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Keefer, Edward W., Alexandra Gramowski, and Guenter W. cause the simultaneous monitoring of neurons in small ens
Gr_oss. NMDA receptor-depende_nt periodic oscillations in culturegyles is technically extremely difficult (Bragin et al. 2000Q;
spinal cord networks] NeurophysioB6: 3030-3042, 2001. Cultured McNaughton et al. 1983). However, neuronal networks gro
spinal cord networks grown on microelectrode arrays display complgxc(iture provide simpler systems in which a quasi monolay

patterns of spontaneous burst and spike activity. During disinhibiti : :
with bicuculline and strychnine, synchronized burst patterns routingincmtecwre can be coupled to planar microelectrode arrays

emerge. However, the variability of both intra- and interculture buré'mow ense_mble recording over Ion_g periods of tlr_ne. We us
periods and durations are typically large under these conditions. ABW!rine spinal cord networks growing on such microelectrod
further step in simplification of synaptic interactions, we blocke@Tays (Droge et al. 1986; Gross 1994) to obtain long-te
excitatory AMPA synapses with 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrdnultisite recording of spontaneous and pharmacologic
benzoquinoxaline-7-sulphonamide (NBQX), resulting in network aenodified activity (Fig. 1). The chemical environment can
tivity mediated through thé-methylo-aspartate (NMDA) receptor controlled with precision, and specific activity states can
(NMDA ov)- This activity was APV sensitive. The oscillation undefmaintained and investigated for many hours, a time per
NMDA .y conditions at 37°C was characterized by a period Qfsyally not achievable in vivo. Like in vivo networks, culture
2.9 + 0.3 s (16 separate cultures). More than 98% of all neuropyyorks exhibit multiple synaptic driving forces resulting i

recorded participated in this highly rhythmic activity. The tempor : o g
coefficients of variation, reflecting the rhythmic nature of the oscillgé-Omplex spike and burst patterns. Therefore, this in vifrg

tion, were 3.7, 4.7, and 4.9% for burst rate, burst duration, a é’Stem offers the qpportunlty tQ investigate basic CF."".Ular
interburst interval, respectively [mean coefficients of variation (Cv&§nseémble mechanisms underlying spontaneous activity. |
for 16 cultures]. The oscillation persisted for at least 12 h without I mammalian development, there is a short period duri
change (maximum observation time). Once established, it was wgich neuronal networks are connected by purely excitat
perturbed by agents that block mGlu receptors, GAB&ceptors, synapses (Habets et al. 1987; Jackson et al. 1982). Throug
cholinergic receptors, purinergic receptors, tachykinin receptors, this developmental window, or when inhibitory synapses &
rotonin (5-HT) receptors, dopamine receptors, electrical synapsgfacked in more mature tissue, networks exhibit bursts
EUfSt aftlerhyperp‘)'ar_iza“od”: NMDA receptor dﬁsensiylilza_tion, ar t;?:tion potentials which are roughly synchronized across
yperpolarization-activated current. However, the oscillation was dganjlation, These synchronous population bursts are propd
stroyed by bath application of NMDA (20-5@M). These results otbe important in pruning and sculpting neuronal circu

suggest a presynaptic mechanism underlying this periodic rhythm that -
is solely dependent on the NMDA synapse. When the AMPA/kaina] ring development (Tosney and Landmesser 1985). Howe

synapse was the sole driving force£r6), the resulting burst patterns !N the absence of inhibitory transmission, the mechanisms {
showed much higher variability and did not develop the highly per€rve to terminate bursts are unclear.
odic, synchronized nature of the NMR#, , activity. Network size ~ Application of inhibitory neurotransmitter antagonists, re-
or age did not appear to influence the reliability of expression of tisulting in disinhibition of cultured networks, reliably inducejs
NMDA oy activity pattern. For this reason, we suggest that thescillatory behavior consisting of bursts of action potentigls
NMDA oy condition unmasks a fundamental rhythmogenic meclzoncomitant with intracellular G oscillations (Lawrie et al.
anism of possible functional importance during periods of NMD/j_993; Rhoades and Gross 1994, Robinson et al. 1993; Walen
receptor-dominated activity, such as embryonic and early postnalgly Grillner 1987; Wang and Gruenstein 1997). Similar resylts
development. have also been obtained by increasing excitability with iorjic
manipulations such as low Mg or increased extracellulark
Fictive locomotion can be elicited in intact spinal cord prepp-
INTRODUCTION rations with burst patterns alternating between the right and |eft

