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Gao, Bao-Xi, Christian Stricker, and Lea Ziskind-Conhaim. Transi- INTRODUCTION
tion from GABAergic to glycinergic synaptic transmission in newly . . . . .
formed spinal networksl NeurophysioB6: 492-502, 2001. The role of ~ Glycine andy-aminobutyric acid (GABA) are the primary
glycinergic and GABAergic systems in mediating spontaneous synagiiibitory neurotransmitters in mammalian spinal cord apd
transmission in newly formed neural networks was examined in mbrain stem (Curtis et al. 1968; Krnjevic et al. 1977; Schneider
toneurons in the developing rat spinal cord. Properties of action potentialkd Fyffe 1992; Werman et al. 1968; Yoshimura and Nighi
independent miniature inhibitory postsynaptic currents (mIPSCs) meiB95; reviewed by Davidoff and Hackman 1983; Young ahey
ated by glycine and GABA receptors (GlyR and GABAR) were Macdonald 1983). The two neurotransmitters activate phar
studied in spinal cord slices of 17- to 18-day-old embrfis7-18) and cologically distinct ionotropic receptors that are permeabl
1- to 3-day-old postnatal rats (P1-3). mIPSC frequency and amplituglloride ions. Immunohistochemical studies have shown tht
significantly increased after birth, while their decay time decreased. §Rcine- and GABA-like immunoreactivity are coexpressed [iig
determine the contribution of glycinergic and GABAergic synapses &inal neurons, and that the extent of their coexistence in n¢rgd
those changes, GlyR- and GARR-mediated mIPSCs were isolatediarminals depends on the laminae (reviewed by Todd and Spi&e
baseq on th.elr.pharmacologlcal propertles..Two populations of ph.arnigg?’). Furthermore, glycine and GABA receptors are co- =
cologically distinct mIPSCs were recorded in the presence of glycine lized at postsynaptic sites in various layers of the spinal
GABA , receptors antagonists: bicuculline-resistant, fast-decaying Gly sohlhalter et al. 1994° @un g et al. 1994; Todd and Sulliva
mediated mIPSCs, and strychnine-resistant, slow-decaying GRBA 1990° Todd et ai 1996) indicating.a pos,sible synergism in
mediated mIPSCs. The frequency of GABR-mediated mIPSCs was ! ’ 2 S !
fourfold higher than that of GlyR-mediated mIPSC£47-18,indicat- fU!’lCtIOH of Fhe two amino amds in splna_l neurons. S.upporft &
ixed glycine-GABA synaptic sites with synergistic acti

ing that GABAergic synaptic sites were functionally dominant at ear ; . .
stages of neural network formation. Properties of GARAmMediated as demonstrated in recent electrophysiological and mor i

mIPSC amplitude fluctuations changed from primarily unimodal skewd@gical findings proposing that glycine and GABA are not onfy_,
distribution atE17-18to Gaussian mixtures with two to three discret€0expressed in the same nerve terminals, but are also co-s 0:%‘3
components &1-3.A developmental shift from primarily long-duration IN Synaptic vesicles in presynaptic terminals making synagtic
GABAergic mIPSCs to short-duration glycinergic mIPSCs was evide@ntacts on sensory and motoneurons (Chaudhry et al. 1988
after birth, when the frequency of GlyR-mediated mIPSCs increasédiéry and Koninck 1999; Jonas et al. 1998). It has b
10-fold. This finding suggested that either the number of glycinerdgitypothesized that simultaneous activation of glycine
synapses or the probability of vesicular glycine release increased dui®4BA , receptors that produces dual-component, fast-
the period studied. The increased frequency of GlyR-mediated mIPS§lsw-decaying synaptic currents might play a role in the firje-
was associated with more than a twofold increase in their mean amflining of synaptic integration in the spinal cord.

tude, and in the number of motoneurons in which mIPSC amplitude The roles of glycine and GABA in mediating inhibitor
fluctuations were best fitted by multi-component Gaussian curves. A thifgnaptic transmission have been studied extensively in |the
subpopulation of mIPSCs was apparent in the absence of glycine ggdent spinal cord, but little is known about their relatiye
GABA , receptor antagonists: mIPSCs with both fast and slow decayipgntripution to synaptic transmission during the period |of

components. Based on their dual-component decay time and their HBural network formation. In a previous study we have siig-

pression by either strychnine or bicuculline, we assumed that these Wﬁéested that the density of GABAreceptors expressed i

generated by the activation of co-localized postsynaptic glycine a . e .
GABA.,, receptors. The contribution of mixed glycine-GABA synapti€TPryonic motoneurons is higher than that of glycine recgp-

sites to the generation of mIPSCs did not change after birth. The deJ8IS, as evident by the threefold larger GABA- than glycine-

opmental switch from predominantly long-duration GABAergic inhibiinduced somatic currents generated by exogenous applicaion
tory synaptic currents to short-duration glycinergic currents might ser@é the neurotransmitters (Gao and Ziskind-Conhaim 1995)| A
as a mechanism regulating neuronal excitation in the developing spilaige increase in glycine currents is apparent after birth, w
networks. the two agonists produce somatic currents with similar ampli-
tudes. The high density of GABA-gated currents is temporglly
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492 0022-3077/01 $5.00 Copyright © 2001 The American Physiological Society www.jnjorg

O



http://jn.physiology.org

SWITCH FROM GABAerGic TO GLYCINERGIC SYNAPTIC CURRENTS 493

correlated with the transient appearance of GABA immunorttedes were pulled to tip resistances of 3-5 M&8ing a multi-stage

activity in most developing spinal neurons (Ma et al. 1992uller (Sutter Instruments). Electrodes were filled with solution con-

Walton et al. 1993). The functional importance of the abundap@sed of (in mM) 149 CsCl, 10 HEPES, 0.2 EGTA, 1 Mg-ATP, and
expression of GABA in embryonic spinal cord is unknown, buft
it has been hypothesized that in addition to its role as neutg-
transmitter, GABA is a neurotrophic substance that modula

neuronal development and synaptogenesis (reviewed E%ﬁ

GABA and glycine depolarize neurons in the developing r@ance and was compensated b$0%. Recordings were carried oyt

dent spinal cord (Gao and Ziskind-Conhaim 1995; Takahasdly in neurons in which depolarizing test pulses produced fast

1984; Wu et al. 1992), resulting in the activation of voltageoltage-dependent inward Neacurrent.

dependent Ca channels and transient elevation of Cytop|as To record action potential-independent miniature inhibitgry

mic C&" (Reichling et al. 1994; Ziskind-Conhaim 1998). It igPostsynaptic currents (mIPSCs), TTX (M) was added to the
likely that the relatively long-duration GABAergic Currentsextracellular solution to block voltage-gated Naurrent. In the
(Chéry and Koninck 1999; Yoshimura and Nishi 1995) a%ﬂ_mand 0.3 Hz aP1-3(Gao et al. 1998)

more 'effective .th‘.”m the glycinergic cu'rrents in triggering trf”m' To acquire a large sample of mIPSCs for statistical analys
sient increase in intracellular €& The increased cytoplasm|cexperimemS were performed in high extracellulaf K18 mM).

