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tances in determining input resistance was studied in 166 genioglo L . :
(GG) motoneurons using sharp electrode recording in brain stéMih @ge. There was a significant increase in the percent change

slices of the rats aged 5-7 days, 13—15 days, and 19-24 days post@tinput resistance between the first and second week of post-
(P). A high magnesium (Mg'"; 6 mM) perfusate was used to blocknatal life after synaptic blockade with either tetrodotoxin
calcium-mediated synaptic release while intracellular or extracellul@FTX), high magnesium, or receptor blockers. However, the
cesium (Cs) and/or extracellular tetraethylammonium (TEA) or barmagnitude of this synaptic effect cannot account for the halv-
ium (B&") were used to block potassium conductances. In all cas@gg of theR, observed during this time period. One alternative
the addition of TEA to the high Mg perfusate generated a largersorce of this decreased resistance would be nonsynaptic po-
increase in both input resistancB,f and the first membrane time tassium channels.

constant f,) than did high Mg" alone indicating a substantial : . .
nonsynaptic contribution to input resistance. With intracellular injec- There is a substantial body of evidence to suggest that

tion of Cs", GG motoneurons with lower resistance40 M(}), on spec!f!c membrane_resstgpce IS mc_)dUIated ,by many voltage-
the average, showed a larger percent increasR,ithan cells with Sensitive channels, in addition to tonic synaptic activity (Rall et
higher resistancex{40 M()). There was also a significant increase irdl. 1992). A variety of potassium channels including the de-
the effect of internal Cs on R, and 7, with age. The largest percentlayed rectifier, inward rectifier, and A- and leak channels have
increase (67%) in the, due to intracellular C5 occurred aP13-15, been implicated in establishing the membrane resistance of
a developmental stage characterized by a large reduction in spegiigammalian motoneurons (Binder et al. 1996; Crill and
membrane resistance. Addition of external"@docked conductances schwindt 1983). These channels are sensitive to a diversity of
(further increasingR, and 7o) beyond those blocked by the TEA g hstances including internal and/or external tetraethyl ammo-
perfusate. Substitution of external calcium with 2 mM barium chlorldﬁium (TEA), cesium, and barium in a wide variety of neurons
produced a significant increase in béthand 7, at all ages studied. (Hille 1992),. Interna;l cesium reduces resting conductance in

The addition of either intracellular Csor extracellular BA" created inal il and hil
a depolarization shift of the membrane potential. The amount Gt SPinal motoneurons (Puil and Werman 1981), while exter-

injected current required to maintain the membrane potential w8l TEA has a similar effect in rat vagal motoneurons (Yarom
negatively correlated with the contr), of the cell at most ages. Thus €t al. 1985). External TEA also prolongs the duration of the
low resistance cells had, on the average, moré-Cand B&*- action potential by reducing the voltage-sensitive potassium
sensitive channels than their high resistance counterparts. There s@sductances underlying the fast afterhyperpolarization (AHP)
also a disproportionately larger percent increasegiras compared and the spike repolarization in cat lumbar (Schwindt and Crill
with R, for both internal Cs and external B&". Based on a model by 1980a) and rat hypoglossal motoneurons (Viana et al. 1993). In
Redman and colleagues, it might be suggested that the majorityfgition to depressing the fast voltage-sensitive potassium
.th.et).sfl pf’tasfig".‘ Ct‘r’]“dg?tf‘rl‘cdes (;”.‘tde”%i”tgbmembra”e reSiS.tfa”C‘“TCGWductance, external barium decreases the potassium leak
initially located in the distal dendrites but become more uniform . , . ; ;
distrib{Jted over the motoneuron surface in the oldest animals. X.OndUCtance (Schwindt "?md Crill 1980b). Thls'barlum-sens[-
tive component of potassium leak conductance is modulated in
rat hypoglossal motoneurons by thyrotropin-releasing hormone
(Bayliss et al. 1992) and norepinephrine (Parkis et al. 1995) to
change both motoneuron excitability and repetitive firing char-
A critical event in the differentiation of mammalian mo-acteristics.
toneurons is the decrease in input resistance associated with the has been proposed that the properties of the motoneuron
motoneurons innervating fast twitch muscle fibers during postembrane are not uniform. There are data to suggest that there
natal development (Navarrete and Vrbal@93). In the first is a difference in the specific membrane resistance between fast
paper, we investigated the role of synaptic input in determiniragnd slow motoneurons (Burke 1987; Burke et al. 1982). In

INTRODUCTION
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Control External Cs* MgSQ,, and 1 CaCl. All slices were incubated in a holding chamber
in normal ACSF consisting of (in mM) 126 NaCl, 2 KCI, 1.25
Na,HPO,, 26 NaHCQ, 20 glucose, 2 MgSg and 2 CaCJ, at room
temperature, bubbled with 95%,5% CO, (pH 7.35). In experiments
in which 6 mM MgCl, 20 mM tetraethylammonium chloride (TEA),
Jsmv or 5 mM CsClI (Sigma) was added to the bath solution, ionic strength
was maintained by an equivalent decrease in the concentration of
NaCl. In experiments in which 2 mM barium chloride was substituted
Rp=37MQ 4 MQ for calcium chloride, 10 mM HEPES was substituted for both phos-
Tg=73ms 8.3ms phate and bicarbonate buffers, and solution was bubbled with 100%
Fic. 1. Influence of extracellular cesium on the inward rectifying (“sag”)”2' Th.ls alter.nate buffer system was chosen to prevent barium from
current observed ipostnatal(P) day 22genioglossal motoneuron. MembranePrecipitating in the presence of phosphate buffer. The flow rates of
potential response to a series of 8 hyperpolarizing current puls@s to normal and modified ACSF were kept constant at 1-2 ml/min using a
—0.4 nA, 500 ms duration) before (control) and after bathing with 5 mnperfusion pump. All membrane properties were measured at room
cesium. In this and subsequent figures, the 1st trace is the membrane potetgi@perature (2 1°C).
without injected current, each trace represents the average of 6 sweeps, arMotoneurons were recorded from the ventromedial portion of the
input resistance was calculated from a linear regressiortigplots generated hypoglossal nucleus, a region shown to contain genioglossal (GG)
from the peak membrane responses to the hyperpolarizing current injectigi$toneurons (Mazza et al. 1992). The criteria for a healthy cell and
Arrow in left paneldenotes sag from a peak voltage. For this cell, the reducticq:\e rotocols for measuring the membrane properties were described
alu

