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Martin-Caraballo, Miguel and John J. Greer. Electrophysiological togenesis during the perinatal period will be necessary. Toward
properties of rat phrenic motoneurons during perinatal developmefliis goal, the data outlined in this paper represent the initial
E]H Ne‘.”Othts'("lBl: .1%65;1378* .199?'|P35tb5t”d'95 ddeteémln;%d thabntribution toward examining the correlation among PMN
rei riti ri roxim mbryoni rin . ; . : : .
Wﬁic?h sp?\ﬁenigam%?ogeuioﬁgp(gMN?)euyn?jerggoa ﬁur?\)éér)of piL\JIOt ectro'physmloglcal properties, t.he Inception O.f fetal re'splra-
developmental events, including the inception of functional recruf@y drive, and the onset of continuous rhythmic breathing at
ment via synaptic drive from medullary respiratory centers, contatrth.
with spinal afferent terminals, the completion of diaphragm innerva- Previous studies using the perinatal rat model identified
tion, and a major transformation of PMN morphology. The objectiveeveral key stages of phrenic nerve—diaphragm development
of this study was to test the hypothesis that there would be a marke@stational period is 21 days; FigA)l Phrenic axons emerge

.mature}tion.of motoneuron electrophysiological properties occurrirf m the spinal cord at embryonic day (E) 11, migrate to
in conjunction with these developmental processes. PMN properties tact th . dial diaph lat by E13. bedin t
were measured via whole cell patch recordings with a cervical slicggn actine primordial diaphragm musculature by » DEQIN 10

phrenic nerve preparation isolated from perinatal rats. From E16/@M intramuscular branches concomitantly with the initial
postnatal day 1, there was a considerable transformation in a numiggimation of diaphragm myotubes at E14, and branch within
of motoneuron properties, includiriy 10-mV increase in the hyper- the full extent of the developing diaphragm by E17-E18 (Allan
polarization of the resting membrane potentBlthreefold reduction and Greer 1997a). PMNSs first receive descending inspiratory
in the input resistance3) 12-mV increase in amplitude and 50%qriye transmission and synaptic contacts from spinal afferents
decrease duration of action potentid),major changes in the shapesg; £17 (Allan and Greer 1997b; Greer et al. 1992). Interest-
of potassium- and calcium-mediated afterpotent@siecline in the ingly, the time of target inner\’/ation and the inception of

prominence of calcium-dependent rebound depolarizations,6and fi | it t coincid ith th t of id and
increases in rheobase current and steady-state firing rates. Electlfl{dgp lonal recrutment conciae wi € onset of a rapid an

coupling among PMNs was detected in 15-25% of recordings at Bfiofound morphological development of PMNs (Allan and
ages studied. Collectively, these data and those from parallel stud@&er 1997b). Thus, for the purpose of this study, we chose to
of PMN-diaphragm ontogeny describe how a multitude of regulatoBxamine the electrophysiological properties of PMNs during
mechanisms operate in concert during the embryonic developmenthué critical period prior and subsequent to the major morpho-
a single mammalian neuromuscular system. logical reorganization, the completion of target musculature
innervation, the onset of afferent and descending respiratory
synaptic drive in utero, and continuous rhythmic activation at
INTRODUCTION birth. To test the hypothesis that there would be a significant
aturation of passive membrane properties, action potential
aracteristics, and repetitive firing properties of PMNs during
is period, whole cell patch recordings of identified PMNs
re performed with a cervical slice—phrenic nerve preparation
(r{'(%g;I%ted from perinatal rats ages E16, E18, and postnatal day
-1.

Phrenic motoneurons (PMNs) and the diaphragmatic m
culature are the major components of the respiratory neu
muscular system responsible for expanding the rib cage dur
inspiration. Relative to other neuromuscular systems, the P
and diaphragm functional properties have to be in an advan

state of maturation by birth to ensure viability of the newbor . .
y y rth Regarding the general issue of the ontogeny of motoneuron

In fact, the PMN-diaphragm system is operational before bi trophvsiological ’ b ’ . al
to generate fetal breathing movements in utero (Jansen &ngctoPhysiological properties, a number of experimenta
%éodels was used in the past, including cultured preparations of

Chernick 1991). It is known that the expansions of the rib ca X X
associated with fetal breathing movements in utero are essgysCciated chick motoneurons (McCobb et al. 1989, 1990), rat

tial for proper lung maturation (Harding et al. 1993, Kittermaﬁpinal explants (Xie and Ziskind-Conhaim 1995), and acutely

: : lated spinal cord segments (Di Pasquale et al. 1996; Fulton
1996). There was further speculation that central respwatd et : X
drive influences the maturation of the fetal respiratory neurgld Waiton 1986; Ziskind-Conhaim 1988). Those studies pro-

muscular system (Jansen and Chernick 1991). However Vi ed valuable data demonstrating that, as motoneurons de-
critically test this hypothesis, a fundamental understandinggﬁ? op, there are typically changes in the action potential shape,

respiratory motoneuronal and muscle properties and their c!%gglc?p?rggrnqs,csggIé%]é%tgo?ﬁeucgggfev%rlhtﬁ/ S;‘:g\)’l dior]:gptl\\/l/vlg

The costs of publication of this article were defrayed in part by the paymellmportant advantages' F”’,SF’ we are restrlctlng our recordlngs to
of page charges. The article must therefore be hereby maskhaftisemerit  ON€ class of target-specific mammalian motoneurons rather
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ than pooling data from mixed populations within a given
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A
Phrenic axons ~ DRG projections reach Major period of phrenic motoneuron
exit spinal cord' phrenic motoneurons’ morphological change®
N\ N+ >
E12 El4 E16 El8 E20 P0
< | L1 L1 | | Jriticz] | >
T Fic. 1. A: time line indicating some of the key events
2 , ; ! involved in phrenic motoneuron (PMN)—diaphragm develop-
Phrenic axons ~ Onset of respiratory  Diaphragm fully Birth ment. The shaded area [ embryonic day (E)16 through PO—P1]
reach P“mPleal motor discharge innervated represents the period in which electrophysiological properties
diaphragm were studied (Allan and Greer 1997a,b; Greer et al. 1982).
schematic of experimental setup. Whole cell recordings were
obtained from PMNs located in the ventromedial cervical
B = spinal cord (shaded circle) in acutely isolated slice prepara-
g tions. The phrenic nerve extending distal to the ventral root
S was left attached for identification of PMNs via antidromic

10 ms stimulation.