Ca™" might initiate cellular mechanisms underlying neuronaligh-K *—induced increase in mIPSC frequency does not resulf in
development and neural network formation (Fields and Nelsarsignificant number of summating miniature currents (Gao et|al.
1993; Gosh et al. 1993; Kocsis et al. 1993; Spitzer 1994). 1998). Recordings were carried out at a holding potential (HP)| of

The primary objective of our study was to determine the60 mV. With CI™ equilibrium potential close to 0 mV, mIPSC
relative contribution of pure and mixed glycine and GABAppeared as inward currents. To increase the kinetic differen]
synaptic sites to spontaneous inhibitory transmission during #fween glycine and GABA mIPSCs, the experiments discusse
period of extensive synaptogenesis in the mammalian spilfif manuscript were carried out in the presence of flunitrazep
cord. Experiments were designed to determine whether dev&lY; 2 #M). a benzodiazepine that selectively slows the decay

tal ch . tic t S iated ABA ,R-mediated mIPSCs (Mellor et al. 1997). Glutamate-m
opmental changes In synaptic transmission are assoclated Wjte excitatory postsynaptic currents (EPSCs) were blocked

changes in presynaptic transmitter release and/or in properfies amino-5-phosphonovaleric acid-APV, 20 uM), a N-methy!-
of postsynaptic receptors/channels of the two neurotransmittgrgspartate (NMDA) receptor antagonist, and 6-cyano-7-nitrog
systems. noxaline-2,3-dione (CNQX, 5-1@M), a non-NMDA receptor

Preliminary data from this study have been presented in amagonist. Synaptic currents were recorded using either Al
abstract form (Gao and Ziskind-Conhaim 1999). patch-1D or Axopatch 200A amplifiers (Axon Instruments). CU
rents were filtered at 1 kHz, digitized at 5 kHz, and stored
optical disk for later analysis. Continuous recordings were carr
out for 10 min or until>150 mIPSCs were recorded BL7-18,
Spinal cord preparation and>250 events were recorded RfL—3.

= 0O

METHODS

Lumbar spinal cords were isolated from Sprague-Dawley rat e
bryos at 17-18 days of gestation (E17-b8th is atE21-22), and
from 1- to 3-day-old postnatal rats (P1-3). The procedure for spinalThe threshold for detection of mIPSC was set at 2 pA above |
cord dissection was similar to that described previously (Gao et Bhckground noise. mIPSCs and events in the baseline noise
1998). A pregnant rat was lightly anesthetized with ether, decapitatelétected and measured using Mini Analysis software (Synaptos
and embryos were removed into cold dissection solution and dec#inetic analysis was performed on averaged mIPSCs, which we

'Bata analysis

a)éa‘ﬁ'aunr uo Bio'A

itated. Postnatal rats were anesthetized by hypothermia. The lumbtained by lining up the rising phase of single mIPSCs. In mpst
region of the spinal cord was removed after ventral laminectomy antbtoneurons, more than 100 events were averaged. Kinetic anajysis

placed in oxygenated cold dissection solution. The dissection solutipeluded the following: peak amplitude, rise time from 10 to 906
contained (in mM) 140 NaCl, 5 KCl, 4 Cagl1.1 MgCl,, 4.2 HEPES, peak amplitude, and decay time constant (degajn most mIPSCs,

and 11 glucose (pH 7.2—7.4). The isolated spinal cord was embeddeel time course of decay was best fitted with the sum of two expo-

inagar (2% in extracellular solution). Transverse slices,@8(hick, nentials, and amplitude-weighted decaswere calculated by sum-

were cut using a Vibratome (Technical Products International). Prigiing the two time constants, weighted by their fractional contributipn

to whole cell recordings, slices were incubated in extracellular solter the amplitude. Data are presented as mear®E. Student's-test
tion at room temperature for 1 h. The extracellular solution contain@ghs used to determine the statistical significariee<(0.05).

(in mM) 113 NaCl, 3 KCI, 2 CaG| 1 MgCl, 25 NaHCQ, 1
NaH,PO,, and 11 glucose. The solution was equilibrated with 95

9 - . . L. .
0,-5% CO, (pH 7.2 at 20-22°C). Ltatistical analysis of amplitude distributions

Probability density functions (PDFs) were generated by convolv|ng
Whole cell recording each mIPSC population with a normal distribution (Stricker et pl.
1994) having a mean of zero and a standard deviation of the basgline
Slices were transferred into a recording chamber, which wasise. This standard deviation of the convolving normal distributipn
mounted on the stage of an upright microscope and were superfuses chosen to account for the unimodality and the skewness of| the
with aerated extracellular solution at room temperature. Whole cdiktributions. Large amplitude mIPSCs that formed the tail of amgli-
patch-clamp recordings were carried out in visually identified largade histograms (outliers) were removed to minimize the bias of the
neurons in the medial and lateral ventral horn using infrared diffeestimates. Amplitude histograms were plotted based on a binwidth of

ential interference contrast (DIC) optics (Gao et al. 1998; MacVicar pA.

1984). These neurons were assumed to be motoneurons. Patch eléthe optimal parameters of each mode were determined using| the

1 GTP. The solution was adjusted to pH 7.2 using CsOH, and|the
molarity was 290 mOsm. Recordings were carried out at room
perature (20—22°C). After the formation of a giga-ohm seal dnd
mbrane rupture to obtain whole cell recording, the cell capacitance

. - . series resistance were electronically compensated. Typically| the
Lauder 1993; Meier et al. 1991; Ziskind-Conhaim 1998keries resistance was two- to threefold higher than the pipette r¢sis-

resence of TTX, mIPSC frequency was approximately 0.1 Hz| at

S,
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high-K*—induced mIPSCs recorded &7 and P2 motoneu
rons are shown in Fig. 1. In those neurons, mIPSC frequen

P2
i ’V’“"““V““"”“" were 0.3 and 1.1 Hz &17 andP2, respectively. Characteris
tically, primarily long-duration mIPSCs were recorded in e

bryonic motoneurons, while shorter duration mIPSCs wg

- evident after birth.
e During the 8-day period studied, mIPSC frequency |
e e - /,»-—ww 100 pA creased threefold: from 0.34 0.07 (SE) Hz atE17-18to

500 ms 0.90* 0.11 Hz atP1-3(Table 1). The higher frequency migh

Fic. 1. Traces of continuously recorded miniature inhibitory postsynaptl'?:e attributed to the formation of new mhlbltory synaptic sit

currents (mIPSCs) irembryonic day 17E17) andpostntatal day 2(P2) OF an increased probability of transmitter release. It is unliks
motoneurons. mIPSC frequency was loweE&? (0.3 Hz) than aP2(1.1 Hz). that the postnatal increase in mIPSC frequency resulted f

Larger amplitude and shorter duration mIPSCs were more evidd? ttan developmental changes in the effect of high extracellular
at E17.Recordings shown in this and all other figures were performed in t ; e i . L
presence  of b-2-amino-5-phosphonovaleric acidb-APV: 20 uM) and W synaptic transmission. High“Ksolution produced a similar

6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10M), and at a holding po- three- to fourfold increase in mMEPSC and mIPSC frequeng
tential (HP) of—60 mV. Under our experimental conditior;, was close to  in motoneurons of both embryonin & 3) and postnatal (&
0 mV, and mIPSCs were recorded as inward currents. 3) rats (unpublished observations).