of the sag current was accompanied by a small increase in the measured v recedin r. There were thr rate protocols emploved
of input resistance and 1st membrane time constant. This increase was dJ& {0\ Preceding paper. there were three separate protocols employe

the block of currents other than the sag. External cesium failed to producE2Pl0Ck potassium conductances. In the first series of experiments, the
similar reduction in the inward current for many cells while generating le of synaptic inputs and nonsynaptic potassium conductances in
substantial increase iR, and 7, (see Fig. 8). determining membrane resistance was tested. Input resistegge (
first membrane time constantyj, rheobasel(,,), and repetitive firing

addition, it has been suggested that there is a difference in was measured in normal ACSF. The validity of using a long, hyper-
membrane resistivity between the cell body and dendrites R§flarizing current pulse (500 ms duration) to measr@nd o in
the same cell. The decreased resistance of the soma (sonf&ilg exhibiting an inward rectifying or *sag” current has been dis-
shunt) was first postulated by the Redman laboratory (Ians(‘é'lésed in the first paper of this series. In a few cells, the sag current

: . could be blocked by the application of external cesium*(d&g. 1)
and Redman 1973) in their study of cat lumbosacral moton ith only a moderate change in the two membrane properties. How-

rons. More recently, work from the laboratory of P. K. ROSgyer, in the majority of cases, the sag current was only partially
(Campbell and Rose 1997) has intracellularly injected cesildldcked by external Cs and there was evidence that additional
to assess the contribution of potassium channels to this somatifrents were being effected (see Fig. 8). Given this inconsistency, it
shunt in cervical motoneurons studied in vivo. These authokas determined that exposure to external cesium would not provide
found an increase in the somatic time constant with injection afiy more consistent control value for measuremenR, cdnd 7, than
intracellular cesium while only a small decrease in the dethe measurements potentially contaminated by the sag current.
dritic time constant. They concluded that the distribution of After making the control measurements in the first protocol, the
cesium-sensitive channels was concentrated in the somatic and oo High Mg2* Mg2*/ TEA
proximal dendritic membrane. In contrast, studies of barium- ' | P
| ‘

100 ms

sensitive conductances in lumbar sympathetic ganglion cells ‘
(Redman et al. 1987) have suggested a more distal dendritic iy /L,,ﬂ A
location for the blocked potassium conductances. It would be -~ S S
interesting to know when the adult distribution of voltage-

sensitive channels influencing membrane resistance is estab- ) 2 S )

lished during development and whether the patterns seen in . .

these other neuron populations also applies to developing brain o W

stem motoneurons. Thus we have examined the contribution of ‘ = Jva
various potassium conductances to the membrane properties ofr, = 32 35 43MO

input resistance and time constant to gain a better understangl-G. 2. Effect of high magnesium (M) and tetraethylammonium (TEA)

ing of the changes occurring in the distribution of voltag&s, action potential and input resistande,) Recording from aP20 genio
sensitive channels during the period when motoneurons diffgessal (GG) motoneuroriTop action potentials evoked by suprathreshold
entiate. Some of these data have been presented in abstemsarizing current steps in control media, 6 mM Mdto block calcium-
form (Cameron 1998: Cameron et al. 1996). mediated synaptic transmission), and 6 mM3¥gvith 20 mM TEA (to block
’ calcium-independent potassium conductances). Bath application 6f Mg
abolished the afterdepolarization (ADP, arrow) and subsequent reduced the
METHODS medium afterhyperpolarization (AHP) seen in the control action potential.
There was a small increase in threshold for the generation of the action
Brain stem slices were prepared from male Sprague Dawley ratgential after the application of Mg (0.4 nA, control rheobase vs. 0.5 nA for
from three postnatalR) age groupsR5-7, P13-15andP19-24 as Mg?>"). The action potential was broadened by t_h_e addition of TBéttom
described in the preceding paper. In brief, rat pups were deef{gmbrane responses to a series of 6 hyperpolarizing current steps. High Mg
anesthetized with halothane, tracheotomized, and ventilated witk'€as€dR, slightly while the addition of TEA produced an even larger
100% O, Anesthetized pups were transcardially perfused with co rease irR,. Neither treatment affected the inward rectification (sag current)

A o . A . oduced by hyperpolarizing current steps. Membrane potead mV. In
(4°C) sucrose-artificial cerebral spinal fluid (ACSF) and quickly d&ps figure and several others presented, there is a high-frequency noise evident

cap@tated_. The brain stem was removed and sectioned gti308ith in the voltage traces. This artifact was produced by the peristaltic pump used
a Vibraslice. The composition of sucrose-ACSF was as follows (i8 ensure a constant flow through the recording chamber and does not impact
mM): 240 sucrose, 2 KCI, 1.25 NHPO,, 26 NaHCQ, 10 glucose, 5 the accuracy of the voltage measurement.

100 ms
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A 7 day recorded for further analysis. The level of membrane hyperpolariza-
tion at which the time constants were calculated was insufficient to
Controf High Mg2* High Mg2*/ TEA activate voltage-sensitive currents (inward rectification) noted with

larger hyperpolarizations in some cells (Fid3, breceding paper).

In the final protocol, the slices were exposed to external barium.
‘ Due to the spontaneous firing associated with external Beontrol
N measurements were made both before and after the additiod 1

. o

[Ny

[l
|

»\..mww\mw
\m tetrodotoxin (TTX) to the normal ACSF. After 10 min in TTX, an
Ry = 45 MO 63 Mo 71 Ma ACSF solution containing 2 mM BaCl was introduced into the bath
and measurements made at 5 and 10 min and after 20—30 min of wash
B 15 day out. The measurement after 10 min in TTX (devoid of evoked syn-

aptic release) was used as the control value for comparisons with the

- e o barium data. In most instances, cells returned to their control (TTX)
EWéE; E | values for input resistance and membrane time constant after 30 min
t 3 of wash out.

