can be initiated by transient stimuli (e.g., Fi§)1Adding
employed for this experiment. depolarizing current bias can extrinsically shift th® rela-
{ionship so that the negative slope region lies in the area of net
inward current, transforming bistability into bursting, as shown
in Fig. 1A.

suggests thal, normally activated during the simulated burs
and constrained intraburst spike frequency (Fig).6

DISCUSSION Burst termination: the role of .-,

We examined slow outward currents activated by cytosolic Of the slow repolarizing processes that terminate plateau
cation accumulation that terminate serotonin-induced burstsgatentials and bursts in trigeminal motoneurons, we first iden-
trigeminal motoneurons. We found that -, and I, both tified I, -, Because the blockade k.-, (by using apamin or
substantially contribute to burst termination and influence tedow-Ca*/Ba®* solution) lengthened burst duration and up-
poral bursting characteristics such as burst duration and thardly shifted the intraburstt curve, we propose thdj -,
interburst interval. Thereforg -, and |, probably influence normally activates during bursts caused by’ Canflux and
the motoneuronal burst-like patterns that occur during rhythecumulation, constrains intraburst spike frequency, and helps
mic oral-motor behaviors (Goldberg and Chandler 1990; Goldxpedite burst termination. These effects are consistent with
berg et al. 1982; Gurahian et al. 1989). how I . is recruited and affects spike frequency in a variety

During bursting by a traditional mechanism (Del Negro et abf mammalian motoneurons (Hounsgaard et al. 1988b; Mos-
1998) neurons phasically alternate between quiescent and fe@dt Laursen and Rekling 1989; Nishimura et al. 1989; Taka-
tive membrane states. Stable membrane states are forrhaghi 1990; Viana et al. 1993; Zhang and Krnjevic 1987),
whenever the sum of intrinsic inward and outward curreniscluding trigeminal motoneurons (Chandler et al. 1994; Koba-
equals zero and slope conductance is positive. This occyeshi et al. 1997)L,_c, Similarly contributes to burst termina-
where the steady-stateV relationship intersects its zero-cur-tion during conditional bursting in several other cell types (el
rent axis with positive slope. If such an intersection occurs Btanira et al. 1994; Hu and Bourque 1992; Legendre et al.
a voltage less than spike threshold that state is quiescent; i£985; Tell and Jean 1993; Wallen and Grillner 1987), includ-
occurs at a voltage greater than threshold tonic spiking resultsy N-methyl-o-aspartate (NMDA)-induced bursting in trigem-
To simultaneously possess two stable states neurons nminat motoneurons (Kim and Chandler 1995).
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However, additional slow processes must influence butshic spiking state that represents a nonterminating active
termination in trigeminal motoneurons. Wheljy_ -, was phase.
blocked bursting activity continued. In the absencel of, A similar dynamic component of, was characterized by
spike frequency was 5—-8 Hz at the time of burst terminatiodphnson et al. (1992) in rat midbrain dopaminergic neurons.
which was similar to the spike frequency at the time of burS&imilar to our data, eliminating, caused cessation of NMDA-
termination in control (3-5 Hz, Fig. 2). This suggests that in athduced bursting in midbrain dopaminergic neurons. These
conditions the net outward current was comparable at the emelrons, like trigeminal motoneurons, entered a nonterminat-
of the active phase. Although_c, normally contributes to ing active phase of tonic spiking. Also similar to trigeminal
burst termination, additional repolarizing processes compenetoneurons, the dynamic component pfthe component of
sate forl,_, loss under apamin or low-E&/Ba®>" conditions I, activated specifically during bursts) in dopaminergic neurons
and generate sufficient repolarizing current to terminate ths sufficient to terminate bursts whep ., was blocked
active phase. However, whég -, is reduced or eliminated the pharmacologically (Johnson and Seutin 1997; Seutin et al.
remaining slow processes require more time to generate #893).1, is also crucial for burst termination in several other
requisite outward current, consequently lengthening burst cheuron types (Angstadt and Friesen 1991; de Waele et al. 1993;
ration. The extended cycle time during blockade,of, most Tsai and Chen 1995). In these cells, too, blockipgnduced
likely reflects the slower time course of relaxation of thes®nic spiking.