Antidromic action potential

Phrenic nerve

A

o I

Antidromic stimulation

ventral horn region. We are analyzing a population consistifig§elco; Redding, CA) into a single slice containing the C4 segment
of ~220 motoneurons that innervate one muscle. In contragt18, PO—P1) or C3-C4 segment (E16) with the phrenic nerve and the
when examining the development of mixed populations withf#prsal root ganglia attachea-{50 um thick). The dorsal roots were
cervical or lumbar ventral horns, one must contend with thof!e" cut tot prevﬁgt ref.'ex'?‘ed;a:.ed Syf”?ﬁt'c Sr:'m“.'at'on of PM'\éS f'”

: . _response to antidromic stimulation of the phrenic nerve used for
sands of functlonally heterogeneous mo?onerurons that Inr]@zntification of PMNs. The spinal cord slice was transferred to a
vate multiple muscles and develop at. differing rates (Lan '*gard-coated recording chamber and pinned down (at the dorsal
messer 1992). Secqnd, we are taking _ the _perspective bé der of the white matter) and continuously perfused with oxygen-
examining changes in PMN electrophysiological propertieged artificial CSF solution at pH 7.4 and 271°C (perfusion rate 2
with respect to the overall context of our past findings regarghi/s, volume of the chamber 1.5 ml). The slice was left to equilibrate
ing phrenic nerve—diaphragm development such as axon diat-at =1 h before recording, and data were typically acquired<ér
growth, target innervation, functional recruitment, and moh-after slice preparation. Previous measurements,dé@sion within
phological changes. Information regarding these aspects W@tiss.ue of similar in vitro preparations determingd that neurppal
not available in past studies of motoneuron development. populations are well oxygenated under these experimental conditions

A preliminary account of this work appeared previously ifBrockhaus et al. 1993; Jiang et al. 1991).

abstracts (Martin-Caraballo and Greer 1997a,b).
Whole cell recording

METHODS Recording electrodes were fabricated from thin-wall borosilicate
; o ; ; glass (A-M Systems, Everett, WA). The pipette resistances were

Cervical slice—phrenic nerve preparation between 4 and 6 K1. To decrease capacitance transients, pipette tips

Embryos (E16—E18) were delivered from timed-pregnant Spragugere coated with Sigmacote (Sigma Chemical; St. Louis, MO), and
Dawley rats anesthetized with halothane (1.2—-1.5% delivered in 95B& level of fluid submerging the slice was minimized during record-
0,-5% CO,) and maintained at 37°C by radiant heat, followindngs. The electrode was advanced with a stepping motor (PMC 100,
procedures approved by the Animal Welfare Committee at the Umlewport; Irvine, CA) into the PMN pool located in the medial zone
versity of Alberta. To determine the timing of pregnancy, the day iof the ventral horn close to the border between the white and gray
which a morning test revealed the appearance of sperm plugs wetter. To avoid clogging of the recording electrode, positive pressure
designated EO. Fetal age was confirmed by comparing the crowir=30 mmHg) was applied while entering the tissue to a depth of
rump length of the embryos with previously published values b100 uwm from the slice surface. Pressure was then removed while
Angulo y Gonzalez (1932). Newborn rats (PO—P1) were anesthetizatlyancing within the PMN pool. Once the pipette made contact with
by inhalation of metofane. Embryos and newborns were decerebratedsell, negative pressure was used to form a gigaohrh G()
and the brain stem—spinal cord with the phrenic nerve attached veai—pipette seal, and gentle suction was then applied to rupture the
dissected in artificial cerebrospinal fluid (CSF) equilibrated witpatch membrane. Seal formation and membrane breakthrough were
95%0,-5% CO, (pH 7.4; 27+ 1°C). A spinal segment was then cutmonitored by observing the response to hyperpolarizing current steps
from within the brain stem—spinal cord preparation with a vibratom@.3 nA). Whole cell recordings were initially established in the
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artificial CSF solution and performed with an AxoClamp 2B amplifieride, and NaHPQwas removed to avoid precipitation. The sodium-
(Axon Instruments; Foster City, CA). Liquid junction potentials weréree solution (HEPES-based buffer) contained (in mM) 139 choline
corrected before seal formation with the compensation circuitry of tiealoride, 10 HEPES, 3 KCI, 0.5 NaHRQL.5 CaCl, 1 MgCl,, and 30
patch-clamp amplifier. Data were filtered at 30 kHz, digitized via aglucose (pH 7.4) with TrisOH and bubbled with 100%Ohe stan-
A/D interface, and analyzed with pClamp (Axon Instruments) andard pipette solution contained (in mM) 130 potassium gluconate,
Origin (Northampton, MA) software. 10 NaCl, 1 CaCl, 10 1,2-bis(2-aminophenoxy)eth&hi;N’,N'-tet-

Seal formation and whole cell recordings were carried out iracetic acid (BAPTA), 10 HEPES, 5 Mg ATP, and 0.3 NaGTP (pH
current-clamp mode. Once the whole cell configuration was estab3) with KOH. The composition of the pipette solution with a lower
lished motoneurons were identified as belonging to the PMN pool glcium buffer capacity was similar to that of the standard solution
antidromic stimulation of the phrenic nerve via a suction electrodexcept for the following changes. BAPTA was decreased to 0.1 mM,
Rectangular pulses of 0.5-ms duration and 0.5-Hz frequency wexacium was not added, and potassium gluconate was increased
delivered with a pulse generator (Master 8, AMPI; Jerusalem, Israet),155 mM.
and pulse amplitude was manually controlled with a stimulus isolation The osmolarity of all the external solutions was kept between 320
unit (Iso-Flex, AMPI). Stimulation amplitudes for the phrenic suctiomnd 325 mosm, and the osmolarity of the pipette solutions-waik5
electrode were=0.2 mA. To minimize current spread, the groundnosm as measured with a freezing point osmometer (Advanced
wire for antidromic stimulation was wrapped around the tip of thinstruments; Needham, MA).
suction electrode. Antidromic action potentials were recorded on tape
with a videocassette recorder (Sony, Tokyo) or captured with pClampggs
software for subsequent analysis. Neurons not responding to anti-
dromic stimulation were not analyzed. Presumptive glial cells, char-Stock solutions of drugs were prepared >%$00-1,000 concen-
acterized by having resting membrane potentials hyperpolarized b@tes. All drugs were added into the perfusate by switching to
yond —70 mV and incapable of firing action potentials in response f@servoirs containing the appropriate test solution. A waiting period of
antidromic or orthodromic stimulation, were also encountered but n&6 min was used to allow for equilibrium before data were collected.
analyzed. TTX (Sigma; St. Louis, MO) and lidocaing-ethyl bromide (QX 314)

Electrophysiological properties of PMNs were typically recorded &RBI; Natick, MA) were used.

—60 mV holding membrane potential. However, the effects of differ-

ential holding membrane potentials on spike and firing propertigSs suLTs

were investigated by continuous injection of hyperpolarizing or de-

polarizing current as required. Independent action potentials wereElectrical properties of PMNs were determined from neu-
evoked by antidromic stimulation of the phrenic nerve or by intracefons meeting the criteria of having a stable resting membrane
lular injection of depolarizing current in the form of a 0.5-ms rectarpotential more negative than45 mV and action potential
gular pulse. Repetitive firing properties were investigated after injegmplitudes of=50 mV. There are two points that should be
tions of 1 s-long depolarizing pulses of varying amplitudes. Agken into consideration when interpreting the results obtained
.SCh‘.amah“C '””.S"g.t'O”BOf the slice preparation and electrode positiqRith the cervical slice preparation. First, PMNs were recorded
ing 1S snown In =1g. b. Al a depth of 100—20Qm from the surface of the slice, which

Resting membrane potential was determined immediately a . . -
breaking the seal between the membrane and the pipette. Actiggant that, although large portions of their dendritic trees were

potential duration was measured at half-maximal amplitude. Inpfiftact, the distal rostrocaudally projecting dendrites were typ-
resistanceR,) was determined from the voltage deflection on injedcally severed. Second, the normal endogenous synaptic drive
tion of a series of 400 ms-long hyperpolarizing current pulse&.@5 received in vivo, which could influence PMN properties and
nA). The membrane time constani) vas calculated by fitting the behavior, will obviously be absent in our experimental condi-
membrane voltage response to injection of negative current. Tfiens.

membrane response could be closely fit by a single exponential.