Expectation-Maximization algorithm. The formulas required were |N€ developmental increase in mIPSC frequency was a
those derived by Stricker and Redman (1994). The algorithm cor@ated with an increase in the mean amplitude, changing f
sponded to that for optimal fitting of the noise. The Gaussians in th®.4 = 7.2 pA atE17-18(n = 7) to 64.9+ 9.2 pA atP1-3
mixture were constrained to be equal or larger than the noise variange= 7, Table 1). To determine whether the characteristics

Statistical procedures were designed to allow a systematic evaly@pSC amplitude distribution changed during this peri
tion of possible models of synaptic transmission that might ha

generated the amplitude distribution of mIPSCs, using a null hypozﬁ?\ahlsaese OfrOPDFSB\;veerz [;irft(;]r;nedalrr]ltaslet\;]eenormoot;)?real;]ror?]
esis for rejection in each case. The null hypothesis test was based gy 29 gre up. S qu y S
the ability of each model to fit the measured PDF. When the ndfl€ase, miniature currents are generated by the releas

hypothesis could not be rejected, the model with the smaller numiséngle vesicles (del Castillo and Katz 1954; Isaacson &

of components was accepted (principle of parsimony). In the first stéyalmsley 1995; Redman 1990). Therefore the first compon
of the statistical analysis, the minimum number of Gaussian distribigr multiple-component Gaussian curves (e.g., Fig) Bpre-

tions required to fit the PDF was determined. This was achieved W@nts the unitary current generated by the release of a sih

the addition of a further Gaussian distribution did not result in gasicle and the additional components might be attributed
significantly better fit. In the second step, a single skewed PDF w; N s ;
fitted to mIPSC amplitude distribution. Three skewed PDFs weﬁlﬁjltl vesicular release. Our findings showed that in 7% (

tested: the gamma, weibull, and cubic transform of a random Gauss Z) of empryomc motoneyrons_, mIPSC. amplitude f|UCtU?.tIC
variable. In this test, the skewed PDF became the null hypothediEre best fitted by Gaussian mixtures with two to three disct
while the optimal mixture of Gaussians became the alternative Homponents. After birth, 86%n(= 6/7) of motoneurons ex-
pothesis. To determine the quality of each model to describe the P#hited mIPSC amplitude fluctuations that were best fitted wj

the two models were compared using the Wilks statistic as descrigadiitiple Gaussian curves with two to six distinct peaks. Thg
by Stricker et al. (1994). If all three null hypotheses could be rejectegistimated size of the first component was 19.8.4 pA (n= ﬁ
balanced bootstrap samples were generated to estimate the erroi)eft E17—18,not significantly smaller than the 339 8.2 pA |
the parameters describing the PDFs. (n = 6) recorded after birth (Table 1). =
To determine whether the basic kinetic properties of mIPS &

RESULTS changed after birth, rise time and deaayof averaged mIPSCs
. ; were analyzed. Our findings showed that, while there was| no
Developmental changes in mIPSC properties change in mIPSC rise time, significantly shorter mIPSC deg¢ay

mIPSC properties were examined B17-18,when excit- s were apparent after birth. Decay decreased from 84 .4
atory monosynaptic connections are first formed on motone®id ms atE17-18to 25.8 = 3.3 ms atP1-3,and a similar
rons (Kudo and Yamada 1987; Ziskind-Conhaim 1990), anidreefold decrease was estimated for deedy which was
after birth (P1-3), when the frequency of spontaneous synaptétiuced from 441.- 47.4 ms atE17-18to 139.8+ 9.1 ms
events significantly increases (Gao et al. 1998; Xie and ZistP1-3(Table 1). At both ages;1 contributed approximately

kind-Conhaim 1995; Ziskind-Conhaim 1988). Examples @5% to the peak amplitude, and amplitude-weighted mean

TABLE 1. Developmental changes in mIPSC properties recorded in spinal motoneurons of E17-18 and P1-3 rats

n Frequency, Hz Mean Amplitude, pA Unitary Current, pA Rise Time, ms Dedayns Decayr2, ms
E17-18 7 0.34* 0.07 40.4+ 7.2 (7) 19.4+ 3.4 (5) 28+ 04 844+ 8.1 441.0£ 47.4
P1-3 11 0.90%= 0.11* 64.9% 9.2 (7) 33.9* 8.2 (6) 2.3+ 0.3 25.8* 3.3* 139.8+ 9.1*

Values are means SE;n is number of motoneurons; number of motoneurons is in parentheses. Miniature inhibitory postsynaptic current (mIPSC) frd

increased approximately 3-fold after birth, and the mean amplitude increased about 60% during the same developmental period. Significantly shortpr dyra

mIPSCs were recorded after birth, as evident by the 3-fold decrease in thededayeraged amplitude-weighted decayywere 216.7 25.6 ms (n= 7) at
E17-18,and 65.0= 9.0 ms (n= 11) atP1-3.The unitary currents were calculated from the probability density functions (PDFs) that were generate
mIPSCs recorded in 7 motoneurons in each age group. * Significantly different thzlkval8, P<< 0.05.
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decayrs were 216.7+ 25.6 (n= 7) and 65.0 9.0 (n= 11) A B
before and after birth, respectively. bicuculline

To rule out the possibility that the decrease in deeay
resulted from a developmental decrease in membrane resis- M
tance (e.g., Xie and Ziskind-Conhaim 1995; Ziskind-Conhaim ™=yttt
1988), decayrs of 10% of mIPSCs with the fastest rise time A e et ;
were analyzed. It was assumed that the fastest rising mIPSCs MWWWW”
were generated near the soma and therefore were adequately ; 20pA
voltage clamped and not influenced by changes in membrane itk st | 100 A 150 ms
resistance. Decays could not be used as a criterion for the
isolation of fast mIPSCs that were generated close to the soma, 500 ms
because glycinergic and GABAergic mIPSCs had different
decayts (see Table 2). The averaged rise time of the fastest C
mIPSCs was twofold faster than that estimated for the entire 10
mIPSC population: 1.0% 0.13 ms aE17-18and 1.36*+ 0.15
ms atP1-3(Fig. 2). Similar to the developmental decrease in 207 '8
decayts of the entire population of mIPSCs, the deeayof £
the fastest mIPSCs decreased two- to threefold after birgh. 6
Decayrl decreased from 57.6 6.6 ms atE17-18to 22.2+ &
3.3 ms atP1-3,and shorterr2 was also apparent during theé he *
same period: changing from 323#255.5 ms to 107.3- 14.7. 3
This finding supported our hypothesis that the developmental
decrease in decays was not related to the age-dependent |

decrease in membrane resistance. 0 20 40 60 80 100 10 30 50
Amplitude (pA) Amplitude (pA)

Probability o
AL IR o
—f—

DAY 2
. N v

o i 1

. . FiG. 3. Properties of GlyR-mediated mIPSCs recorded i &8motoneu-
.Frequency and a.mpIItUde of GlyR_medlated mIPSCs ron. The frequency of fast-decaying, bicuculline-resistant inward currents
increased after birth 0.13 Hz (A). Those mIPSCs were blocked by @M strychnine (not shown).
The rise time of the averaged GlyR-mediated mIPSG- (80 events) was 3.0

To determine the contribution of glycinergic and GABAerms (B). In this, and all other figures, the time course of decay was best fit

gic synaptic transmission to the developmental changes 2igxponentials {--). Decayrl and+2 were 15.8 and 78.8 ms, respectively.