compensatory slow repolarizing processes. Although burst termination does not critically depend on the
slow inactivation of the persistent Naand L-type C&" cur-
At rents, these processes probably still occur and influence burst
Burst termination: the role of| p p y

characteristics. We showed earlier that bath application of Bay

The other slow repolarizing process, which assigts, to K 8644 prolongs burst duration during serotonin-induced
terminate plateau potentials and bursts, is constituted primatilyrsting (Hsiao et al. 1998), most likely by slowing the kinetics
by I, because removal df, ultimately blocks serotonin-in- of the L-type C&" channels. This suggests that L-channel
duced bursting. If slow inactivation of either the persistent Nainactivation normally influences burst duration. Persistent Na
or the L-type C&" channels contributed substantially to bursturrents can also inactivate (Fleidervish et al. 1996), which
termination we would expect bursts to terminate even wheould modify burst duration. Also during simulated bursts in
lk.ca@ndly, are both blocked. However, the combined block dahis study (Fig. 6) the intraburstt relationship still declined
lk.ca @ndl, always transformed rhythmic bursting into a nonmonotonically in the presence of apamin ouabain. This
terminating active phase of tonic spiking (Figs. 3 and 4). suggests some temporal inactivation of the inward currents or

We propose that the role ¢f is multifaceted and that the recruitment of an unidentified outward current other thap,
pump current is composed of both steady-state and dynarara |, during the simulated burst.
components. We base our conclusions on the effects of thaVe propose that inactivation of the inward currents indi-
cardiac glycosides during the transitional bursting phase thattly causes shorter burst duration during blockadg. df the
preceded tonic spiking in some cells. First, cardiac glycosidesvard currents (L-type Ca or persistent N& current) inac-
dramatically decreased burst cycle time. Neurons constartilyate to some extent during bursts they normally de-inactivate
extrude N& via the Na/K™* pump (Lauger 1991). Therefore during the relatively hyperpolarized interburst interval. Be-
the electrogenic nature of the pump normally creates a “badause removal of the tonic component gignificantly short-
ground” outward current. This steady-state component,of ens the interburst interval (described previously), the inward
will affect the voltage trajectory most effectively when memeurrents may not fully recover from inactivation between
brane conductance is low, which corresponds to the interbulsirsts. The magnitude of inward current available to generate
interval. In trigeminal motoneurons, blocking this maintainesubsequent bursts would then be compromised. These “com-
outward current (i.e., the steady-state componenitofvith promised” bursts would then require less repolarizing current
cardiac glycosides shortens cycle time by effectively increagnd therefore less time to terminate.
ing the contribution of the inward currents during the interburst This proposal posits that less inward current underlies bursts
interval and thereby hastens burst onset. Sakai et al. (1986r blockade of . If this is true we would also expect an
similarly argue that the steady-state componernit,of rabbit overall reduction in intraburst spike frequency after blockade
sinoatrial node cells influences the pacemaker depolarizatiofil,,, and specifically we would expect a downward shift in the
phase, the cardiac equivalent of the interburst interval. intraburstf-t curve. In fact, the intraburst-t curve in the