Threshold potential\(;,) was determined as the absolute membra ;

potential at the onset of an action potential. The mean rheolbgse '(Wlembrane properties
was calculated as the depolarizing voltage required to elicit an actionpgssjve properties of developing motoneurons, in particular
potential ¥y,) divided by its input resistance, assuming an ohmige resting membrane potential, firing threshold, and input
melm.brar.‘e (DiPasquale et al. 1%9f6)' Thhe ‘?“Irlf"“'onh"f thefafhterhyPFé'sistance, are important factors in determining electrical ex-
polarization (AHP) was measured from the falling phase of the ac“%’{}ability in response to synaptic inputs. Thus the first compo-

potential to the point in the AHP membrane potential trajectory th t of tud to ch teri lated ch .
returned to the holding membrane potential. The AHP amplitude w. nt of our study was (o characterize age-reiated changes in

measured at the point of maximum voltage deflection relative to theN passive properties. Results from the population data are
holding membrane potential. Sag depolarization and rebound excimmarized in Table 1.
tion were examined after injection of hyperpolarizing currents of Between ages E16 and E18, approximately the time of the
increasing amplitudes. All data values are presented as me&@®&. inception of inspiratory drive transmission, the resting mem-
Significant differences between values before and after a drug treatane potentials became hyperpolarized-8% mV. Between
ment within a given age were calculated by using paired Studengg8 and birth there was a slight further hyperpolarization of
t-test, whereas differences between various age groups were testel my in the resting membrane potential. Despite these
with analysis of variance (Origin). changes in the resting membrane potential, the threshold for
) generating an action potential did not change substantially at
Intracellular and extracellular solutions any age studied. An-32% reduction in the input resistance
Artificial CSF contained (in mM) 128 NaCl, 3 KCI, 0.5 NaHRo Occurred between E16 and E18. A furthe48% decrement in
1.5 CaC}, 1 MgCl,, 23.5 NaHCQ, and 30 glucose (pH 7.4) wheninput resistance occurred by birth. With no significant variation
bubbling with 95%Q-5% CQ,. In the calcium-free solution, calcium in threshold potential, the threefold increase in the mean rheo-
ions were replaced by an equimolar concentration of cadmium chlease from E16 to PO—P1 was most likely due to the reduction
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TABLE 1. Electrophysiological properties of PMNs posed linear graphs (FigB2, indicating the lack of sag depo-
larization and inward rectification at all ages examined. The

E16 E18 PO-P1 level of inward rectification was also determined as the per-
Action potential centage ratio ¥steady sta{evir]itial at _100? :!-0 mV membrane
amplitude, mv 66.5t 2.0 68.1+ 1.6 783+ 25* potential. The values obtained were similar at all ages [E16,
Action potential 99 + 0.4% ( = 18); E18, 99+ 0.3% { = 16); PO-P1, 106
duration, mst 6.2 0.5 41+ 0.3t 3.2+ 0.218

0 =
Resting membrane 0.1% (n 10)]' . . .
potential, mV 493+ 59 -57.4+ 20 —59.3+ 1.2* Rebound depolarizations after the completion of hyper-
Input resistance, #* 806 = 81 551 = 61* 266 = 33¥§ polarizing current pulses were observed in a subpopulation
#"iemaencrgr?;’tgﬁeﬁgA ggof e “‘é o go i% o 1§§§ of PMNSs, with the presence decreasing with age. Approxi-
: B D - mately 65% of E16 PMNs exhibited rebound depolariza-
t Action potential duration at half-maximal amplitudeP*< 0.05; P = tions (11/17); this value decreased to 45% in E18 (5/11) and
0.01 vs. E16; & = 0.05 vs. E187Input resistance was calculated from thetg 12% in PO—-P1 (3/26) PMNs. As the strength of the
voltage responses to injections of small hyperpolarizing current pulses ( i ; i _
ms, 10—30 nA)” Mean rheobase was determined by dividing the thresho 9perpolar|2|ng pulse was increased, the depo.lar|2|_ng re
potential by input resistanc€.Time constant was obtained by fitting the Ol»_md potenyal e\_/entua”y reached thresholq, triggering an
voltage transient induced by the injection of hyperpolarizing current to a@ction potential (Fig. 8). Rebound depolarizations were not

exponential function. inhibited in the presence of the intracellular sodium channel

in the input resistance of PMNs. An analysis of the voltagdlocker QX 314 (1.5 mM) (Connors and Prince 1982) or
responses to hyperpolarizing currents (Fig. 2) also reveafier blockade of potassium channels with intracellular TEA
that the membrane time constants of PMNs were significanfid cesium ions (Fig.@). Incubation of the spinal slice in
reduced (by~29%) during the transition from E16 to PO—P1a calcium-free solution eliminated the rebound depolariza-
(Table 1). tions, thus indicating that a calcium-mediated conductance

Subthreshold membrane responses to hyperpolarizing cgenerates the rebound depolarizations (Fig).3As also
rent injections were studied to assess whether there were agfeswn in Fig. 3, activation of the rebound depolarization
related changes in inward rectification and rebound depolavas dependent on the amplitud®) @nd duration C) of the
ization (Bayliss et al. 1994; Dekin and Getting 1987). Thiyperpolarizing potential. Hyperpolarizations greater than
voltage deflections of membrane potentials after injections 6f75 mV and duration o&=200 ms were required for the
prolonged hyperpolarizing current pulses (400 ms) are showrpression of rebound depolarization. Further increases in
in Fig. 2A. Plots of the voltage responses at the onSg},(,) the strength and duration of the hyperpolarizing stimulation
and end Yseady st Of the current pulses resulted in superimwere followed by larger depolarizing responses.

A

El6 PO

FIG. 2. Membrane responses to the injection of
hyperpolarizing current pulse revealed the presence of
a rebound excitation (arrow) in E16 PMNs and the
lack of sag depolarization at all ages examinéd.
membrane voltage responses of E16 and PO PMNs
after injection of 400 ms-long hyperpolarizing current
pulses of increasing amplitude. At E16 rebound exci-
tation followed the end of the hyperpolarizing pulse
(arrow). An action potential was evoked by further
increasing the strength of the current stimulation. *
and **: points in which the membrane voltage re-

* i sponse was measured for the I/V pldss plots of the

injected current vs. membrane voltage responses for

B the PMNs shown irA (E16, square; PO, circle). Volt-
ages were measured when the membrane response

02 016 0.12 008 0.04 0 reached its maximum (discontinuous line; nonfilled

ey <60 ;
points) and near the end (continuous line; filled points)

of the pulse as indicated by * and **, respectively.