. - - sides of the cord by application of serotonin (5-HW}methyl-
The mechanisms driving the spontaneous activity of neurg- spartate (NMDA), 5-HT and NMDA in combination, o

nal ensembles and thejr generation of spa_tiotgmpqral spike levated extracellular K (Bracci et al. 1998; MacLean et al
burst patterns are difficult to study quantitatively in vivo be- '
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FIG. 1. Spinal cord network grown on 64-electrode arrg
95 days after seeding. The indium tin oxide conductors §
10 um wide. Electrode spacing is 40m, vertical spacing
between rows is 20Am. Insets: close-ups of neurons withir
the network. Bars: 8Qum. Loots-modified Bodian stain.
Primary cultures derived from dissociated embryonic tiss|
form strong adhesion and stable cell-electrode coupling.

1998; Wallen and Grillner 1987). These studies have shomMDA 5,y activity, with the time required to refill the
that inhibitory conductances are not essential for rhythmoggmol setting the period of the oscillation.
esis, but it remains unclear as to the relative contributions of
cellular versus network properties in the production of rhyth-
mic motor output. METHODS
To study burst patterns in excitatory-only coupled networkgq|| culture
we pharmacologically reduced the inhibitory and excitatory

neurotransmitter systems that drive the spontaneous activity irThe techniques used to fabricate and prepare microelectrode afr

cultured murine spinal cord networks to one dominated WWEAs) have been described elsewhere (Gross 1979; Gross
NMDA receptor activation, a situation reminiscent of thaowalski 1991; Gross et al. 1985). The electrode conductor patf
found during the embryonic/early postnatal period (Scheei@nsisted oface_ntral Q.S-nﬁecordlng matrix of 64 mlcroelectrode_s
and Constantine-Paton 1994). The resulting activity (termé%ross .1994). DISSOCIate.d tissue cultures were prepared acqordlr
“NMDA ") is characterized by a highly regular burst Osthe basic method established by Ransom et al. (1977). Spinal

A . - - tissues were harvested from embryonic day 14-15 Hsd:ICR mice.
cillation, as evidenced by the low coefficient of variatiort [( tissue was dissociated enzymatically and mechanically, then seed

SD/mean) *1,00] values for pppulatlon burst varlables,.burg ensity of 0.2—0.5% 10° cells/cnt onto MEA surfaces (Gross 1994
synchronization among units in the network, and a stationagyoss and Kowalski 1991). Cultures were incubated at 37°C in a 1
burst rate of 21.G+ 2.0 bursts per minute (bpm; meanSD, CO, atmosphere until ready for use, generally 3 wk to 3 mo afi
n = 16 cultures) that is independent of the initial activity stateeeding. Cells media was replenished twice a week with minin
Blocking NMDA receptors in the presence of bicucullingssential medium (MEM) containing 10% horse serum. Spontane
(BCC) and strychnine (STR), leaving the AMPA/kainate gluactivity started at approximately one week in the form of randg
tamate receptor subtypes as the sole driving force, did king and stabilized in terms of coordinated spike and burst patt

d work ilati ith th level of . 15 days in vitro. The age of cultures used in this series
produce network osciliations wi € same level of precisi periments ranged from 18 to 113 days in vitro. Such networks

as the NMDAy,y activity (n = 6). It appears that the NMDA yemain spontaneously active and pharmacologically responsive
receptor is uniquely suited for the production of the most staliigore than 6 mo (Gross 1994).
burst oscillations.

We explored burst termination mechanisms with potenti
contribution to the NMDAy v activity. These include after

hyperpolanzatlon (AI_—|P), receptor desensitization, and dep_resA” drug applications were made to a constant volume (1,00
sion of neurotransmitter release (O’Donovan 1999). Blockings00ul) experimental bath in a consecutive manner. Thus, all dru
both AHP and NMDA receptor desensitization did not affedbr a particular pharmacological treatment (BCC/STR/NBQX f
established NMDAy,y oscillations. Synaptic depressiongxample) were in the experimental bath simultaneously (see Fig.
possibly resulting from exhaustion of the readily releasabfdl stock solutions were made on the day of use. Concentrations w
pool (RRP) of excitatory neurotransmitter vesicles, has be zchIated to minimize volume additions to the experimental ba