In addition to the steady-state component pthat mostly presence of apami# ouabain (Fig. &) was notably depressed
influences the interburst interval, additional pump current acempared with the intraburgtt curve during apamin alone
tivates specifically during the burst because of spike-mediat@eg. 3A). This suggests that the inward currents inactivated to
enhanced Nainflux. This dynamic component of constrains some extent after application of cardiac glycosides, conse-
intraburst spike frequency and generates a transient postbargntly depressing the intrabufgtcurve and shortening burst
AHP (Fig. 6). We propose that the dynamic componeri,e duration.
responsible for burst termination in trigeminal motoneurons In addition to blockingl,, cardiac glycosides can induce
under apamin and low-G&/Ba’" conditions. Consequently, “slip-mode conductance” in cardiac Nachannels, making
during the ouabain-induced transitional bursting phase, ttteem C&" permeable (Santana et al. 1998). If this effect
intraburstf-t relationship became erratic (and ultimately brokeccurs in neuronal Nachannels it could potentially enhance
down), and the postburst AHP consistently declined in ampliaward currents during cardiac glycoside-challenged bursting
tude (Figs. 3 and 4). Ondg was fully blocked by the cardiac and cause tonic spiking. However, we believe this effect cannot
glycosides, every trigeminal motoneuron tested locked into tke&plain the current results because intraburst spike frequency



1484 C. A. DEL NEGRO, C.-F. HSIAO, AND S. H. CHANDLER

clearly decreases during the ouabain and strophanthidin exgépavier, C. C., QARK, J. W.,AND BYRNE, J. H. Simulation of the bursting
iments (e.g., Fig. ). Decreased intraburst spike frequency is activity of neuron R15 irAplysia role of ionic currents, calcium balance,

; ; ; ; and modulatory transmitters. Neurophysiol66: 2107-2124, 1991.
inconsistent with enhancement of inward current. CHANDLER, S. H., Hsalo, C. F., NOUE, T., AND GOLDBERG, L. J. Electrophys-

The tonic Splklng state induced by cardiac egCOSIdeS Isiological properties of guinea pig trigeminal motoneurons recorded in vitro.

unlikely to represent general rundown in trigeminal motoneu- ;. Neurophysiol71: 129-145, 1994.

rons caused by large shifts in the Nand K™ concentration CranpLer, S. H. anp TruesLoop, P. R. Pharmacological mechanisms con-
gradients for the following reasons. In the presence of apamirtrolling trigeminal motoneuronal excitability. IBrain and Oral Function:

+ strophanthidin bursts could initiate normally (Fig. 5), and Oral Motor Function and Dysfunctigredited by T. Morimoto, T. Matsuya,

the evoked action potential was close to full amplitude (Fig, and K. Takada, Amsterdam: Elsevier, 1995, p. 99-105. .
3B botton) URTIS, J. C.AND APPENTENG K. The electrical geometry, electrical properties

and synaptic connections onto rat V motoneurones in viltoPhysiol.
(Lond.)465: 85-119, 1993.
. . N DeL Necro, C. A., Hsiao, C.-F., GHANDLER, S. H., AND GARFINKEL, A.
Physiological significance Evidence for a novel mechanism of bursting in rodent trigeminal neurons.
. ) o . __ Biophys. J.75: 174-182, 1998.
Trigeminal motoneurons exhibit bistability and bursting ime Waete, C., SraFiN, M., KHATEB, A., YABE, T., VIDAL, P. P., AND
the presence of serotonin (Hsiao et al. 1998), an endogenoU4uUHLETHALER, M. Medial vestibular nucleus in the guinea-pig: apamin-
neuromessenger associated with oral-motor behaviors (Fom duced rhythmic burst firing—an in vitro and in vivo studsxp. Brain Res.

et al. 1996; Hsiao et al. 1997; Veasey et al. 1995). AIthoug[]M: 213-222, 1993.

A ; ) ANIRA, A., TEGNER J.,AND GRILLNER, S. Calcium-dependent potassium
rhythmic oral-motor behaviors are produced by brain steMchannels play a critical role for burst termination in the locomotor network

central pattern generators (CPGs) that project to trigeminain lamprey.J. Neurophysiol72: 1852—1861, 1994.
motoneurons (Goldberg and Chandler 1990; Lund 1976; NREIDERVISH, I. A., FRIEDMAN, A., AND GUTNICK, M. J. Slow inactivation of

P : Na' current and slow cumulative spike adaptation in mouse and guinea-pig
kamura and Katakura 1995), the intrinsic properties of theneocortical neurones in slices. Physiol. (Lond.}93: 83-97, 1996.