N—— :
RS- The values ofR, and 7, are presented in the text and tables as
Ry = 40 MQ 47 MO e2Me |smy means = SE. A two-way ANOVA was employed to determine
100 ms whether there were any significant interactions between the levels of

Fic. 3. Effect of external M§" and TEA on input resistance of GG treatment and levels of postnatal age. A pair-wise multiple compari-
motoneurons from &7 and P15 rat. These recordings are of membraneson procedure (Tukey test) was performed to test the differences
responses to a series of hyperpolarizing current steps in control, high (6 mbtween means. If significant differences were indicated from the
Mg**, and high Mg* with 20 mM TEA. The inward rectification in both the Tukey test, then a one-way ANOVA with repeated measures or a
P7andP15cells is smaller than that found in tRR20motoneuron (Fig. 2). The pairedt-test was performed to determine the differences between age

increase in inpuR, in response to 20 mM TEA is greater in tRa5thanP7 roups. Statistical significance was definedPas: 0.05.
motoneuron. Note the prominent synaptic activity in the control traces of tl*clje

P7 neuron that is almost completely abolished by high?MgTime and
voltage scales are the same for btath andbottom panelsResting membrane RESULTS
potentials were-71 and—59 mV for theP7 and P15, respectively. . .
Recordings were made from genioglossal (GG) motoneu-

calcium-dependent neurotransmitter release was blocked by the addins located in the ventromedial portion of the hypoglossal

tion of 6 mM (high) magnesium to the perfusate. The membrameicleus. A total of 166 motoneurons met our acceptance cri-

properties were measured at 5 and 10 min after the start of tfegia and fell into one of the following postnatal age groups:

perfusate with blocker. Following 10 min of high Mg, the perfusate P5-7(n = 34); P13-15(n = 68); P19—24(n = 64). Through-

was switched to one containing the high Mgplus 20 MM TEA, and ot the postnatal period studied, no differences were found in

the measurements were repeated. Similar measurements were made.con resting membrane potential or action potential am-
d

gger;ii ?J?c\i/v;(s)hngzthr:h; S’fggalf: giiysjteSamn%raﬂ@gslgagga ?(;' plitude for these motoneurons. The mean membrane potential
y ! Wwas —64.4+ 0.2 mV.

the Mg "/TEA perfusate to assess the contribution of potassiu
channels that were Cssensitive and TEA insensitive.

In the second protocol examining the effect of internal Cslee  High magnesium and TEA blockade
trodes were filled with 3 M cesium acetate. A series of control . . ) .
measurements of the action potenfland =, were made immedi  The goal of this experimental series was to determine what
ately after impalement. Then Cswas injected into the cell using a proportion of the resting conductance was mediated by potas-
50-ms, 5-Hz positive pulse with an amplitude sufficient to evokeium conductances as compared with that mediated by synaptic
several action potentials (0.2-1 nA; duration, 2—4 min). Measuriiyput examined in the previous paper. Like the previous study,
ments were made at 2 and 4 min of injection and 10—-40 min aftgigh (6 mM) Mg?* was added to the perfusate to inhibit
injection was stopped. calcium-mediated synaptic transmission. Potassium conduc-

In all protocols other than internal Csthe membrane potentials Oftances were inhibited by either TEA or CsFigure 2shows

developing GG motoneurons were recorded with glass micropipet . . ne e,
filled with a 3:1 mix of 3 M potassium acetate and 3 M potassiur%fﬁe P20 motoneuron from the first experimental series illus

chloride (resistance, 60—100(. To avoid activating other voltage- raftlng the effect external 'VF@ and TEA. on membr?‘”e prep
sensitive conductances, the initial membrane potential was maintaif$fi€S- Thetop panelpresents three actions potentials evoked
by injecting a constant (bias) current to offset any depolarizing shift 8 @ depolarizing current pulse (50 ms, 1 Hz) in the control
the membrane. This value of bias current required to oppose thath solution, and in solutions containing high #gand high
depolarization generated by the block of potassium conductances W&g* plus 20 mM TEA. Thebottom panekhows the mem

TABLE 1. Effect of high M§"™ and TEA on input resistance and membrane time constant on developing genioglossal (GG) motoneurons

R., MQ To, MS
Postnatal Age, days n Control High Mg Mg®"ITEA n Control High Mg Mg>*ITEA
6-7 8 59.3+ 10.0 69.2+ 11.5* 90.4+ 14.3% 7 10.1+ 1.0 12.8+ 1.6* 19.7* 4.5*
13-15 14 43.9- 3.2 50.7+ 3.7% 71.3+ 4.5% 9 8.1+ 0.6 9.0+ 0.7 13.4+ 0.6%
19-24 16 40.4- 2.8 43.3+= 2.9* 60.9+ 4.3f 10 7.4+ 0.8 7.7+ 0.6 12.9+ 1.4%

Values are expressed as meahsSE; n is total number of sampleRR,, input resistancer,, membrane time constant; ¥ig, magnesium; TEA,
tetraethylammonium. There were no significant age-dependent changes in absolute or percent terms associated with the high magnesium or fTiBA treatme
this sampling. *P < 0.05. TP < 0.01. P < 0.001.
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Control 2 min. Cs+ 4 min. Cs+ TABLE 2. Effect of internal cesium (C9 on R, and 7,
’ f \ ; ] of developing GG motoneurons

| hoD A

| | P Postnatal R, MQ To, MS
H i Age,
! days n Control Cs n Control Cs

5-6 17 55.9-3.1 684*=4.6* 16 10.1-09 13.1*=1.1*
13-15 37 39527 516x27 18 84x0.8 14.0*= 1.6*
19-23 19 37.xx3.0 53.3£35* 12 86*0.8 12.3%0.9*

Values are means SE;n is total number of samples. For age-dependent
changes associated with internal cesium, see Fig.P7<*0.001.