The 1I/V plots resulted in superimposable linear

graphs, indicating the lack of sag depolarization.

20 mV

200 ms

Injected current (nA)

1-100

7 E16

Membrane potential (mV)
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A Control +Co™ (1.5 mM)

-59
>
=)
[l
a
200 ms
calcium dependentLeft panel control recording.Right

B [TEA, Cs', QX 314] ioerte . 12 panel re_c_ording after cglcium currents were bloc_ked by
the addition of cobalt ions to the bathing solution. In
57 Aﬁ {10 contrast, when calcium conductances are unperturbed and
sodium and potassium conductances were blocked, the
rebound depolarizations persisted (see tr&asdC). B:
rebound depolarization amplitude increased with increas-
ing hyperpolarizationLeft rebound depolarization at dif-
ferent levels of hyperpolarizatioRight membrane poten-
tial-rebound depolarization amplitude plot for the cell
response on the lefC: rebound depolarization amplitude
. . : increased with increasing duration of the hyperpolarizing
% 90 -8 -70 -60 -50 pulse.Left rebound depolarization at increasing duration
Membrane potential (mV) of hyperpolarizationRight magnitude of the rebound de-
polarization at increasing duration of hyperpolarization for
the cell response on the left. Recordings showB amdC
were carried with a pipette solution containing QX 341 (1.5

FiG. 3. Characterization of the rebound depolarizations
observed in E16 PMNSA: rebound depolarizations were

20mV
Amplitude (mV)

200 ms »

(=T N - - )

C [TEA, Cs', QX 314]

pipette

12+ mM) to block sodium-mediated conductance and TEA and
< 10t . cesium ions to block potassium-mediated conductances.
E |
g [ ]
367 .
= [ ]
St
g
<, -

0 r m 2

100 200 300 400
Duration (ms)
Action potential characteristics a subpopulation of PO—P1 PMNs (Fig. 4). The fAHP was

XIRressed as an early-peaking, brief duration potential,

Previous studies demonstrated that age-related Changeg#ereas the mAHP peaked later and had a more prolonged

action potential parameters are often influenced by the holdi o
membrane potential (McCobb et al. 1990: Spigelman et &€ course £50 ms; Fig. 4, PO). .
1992). Thus age-dependent comparisons between PMNs wer@ further analysis of the age-dependent changes in the
standardized by holding the membrane potential at appro%iPression of the mAHP was performed as a result of potential
mately —60 mV at all ages, before investigations of the influoncerns with the standard pipette solutions used during our
ence of depolarizing and hyperpolarizing holding potentia@cordlngs. Previous results from a variety of neuronal rgco_rd-
From E16 to PO—P1, action potential amplitude increased i@s demonstrated that the mAHP is often due to the activation
~12 mV (Table 1). There was a particularly striking decreagd a calcium-activated potassium conductance (Viana et al.
of ~34% in the action potential duration pre- and postinceptick®93b; Walton and Fulton 1986). Our data showing that incu-
of the inspiratory drive transmission between E16 and El®tion of the neonatal spinal slice in calcium-free buffer (dis-
(Table 1). From E18 through to PO—P1, the action potentialissed iNONIC CONDUCTANCES UNDERLYING COMPONENTS OF A€
duration underwent a further27% decrease (Table 1). TION POTENTIAL) resulted in the inhibition of the mAHP among
The action potential spike was followed by afterpotentialzeonatal PMNs supported this idea (FigC)6However, we
of various shapes, depending on age (Fig. 4). At E16 thigought it possible that a significant component of the mAHP
action potential spike was followed by a slowly decrementray have been blunted with our standard pipette solution,
ing afterdepolarization (ADP), with no clear indication of anvhich contained 10 mM of the calcium chelator BAPTA (e.g.,
AHP. Through ages E18 to PO—-P1, a hump-like ADP andaasmall mMAHP may have been present but obscured in E16
medium-duration afterhyperpolarizing potential (mAHPPMNS). Thus we repeated our recordings with a pipette solu-
developed. Further, a fast AHP (fAHP) separated the repiien with a lower calcium buffer capacity (reduced from 10 to
larizing component of the spike from the following ADP in0.1 mM BAPTA; Fig. 5). The exact intracellular calcium
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El6 concentrations reached during an action potential in the pres-
ence of the two levels of calcium chelation cannot be deter-
mined without direct measurements of the spatiotemporal dis-
tribution of calcium levels within the neuron during the course
of an action potential. However, by using a software package
designed to calculate the relative buffering capacities of whole
cell patch solutions (Sol I. D.; E. A. Erter, Univ. of Washing-
ton) and taking into consideration what was estimated regard-
ing calcium influx during an action potential (Jassar et al. 1994;
Lockery and Spitzer 1992) we approximated the intracellular
calcium concentrations that would be reached with the two
solutions during an action potential. We estimated that in the
presence of 1- to 5pM range of calcium influx the calcium
concentrations would range from 8.4 to 221.1 nM with the low
BAPTA solutions compared with 24.3-25.3 nM with the stan-
dard solution. Thus we were confident that any calcium-medi-
ated conductances would be amplified with the low BAPTA
solution. However, even with the low BAPTA conditions, a
mAHP was still not evident in any of the E16 PMNs recorded
from (n = 5; Fig. 5). A mAHP was observed in 2 of 5 E18
PMNs in the modified low calcium-buffering solution com-
pared with 5 of 19 PMNs in the standard solution. The ampli-
tude (1.5+ 0.4 vs. 2.5 0.5 mV, P = 0.05) and duration
(69 = 8 vs. 93+ 18 ms,P = 0.05) of the mAHPs in E18
PMNs also differed with the low intracellular calcium buffer-
ing. In PO—P1 PMNSs, a clear mAHP was observed in all 5
PMNs tested with the modified low calcium-buffering solution
compared with 8 of 30 PMNs in the standard recording solu-
tion. The amplitude (1.< 0.4 vs. 4.6+ 0.4 mV,P = 0.05) but
not the duration (124 20 vs. 117+ 21 ms) of the mAHPs in
P0—P1 PMNs differed under the modified conditions. It should
be noted that, at all ages studied, the action potential amplitude
tended to deteriorate (as much as 50%) witkiBO min after
establishing the whole cell configuration when using the 0.1
mM BAPTA recording solution. Thus, although the low
BAPTA solution was useful for delineating the presence and
amplifying the effects of calcium-mediated conductances in the
shaping of the action potential, it was not suitable for routine
long-term stable recordings.

Figure 5 demonstrates that the amplitudes of the afterpoten-
tials observed in PMNs at each age were dependent on the
holding potential. In E16 PMNs, the slowly decrementing ADP
was enhanced with hyperpolarizing holding potentials. In
PO-P1 PMNSs, the hump-like ADP was also enhanced with
hyperpolarizing holding potentials and diminished by depolar-
izing potentials. In contrast, the mAHPs observed in E18 and
PO-P1 PMNs were enhanced by depolarizing holding poten-
tials. Thus the repetitive firing frequencies and patterns, which
are modulated by the afterpotential characteristics of the indi-
vidual action potentials, will be influenced by the resting
ANN membrane potential.