mIPSC properties GIyR- and GA&(R-mediated mIPSCs Amplitude histograms of mIPSCs and noise fluctuationsaGd o, respec-

tively) are shown irC. In this and all other figures, the numbers of noise evept

were isolated pharmacologlcally using SPeC'f'C glycme a marked along the left vertical axis, and the numbers of mIPSCs are mg
GABA, receptors antagonists. GlyR-mediated mIPSCs wefng the right vertical axis. Probability density (PD) as a function of mIP
recorded in the presence of bicuculline methiodide (5¢4), amplitude was generated from a sample size of 56 observations and bas
a GABA,R antagonist (Figs.8and 4A). Bicuculline-resistant & noise standard deviation of 2.3 pA (D). mIPSC amplitudes larger than 60

. _ (outliers) were removed to minimize the bias of the estimates. Three disg
mIPSCs were blocked by strychnine (0.4-QB), a GlyR components were identified at 21:21.6, 31.3*+ 3.1, and 46.6= 2.4 pA (D,

aptagonist (not shown), indicating that those were GlyR-MEsttom). The associated standard deviations were:3(06, 6.4+ 1.3, and
diated mIPSCs. Examples of traces representing averagead- 0.9 pA, respectively. The component probabilities were 0+40.14,
GlyR-mediated mIPSCs &18 andP2 are shown in Figs. 3B 0.45* 0.14, and 0.15* 0.08 (D, top).

and 4B.

The frequency of GlyR-mediated mIPSCs increased 10-f 7_18t°.42'4i 8'.8 PA (n= 9). atP1-3 (Table 2). Severgl
betweenE17—18andP1-3(Table 2), suggesting a substantia}octors might contribute to the increase in mIPSC amplity
increase in either the number of functional glycinergic sydncluding a developmental increase in quantal size, hig
apses and/or in the probability of hightkinduced spontane 4ENSity Of postsynaptic receptors, larger channel conducta
ous presynaptic release of glycine during the period studieémd increased probability of multiple vesicular releases.

The mean amplitude of GlyR-mediated mIPSCs increas%de was associated with changes in the characteristic
twofold after birth, changing from 20.% 4.4 pA (n = 5) at mIPSC amplitude distribution, analyses of PDFs were p|

E17 P3 formed in five embryonic and nine postnatal motoneurons. ¢
findings showed that in 60% (& 3/5) of E17—18motoneu-
rons, GlyR-mediated mIPSC amplitude fluctuations were b
]/,,f—"“‘"‘ ' fitted by a Gaussian mixture with two to three discrete co
ponents, and the size of the first component was 17261 pA.
In contrast, in allP1-3 motoneurons (n= 9/9), mIPSC am-
20 pA plitude fluctuations were best fitted by Gaussian mixtures w
two to four components, but the size of the first compone
22.6* 3.5 pA (n=9), was similar to that measuredmst 7—-18
FIG. 2. Averages of 10% of mIPSCs with the fastest rise timeSlidand (Table 2).

P3 motoneurons. AE17,averaged mIPSC rise time was 1.5 ms, aficand ; ; _ ; ;
72 were 71.6 and 358.2 ms, respectively<r82 events). AP3, the rise time The rise and decay times of GIyR mediated mIPSCs did

was 1.0 ms, andl and2 were 22.1 and 118.3 ms, respectively£n71 change after birth. The rise time was 3:00.4 ms att17-18
events). and 2.4+ 0.2 ms atP1-3 (Table 2). Decay time constant

150 ms

atermine whether the developmental increase in mean ampli-
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FIG. 4. Properties of GlyR-mediated mIPSCs recorded2anotoneuron.  F'S- 5. Properties of GABAR-mediated mIPSCs recorded in B&7 mo-
Higher frequency and larger amplitude mIPSCs were record@® #han at toneuron. In the presence of strychnine, miPSC frequency was 0.2 Hz
E17(Fig. 1). mIPSC frequency was 1.0 Hz in the presence of bicuculline (A)"0Se MIPSCs were blocked by bicuculline (not shown). Rise time of
The rise time of the averaged mIPSC was 2.0 ms, and decaydr2 were averaged GABAergic mIPSC (s 116 events) was 1.0 ms, and deedyand
14.7 and 67.0 ms, respectively t1371 eventsB). Amplitude histograms of 72 were 88.7 and 443.3 ms, respectively (B). Amplitude histograms of mIP
mIPSCs and noise fluctuations are shownGinPD as a function of mipsc and noise fluctuations are shown@n PD as a function of mIPSC amplituds
amplitude was produced from a sample size of 502 observations and based 3% generated from a sample size of 110 observations and based on a
noise standard deviation of 1.7 p®) To minimize the bias of the estimates, Standard deviation of 1.2 pA (D). mIPSC amplitudes larger than 60 pA w
mIPSC amplitudes larger than 120 pA were not analyzed. Two distinct comp§moved to minimize the bias of the estimates. The null hypothesis of a ske
nents were identified at 294 1.2 and 63.4= 3.2 pA (D, bottom). The associated amplitude dISFI‘Ib.LIIIO!’] could r_]ot b(_e‘rejected for this motoneuron. The peal
standard deviations were 9:9 0.7 and 22.8= 0.9 pA, respectively. The com- the gamma distribution was identified at 18:61.2 pA (D).
ponent probabilities were 0.66 0.05 and 0.34+ 0.05 (D, top). ) ) ]

glycine receptor antagonist at concentratietisuM (Jonas et
ranged from 13.0 to 14.4 ms fefl and 064-8 to 70.0 ms far2 1" 1998). Strychnine-resistant mIPSCs were blocked by bi
(Table 2)I._At both agr(]asl contributed 67% to the peak amp"EJdeculline (not shown), confirming that these were GABA
and amplitude-weighted mean decaywere 30.4- 6.7 ms ("= negiated mIPSCs. The frequency of GARR-mediated

7) atEl7-18and 33.6+ 3.1 ms (n= 11) atP1-3. mIPSCs was 0.26 Hz aE17-18,fourfold higher than the

frequency of GlyR-mediated mIPSCs (Table 2). The frequemncy

Frequency and amplitude of GABR-mediated mIPSCs

did not change after birth of GABAergic currents did not change after birth, suggesti

that there was no increase in the number of GABAergic s
GABA ,R-mediated mIPSCs were recorded in the presenaptic sites on motoneurons.
of strychnine (0.4-0.5uM, Figs. 5A and 6A), a selective The mean amplitude of GABAergic mIPSCs was 23.8.3

TABLE 2. Developmental changes in the properties of pharmacologically isolated glycinergic and GABAergic mIPSCs

Glycine GABA
E17-18 P1-3 E17-18 P1-3
Frequency, Hz 0.06+ 0.01 0.61+ 0.11* 0.26+ 0.08t 0.33+ 0.05%
Mean amplitude, pA 20.1 = 4.4(5) 42.4 +8.8(9) 23.4 = 3.3(5) 22.7 = 251 (9)
Unitary current, pA 176 = 2.1(3) 22.6 =3.5(9) 156 = 1.1%(1) 17.9 = 2.9(7)
Rise time, ms 3.0 = 04 24 £0.2 27 = 04 3.3 = 0.2t
Decayrl, ms 13.0 = 2.8 144 =14 90.1 *12.4% 60.8 = 5.90f
Decay2, ms 64.8 = 14.0 70.0 £6.0 473.1 + 68.3f 303.8 = 29.7*1