motpneurons Shape the _ﬁnal OUtpUt pattem- In trigemirﬁ!RNAL, C. A., METZLER, C. W., MARROSU, F., RBIERO-DO-VALLE, L. E., AND
(Hsiao et al. 1998) and spinal motoneurons (Hounsgaard et abacoss, B. L. A subgroup of dorsal raphe serotonergic neurons in the cat is
1988a; Kiehn 1991; Kiehn and Eken 1997; Kiehn et al. 1996)strongly activated during oral-buccal movemeisin Res.716: 123-133,

istability an rsting ar ively important for motor, 1996
Esrt]ab. ty _?hd burst gt.a e putat ?y FO tant OI ,[OtOtG IDBERG, L. G. AND CHANDLER, S. H. Central mechanisms of rhythmic
ehaviors, these properties can amp Ify motoneuronal outputl igeminal activity. In:Neurophysiology of Jaws and Tegtdited by A.

_the absence of maintained synaptic excitation. Because trigeMrayior. London: Macmillan, 1990, p. 268—293.
inal motoneurons possess bothc, and I, and these two GoLbeerg, L. J., GHANDLER, S. H.,aND TaL, M. Relationship between jaw
currents influence the temporal characteristics of serotoninmovements and trigeminal motoneuron membrane-potential fluctuations

; ; ; _ during cortically induced rhythmical jaw movements in the guinea pig.
induced bursting, neuromodulation gf -, andl, could reg 3. Netrophysiol48: 110125, 1982,

L_Ila_lte rhythmic mqtoneuronal sp'ike output to matCh CPG agorman, A. L., HERMANN, A., AND THOMAS, M. V. Intracellular calcium and
tivity. The regulation ofl, may simultaneously influence the the control of neuronal pacemaker activised. Proc40: 2233-2239, 1981.
phasic activity of the CPG because cardiac glycosides disr@rman, A. L., HERMANN, A., AND THomas, M. V. lonic requirements for
spinal networks that generate rhythmic motor patterns (Ba|_membrane oscillations and their dependence on the calcium concentration in

.. . s . a molluscan pace-maker neurode Physiol. (Lond.327: 185-217, 1982.
lerini et al. 1997)' In this way the intrinsic properties OEURAHIAN,S.M.,O—iANDLER,S.H.,AND GOLDBERG, L. J. Intracellular analysis

trigeminal motoneurons W0U|d complerr_1e_nt ?—nd aSSiSt_ the eXof trigeminal motoneuron rhythmical activity during stimulation of pon-
pression of ongoing spatiotemporal activity in the brain stemtomedullary reticular formation in anesthetized guinea pigNeurophysiol.
networks generating mastication or other rhythmic oral-motor62: 1225-1236, 1989.

- : : - EYER, C. B. AND Lux, H. D. Properties of a facilitating calcium current in
behaviors, such as SUCkIIng’ grooming, or Iappmg. pace-maker neurones of the sn&lelix pomatia J. Physiol. (Lond.262:

319-348, 1976.

We thank Dr. Jens C. Rekling for a critical reading of the manuscript arfdOUNSGAARD, J., HULTBORN, H., ESPERSEN B., AND KIERN, O. Bistability of
M. Z. Castillo for technical contributions. alpha-motoneurones in the decerebrate cat and in the acute spinal cat after

This work was funded by National Institute of Dental Research Grant RO1intravenous 5-hydroxytryptophad. Physiol. (Lond.#05: 345-367, 1988a.