Rp= 29MQ 3BMQ 2M0 . . . .
Fic. 4. Effects of intracellular cesium (C¥injection on the action poten motoneurons analyzed in the first series of experiments. The

tial andR, of a GG motoneuron from B15rat. Top 3 records of the action tWO-way ANOVA showed that there were no interactions
potential.Left spike recorded just after impalement (controfiddle after 2 between age and treatment for eitliRyor 7, and that there

min of injection (0.8 nA, 150 ms, 3.3 Hz); anight: after 4 min of Cs  were significant differences among treatments but not among
injection. Note the increase in the half-width of the action potential froth the different ages. Further statistical amuyseS revealed signif-

to >10 ms and that it changed little after 2 min of injectid®ottom the . . . ] T +
membrane response to 8 hyperpolarizing current steps of 0.5-nA increméﬁ?nt differences iR, between hlgh Mé and |\/|92 ITEA for

Below the waveforms is the input resistance calculated from the peak voIta@q’ﬁ.Ch age group. Similar analyse_s rrevealed a significant
Membrane potential was held at its resting value-afL mV during all tests  difference between control and high Mgonly at the youngest

with a bias current up to 0.48 nA. There was a 46% increase iRffud this  gge P5-7), while the addition of TEA to the |\/|%‘;]+ containing
cell. bath generated significantly larger valuesgét all ages. Over

brane response to a series of six hyperpolarizing current pul t%e d_evelopmental period studied, the ab_solute magr_litudes and
High Mg®* media abolished the afterdepolarization (ADSr ative percents of change R, and 7, with the addition of

! ; R
arrow) of the action potential observed in the control aq&iﬁ iﬁa:th ;rrc])gl:]c'\eﬂg byp%fgu?ct,ﬁgv ere at least twofold greater

increasedR,. With the addition of TEA, the repolarization
phase of the action potential was slowed and a more substa tiffll | ium blockad
increase inR, was observed than that seen in Mgalone. hternai cesium blockade
However, neither high Mg™ nor Mg?*/TEA had any major  The contribution of potassium conductances in determining
effect on the depolarizing sag produced by the inward rectifR and r, were also assessed before and after an intracellular
cation, as seen in the traces in thettom panel injection of cesium (C8). Internal C§ had a more profound
Figure 3 shows the effects of blockade of calcium-mediatedfect on the shape of the action potential than did extracellular
synaptic activity and potassium conductancesRyrfor two  TEA. Figure 4 shows the effect of internal Csn the action
earlier periods of developmenP{ and P15. The control potential andR, of a GG motoneuron from R15animal. The
recording from aP7 animal was punctuated by significanimaximum spike half-width was achieved after 2 min of injec-
spontaneous synaptic activity that was nearly abolished by tien and showed little change at 4 min. In contrast to the spike
addition of high Mg* solution. These two cells were selectegvidth, the R, continued to increase between 2 and 4 min of
because they demonstrated a clear incremental effect of thiection. The staggering in the further reduction of potassium
addition of external TEA to the high Mg perfusate; however, conductance implies that the potassium channels governing
the magnitude of the changeR) was not representative of the

larger sample. Table 1 summarizes the group data for 38 GG 120+
o] o
6 min. Cs* 20 min. recovery 40 min. recovery 100+
o] ;
80
c o
14 S
<1 604 o oo o
R o | °
401 A %:z o
o° 3 Pog® o o
204 o] o o 08 @@O °
:Oo o o o o
Rp= 37MQ MO 41MQ ‘ . Po o ' ‘
Fic. 5. Recovery of action potential after cessation of Gsjection of a 20 40 60 80 100
GG motoneuron from 22 animal. Top the change in action potential at the Control R (MQ)
n

end of a 6-min injection and again after 20 and 40 min of recovery. The action

potential is fully recovered by 40 min (ADP indicated by arrow) appearing Fic. 6. Effect of intracellular C§ on input resistance. Scatter plot of
similar to the controlBottom the response of the membrane to the currergooled datar{ = 65) illustrating the effect of 2—4 min of Csinjection on the
steps at each of the 3 epochs. Note fRatontinues to rise, even as the somatigercent increase iR, as a function of controR,. There was negative linear
potassium channels are recovering as reflected in the more rapid repolarizatiomelation R = —0.58,P < 0.001). The motoneurons are arbitrarily divided
phase of action potential. This recovery at soma without accompanying chaipgertical line) into high resistance>40 M) and low resistance<(40 MQ))

in R, suggests that the potassium channels goverRipgre located in the cells. With a few exceptions, the low resistance cells exhibited a larger change
distal dendrites. ContrdR,, 30 MQ. percent inR, with intracellular C$ than did their high resistance counterparts.
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B0 *k 7 day
;’ B ACSF TTX-ACSF Ba® TTX-ACSF
60 [ L1 Rn &\ - y
* i
‘ N
| Nhomasmms—
l =
< 40- I
X I
R= 63 68
20+
| 14 day
=
56 13-15 19-23
- 100 ms
Postnatal Age (days) R,= 41 46 59 MQ

Fic. 7. Effect of intracellular Cs on the relative change in input resistance FiG. 9. Membrane responses of 2 GG motoneuréiisandP14) to a series

: : . f 6 hyperpolarizing current pulses applied befatst(columi and after the
and time constant. Group data showing the chang& end , produced by orof
Cs" injection as a function of postnatal age (see Table 2 for sample sizes). ﬁgéhtlon of 1uM TTX (2nd columh and TTX plus 2 mM BaClgrd columr)

effect of intracellular C$ on R, increased with each succeeding week ofPO thenartltflcEII cI(;:-refbtrrc])splnalkflclled E]ACtSF?'. Iln most_tr?a_rs_?;, Ilt:]gerl(l)se In th
postnatal development with the percent changBl—-23becoming statisti- esponse 10 biock ol the evoked synaplic release wi - In all cases, the

cally greater than that a5-6 (P < 0.05, *). In contrast, the effect of addition of B&* resulted in a further large increaseRy. It was necessary to
intracellular C¢ on =, increased signific'ant’IyF{.< 0.01, *¥) BetweenPS—? block sodium spikes with TTX to average membrane responses without

and P13-15 The effect of C$ on 7, was less atP20—25and was not spontaneous spiking.