25 mV

FiGc. 4. Typical action potentials recorded from E16, E18, and PO PMNs.
Action potentials were evoked by antidromic stimulation of the phrenic nenleonic conductances underlying the components of the action
from a holding potential of approximately60 mV. The stimulation artifact potential
associated with antidromic stimulation is represented by a diamond in this and
following figures. From E16 to PO, the action potential became shorter IONIC DEPENDENCE OF ACTION POTENTIAL CHARACTERISTICS. A

duration and larger in amplitude. A slowly decrementing afterdepolarizatigietailed analysis of the ionic conductances associated with

(ADP, empty arrowhead) is present at E16 but is replaced by a hump A _ ; ; ioting i
(filled arrowhead) prominent in PO PMNs. A medium-duration afterhyperp 1ge dependent changes of the action potential characteristics is

larization (MAHP, double-filled arrowheads) and a fast AHP (long arrow) afelITently being analyze_d with voltage-clamp teC_hniques_ and is
present in neonatal PMNS. beyond the scope of this study. However, we did examine the
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relative contributions of sodium and calcium currents in the
generation of action potential characteristics (Spitzer and Bac-
caglini 1976; Ziskind-Conhaim 1988). As early as E16, the
action potentials of PMNs were sodium dependent, as demon-
strated by blocking sodium channels externally with TTX
(0.5-1uM; n = 5; Fig. 6A). Incubation of the spinal slice in
sodium-free buffer f = 4) or addition of the intracellular
blocker of sodium channels QX314 (1.5 mhkl,= 10) to the
pipette solution was also effective in preventing action poten-
tial generation in E16 PMNs (data not shown). A calcium
component contributed to prolonging the duration of the action
potential of E16 PMNSs, as indicated by the reduction of the
spike duration after incubation in a calcium-free buffer (Fig.
6B). The action potential duration of E16 PMNs decreased by
30 £ 8% (n = 5) in calcium-free buffer. However, in E18
PMNSs, elimination of external calcium did not interfere sig-
nificantly with spike duration. In four of seven PO—P1 PMNSs,
there was a slight increase of #56% in spike duration after
incubation in calcium-free buffer (Fig.3, suggesting that a
calcium-dependent potassium current is involved in spike re-
polarization in neonatal PMNSs. This idea was further supported
by the fact that in PO—P1 PMNSs the duration of the action
potential was significantly lower when recorded with a modi-
fied low-BAPTA-pipette solution [2.0t 0.2 (h = 6) versus
control high-BAPTA solution 3.2+ 0.2 ms ( = 26),

P = 0.05).

IONIC DEPENDENCE OF AFTERDEPOLARIZING POTENTIALS. Pre-
vious work indicated that ADPs observed in other motoneuro-
nal populations are calcium dependent (Walton and Fulton
1986; Viana et al. 1993a). Thus we tested whether this applies
to both the slowly decrementing and the hump-like ADPs
| observed in PMNs. As expected, both the slowly decrementing
-75 and hump ADPs were reduced by bathing the slice in a calci-
um-free solution (Fig. 6B and C, respectively). We also
PO considered whether the ADPs could be in part because of
passive spreading of current through gap junctions. However,
if this were the case, the amplitude of the ADPs would not have
been voltage dependent (Walton and Navarrete 1991). As
illustrated in Fig. 5, ADP amplitudes were enhanced at hyper-
polarizing potentials and reduced at depolarizing potentials.

El6

sod N
.60~
-75-

E18

25 mV

Electrotonic coupling among PMNs

Our initial intent was to use antidromic stimulation of the
phrenic nerve to verify the identity of PMNs. However, rather
unexpectantly, we noted that in a subpopulation of PMNs
subthreshold antidromic stimulation of the phrenic nerve re-
sulted in the generation of low-amplitude depolarizing poten-
tials (Fig. 7A; observed in 3/22 E16, 5/19 E18, and 8/30 PO—-P1
PMNs). This depolarizing potential had a very short latency
with respect to the onset of the antidromic action potential,
m:rib ?éngf;:‘) | ;’r‘lﬁp”tg‘tj::ﬂ :If (ﬁggsat%gd 6%“2? dw%em(igpephd:f;tlogﬂ theferred to as a short latency depolarization (SLD) (Walton and
decrementing (emgpt?/ arrowhead) and h7umpy ADP (filled arrowhead) \)/lvell}leavarrete 1991). In accordance Wlth. pr_eVIC_JUS work (Walto.n
enhanced by negative holding membrane potentials (approximatgty and Navarrete 1991), the SLDs are indicative of electrotonic
mV), whereas the mAHP potential (double-filled arrowheads) was esoupling among PMNs because of the presence of gap junc-
hanced by more positive holding potentials (approximately0 mV). tions. We classified SLDs as electrotonic if at least three of the
e e o S e e e ollowing crteia were metd) depolarzing potentials had a
cordings were carried out with the low 1,2—b)ils(2—aminophenoxy)ethpangho_rt 'ate”CY Wlt,h resP,eCt to the antidromic action poteriial,
N,N,N’,N'-tetraacetic acid (0.1 mM) pipette solution to accentuate afte®N increase in stimulation strength evoked a graded response of
polarizations influenced by intracellular calcium ions. the SLD,3) SLDs were resistant to high-frequency stimulation

-504-
-60+

754
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A B
> >
Elé6 control g £
w e
™ U o
control Fic. 6. Role of sodium and calcium conductance
in the generation of action potentials. By age E16 the
40 ms action potential is sodium dependent, and a calcium
component contributes to prolonging the spike dura-

J - - tion. In neonatal PMNs (P0), calcium is involved in
TTX (0.5 uM) 0Ca,Cd (1.5 mM) the generation of afterpotentials and in repolarizing
the action potentialA: action potential is dependent
C on activation of sodium channels by E16, as indicated

by the abolition of spikes resulting from TTX (0.5

rM). B: incubation in calcium-free medium short-
ened the action potential duration and reduced the
slowly decrementing ADP (E16)C: in neonatal
PMNs, removal of external calcium prolonged the
action potential duration and inhibited the mAHP and
PO hump ADP.