DE-06193. HOUNSGAARD, J., KIEHN, O., AND MINTZ, |. Response properties of motoneu-
Address for reprint requests: S. H. Chandler, Dept. of Physiological SciencefOnes in a slice preparation of the turtle spinal cdrd?hysiol. (Lond.B98:

2851 Slichter Hall, Los Angeles, CA 90095-1568. 575-589, 1988b. _

Hsliao, C. F., TRueLoOD, P. R., LEVINE, M. S.,AND CHANDLER, S. H. Multiple

Received 22 September 1998; accepted in final form 1 December 1998.  effects of serotonin on membrane properties of trigeminal motoneurons in

vitro. J. Neurophysiol77: 2910-2924, 1997.
Hsiao, C.-F., DEL NEGRQ, C. A., TRUEBLOOD, P. R.,AND CHANDLER, S. H. The

REFERENCES ionic basis for serotonin-induced bistable membrane properties in guinea pig

trigeminal motoneuronsl. Neurophysiol79: 2847-2856, 1998.

ANGsTADT, J. D.AND FRIESEN, W. O. Synchronized oscillatory activity in leech Hu, B. anD BourqQug C. W. NMDA receptor-mediated rhythmic bursting
neurons induced by calcium channel blockersNeurophysiol66: 1858 — activity in rat supraoptic nucleus neurones in vitloPhysiol. (Lond.}58:
1873, 1991. 667-687, 1992.

BALLERINI, L., BrAccl, E., AND NisTRI, A. Pharmacological block of the JoHnson S. W.AnD Seutin, V. Bicuculline methiodide potentiates NMDA-
electrogenic sodium pump disrupts rhythmic bursting induced by strychninedependent burst firing in rat dopamine neurons by blocking apamin-sensitive
and bicuculline in the neonatal rat spinal coddNeurophysiol77: 17-23, C&"-activated K currents.Neurosci. Lett231: 13-16, 1997.

1997. JoHNsoN S. W., EuTiN, V., AND NorTH, R. A. Burst firing in dopamine

Benson J. A.AND Apams, W. B. lonic mechanisms of endogenous activity in  neurons induced by N-methplaspartate: role of electrogenic sodium
molluscan burster neurons. INeuronal and Cellular Oscillatorsedited by pump. Science258: 665-667, 1992.

J. W. Jacklet, New York: Marcel Dekker, 1989, p. 87-120. KienN, O. Plateau potentials and active integration in the 'final common

BERTRAM, R., BUTTE, M. J., KIEMEL, T., AND SHERMAN, A. Topological and pathway’ for motor behaviouiTrends Neuroscil4: 68—-73, 1991.
phenomenological classification of bursting oscillatioBsll. Math. Biol.  Kiexn, O. aND EKeN, T. Prolonged firing in motor units: evidence of plateau
57: 413-439, 1995. potentials in human motoneurond?Neurophysiol78: 3061-3068, 1997.



BURSTING DYNAMICS IN TRIGEMINAL MOTONEURONS 1485

KIEHN, O., ERpAL, J., EEN, T., AND BRUHN, T. Selective depletion of spinal Rosg C. R. AND Ransom, B. R. Regulation of intracellular sodium in
monoamines changes the rat soleus EMG from a tonic to a more phasicultured rat hippocampal neurone$. Physiol. (Lond.)499: 573-587,

pattern.J. Physiol. (Lond.}492: 173-184, 1996. 1997.
Kim, Y. 1. AND CHANDLER, S. H. NMDA-induced burst discharge in guinea pigSakai, R., HagiwarA, N., MATSUDA, N., KASSANUKI, H., AND Hosopa S.
trigeminal motoneurons in vitral. Neurophysiol74: 334-346, 1995. Sodium-potassium pump current in rabbit sino-atrial node callBhysiol.
KoBAYAsHI, M., INOUE, T., MATSUO, R., MasuDA, Y., HiDAKA, O., KaNng, Y., (Lond.) 490: 51—-62, 1996.