statistically different from that aP5—-6 The disproportionate change #t s ;
relative to)ll?n at P13-15will be examined furthePionig. 11. e When individual age grouDs.Were a”"?"yzed’ intracellular ce-
sium produced a significant increase in b&hand 7, at all

repolarization of the somatic action potential are not the sarages studied (Table 2). No age-dependent changes were found
as those governing the resistance of the cell. This conclusionrisabsolute values of either membrane property; however,
supported by the time course of blockade demonstrated in Righen expressed as a percent change from control, there was a
5. A GG motoneuron from a 22-day-old rat was injected witdevelopmental change (see Fig. 7).
Cs" for 6 min. The action potential exhibited a slow repelar The percent change from control valuesRyfvaried greatly
ization and multiple spikes. Twenty minutes after the cessatiamong the 65 motoneurons studied in this protocol and plotted
of Cs" injection, the action potential was narrowing and, by 4B Fig. 6. We found a negative linear relation between control
min, it has reached its control width (showing an ADP, arrowjnput resistance and percent changeRinwith intracellular
The membrane resistance of this cell continued to increaSs" (r = —0.58,P < 0.001). A vertical line arbitrarily divides
even after the injection had halted. With recovery of th#he motoneurons into a low resistance40 M()) and a high
somatic potassium channels governing repolarization (delayedistance 40 MQ) group. When divided in such a fashion,
rectifier, 1,,), another subset of potassium channels must léth few exceptions, low resistance cells tend to show larger
responsible for the increased resistance. percent increases>@0%) in R, with intracellular CS than

The one-way ANOVA with repeated measures revealednaost high resistance cells<0%). Thus C$-sensitive con
significant difference between control and cesium treatmendisictance is greater in the lower resistance than the higher

Control High Mg2* High Mg2+/ TEA  Mg2*/TEA/Cs*  Washout
|
| LL t\q
| L{
ML, 4/ — S f N — _Jeomv
10 ms
o f& by ; \ #“ v ; &
——— 1
! _J 5mv
W 100 ms
Rh=38MQ 40MQ 48MQ 70MQ 50 M Q

Fic. 8. Combined effects of high Mg, TEA, and extracellular Cson the action potential and input resistance in a 24-day-old

GG motoneuron. Data from an experiment on 1 GG motoneuron to illustrate the combined effects of 6 TiMRMOM TEA,

and 5 mM external Cs Top series of action potentials in response to depolarizing current pis&é®m membrane responses

to a series of 6 hyperpolarizing current pulses. Bath application 6f"Mdpolished the ADP while only slightly increasiiy and

the rheobase. Addition of TEA to the bath solution broadened the action potential and in®edseither Mg " nor TEA affected

the inward rectification. The inclusion of 5 mM Csn the bath containing Mg~ and TEA further broadened the action potential
and substantially increasé}. External C$ also reduced the magnitude of the inward rectification. After 60 min of wash out, the
action potential narrowed and the ADP returned; howeRgfailed to return to the control level. Membrane potentiag5 mV.
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TABLE 3. Effects of tetrodotoxin (TTX) and external barium surface area between 2 and 3 wK (a-Abades and Cameron
(Ba®") on R, and 7, of developing GG motoneurons 1995), the increased numbers of cesium-sensitive channels at 3
wk responsible for th&, are distributed over a larger surface
area. As a result of this growth, the cesium-sensitive compo-

Postnatal

Age TTX TTX nent ofr, at 3 wk was reduced. These development trends were

days n  Control B&*-TTX n Control B&*-TTX also evident in the absolute changesRnand 7, (Table 2).

5 . 48av 36 975-83 7 107444 228+ 18 This interpretation may be overly simplistic, and an alternative

13-15 17 384-34 691+53 15 79+20 204+53 Will be presented in the discussion.

19-23 16 35623 66.3x57* 16 9.0x41 19.1+7.6*

R, MQ Tor MS

Values are means SE; n is total number of samples. There were noEXternal cesium blockade
significant age-dependent changes in absolute or percent terms associated with

the barium treatment. P < 0.01. We studied the effect of adding external'C® determine

what, if any, increases may be seenRpnand 7, above that

resistance cells. No equivalent relationship was found for tB%nerated by external TEA. One effect of external @s to
2+_ .y . . .
Mg® -sensitive component @, in the preceding study (datareduce the inward rectification in some cells (Fig. 1). In the

not shown). o
The magnitude of the Cseffect on bothR, and 7, varied P24 GG motoneuron shown in Fig. 8, external Cgreatly

with postnatal age. Figure 7 summarizes the effects of interfjréased botiR, and 7, above that achieved with external
Cs" onR, andr, for the three age groups studied. The effe A. In the ex_perlmental protoqol, the hlg_h I%nglo_cked the

of Cs" injection onR, increased with each succeeding weelDP present in the control action potential and increaBgd
while the effect onr, was characterized by a prominent in Slightly. With the addition of TEA, the action potentlal broad-
crease in membrane time constant between the first and sec@f@d, and there was a further increage Neither of these
week of postnatal life. If we assume that the specific capadieatments greatly affected the inward rectification. Finally,
tance of the cell€,,) remains constant during the Cénjec-  With the addition of external Cs there was a further increase
tion andr,,, can be approximated by, then the changes i, in R, and enhanced broadening of the action potential. This
reflect changes in the specific membrane resistaRgevihere pattern occurred in five of five experiments. Within 60 min of
™m = Ry X C,). Thus the decreased resistance in GG mavash out, the action potential narrowed to control width and
toneurons at 2 wk of age is due, in large part, to the prolifethe ADP returned; howevemR, failed to return to control
ation of Cs -sensitive channels. Alternatively, as the animdévels. For 13 cells tested B20—24 the mean percent change
matures, the distribution of cesium-sensitive potassium chdyy external C$ was 61.4+ 18.9% (meant SE) and 71.5+

nels may shift from a distal distribution to a more uniforn25.3% forR, and 7, respectively. Similar values of 618
distribution or near the soma. The contribution of this subset 89.3% and 69.G- 7.0% were measured f&, and =, for two
potassium channels to specific membrane resistangeaf cells atP5-7 This large increase iR, and, was observed in
pears to be maximal at 2 wk of age, while the contribution t6G motoneurons irrespective of whether the motoneurons
R, was greatest at 3 wk. Given the doubling of membrarexhibited an inward current or not.