Values are means: SE; number of motoneurons f&17-18is 7 and forP1-3is 11. The frequency and mean amplitude of GlyR-mediated mIP{
significantly increased postnatally, and the duration of GARAmediated mIPSCs significantly decreased. PDFs were generated in 5 embryonic and 9 pg
motoneurons. Similar size glycinergic and GABAergic unitary currents were recorded at both ages. * Significantly differentBEh@r18; P< 0.05.
T Significantly different than GlyR-mediated mIPSCs at the sameRge,0.05. 1 Error derived from sampled mIPSCs.
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A B noise ratio, because similar averaged currents were recorded i
strychnine embryonic and postnatal motoneurons, but in most postn}tal
e neurons, MIPSC amplitudes were best described by mdilti-

component Gaussian curves rather than skewed distribution

o ... (Fig.6Dand Table 2).
- A significant change in mIPSC amplitude fluctuations was
15 pA evident after birth, when amplitude distributions in 78fr=

7/9) of motoneurons were best fitted with a Gaussian mixtire
150 ms consisting of two to three discrete components. The size offthe

first component was 17.& 2.9 pA (n= 7), not significantly

A ettt gurerseres | 100 PA smaller than the first component of glycinergic currents.
500 ms The decay time of GABAR-mediated mIPSCs significantly
decreased postnatally, as evident by faster deeayrl
C D changed from 90.% 12.4 ms (n= 7) atE17—18to 60.8+ 5.9
1001 40 ms (n= 11) atP1-3,and 72 decreased from 4374 68.3 ms

-

80 +

Probability

to GlyR-mediated mIPSCs;1 contributed 66% to the peal
amplitude, and amplitude-weighted averaged detayere
5o 220.1+ 31.8 (n= 7) and 143.4*+ 135 ms (n= 11) in
10 embryonic and postnatal motoneurons, respectively.

The average decass of GABA,R-mediated mIPSCs wereé

60

t

Number of events
o
by
[+5)

204 10 :‘% four- to sevenfold slower than those of GlyR-mediated mi[R.
H H = SCs. This was partly due to the effect of flunitrazepam (Flul,

0 n - Ol e uM), which selectively prolongs the duration of GABAergic
© ampiudeon ® amplitade (o) but not glycinergic synaptic currents (Nusser et al. 199

However, even in the absence of Flu, the detagf GABAer-

FIG. 6. Properties of GABAR-mediated mIPSCs recorded inPd mo- @8 mIPSCs were two- to fourfold slower than those of g'/

toneuron. In the presence of strychnine, mIPSC frequency was 0.3 Hz (A).

time of the averaged mIPSC fn 197 events) was 3.0 ms, and deedyand ~CIN€rgic currents (not shown). 3
72 were 70.5 and 353.5 ms, respectively (B). Amplitude histograms of mIPSCs =1
and noise fluctuations are shown@ PD as a function of mIPSC amplitude, i X i g_
generated from a sample size of 195 observations and based on a nblgeperties of mixed GlyR- and GARR-mediated mIPSCs <
standard deviation of 1.6 pA (D). mIPSC amplitudes larger than 40 pA were o ) o
removed to minimize the bias of the estimates. Two discrete components weréAt the beginning of each experiment, before GlyR- pBE
identified at 17.9+ 0.6 and 34.8+= 3.6 pA (D, bottom). The associated GABAAR-mediated mIPSCs were blocked, three types ofm &
standard deviations were 5t 0.4 and 4.3+ 1.5 pA, respectively. The . _ ; ; ; _
component probabilities were 0.98 0.06 and 0.07= 0.06 (D, top). SCs V\_/ere apparent: fast decaymg glycmerglc mIPSCs, $I )@
decaying GABAergic mIPSCs and dual-component, mixed
pA (n = 5) atE17-18,similar to the 22.7+= 2.5 pA (n= 9) fast- and slow-decaying currents (Fig. 7). These dual—compg-
recorded after birth (Table 2). PDF analyses showed thatrient mIPSCs were not observed in the presence of eifin
80% of E17-18 motoneurons (n= 4/5), mIPSC amplitude bicuculline or strychnine, suggesting that they were genergtged

fluctuations were best fitted by a unimodal skewed distributidyy simultaneous activation of colocalized glycine and GAB/
(Fig. 5D), and in only one motoneuron the PDF was begtceptors.
described by a two-component Gaussian mixture. UnimodalTo determine the contribution of pure glycinergic ar
skewed distributions might be the result of large quantal vafeABAergic synaptic sites and mixed glycine-GABA sites
ability (intrasite and/or intersite variability) and/or “smeared$pontaneous inhibitory transmission, the three mIPSC §
peaks due to small signal-to-noise ratio caused by either a lapggpulations were kinetically isolated based on their decay

[=ie]
i

recording noise or a small quantal size. However, it is unlikelp each motoneuron, the averaged traces of pharmacologigally
that the skewed distribution resulted from a small signal-tésolated glycinergic and GABAergic mIPSCs were used [as

control bicuculline strychnine
w T
by g N r e
r———— Ao
* .
-.-:.,._ o b.h--f"""
S S i ey 150 pA
C—v—/— {ﬂ‘—ﬂ'\-u

500 ms

FIG. 7. Three types of mIPSCs recorded ifPa motoneuronLeft: mIPSCs recorded at a HP 60 mV in the absence of
strychnine and bicuculline (control). Three subpopulations of mIPSCs were apparent: fast-decaying mIPSCs (+), slow-decaying
mIPSCs ¢) and dual-component, fast- and slow-decaying mIPSCsMfjldle: bicuculline-resistant, fast-decaying glycinergic
mIPSCsRight: strychnine-resistant, slow-decaying GABAergic mIPSCs. BicucullineMwas removed from the extracellular
solution, and the slice was perfused for 30 min before strychnine application. Recordings were performed 14 min after strychnine
(0.5 uM) was added to the extracellular solution.

to 303.8%+ 29.7 ms during the same period (Table 2). Similgr
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Pharmacologically isolated mIPSCs

eraged pharmacologically and kinetically isolate
mIPSCs in &2 motoneuron. GlyR- and GABAR-

L / mediated mIPSCs were pharmacologically isolat

l/"’—”v# in the presence of bicuculline and strychnine, r
spectively. Averaged GlyR-mediated mIPSC=n
. 502 events) and GABAR-mediated mIPSC (»-

189) were superimposed to show that the dec|
time of GABA,R-mediated mIPSCs was signifi

glycine GABA glycine  GABA

Kinetically isolated mIPSCs cantly slower than that of GlyR-mediated mIPSC
Pharmacologically isolated mIPSCs were used
glycine GABA glycine-GABA templates to distinguish between glycinergic ar

GABAergic mIPSCs based on their kinetic propef-

\///—'——-———‘ ‘ ties. The averaged mixed glycine-GABA mIPS¢
had a dual-component decay time that resemb]
20 pA the fast- and slow-decaying phases of the superi
100 ms

posed GlyR- and GABAR-mediated mIPSCs.