: LT . . amin, atropine, BCC, Cagl charybdotoxin, curare, Evan’s blue
observed in disinhibited whole spinal cord and spinal co \cine, KCI, MgCl, norepinephrine, and STR were purchased frd

slices (Bracci et al. 1996a; Streit 1993). CA3 population agigma” chemical (St. Louis, MO). APV, haloperidol, L-733,06
tivity can be dominated by vesicle depletion and the time {gcpG, NBQX, and SCH 50911 were purchased from Toc
refill the RRP (Staley et al. 1998). Our results indicate thajookson (Ballwin, MD). Carbenoxolone was purchased from 1q
strong synaptic depression caused by the depletion of f{@sta Mesa, CA). Methysergide maleate was obtained from R
RRP could serve as burst termination mechanism duriigatick, MA).

| .
%rugs and solutions

J Neurophysiof vOL 86 « DECEMBER 2001 WWW.jN.org

<

e

@sAyd-uly.dny wouy papeojumoq

o

@610%6&

G

=}
XE0

O —
2@oPz

B2 SR

) —
gs
r
6).
ere
th.

m

is
N
Bl



http://jn.physiology.org/

3032 E. W. KEEFER, A. GRAMOWSKI, AND G. W. GROSS

Extracellular recording procedures and data analysis 30-min stabilization periods to allow the networks to reach a stegdy
) i state in their activity after pharmacological manipulation. Figure|2
MEAs were placed in constant-bath recording chambers (Graggmmarizes the calculation of CVs. G, reflects the periodic be
1994; Gross and Schwalm 1994) and maintained at 37°C on a miCkRyior of the activity pattern (Bracci et al. 1996a). G¥,on reflects
scope stage. The pH was maintained at 7.4 with a continuous stregisynchronization between different neurons ;% were obtained
of filtered, humidified, 10% CQ Stainless steel chamber componentgom minute means of each channel by averaging over the experi-
were sterilized via autoclaving before each experiment. The normghng episode. The episode CVs per channel then were averaggd t¢
bath solution consisted of a 50/50 mixture of fresh MEM and condjje|q temporal network means. CVwonS Were obtained by averag
tioned MEM with 10% horse serum supplement. The basal ionjgg values in 60-s bins, followed by another average across chanhels
concentrations for all experiments were (in mM)_O.8%\7Ig1.3 C&", that yielded a CY,.,on fOr €ach minute. These CVs were averaggd
and 5.4 K'. Neuronal activity was recorded with a two-stage, 64for each experimental episode. The CVs were calculated for different
channel amplifier system (Plexon, Dallas, TX), and digitized simulsrst variables: burst rate (BR), burst duration (BD), and interbust
taneously via a Dell 410 workstation (spike analysis) and a Masscoipgerval (1BI) during different experimental episodes, (spontaneols,
5700 computer (burst analysis). Total system gain used was normajlytia| disinhibition with BCC, and NMDA, ). Large CVs imply a
12 K. Spike identification and separation was accomplished withygge range of variability in the activity of the networks across boh
template-matching algorithm (Plexon) in real time to provide singlgme and the neurons recorded. Hence, if a population was syncfiro-
unit spike rate data. In addition, whole channel (multiple-units/chaRzeq, but fluctuated together, low Moo and high CV,,,. were
nel) data were analyzed off-line using custom programs for bugtained. Conversely, a nonsynchronized network with several regu-
recognition and analysis. Burst patterns derived from spike integratigh (periodic) patterns yielded high GVenWith low CVe.
(r = 200 ms) provided a high signal-to-noise feature extraction that awer tme
has been shown to reveal modes of neuronal network behavior (Gross
et al. 1994). From this approach, burst rate, duration, and interougst 5 y | 15
interval were readily quantified from individual recording sites. All
data presented are based on quantification of whole-channel bursfn their original medium (native state), spinal cord networ
parameters, except for FigsCand 10,B andD. The power spectra tynjcally exhibited multiple patterns of activity (FigA3. Dis-
in these figures were calculated from spike data, and reveal prom'nﬁ{ﬁibition with the GABA, receptor antagonist BCC (4M)
Feaks at 0.37 Hz, corresponding to tht_a perlo_d 0f2.0.3 s obtained icited robust bursting activity that was synchronized acrq
rom the whole-channel burst data. This confirms that the burst evejts :
network (Fig. 3B). However, under BCC, the tempol

are an integrated phenomenon, reflecting the ensemble dynamics oo . e DT
neuronal population. Detailed analysis of the firing of individuayariation in the burst period was still high. Further disinhibitio

neuronal units during their participation in the network burst eveny blocking glycine receptors with AM STR did not reduce
may vield insights into the mechanisms underlying the precise osdine variability of the burst period. When AMPA/kainate rece
lation we characterize. However, the precision and culture-to-cultui@'s were subsequently blocked with &M 2,3-dioxo-6-nitro-
reproducibility of the phenomenon is captured by the burst analygis?, 3 4-tetrahydrobenzoquinoxaline-7-sulphonamide (NBQ
performed here. the networks were entrained to one common, highly perio
burst pattern activity (Fig. @). This unique activity state
Statistics persisted for up to 12 h without change in regularity (Fi).3