2+ 24
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c g o 0 13-15days
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Fic. 10. The amount of injected current required to maintain the membrane potential at its initial value following blockade with
internal cesiumléft) and external bariunright) as a function of control input resistance. There was a negative correlation between
current and resistance for thé—7(P < 0.05),P13-15(P < 0.01) and the pooled datR  0.005) for the cesium treatment. There
was only 1 negative correlation B19—-23(P < 0.02) for the barium treatment, although the negative trend was appar&8-fér
Some agesR19-23for cesium and®13-15for barium) exhibited a more variable relationship potentially indicating a possible
transition period. In general, these combined data suggest that low resistance cells have more cesium- and barium-sensitive channels
than their high resistance counterparts. Equations of least-squares fit: c€&umhy = 0.7% — 0.006,r = —0.58,n = 20;

P13-15y = 0.66¢x — 0.008,r = —0.54; pooledy = 0.55 — 0.006,r = —0.36,n = 70; barium:P19-23y = 0.88-0.015r =
—0.75,n = 9.
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Int. Cs” 2 mM Ext. Ba>*

160 o
O 80+

Fic. 11. Comparison of the percent
change in7y as a function ofR, for cells
injected with intracellular cesiumgft) and

G o 704 a A QA o ceII_s exp_osed to extracellular bariunight).
120+ D A line with slope of 1 has been added to
0Q show how many cells exhibited a dispropor-

tionately larger (above line) increaseigas

m

; 50 4 = compared withR,. According to Redman
- N and colleagues (Redman et al. 1987), this
° 40 D ey kind of differential enhancement can only be
O 1ozsdme  Simulated if the blocked conductances are
304 located on the distal dendrites. Most cesium
and barium treated cells lie above the unity
: : . . . . 20 ] : : : : : line indicating a predominant dendritic lo-
0 20 40 60 80 100 20 30 40 50 60 70 calization of the blocked potassium conduc-
tances.
% A R, % A R,
External barium blockade spherical ganglion cell, the model would predict a proportional

) ) change inR, and 7, in response to the actions of barium on
External barium blocks some potassium conductances a{&@ting conductance. When expressed as a ratio of change in
the leak current in spinal motoneurons (Schwindt and Cr) g 'the ratio would equal 1.0. With the addition of a dendrite
1980b). Because barium increased the spontaneous activitypfhe model, changes in specific resistance of the dendrite are
the slice, it was necessary to block spontaneously generatgflyefiected by a proportionate change infyeesult in larger
action potentials with TTX if the membrane properties were @nanges i, than R, and a ratio<1.0. Figure 1lplots the

be measured. Figure 9 shows the effect of Ban the mem percent change im, as a function of the percent changeRp
brane responses ofR7 and aP14 GG motoneuron. At each pgints lying above a unity line indicate a larger changein

age, there was a significant increase Ry and 7, of the {hanR Most of the cells from both treatments (Cand B& ")

TTX-treated cells after perfusion with 2 mM barium chloridege found above the line. In the context of the Redman model
The effect of external Bd on 40 GG motoneurons is Sum his outcome is interpreted to mean that most of the blocked
marized in Table 3. The magnitude of this effect opwas conguctances reside in the dendritic tree and not at the cell
relatively consistent between the different ages. There wag,gqy. This conclusion is supported by the earlier observation

larger absolute change R, atP5-6than at the two older ages. (riq' 5) that suggested that the cesium-sensitive component of
Based on the internal cesium data, one might predict that f8€\yas [ocated in the distal dendrites.

magnitude of the barium-sensitive component would be largerqn closer inspection, there is a developmental trend in the

at P13-15,but this was not the case. A plot of the percenjaia for hoth cesium and barium blockade. One alternative to
change in resistance with Baas a function of the contr®, he scatter plot is to quantitate the proportion of chang®jn
yielded no correlation (data not shown). _ as compared with that i, by calculating the ratio. A proper

. With the addition of barium to perfusate or cesium to thgyate change in the two membrane properties would yield a
intracellular compartment, almost all cells were found to dgstig of 1.0, while values exceeding 1.0 would predict a more
polarize. To avoid activating any voltage-sensitive channelsyga| dendritic distribution. When the means and standard
bias current was applied to counteract this drift of the memgeayiations were calculated at each age in response to intracel-
brane potential. Figure 10 presents a plot of the bias (injectgfjar cesium and external barium (Table 4), the oldest age
current as a function of the contr®, for intracellular cesium 45 demonstrated the smallest mean and standard deviation.
and extracellular barium. There is a negative correlation bggcayse of the large standard deviations, none of these differ-
tween injected current and input resistance PE-6 and gnces reached statistical significance; however, there was a
P13-15and for the pooled data for cesium. A similar negativgand for the ratios to decrease (approaching 1.0) with age. This
(P < 0.02) correlation was found in cells &19-23for (eqyction suggests that the conductances that were predomi-

. .
external Ba". These correlations may reflect that there alfantly in distal dendrites at the younger ages actually become
more cesium- and barium-sensitive channels controlling regty e uniformly distributed by the oldest age.

ing membrane potential in the low resistance motoneurons as

compared with the high resistance cells. Alternatively, the lagkBLE 4. Effects of intracellular cesium (C$ and external
of a strong correlation in some age groups was a result of thaium (B&") on the ratio of percent change in,Rnd 7, of
wider range of injected currents associated with low resistand®veloping GG motoneurons

than high resistance cells.

Cs" Ba®*
Distribution of cesium- and barium-sensitive channels Postnatal Age, days n Ratio n Ratio
It was evident from Fig. 7 that the mean percent change in  5-7 7 5.2+ 8.7 5 1.5+ 0.5
R, andr, with intracellular cesium was not equivalent. Similar ~ 13-15 18 4.4-7.1 8 1.4 0.6
19-22 8 1.6 1.4 9 1.2+ 0.2

to the first paper, we have applied the analysis of Redman and
colleagues (Redman et al. 1987) to our data on cesium an@aiyes are means: SE; n is total number of samples. There were no
barium blockade. Starting with a simple model of a smadlgnificant treatment or age-dependent changes.
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DISCUSSION that little sag was detectable in our youngest age group. In the

This is the first study to examine the role of potassiurﬂresem study, the sag current was sensitive to external cesium,

conductances in determining the input resistance of developfid N many instances, the value of input resistance was only
g P p%\lmally effected by blockade of the sag current (Fig. 1).