AND MoRiMOTO, T. Role of calcium conductances on spike afterpotentials i, tana . L. F. Gomez. A. M.. AND Leperer W. J. C&* flux through

rat trigeminal motoneuronsl. Neurophysiol77: 3273-3283, 1997. promiscuous cardiac Nachannels: slip mode conductan&cience279:
KRAMER, R. H. AND ZUcker, R. S. Calcium-induced inactivation of calcium 7457 1433 1998

current causes the inter-burst hyperpolarizationApfysia bursting neu- SEUTIN, V., JOHNSON S. W., AND NORTH, R. A. Apamin increases NMDA-

rones.J. Physiol. (Lond.B862: 131-160, 1985. . . : ) .
LAuGER, P. Na,K-ATPase. InElectrogenic lon Pumpsedited by P. Lager, induced burst-firing of rat mesencephalic dopamine neurBrain Res.

Sunderland, MA: Sinauer, 1991, p. 168-225. 630: 341-344, 1993. . ) »

LEGENDRE P., McKENZIE, J. S., DUPOUY, B., AND VINCENT, J. D. Evidence for TAKAHASHI, T. Mgmbrane currer_1ts in visually identified motoneurones of
bursting pacemaker neurones in cultured spinal cord dédarosciencé6: neonatal rat spinal cqrdl.. P_hySIOI. (Lond.}23: 27-46,1990.
753-767, 1985. TELL, F.AND JEAN, A. lonic basis for endogenous rhythmic patterns induced by

L1, Y.-X., BERTRAM, R., AND RINZEL, J. ModelingN-methyl-n-aspartate-in- activation of N-methylp-aspartate receptors in neurons of the rat nucleus
duced bursting in dopamine neuroigeuroscienc&1: 397-410, 1996. tractus solitarii.J. Neurophysiol70: 2379-2390, 1993.

L1, Z. AND HATTON, G. I. Oscillatory bursting of phasically firing rat supraopticTsAl, M. C. AND CHEN, Y. H. Bursting firing of action potentials in central snail
neurones in low-C4 medium: N& influx, cytosolic C&" and gap junc- neurons elicited by-amphetamine: role of the electrogenic sodium pump.
tions. J. Physiol. (Lond.}496: 379-394, 1996. Comp. Biochem. Physiol. C Pharmacol. Toxicol. Endocritidll: 131-141,

Lunp, J. P. Evidence for a central neural pattern generator regulating thel995.
chewing cycle. InMastication edited by D. J. Anderson and B. Matthews,VEAsEY, S. C., FOrRNAL, C. A., METZLER, C. W., AND JacoBs, B. L. Response
Bristol, UK: Wright, 1976, p. 204-212. of serotonergic caudal raphe neurons in relation to specific motor activities
MosFELDT LAURSEN, A. AND REKLING, J. C. Electrophysiological properties of in freely moving catsJ. Neurosci.15: 5346-5359, 1995.
hypoglossal motoneurons of guinea-pigs studied in vitteuroscienc&0:  Viana, F., Bavuss, D. A, anD BERGER A. J. Multiple potassium conduc-

619-637, 1989. tances and their role in action potential repolarization and repetitive firing

NAKAMURA, Y. AND KATAKURA, N. Generation of masticatory rhythm in the behavior of neonatal rat hypoglossal motoneurdnsNeurophysiol.69:
brainstemNeurosci. Res23: 1-19, 1995. 2150-2163, 1993.

NISHIMURA, Y., ScHwWINDT, P. C.,AND CriLL, W. E. Electrical properties of WALLEN, P.AND GRILLNER, S. N-Methyl-D-aspartate receptor-induced, inher-
facial motoneurons in brainstem slices from guinea @icain Res.502: ent oscillatory activity in neurons active during fictive locomotion in the
127-142, 1989. lamprey.J. Neurosci.7: 2745-2755, 1987.

RINzZEL, J. AND ERMENTROUT, G. B. Analysis of neural excitability and oscilla- ZHANG, L. AND KRNJEvic, K. Apamin depresses selectively the after-
tions. In:Methods in Neuronal Modeling: From lons to Netwoksid ed.), hyperpolarization of cat spinal motoneurom¢eurosci. Lett.74: 58-62,

edited by C. Koch and |. Segev. Cambridge: MIT Press, 1998, p. 251-2921987.