Statistical significance was determined using two-sample Student’sData presented in this report were obtained from 16 sepa

t-test withP < 0.05 considered as significant. To quantify the pereultures. In a subset of eight experiments, the oscillatig
odicity of bursting, as well as the synchronization of the neuronBegan almost immediately after addition of BCC/STR/NBQ

population participating in each burst event, we calculated the cowfith a period of 2.8+ 0.2 (SD) s, suggesting some comma
ficients of variation over time and across the network after 15- tenderlying control mechanism. This oscillation period wa

Te€08e T Aa /6 RbojoisAyd TR wouy Fbpeojumoq
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Iminute 1| Iminuteﬁ |minute 3] Einutejl ;
“h1 [bol |—»[bpl|—»[bpl ] episode mean N~
|(h ll Lop 1 |—> [ bp ! ] —>[bp ] p& CVchl FiIG. 2. Determination of temporal regularity and nef 2
+ $ * v work synchronization using coefficients of variatiop ~
Ch2( [bp2|—» |bp2 [— | bp2 | o episode mean (CV). AII calculatlor)s are bas_ed on one minute bins whele
I——I LE_I LL] & CVch2 a specific burst variable (bv) is either logged as a number
+ * v for BR or averaged for BD and IBI. These values are usgd
|Ch 3| [bp3]—» [bp3]—» [bp3]- episode mean to obtain episode means with CVs for experimental egi-
& CV,ch3 sodes (left/right) or minute means for each minute of the
experimental episode (toj bottom). The episode CVs
y v v v (CViime) for each channel represent a measure of tempofal
|Ch N| | bp N |_’ | bp N |_> | bp N | vvvvvvvvvvvvvvvvvvv » [bp N » [episode mean pattern fluctuation for that channel. Averaged across the
& CV.chN network, CV, reflect pattern regularity even if severa

patterns exist and even if they are not synchronizgd.
Conversely, the minute CVs (G¥word represent chan

Ml nel coordination. Averaged across the experimental epi-
- CVii sode, CV,ework reflect the degree of network synchroni

1 time zation even if the pattern fluctuates in time.
T

v v v v

minute mean| {minute mean| Jminute mean minute mean <
& CV,min ITP& CV,min 2MT& CV,min 3| ™®|& CV,minn|— 1 CVnetwork
I
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associated with high spatial and temporal burst pattern regaeeptor-mediated inhibition of neurotransmitter release
larity. The eight remaining networks established longer bunstechanisms sensitive to NE were sometimes sufficient to f
periods under NBQX (4.3-3.8 s), with less regularity of theent the characteristic NMDA\, y pattern from developing,
bursts, suggesting that additional inhibitory mechanisms sulctit were not necessary for its maintenance. It is also impor
as GABA; receptor inhibition of vesicle release (Isaacson artd note that the low CVs characterizing the NMB4 y ac
Hille 1997) might have prevented the establishment of thiwity pattern were not obtained if the network burst rate
unigue 2.8-s oscillation. Indeed, the addition of &M SCH following BCC/STR/NBQX was lower than 17 bpm. Thus, t
50911 (a soluble GABA antagonist) decreased the burst peeight cultures that required SCH or SCH/NE to lower thgir
riod in five of eight networks to 3.0t 0.3 s. In the three oscillation period into the 2.& 0.2-s range had significantl
remaining networks, the application of 40M norepinephrine higher CVs for each of the burst parameters before the addi-
(NE) in addition to the preceding four compounds, promptlifonal pharmacological treatment.