templates to distinguish between the three types of mIPS&sd GABA receptors. In both embryonic and postnatal n
(Fig. 8). Individual mIPSCs were classified as pure glycinergtoneurons, decay times of the dual-component mIPSCs W
or GABAergic if their decayrl andr2 were withint1 SD of slower than the decay times of glycinergic mIPSCs but fag
the averaged decass of GlyR- and GABA R-mediated mIP than those of GABAergic mIPSCs. Mean deedywas similar
SCs. Two criteria were required to distinguish the dual-conw the decayrl averaged between GlyR- and GABR-medi
ponent, fast-slow—decaying mIPSCs from the pure mIP$s:ated mIPSCs (Table 3), and dec&/was within+1 SD of 72
decayrl was more thant1 SD faster tharrl of GABA,R- of GABA  R-mediated mIPSCs. Similar to the developmen
mediated mIPSC, ar) decayr2 was at=1 SD of the average decrease of the decay time of GABR-mediated mIPSCs, the
decayr2 of GABA,R-mediated mIPSCs. It is conceivable thatlecay time of dual-component mIPSCs was faster after bi
the fraction of dual-component mIPSCs in the total mIPSC The frequency of dual-component mIPSCs increased th
population was slightly underestimated, becauselitD% of to fourfold after birth, changing from 0.06 0.02 Hz at
mIPSCs with obvious fast-slow—decaying components, tl7-18to 0.21 = 0.03 Hz atP1-3 (Table 3). The mean
decay could not be fitted well with two exponentials. Thosamplitude of the mixed mIPSCs was larger than the mg
mIPSCs were not included in the analysis. An example of tlenplitudes of either pure GlyR- or pure GABR-mediated
three mIPSC subpopulations isolated based on their kinetidPSCs. For example, &1-3 the mean amplitude of pure
properties is shown in Fig. 8. GlyR- and GABA,R-mediated mIPSCs were 424 8.8 and
Figure 9 shows an example of averaged dual-compon@7 + 2.5 pA (Table 2), and the mean amplitude of dua
glycine-GABA—mediated mIPSC in 2 motoneuron. The component mIPSCs was 688 4.7 pA (Table 3), approxi-
finding that the monotonic rise time of dual-componemately an arithmetic sum of the mIPSCs generated by glya
mIPSCs was similar to that of GlyR- and GABR-mediated and GABA receptors. The mean amplitude of the curre

MIPSCs (Tables 2 and 3) supported the assumption that thpseduced at mixed glycine-GABA synaptic sites did not si
mIPSCs were produced by simultaneous activation of glyciméicantly change after birth. In the example shown in Fig.
A B C
80~ 10 081
=] 1
n -8 3 4
£ % 3 +
o L6 & |
S 40- 0-
B 4 0.02 4
£ =
Z 207 , &1
o
| | =
0
0 50 100 150 200 250 20 60 100 140 180
Amplitude (pA) Amplitude (pA)

FIG. 9. Averaged dual-component glycine-GABA—-mediated mIPSC recordedinaotoneuron. The averaged mIPSC=n
173) had a rise time of 3.0 ms, and deedyandr2 were 38.1 and 269.9 ms, respectively (A). Amplitude histograms of mIPSCs
and noise fluctuations are shownBnPD as a function of mIPSC amplitude was generated from a sample size of 165 observations
and based on a noise standard deviation of 2.1 pA (C). To minimize the bias of the estimates, the analysis did not include mIPSCs
with amplitudes larger than 180 pA. Two distinct components were identified at63.6 and 106.4- 12.0 pA (C, bottom). The
associated standard deviations were 15.2.3 and 30.5¢ 4.5 pA, respectively. The component probabilities were 0:6Q.12
and 0.39%+ 0.12 (C, top).

FIG. 8. Similar properties characterized the ay-
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TABLE 3. Properties of mixed glycine-GABA-mediated mIPSCs in embryonic and postnatal motoneurons

n Frequency, Hz Mean Amplitude, pA Rise Time, ms Deedy ms Decayr2, ms
E17-18 7 0.06* 0.02 56.8+ 9.7 2.3+04 57.8+ 4.3 395.7+ 76.4
P1-3 11 0.21+ 0.03* 68.3* 4.7 2.3+ 0.3 33.2+ 3.3* 2451+ 27.3*

Values are means SE;n is number of motoneurons. The frequency of dual-component mIPSCs increased 3- to 4-fold, and their duration was sign
shorter after birth. * Significantly different than B7-18, P<< 0.05.

the probability density as a function of mIPSC amplitude was!SCUSSION
best fitted by a Gaussian mixture with two components atIn this study we examined the properties of GlyR- a

63.6 = 3.6 and 106.4- 12.0 pA, respectively. ;
The percentage of each mIPSC subpopulation was de ﬁBAAR-medmted mIPSCs at early stages of neural netw

mined in individual motoneurons using the kinetic anaIySI§)rmat|on in the rat spinal cord and determined the relative c

described above. This analysis was preferred over the anal rsipsuﬁon_ c_>f the glycine_:rgic and _GABAergic systems to spontar
based on the frequency of pharmacologically isolated m'PS(r%s inhibitory synaptic transmission. Our findings demonstrg

because the kinetic characterization of each mIPSC was carr] %t GABAergic synaptic Inputs dominated higt-induced
out for the total population of mIPSCs. Our findings showe ontaneous transmission in Sp'”"’?‘ motoneurons of rat emb_r
that the contribution of pure glycinergic and GABAergic Synglvmg rise to primarily long-duration mIPSCs. Short-duratic

aptic sites to spontaneous transmission changed betwggﬁmerg'c mIPSCs were predominant after birth, indicating

E17-18andP1-3.GABA ,R-mediated mIPSCs accounted fo evelopm(_antal SWitCh from GABA_ergic to egcinerg_ic synapt
51.4+ 2.6% of the mIPSCs & 17—18 while GlyR-mediated inputs during the period of extensive synaptogenesis. Our sf

mIPSCs and the dual-component, mixed mIPSCs constituf;élﬁglf?&vgt?gnthoit:;?gsecasrlzvz;agi;g;ggﬂ n?ﬁgﬂg&ﬁ?ﬁg
23.8+ 3.3% and 24.8+ 4.4% of the total mIPSC population, 9 y

respectively (Fig. 10). The contribution of glycinergic anéJIyCIne and GABA, receptors at mixed synaptic sites.