0Ca” +1.5mM Cd”

25 mV

40 ms

¢ control/

(20 Hz),4) SLDs were not affected by collision of an ortho-within a few minutes of membrane rupture. However, the SLD,
dromic action potential (generated by somatic current injeathich was insensitive to the holding membrane potential,
tion) with the antidromic spike5) SLDs were insensitive to persisted (Fig. ), suggesting that this potential does not
holding potential, an®) SLDs were unaffected by removal ofinvolve synaptically mediated postsynaptic events or the acti-
external calcium or blockage of calcium conductances. Vation of voltage-sensitive ionic conductances within the neu-
should be noted that reflex-mediated synaptic activity in then being recorded from (i.e., SLD resulted from passive
form of excitatory or inhibitory potentials (i.e., excitatory orspread of current from coupled neuron).
inhibitory postsynaptic potentials) was not observed during The coupling among PMNs was also reflected in the rela-
recording of electrical activity of PMNs as the dorsal root8vely lower input impedance and higher mean rheobase mea-
were cut. Further, no clear evidence for the presence of Rewed in neurons where coupling was detected compared with
shaw neurons, in the form of high-frequency firing neurontose where it was not. For E18 PMNs the input impedances in
after antidromic stimulation was found (Hilaire et al. 1986). PMNs with and without SLDs were 38% 108 (0 = 5) versus

As shown in Fig. A, subthreshold stimulation of a PO PMN555+ 61 (n = 16), and the mean rheobases weret/82 (n =
evoked low-amplitude depolarizations that closely followeH) versus 42+ 6 (n = 16). For PO—P1 PMNs the input
the onset of the antidromic action potential. In the particulampedances in PMNs with and without SLDs were 106L4
PMN presented in Fig. A, subthreshold stimulation evoked(n = 7) versus 266+ 33 (h = 26), and the mean rheobases
two SLDs of increasing amplitude, indicating the presence wafere 259+ 86 (n = 7) versus 8%+ 14 (n = 26). Only one of
coupling among three PMNs. Removal of external calcium tbhree E16 PMNs showing SLDs were recorded with an intra-
prevent synaptic release did not diminish the graded SLD (Figellular solution that did not contain QX-314, and thus insuf-
7B). Collision experiments were carried out to clearly visualizécient numbers were available for a statistically meaningful
the SLDs after eliminating the contribution of the antidromicomparison of passive properties among neurons with and
action potential during the invasion of the soma. When without SLDs at that age.
soma-generated action potential was elicited before antidromic
stimulation, an SLD (Fig. €, continuous line) was evoked pepetitive firing properties
where the antidromic action potential would be expected (Fig.
7C, discontinuous line). Further, high-frequency stimulation of Changes in the passive and action potential properties have
the phrenic nerve did not reduce the expression of the SL®¢ritical effect on the firing pattern of differentiating neurons.
indicating further that this depolarization is independent dthus we investigated age-dependent changes in the firing prop-
synaptic activity (Fig. D). When the pipette solution con-erties of PMNs by injection of 1 s-long depolarizing pulses of
tained the intracellular inhibitor of sodium channels QX 31ihcreasing strength. The population data illustrating age-depen-
the antidromic action potential was eliminated as expectdént changes in firing properties are listed in Table 2. Repre-
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A B OCa"

FIG. 7. Multiple criteria were used as evidence for elec-
trical coupling among PMNSsA: low-amplitude, short la-
-60 tency depolarizations (SLDs) evoked by subthreshold anti-

¢ dromic stimulation of the phrenic nerve in a PO slice.
Subthreshold stimulations generated a graded response con-
D 20 Hz sisting of =2 SLDs (arrow). Increments in the stimulation
intensity eventually induced an antidromic action potential.
B: neither the antidromic spike nor the SLDs were elimi-
nated by bathing in a calcium-free buff&: collision of a
somatic action potential (generated by intracellular current
injection, *) and an antidromic action potential (diamond)
allowed for the observation of a low-amplitude depolariza-
tion (arrow) in place of the antidromic action potential
(discontinuous line). The holding membrane potentials in
A-C were —61 mV. D: high-frequency stimulation (20 Hz)
of the phrenic nerve did not affect the low-amplitude SLDs.
Two sweeps are represented in this figure; for clarity only
20 ms the first antidromic artifact is represented by a diamond. An
action potential was evoked after the fourth antidromic
pulse. The measurements A&-C are from the same PO
* * motoneuronE: in a different PO motoneuron, low-ampli-
tude SLDs were evoked with a pipette solution containing
the intracellular blocker of sodium channels QX 314 (1.5
E mM). Holding of membrane potential at various levels did
not affect the amplitude of the electrotonic potentials.

25 mV

-40

-60 %
wy
o™~

75

20 ms

sentative data for PMNs of differing ages and firing charactéBursting seemed to arise from an afterdepolarizing potential
istics are shown in Figs. 8 and 9. The majority of PMNs at athat followed the first spike. Bursting firing was enhanced by
ages was able to generate sustained trains of action potentigigserpolarizing holding potentials (not shown). A third group
with spike frequency adaptation (SFAY 72% of E16, 73% of of PO—P1 PMNs (17%) with a very low input resistance (#13
E18, and 63% of PO—P1 PMNSs; Fig.&;C). At ages E16 and 6 M()) required strong depolarizations=(.9 nA) to evoke
E18, however~28% of PMNs fired only one or a few actionfiring (Fig. 8€). Of the seven PMNs within this group, SLDs
potentials during the 1 s-long depolarizing pulse (not shownidicative of electrical coupling were detected in five neurons.
It is possible that these PMNs were damaged after electrotleus the high-threshold and low-input impedance may be a
attachment or are among that population of PMNs that undelirect result of coupling (Getting 1974; LoTurco and Krieg-
goes apoptosis during this period (Harris and McCaig 1984}fein 1991). Although coupling was also observed among
However, these ideas are contradicted by the fact that ta@bryonic PMNs, the lack of a clear indication of a high-
motoneurons had healthy membrane potentials, high-input ithreshold population may have been due to the fact that the
pedances, and overshooting action potentials. Thus these differences among PMN passive properties among those neu-
bryonic PMNs with minimal firing capabilities may simplyrons with and without SLDs were not as exaggerated as was the
reflect a population with a relatively underdeveloped complease at PO—-P1.

ment of ionic conductances. In PO—P1 PMNs, although theln E16 but not in older PMNSs repetitive firing significantly
majority of neurons were able to generate continuous dahered the duration of the following spikes when compared
charges with frequency adaptation, two further populations with the first spike of the train (Fig. 8 vs. C andE). Thus
PMNs with different firing patterns were observed. A secomduring repetitive firing in E16 PMNs action potentials became
group of neonatal PMNs generated a burst of action potentitdsger in duration, and their amplitude decreased over the first
at the beginning of the depolarizing pulse (20%; Fi@)8 few intervals. Values for the duration of the first versus the last
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TABLE 2. Changes in the firing properties of PMNs functional recruitment via synaptic drive from medullary
respiratory centers, arrival of spinal afferent terminals
E16 E18 PO-P1 within the PMN pool, and the completion of intramuscular
Firing threshold),,, pA® 41 + 5 48 +13 98 + 1g=~* innervation of the diaphragm (Allan and Greer 1997a,b;
Firing frequency, H2 Greer et al. 1992). During the ensuing 3- to 4-day period
lipr 7.1+ 05 98+ 09 132+ 0.7*" there js also a major transformation of PMN morphology
2 X lyy 144+ 10 184+ 13" 28.0+ 23+* : . .
First 1SI frequency, Hz (AII'an and .Greer 1997b) and the continuous rhythmic acti-
L 126+ 0.9 139+ 1.8 296+ 3.7+t vation at birth. The current results demonstrate that PMNs
2 X iy 241+ 22 279+ 26 525+ 53~ yndergo pronounced changes in their passive and active
C””;’g;gfgg?&cy electrical properties in association with these developmental
First ISI 444 +51 600 =75 501 * 60 events.
Last IS 340 +43 327 *41 271 * 44