mammalian motoneurons. The input resistance is the criti h | A K
parameter in establishing the order of motoneuron recruitmeit'en Sag was detected, the voltage was measured at the peal
ponse prior to the initiation of the inward current. As a

in a spontaneous motor behavior (Cameron et al. 1991). Duri ; o
postnatal development, the pattern of activity in the cat phredfe>Ult, we do not believe our measurement&ofo be signif
motor nucleus was dramatically altered after the mean ingG2ntly impacted by the sag current. .
resistance (and specific membrane resistance by inference) wg8 the first series of experiments, high KMgwas relatively
fective at depressing the calcium-mediated potassium current

reduced by half. Similar to the cat motoneurons, the rat gen - . ;
glossal (GG) motoneurons studied in vitro undergo simil&derlying the medium AHP. However, this channel was not

developmental changes in both their electrophysiolog@PParently the source of the decrease resistance. The delayed

(NGRez-Abades et al. 1993) and anatomy fiiz-Abades and fectifier can be blocked by either external TEA or cesium

Cameron 1995; Kiiez-Abades et al. 1994). The majorfinding:(.H'"e 1992; Schwindt an_d Cnll 1981). It is interesting to note

of this study on GG motoneurons is that increases in that there was a synergistic effect between external TEA and

Cs'-sensitive conductances make the substantial contributigfe!V™ ON the delayeq rectifier as ewdenqed .by the Increase in

to the decrease iR, and 7, found during postnatal develop the duration of the action potential repolarl_zatlon. Th_|s depres_—
ign of the delayed rectifier was accompanied by an increase in

ment. From data in the preceding paper, synaptic blocka X ;
generated a 21 and 36‘%?increas%£n gnd ay29pand 38% Ee calculatedR,. Given the generalized nature of our blockers,
e increment in resistivity resulting from the addition of

increase inrg at 1 and 2 wk of age, respectively. At these sa | . b buted K f
ages, internal cesium blockade of potassium channels produ€&tErnal cesium cannot be attributed to a known set of potas-
sium channels. It is interesting to note that combination of

a comparable 22 and 31% increaseRnbut a larger 30 and ; : g .
67% increase irr,. In general, the cells having lower input™agnesium and TEA lead to an approximately 40% increase in
R, and a 70% increase im,. After adding cesium to the

resistance tend to exhibit more Gsand B&"-sensitive con | soluti . : . db 0 q
ductances than their higher resistance counterparts. Initiaffjt€nal solution, input resistance increased by 60-70%, an

these potassium conductances are predicted to be located irffiignembrane time constant increased by 60—-70%. According

distal dendrites but become more homogeneously distribut@dthe® Redman model, the TEA- and Gsensitive potasium
with time. channels have different patterns of distribution over the mo-

toneuronal membrane of these developing brain stem motoneu-
Extracellular TEA blockade rons.
The various contribytions of synaptic inputs and POtaSSiUmtracellular cesium
currents have been dissected using a variety of ionic/pharma-
cological manipulations. In the previous paper, almost all of In cat lumbosacral motoneurons, intracellular cesium re-
the synaptically mediated conductances (evoked and spontasadted in a prolongation of the falling phase of the action
ous) were blocked by high magnesium. By applying the higtotential, a large reduction in the amplitude of the AHP, and a
magnesium prior to the application of external TEA, weeduction in resting membrane conductance, up to half its
wanted to assess the role of nonsynaptically mediated potagginal value (Puil and Werman 1981). Recovery of the action
sium conductances. The size of the external TEA respornsatentials from the cesium was dose dependent and could take
after high Mg* was taken as evidence for a large role fofrom 4 to 35 min. However, changes in conductances were not,
voltage-sensitive potassium conductances. Extracellular TEAmMost instances, reversible, especially with large injections.
increases motoneuron input resistance in rat vagal moton&de also observed that there was a partial recovery from intra-
rons (Yarom et al. 1985) while it specifically suppress both tleellular cesium. Figure 4 demonstrates that intracellular cesium
delayed-rectifier and A-currents in spinal motoneurons (Shlocked the delayed rectifier in the present experiments. How-
fronov and Vogel 1995). In rat hypoglossal motoneuronsyer, as the cesium effect lessened in the cell body (presumably
external TEA effectively blocks the other inward rectifyingdue to the diffusion of cesium into the dendrites), the somatic
channels but not thk, (sag) current (Bayliss et al. 1994), theaction potential recovered while tfg remained elevated (Fig.

l,, being more sensitive to Csthan either B&" or TEA. 5). This persistent, reduced conductance suggests that either
It has been proposed that thecurrent in rat hypoglossal the delayed rectifier is not involved in establishing resting
motoneurons is active at membrane potentials more negatbmductance and/or the resistance of a cell is determined pre-

than—65 mV (Bayliss et al. 1994) and, thereby, contributes tdominantly by the resistivity of the dendrites.