GABAergic currents to inhibitory synaptic transmission was
reversed after birth when 62:05.4% (n= 11) of the mIPSCs pevelopmental changes in the properties of pure glycinerd
were mediated via glycine receptors and only 1¥.8.8% by and GABAergic mIPSCs

GABA, receptors. The contribution of mixed glycine-GABA

synaptic sites to mIPSC generation was 2+02.7% after =~ The most striking developmental change in the composit
birth, similar to their contribution to mIPSC population inof mIPSC population was the eightfold postnatal increase in
embryonic motoneurons. ratio of the frequency of glycine-to-GABA—mediated mIPSQ

GlyR-mediated mIPSC  GABA pR-mediated mIPSC  GlyR-GABA y R-mediated mIPSC

E17-18 24 +£3% 51+3% 25+4%

P1-3 62 +5% 17+4% 21+3%

Fic. 10. Developmental switch from predominantly GABAergic synaptic siteB1at-18to glycinergic sites aP1-3. Pure
GABA ,R-mediated mIPSCs constituted 5142.6% of mIPSC population &17-18,while the contributions of pure GlyR-
mediated mIPSCs and mixed GlyR-GABR-mediated mIPSCs were 238 3.3% and 24.8*= 4.4%, respectively. The
contribution of GlyR-mediated mIPSCS to the total population increased to 62504% atP1-3, while GABA,R-mediated
mIPSCs and the mixed GlyR-GAB&R—mediated mIPSCs constituted only 1703.8% and 21.0t 2.7%, respectively.
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Two mechanisms might explain the postnatal increase in the-Based on the quantal theory of transmitter release, the
frequency of GlyR-mediated mIPSCs: the establishment plitude of miniature currents is determined by several fact
new functional glycinergic synaptic sites and/or an increaseiifcluding the size of the vesicular content, the concentrat|
the probability of glycine release. It is unlikely that the increasgnd time course of neurotransmitter in the synaptic cleft,
in glycinergic synaptic sites in the developing spinal cord wagimber of available postsynaptic receptors, and the distana
a.SSOCiated with a reduction in the number of GABAerg": aCti\me Synapses from the recording site (reviewed by Walms'e
sites, because the frequency of GABR-mediated currents 5| 1998). It is generally assumed that if vesicular content
remained unchanged during the period studied. A transitiQ(fficient to saturate the postsynaptic receptors, an increag
from GABAergic to glycinergic synaptic transmission that ighe magnitude of the unitary current would reflect either

correlqted with a decrease in the npmber of QABAergic SYihcrease in the number of available postsynaptic receptors
aptic sites has been demonstrated in the gerbil lateral supegé

olive during the first two postnatal weeks (Kotak et al. 1998 %er channel conductance. For example, it has been sh
An increased probability of glycine release might be attril- 4 . ; . .
uted to developmental changes in structural factors suchq gtor that determ_lnes mIPSC amp_lltL_Jde in spinal cord int
increased Ca" channel density or an increase in the number geurons (Oleskew_ch etal. 1999)' Similarly, the quantal am
available glycine-containing vesicles. Although we cannot ruﬂa’de of GABAergic mIPSCs in cerebellar stellate cells
it out, it is unlikely that high extracellular K differentially ~detérmined primarily by the number of postsynaptic GABA
affected glycine but not GABA release in an age-dependd§Ceptors (Nusser et al. 1997). . .
manner, triggering higher frequency of GlyR-mediated Our findings that the size of glycinergic and GABAerg
mIPSCs in postnatal but not in embryonic motoneurons. If thitary current did not change postnatally might imply th
increased frequency primarily resulted from an increased prdbe developmental increase in GlyR-mediated mIPSC &
ability of transmitter release, the shapes of the mIPSC PDpitudes resulted, at least in part, from increased mu
were expected to be more symmetrical than in embryorigiantal release and not from increased density of glycir

motoneurons. In contrast, our data demonstrated slightly longge receptors at synaptic sites. The observations that, in nj&t

tails of the PDFs that were fitted with additional Gaussiamotoneurons, the multiple components in Gaussian cur
components. A small increase in probability of multi-vesiculawere spaced equidistantly support the concept that mIR
release might explain the additional Gaussian components thaiplitudes varied quantally. However, it should be not
were apparent after birth. that for simplicity, we chose to fit Gaussians with variab

This study demonstrated that the mean amplitude of glyCifreans and standard deviations. We cannot exclude

significant change in the amplitude of pure GABAergic a”Fhay have been skewed.

mixed glycine-GABA currents. The postnatal increase in the tha kinetic properties of GlyR- and GAB®R-mediated
amplitude of GlyR-mediated mIPSCs is correlated with 3y pgcg recorded i1-3motoneurons were similar to thos
eightfold postnatal increase in glycine current density producg orted in brain stem motoneuronsRE-5rats (O'Brien and

by pressure ejection of glycine onto motoneuron somata (G C
and Ziskind-Conhaim 1995). Similar to our findings, that stu rger 1999). In both groups of motoneurons, the rise timg

also showed that there was no change in GABA-activat .
currents. The increased glycine current density might be indféE€cay71 of GlyR-mediated mIPSCs was shorter than 15 n

ative of the formation of new glycinergic synaptic sites, whick/Nile the decayrl of GABA,R-mediated mIPSCs was shortg
provides additional support for the observed increase in tRe€dual to 60 ms. Comparison of our data with findings frq
frequency of GlyR-mediated mIPSCs. spinal mo_toneurons d?5—10rats (Jonas et al. 1998) mt_jlcate

Our findings showed that the first component in the amphbat amplitude-weighted mean decayof GABA,R-mediated
tude distributions of neither GlyR- nor GAB®R-mediated MIPSCs were similar at both ages. However, the mean dec

mIPSCs changed after birth. If the first component reflected tht GlyR-mediated mIPSCs recorded in our study was 33 s,

size of the unitary current, the finding suggested that there wgignificantly slower than the 15 ms reported in the older n

no change in the quantal size during the period studied. Ttwmeurons. It is possible that the difference was age related. A

size of the first component within the mixture might have beatevelopmental decrease in the mean deesyof glycine-
biased by the way the detection threshold was set to recover thediated evoked IPSCs has been reported in spinal sen
mIPSCs. The extent of the bias was most likely small as tihheurons, changing from 27 msg&20to 17.8, 12.0, and 5.9 mg
first component had a significantly larger standard deviati@i P4, P8,andP16, respectively (Takahashi et al. 1992). Th
than the recording noise. Whereas, if the density had bestndy demonstrated that the shorter decay times are corre
affected by truncation due to the detection threshold, the fimgith a switch in glycine receptor subunits from the embryor
component would have had a standard deviation of roughly th2 to the adultel subunit.

size of the recording noise. The size of unitary currents mea-Our finding that the decay time constants of GABX
sured in our study corresponded well with the quantal size wiediated mIPSCs decreased after birth confirmed previ
GABA ,R-mediated synaptic currents recorded in neurons i@ports showing similar changes in the decay kinetics
hippocampal slices, which varied between 7 and 20 pA at@ABAergic postsynaptic currents at different stages of corti

holding potential of—50 mV (Edwards et al. 1990). Smallerand hippocampal neurons (Dunning et al. 1999; Taketo and

GABAergic unitary currents of 6—8 pA were estimated fronYoshioka 2000). Those studies attributed the shorter de
the mean separation of equally distanced Gaussian peaksirmes to changes ir-subunit composition of GABA recep
neocortical pyramidal cells (Ling and Benardo 1999). tors.

hat the size of glycinergic receptor clusters is a fundamental

g&/cinergic and GABAergic mIPSCs was about 2 ms, and e
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Contribution of mixed glycine-GABA synaptic sites to during development (Lauder 1993; Spoerri 1988; Ziskin
synaptic inhibition Conhaim 1998). The neurotrophic function of GABA might &
o ) ) related to its effect on intracellular €aconcentration (Connor