Results were compiled from the firing discharges of PMNs that illustrat
repetitive firing patterns similar to those in Fig. 8, A-C (i.e., bursting an B
high-threshold PMNs not included in data), after a series of 1-s depolarizing
current pulses of increasing amplitude from a holding potential of approxi-
mately —60 mV. Measurements of the interspike intervals (ISIs) were carried
out at the beginning and the end of the depolarizing pdl&&ing threshold E16 E18
was determined as the lowest stimulation current necessary to evoke repetitive
firing. ® Firing frequency was determined as the number of action potentials 0.04
per 1-s stimulation® Current—frequency slope was the ratio of the first or last 0.03 nA
ISI frequency vs. injected current. (B = 0.01, (TP < 0.05vs. El6or (P} =
0.05 vs. E18.

action potentialn a 1 s-long train of spikes were as follows:C D
E16 (6.4+ 0.5vs. 9.7+ 1.3,n = 15,P < 0.05); E18 (4.0+
0.2 vs. 4.3*= 0.3,n = 14); PO-P1 (3.7 0.3 vs. 3.7*= 0.4,
n = 21). PO
As revealed by the firing threshold (Table 2) and frequency—
current plots (Fig. B), embryonic PMNSs required lower levels L
of depolarizing current than neonatal PMNs to generate repet- M|/
itive firing. The significant decrease in the input resistance of
PMNs from E16 to PO—P1 meant that there was an age-
dependent increase in the strength of the depolarizing current
required to generated repetitive firing. For example, PO-P1
PMNs required an approximately twofold increase in th§ F
threshold current to evoke repetitive firing compared with E16 254 c
and E18 PMNs (Table 2). Among neonatal PMNs, the high- /'/
threshold motoneurons (likely electrotonically coupled neu-
rons) required the highest levels of current stimulation to elicit
repetitive firing (Fig. &).
Embryonic PMNs also tended to have a more limited
firing range compared with neonatal PMNs (Fidr, 8able
2). The firing frequency during the 1 s-long stimulation
pulse increased steadily between E16 and PO—P1 at the 200 ms ky o 2t e TS
minimal level of depolarizing current required for repetitive Injected current (nA)

firing and at twice that level (Table 2). The initial firing rate, o )

i.e., the inverse of first interspike interval (ISI) duration,_F'¢:8. Examples of repetitive firing patterns generated in E16, E18, and PO
| . d steadilv from E16 to PO—P1 as a functionp l\_ls after injection of 1-5_ depolarizing square pulge from a _m_embrane

a SO. 'ncrease y ding potential of approximately-60 mV. The amplitudes of injected

the injected current (Table 2). The slope of the f-I plot fogurrents (nA) are shown beside each trace. The majority of BL&r{d E18

the first ISI did not change significantly among the age@) motoneurons exhibited a continuous firing discharge with adaptation. By

groups studied, although the slope of the last ISI decreadgt 5 Ot (0108 Boe s, Cot et Bing with Scapados). 1 a

becaus.e of the decline in the f|r|ng.rate Wlth.tlme (Table 25 ller percentage of PMNSs, firing was initiated by a rapid discharge of action

SFA (Figs. 8 and 9) and a marked increase in the amountgjentials p, 20%) or after injection of strong depolarizing curreris 17%),

SFA as a function of firing frequency (Fig. 9) were observeiddicative of very low input resistance (i.e., high thresholg).frequency—
at all ages studied. current plots for each of the neurons shown in tra&eg are shown in the
frequency-current plot. Embryonic PMNs required significantly less current to
reach firing threshold but had lower overall firing frequencies and current—
DISCUSSION frequency slopes than neonatal PMNs. Among neonatal PMNs, high-threshold
. . . neurons required significantly higher levels of current to obtain threshold and
There are number of critical events associated with P d with a relatively high frequency of firing at threshold in comparison with

development that occur at E17, including the inception afwer-threshold PMN populations.
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account for some of the hyperpolarizing of the resting mem-
Devel f b . brane potential during PMN differentiation (Spigelman et al.
evelopment of membrane properties 1992). Further, the regulation of the sodium-dependent chlo-

During the period of PMN development spanning from Elﬁde, cotransporter is dlffgrent in embryonic motoneurons, re-
to PO—P1, the resting membrane potential becomes more f I_t|n_g in an increase in the mtyalcellular concer_1trat|on_pf
perpolarized without a significant change in threshold, wheregdloride ions and a subsequent raising of the chloride equilib-
the input resistance and time constant decreased. Thus PM& potential compared with more mature states (Rohrbough
are electrically more excitable at the inception of inspirator@ld Spitzer 1996; Wu et al. 1992). This idea is supported for
drive (E17) compared with more mature states. FunctionallyMNSs by the fact that application of the classical inhibitory
the increased propensity for firing will compensate for a rel§€urotransmitter GABA induces a depolarization of the neu-
tively weak descending inspiratory drive from the medullargmal membrane at E16 rather than a hyperpolarization typi-
respiratory center and thus facilitate the production of fetaflly observed in mature neurons (Martin-Caraballo and Greer,
breathing movements (Di Pasquale et al. 1996; Greer et wppublished observations). _ _ _
1992). It was interesting to note that there was-a8 mV The reduction in the time constant an_d input resistance with
change in the resting membrane potential of PMN spanning tA@€ Seems to reflect an mcreased_ dens_lty _of ionic channels and
2-day period immediately before and postinception of inspir&en size. An increase in the den§|ty Of.IOHIC conductances, as
tory drive transmission (E16—E18). Future studies reexaminiRgViously observed in developing chick motoneurons (Mc-
PMN electrophysiological properties at these ages when th@Pb et al. 1990), was suggested by the reduction of the
descending drive transmission was experimentally eliminatBmbrane time constant and thus specific membrane resis-
will be useful for evaluating the relative importance of activity!ance, Rp = 7,/Cs, assuming no age-dependent changes in
dependent transformations of PMN resting properties. the specific membrane capacitance~ef pF/cnt). Previous