the membrane resistance. In fact, the current-voltayg plots The effects of intracellular cesium were recently studied in
from this report demonstrate littlg current at potentials more cat cervical motoneurons (Campbell and Rose 1997). These
positive than—80 mV. In the present study, small current stepsvestigators concluded that the increased conductance of the
were used for the measurement of time constant to ava@dma (somatic shunt) is due to tonic activation of voltage-
activating the inward rectifier. Based on the linearity of thdependent potassium channels located on or near the soma.
semi-log plots at small<{0.05 nA) current steps, there wasThe present study suggests a less uniform distribution for
little apparent sag contamination. Bayliss and colleagues atsssium-sensitive channels at the younger ages for brain stem
described a 10-fold increase in the amplitude of thisurrent motoneurons that is subject to change during development.
betweenP2 and P65 Given an order of magnitude increasd@ased on a model by Redman and colleagues (Redman et al.
with postnatal development in this current, it is not surprising987), the percent change ), and =, would be equal if the
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channels were uniformly spread over the motoneuron merelopment. If part of the reduced resistance of the second week
brane. The larger change i relative toR, in the present of development was a result of a proliferation of the leak
study with intracellular cesium mimics the response in sympeenductance, then we would expect that external barium would
thetic ganglion cells when exposed to external barium. Oproduce a larger increase in the resistance of motoneurons at
observations at the younger ages are consistent with the cbB-15 days. Statistical analyses failed to demonstrate any
clusion of Redman and colleagues that the blocked condulifference between age groups in absolute or percent change of
tances reside in the more distant compartments of the deither membrane property. However, like the response to in-
drites. tracellular cesium, there was a larger percent increass, in
The interpretation of the present data set is not trivighssociated with external BaatP13—15than that noted foR,..
During development, the size of the motoneuron (especiallyThere are three conclusions about barium-sensitive channels
between weeks 2 and 3), the number of voltage-depend#mdt paralleled those for cesium-sensitive channels. First, there
channels, and the distribution of these channels are all chaags a proportionately larger increasernas compared with
ing. The changes can interact to produce complex effeci,onR,, suggesting a distal dendritic location for these corduc
and r,. This problem is most evident in the summary of dateances. Second, the ratio of percent change,ito R, ap
presented in Fig. 7. One major conclusion from these data @r@ached 1.0 with increasing age, suggesting that the distribu-
that cesium-sensitive channels constitute a major componentioh of barium-sensitive channels was more uniform in the
the reduction inR, occurring between 1 and 2 wk after birth.older animals. Third, there was a negative correlation between
However, the doubling of membrane surface area betweeréhtrolR, and current injected to maintain membrane potential
and 3 postnatal weeks (Rez-Abades and Cameron 1995¢onstant. The block of the barium-sensitive leak conductance
should produce a 50% reduction R, assuming that all other generated a larger depolarizing shift in cells with IRy Thus
membrane characteristics remain the same. This is not the c&%@; motoneurons with a low resistance were found to have
in fact, theR, is approximately the same at both ages$fidzr more B&"- and Cs -sensitive leak conductances than cells
Abades et al. 1993). One possible explanation as to why théh high resistance. We would propose that the proliferation
anticipated decrease iR, did not occur is a simultaneousof leak channels in low resistance cells may be responsible, in
increase in specific membrane resistivity. However, assumipgrt, for the lower specific membrane resistance found at
that the measurement of the slowest time constant approRit3—15
mates the specific resistivity, there is no evidence for such amA recent study (Talley et al. 2000) presented anatomical
increase. The situation becomes more complicated whereWtidence in support of a differential distribution of leak chan-
becomes apparent that the distribution of the voltage-depemls in brain stem and spinal cord motor nuclei of the adult rat
dent channels may be changing (Fig. 11). In the oldest animais;luding the hypoglossal nucleus. These authors measured the
these data points are closer to the unity line than at earlretative expression levels of TASK-1, a two-pore domain po-
stages of development, suggesting a more uniform distributitassium channel possessing properties that fit the behavior of a
(Table 4). It is not clear, without extensive modeling, how thieak channel. They used in situ hybridization to demonstrate
redistribution of channels might impact the measurements tbit TASK-1 mRNA was localized to the soma and proximal
R, and 7, in the present study. dendrites of hypoglossal motoneurons. These data revealed
Given the potential limits of the analyses, there is orthat some hypoglossal motoneurons were more heavily labeled
interesting interpretation of our data. Based on the greatér Ghan others, a pattern evident in other motor nuclei as well.
sensitivity of the low resistance motoneurons, we propose thdabally, these authors noted a lower density of labeling in brain
there is a differential proliferation of Cssensitive potassium stem and spinal cord motoneurons of younger anim@B® (
channels in the motoneurons innervating fast- versus thdban found in the adult. Thus this report supports the ideas that
innervating slow-twitch muscle fiber types. This differential ileak channels are proliferating with age and that some adult
Cs'-sensitive channels might be more easily demonstrable imatoneurons (presumptive low resistance) have more expres-
muscle with a more diverse fiber type composition than G&on of these channels than others (presumptive high resis-
muscle like the diaphragm (Brozanski et al. 1993). This sele@nce).
tive proliferation of channels roughly coincides with the elim- The barium-sensitive component of membrane resistivity is
ination of polyneuronal innervation (Redfern 1970) and mayodulated by thyrotropin-releasing hormone (Bayliss et al.
result from an induction signal derived from the maturind993, 1997), norepinephrine (Parkis et al. 1995), and serotonin
muscle. (Hsiao et al. 1997) through a G-protein—coupled mechanism
(Bayliss et al. 1997). These studies suggest that the modulation
of the leak channel is important for altering the excitability of
brain stem motoneurons and lowering the threshold for their
When iontophoresed onto a cat lumbosacral motoneuraapetitive firing. If all leak channels are under the regulation of
extracellular barium depressed the delayed rectifier and Ighke neuromodulators, then low resistance cells, with their
conductance (Schwindt and Crill 1980b). In neostriatal cellgreater number of leak channels, would show greater changes
barium-sensitive conductances were primarily associated with excitability as compared with high resistance cells. This
the linear conductances making up the somatic shunt whilgpothesis requires more rigorous testing.
cesium-sensitive conductances preferentially acted on the inBased on the data from these two companion papers, we
ward rectifier (Reyes et al. 1998). We applied extracellulavould propose that there is both a synaptically mediated and a
barium onto developing motoneurons in vitro to assess whainsynaptically mediated component contributing to the
role that the leak conductance, in particular, played in produchanges occurring in membrane resistance during postnatal
ing the decrease in membrane resistance during postnatal deeselopment. A major part of this nonsynaptically mediated

Barium-sensitive conductances
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conductance is mediated by potassium currents. Although @l WE anp ScHwinoT PC. Active currents in mammalian central neurons.
the specific potassium channels involved are not known, it isTrends Neurosch: 236-240, 1983. _
clear that there is a substantial contribution of the CesiurHI_LLE B. lonic Channels of Excitable MembranBunderland, MA: Sinauer

sensitive conductances to the developmental process of jissociates, 1992.
p p M0 CF, TRuEBLOOD PR, LEVINE MS, AND CHANDLER SH. Multiple effects of

toneuron differenti_ation. Future studies will be necessary 1Oserotonin on membrane properties of trigeminal motoneurons in vitro.
determinel) what signals identify a motoneuron as predestineds Neurophysiol77: 2910-2924, 1997.

to become a low or high resistance c@),what factors direct lansex R ano Repman SJ. An analysis of the cable properties of spinal
the formation of synaptic connections to specific regions of themotoneurones using a brief intracellular current pulsehysiol (LondR34:
motoneuron membrane, ar®) what processes determine the 613-636, 1973.

. . azzA E, NONEZ-ABADES PA, SPIELMANN JM, AND CAMERON WE. Anatomical
number of potassium channels will be expressed, where gnd electrotonic coupling in developing genioglossal motoneurons of the rat.
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