Our fm_dm_gs s_uggested that a fraction of mI.PSCs with fagt 5. 1987; Lo et al. 1998). Glycine and GABA depolari;
monotonic rise time and fast- and slow-decaying componerisinal neurons during embryonic and postnatal developr]
were generated by the co-release of glycine and GABA frofsag and Ziskind-Conhaim 1995; Takahashi 1984; Wang e
the same synaptic vesicles and the activation of co-localizedos; wu et al. 1992), resulting in the activation of voltag
glycine and GABA\ receptors at postsynaptic sites. Similagependent G channels and a transient elevation in intrac
findings have been reported in spinal and hypoglossal mgrar c#* (e.g., Reichling et al. 1994; Ziskind-Conhair
toneurons (Jonas et al. 1998; O'Brien and Berger 1999). IMggg). Although both amino acids are capable of increas
munohistochemical studies have documented that glycine plasmic C&", the long-duration GABAergic currents ar

spinal cord (®nung et al. 1994; Somogyi and Llewellyn-Smithnechanisms underlying neural development and synaptogien

2000; Todd and Sullivan 1990), and glycine and GABAesis in the spinal cord (Fields and Nelson 1993; Kocsis et
receptors are co-localized at postsynaptic sites (Bohlhalter1glgs; spitzer 1994).

al. 1994; Todd et al. 1996). Based on those findings it has been

hypothesized that the inhibitory amino acids might act Syner_We are grateful to Drs. Steve Redman and Anna Cowan for provid
gistically on target neurons, but the relevance of such specifiica comments on the manuscript.

structural organization to the integration of inhibitory synaptic This research was supported by National Institute of Neurological Disorg
inputs has only recently been studied. The mIPSCs generated Stroke Grant NS-23808 to L. Ziskind-Conhaim.
by simultaneous activation of both GlyR- and GABR-me

diated CI'-dependent channels had an average amplitude thgtrrencEs

was approximately the arithmetic sum of glycinergic and

GABAergic unitary currents. The ability to modulate the amBOHLHALTER S, MOHLER H, AND FRITSCHY J-M. Inhibitory neurotransmission
; in rat spinal cord: co-localization of glycine- and GARAeceptors at

p“tUde and time Cpurse of postsynaptic _mhlb'tory synaptic GABAergic synaptic contacts demonstrated by triple immunofluoresce|
currents by regulating the amount of glycine and GABA re- staining.Brain Res642: 59—69, 1994.
leased from the presynaptic interneuron might serve as a fi@gaubHry FA, REIMER RJ, BeLLoccHio EE, DansoLt NC, OseN KK, Ep-

tuning mechanism for synaptic integration and motor coordi-¥%0° To'l'af?zNé’s Stgozya’\;ggg's\/i’“sigielhiﬁ ‘s’ifsic‘é'fa;I?gfggitéagzpevféﬁf
nation. Furthermore, in pure glycinergic synapses the release @BAergic neuronsJ Neuroscilg: 9733-9750, 1998,

gly(?in_e i$ not affeCte_d by GABA receptor—mediatgd Présyn cuery N anp Koninck YD. Junctional versus extrajunctional glycine an
aptic inhibition, but in the case of mixed synaptic sites, the GAGA, receptor-mediated IPSCs in identified lamina | neurons of the a
co-release of glycine and GABA from the same nerve terminalrat spinal cordJ Neuroscil9: 7342-7355, 1999.

might provide a feedback control of the release of both neEQNNOR JA, TseNG HY, AND HockBERGERPE. Depolarization- and transmit-
ter-induced changes in intracellular Caof rat cerebellar granule cells in

rotransmitters. ) ) o explant culturesJ Neurosci7: 1384—1400, 1987.
The COHtI‘_IbUtIOﬂ of mlxed.egCIne_-GABA synaptic sites taCurms DR, Hosti L, anp JornsTon GAR. A pharmacological study of the
the generation of mIPSCs did not significantly change duringdepression of spinal neurons by glycine and related amino &€igtsBrain

the 8-day period, changing from 25% before birth to 21% afterResé: 1-18, 1968. _ . .
DaviporrF RA anD Hackman JC. Drugs, chemicals and toxins: their effects d

; ; 0 . I E
blrth' ngh.er. percentage (44 /0) of mlx_ed glycme GABA syn the spinal cord. InHandbook of the Spinal Coredited by Davidoff RA.
aptic specialization has been reported in motoneuroR5e10  New York: Dekker, 1983, p. 409—476.

rats (Jonas et al. 1998), and in adult rats (46%) (Somogyi aswd CastiLLo J anp KaTz B. Quantal components of the endplate potentia|

Llewellyn-Smith 2000), indicating that at later ages the mixedJ Physgllj(?nd)12gl_565%—573,Ilgj4- A O Dows DK. GABA
[ : H UNNING , Hoover CL, SoLTESZI, SMITH , AND O'Dowbp . A
glycme GABA synapses play a more substantial role in med? eceptor—-mediated miniature postsynaptic currentssasabunit expression

ating inhibitory synapt_ic transmission than at early stages Ol developing cortical neurons. NeurophysioB2: 3286-3297, 1999.
neural network formation. EpwarDs FA, KONNERTH A, AND SAKMANN B. Quantal analysis of inhibitory

synaptic transmission in the dentate gyrus of rat hippocampal slices:

. . . . patch-clamp studyd Physiol (Lond$30: 213-249, 1990.
Functional significance of the switch from GABAergic to  FieLbs RD anp NELson PG. Resonant activation of calcium signal transdu

glycinergic spontaneous transmission tion in neuronsJ Neurobiol25: 281-293, 1993.
Gao B-X, CHENG G, AND ZiskIND-CoNHAIM L. Development of spontaneous
The developmental transition from GABAergic to glyciner- synaptic transmission in the rat spinal catd\Neurophysiolr9: 2277-2287,

gic synaptic transmission might have important functional i 570 B-X AND ZiskiND-ContaM L. Development of glycine- and GABA-

plication in regulating synaptic integration in the developing gated currents in rat spinal motoneurahsleurophysior4: 113-121, 1995.
spinal cord. The relatively long-duration GABAergic current§ao B-X anp Ziskinb-ConHaM L. The roles of glycine and GABA in
might serve as an effective mechanism for controlling the levelmediating inhibitory synaptic currents change during development of the
of neuronal excitation at a period when motoneurons are ingagPinal cord-Soc Neurosci Abst5: 1918, 1999. . .

_ . . . . :G0sHA, GinTy DD, BabinG H, aND GReeNBeRGME. Calcium regulation of
pable ,Of f,'”ng repetl_tlve action potentials (Gao et al. 1_998' Xi€ gene expression in neuronal cellsNeurobiol25: 281-293, 1993.
and Ziskind-Conhaim 1995). The postnatal predominance |@facson JS ano WaLmsLEY B. Counting quanta: direct measurements
the shorter duration glycinergic currents is correlated with thetransmitter release at a central synapse. NeGfr875-884, 1995.
generation of faster and larger amplitude action potential aPRit}'rg?]SPrhF‘ttsef:%?:i%ﬁgéfgDﬂ?”&:ﬂgé_aolge'ejzsj Olfggﬂéo fast neuro
the ability of motoneurons to .flre re_p_etltlve_ action .pOtent_lalﬁ’(oc&sJD, RanD MN, LANKFO?;D KpL, AND WAXMAN SG. Int}acellular calcium

It has been suggested that in addition to its role in mediatingnopilization and neurite outgrowth in mammalian neuraniseurobiol25:

synaptic transmission, GABA functions as a regulatory signal252-264, 1993.
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