This trend for changes in PMN passive properties is similftorphological studies demonstrated that PMNs undergo a sig-
to that described during embryonic and postnatal developm&#ficant increase in cell size and elaboration of the dendritic
of spinal and brain stem motoneurons (Fulton and Waltgi@nching from E16 up to birth (Allan and Greer 1997D).
1986; Nunez-Abades et al. 1993; Viana et al. 1994; Xie and
Ziskind-Conhaim 1995; Ziskind-Conhaim 1988) and hippresence of electrical coupling among perinatal PMNs
pocampal neurons (Spigelman et al. 1992). Further, a similar
trend continues postnatally in PMNs (Cameron et al. 1990, We detected the presence of electrical coupling among sub-
1991a,b). Several mechanisms could mediate the age-relgtegulations of PMNs between ages E16 and PO-P1 (ranging
changes in passive properties of motoneurons. A maturatiorfiom 14 to 26% of PMNs). The evidence to date suggests that
the relative permeability to sodium and potassium ions woudd most two or three cells are coupled via gap junctions.
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Previous findings from recordings of neonatal (PO—P3) raineuron differentiation results from an increase in the density
thoracic motoneurons indicated coupling in as many 77% of voltage-gated sodium channels. The maturation of potas-
lumbar motor neurons, with the mean number of cells psium conductances is important for spike repolarization and
coupling being~4.5 (Walton and Navarrete 1991). It may bevoltage-dependent changes in action potential duration in other
that a similar degree of coupling is present in PMNs but at areuronal systems (McCobb et al. 1990; Spigelman et al. 1992).
earlier stage of development than we studied (i.e., pre-E16) Athough voltage-clamp experiments are required to charac-
there is a clear rostrocaudal gradient of development withierize the potassium conductances involved in shaping the
spinal neurons (Nornes and Das 1974). However, there areetion potential and firing properties of PMNs, the current
least two reasons the presence of gap junctions may have biedings suggest age-dependent changes in the expression of
underestimated in our study. First, we only looked for SLDsalcium-activated potassium conductances. First, removal of
that appeared subthreshold to the antidromic currents necessattyacellular calcium contributes to prolonging the duration of
to generate an antidromic action potential in the PMN beiragtion potential in neonatal PMNs only, whereas the use of a
recorded from. Thus, in the event that the PMN being recordpipette solution with low calcium buffer capacity causes the
from was coupled to a neuron with a higher threshold fappositive effect on action potential duration. This is consistent
antidromic activation (e.g., smaller-diameter axon), the coudth the presence of a calcium-activated potassium conduc-
pling would remain undetected. Second, one cannot be assusette (likely of the maxi-type), which is involved in spike
that all axons within the nerve are stimulated by the suctioapolarization of neonatal motoneurons (Takahashi 1990; Vi-
electrode and/or conduct the antidromic action potentials to taea et al. 1993b). Second, at E18, a calcium-dependent con-
full extent of the PMN pool. ductance generating the AHP (or small-type conductance)
Despite these limitations for quantifying the degree of elestarts to develop and is fully expressed in the majority of
trical coupling, these are the first data demonstrating that theeonatal PMNs. This conductance is prominent in neonatal
is in fact coupling among PMNSs. Neuronal coupling among ratotoneurons, where it plays a role in regulating repetitive
PMNs is clearly not present in the adult (Lipski 1984), anfiring frequencies and modulating SFA (Viana et al. 1993b;
there is no evidence to date for dye coupling among postnatihlton and Fulton 1986).
PMNs (>P1) (Cameron, personal communication). We pro- We tested whether developing PMNs were capable of
pose that the presence of neuronal coupling early in develggnerating calcium-dependent action potentials, as was re-
ment and their removal with maturation would be functionallported for developing amphibian spinal neurons (Spitzer and
appropriate. The CNS utilizes two fundamental strategies fBaccaglini 1976). However, in PMNs, sodium ion influx is
increasing the force produced by a muscle. First, the firimpsential for action potential generation at the earliest ages
frequency of a given motor unit can be increased. Secorsdudied (E16) and throughout further development. It re-
additional motor units can be recruited. In the case of fetalains to be determined whether calcium-mediated action
PMNSs, at the inception of fetal respiratory movements, opotentials occur in PMNs at earlier agesE15). Neverthe-
data demonstrate that there are limits on the firing capabilitiess, whereas calcium spikes do not occur at E16, calcium
of PMNs. However, the presence of neuronal coupling faciliens do contribute significantly to prolonging the action
tates the second strategy of increasing the number of mopmtential at this age. The calcium-induced broadening of the
units recruited for a given descending synaptic drive. Thuaction potential in PMNs is diminished rapidly after the
although the descending drive may be relatively weak and timeeption of inspiratory drive transmission at E17 as no
maximum discharge frequency of PMNSs limited, the presencalcium component was seen to prolong the action potential
of coupling among the neuronal population will ensure adepike at E18. There was also an age-dependent decrease in
guate synchronous drive to the diaphragm for the purposestioé presence of a calcium-dependent rebound depolariza-
generating perinatal breathing movements. As the animal nten, likely mediated by T-type conductances (Onimaru et
tures, the situation changes to one whet@0% of the PMN al. 1996; Viana et al. 1993a), among PMNs. Functionally,
pool is recruited during an inspiratory effort at rest (Camerdseyond affecting firing properties, the influx of calcium ions
et al. 1991; Torikai et al. 1996). Therefore it would be inaps thought to be important for promoting neurite growth in
propriate and disadvantageous for neuronal coupling to perslsiveloping neurons (Holliday and Spitzer 1990; Komuro
among the PMN pool at a time when precise, graded recrusind Rakic 1996; McCobb et al. 1989). This would be
ment is desired. particularly important for PMNs during the period spanning
E16-E19, when they undergo rapid growth and reorganiza-
tion of axons and dendrites (Allan and Greer 1997b). Fur-
ther, calcium fluctuations are important for regulating the
maturation of voltage-gated ion channels during periods of
By E16, PMNs are capable of generating overshooting aglectrophysiological maturation (Gu and Spitzer 1995).
tion potentials after intracellular injection of depolarizing cur-
rent or _antidromic stimulation. A§ observed during_ t_he embrbevelopment of repetitive firing properties
onic (Di Pasquale et al. 1996; Spitzer and Baccaglini 1976) and
postnatal (Fulton and Walton 1986; Viana et al. 1994; Ziskind- The developmental changes of the passive properties and the
Conhaim 1988) maturation of other motoneurons, PMN actigonic conductances shaping action potentials were responsible
potentials increase in amplitude and decrease in duration b@-a major change in the repetitive firing properties of PMNSs.
tween E16 and PO—P1. As demonstrated by McCobb et Wlith the age-dependent reduction in the duration of individual
(1990), the increase in action potential amplitude during maction potentials, there was an increase in the overall repetitive

Development of action potential characteristics and
associated ionic conductances
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firing abilities of PMNs. Further, by PO, a second group dfuLton B. P.anD WALTON, K. Electrophysiological properties of neonatal rat

PMNs emerged that fired bursts of action potentials at the ongéﬂmo”e;rZ”SMStLéF?edt_i” Vit;‘-’-- Physiol. (Lo?dﬁg“ ?51;?78; 1986. |
i _ L GETTING, P. A. Moadification of neuron properties by electrotonic synapses I.
of a depolanzlng DUIse and may be related to early recruit qnput resistance, time constant, and integratibriNeurophysiol37: 846—

PMNs (Cameron et al. 1991b; Di Pasquale et al. 1996). A thir 57, 1974

group of PMNs required significantly stronger depolarizationskeer 3. 3, S, J. C., anp FeLDMAN, J. L. Respiratory and locomotor
to be activated. This likely reflected a group of PMNS that patters generated in the fetal rat brain stem-spinal cord in.\dtrdleuro-
remained electrotonically coupled rather than the emergence athysiol.67: 996-999, 1992.

PMNs Corresponding to high_threshold neurons observed Ca}t X. AND SPiTzer, N. C. Distinct aspects of neuronal differentiation encoded

Y by frequency of spontaneous TatransientsNature 375: 784—787, 1995.
later stages of develOpment (Cameron et al. 1991p; Di P ARDING, R., HOOPER S. B.,AND VaN, V. K. Abolition of fetal breathing

quale et al. 1996)' It will be Interesting to examine the age'movements by spinal cord transection leads to reductions in fetal lung
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