led to the adjustment of the burst oscillation to a regular, The mean periods with associated SDs of all three phjar-
periodic burst period of 2.8 0.2 s. NE is known to affect both macological manipulations (BCC/STR/NBQX, BCC/STR/
NMDA receptor desensitization and the slow burst AHP, twNBQX/SCH, and BCC/STR/NBQX/SCH/NE) were not signi
other potentially inhibitory mechanisms (Legendre et al. 199®antly different (P> 0.05,t-test for 2 samples), and thus da
Madison and Nicoll 1986; Tong and Jahr 1994; Tong et dom all 16 experiments were pooled for subsequent analykis.
1995). Itis important to emphasize that SCH 50911 and/or NE® quantify the periodicity of the bursting, as well as the
had no effect when they were added after the NMJgA, synchronization of the neuronal population participating [in
oscillation was established. These results indicate that GAB&ach burst event, we calculated the coefficients of variation|for

L
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©

several burst variables over time and across the network. Atidition of the BCC/STR/NBQX cocktail. Manipulations t
calculations were done with binned data (60 s means). Th@ximize neurotransmitter release and prevent NMDA fe-
results of the CV calculations for three different burst variceptor desensitization always increased the BR, indicat|ng
ables, burst rate (BR), burst duration (BD), and interburtat certain inhibitory constraints may be emphasized tg
interval (IBI), under three different conditions (spontaneougleater extent in some networks. This is an interesting
disinhibited with 40uM BCC, and under NMDA,, ), are Observation in its own right, and may speak to the differgnt
summarized in Fig. 4. During native conditions, the CVs afé®omeostatic mechanisms employed by developing neurgnal
large, implying a wide range of variability in the activity of then€tworks to ensure that spontaneous activity falls within gn
networks across time and between the neurons recorded. B&Rropriate dynamic range. Burst rates under ANRA
(40 uM) reliably reduced the CVs of all three burst parameter§onditions ranged from 13 to 28. None of the pharmacolqg-
showing that disinhibition has a stabilizing effect on networié@l manipulations we attempted under AMB4  condk
oscillations. However, reducing the synaptic driving forces #ons produced the low CVs distinguishing the NMB#& v
one mediated through the NMDA receptor only, producedftivity (Fig. 5, A and B). Supplementing the BCC/STR
CV{me Of 2.6-5% (Fig. 4A) and entrained virtually all recorded\PV treatment with SCH50911 and NE had some minpr
neurons (= 678, 16 experiments), as evidenced by the globgffects on BR and structure, but did not significantly ep-
CV, eomorc fOr BR 0f 2.8%. The dependency of the oscillatiodlance the precision of the oscillation. In two experiments,
on the NMDA receptor was demonstrated with 40-30a@ We blocked AMPA receptor desensitization with cyclothi
APV, which abolished activity in altases (n= 7). zide after adding BCC/STR/APV. In both cases, a rapid
Comparing the CVs from the experimental episodes of th@rge increase in tonic spiking ensued followed by complgtg
eight experiments in which the precise NMR4, , oscik cessation of network activity. This activity inhibition coul
lation was not established immediately after BCC/STRoOssibly have been caused by a tonic depolarization
NBQX, but before addition of either the GABfantagonist Membrane potential produced by the longer open time of
SCH50911 or SCH50911 and NE to the CVs of the siRMPA channel. There was no combination of pharmacq

ol PeReo|

0l)

experiments under AMP4y,,y conditions, we found that 00y We tried that reproduced the extreme precision of thg
there was no significant difference. In all eight of thesMDAy v Oscillation under AMPA,, conditions. =
NMDA oy €xperiments, the BR was below 17 bpm after Figure 5Ccompares the power spectra calculated from the.
spike trains of 106 neurons from 14 different NMBA v |3
A 120 {Onative experiments to those of 81 neurons from six differep®
100 {mece T - AMPA Ly eXperiments. The dotted lines represent 95% cq r’ﬁ
_ 1 fidence intervals, and clearly show that the two pharmacolpg-
& ‘wo|HNMDR OOl - ical conditions are distinct in their effects on network oscillgS
£ 60 tions. These results indicate that the NMDA synapse |&&
= %0 uniquely suited to provide extremely regular population bu &
o 7 == oscillations. -
20 —— | Figure 6 illustrates the evolution of activity with sequenti 16

" L addition of BCC, STR, and NBQX to the culture bath, culmj-3

B ' . ' B! nating in the NMDAy,_y activity pattern. The period of spen| &

taneous activity has low rates of bursting and spiking. Additi DiY

B 120 of 40 uM BCC produces an increase in both activity variablgs
i 1 within 5 min of application. However, the minute-to-minuteS

9 i variation in both variables is still quite large. Addition ofM | £
= 80 STR to remove the second set of inhibitory circuits elicits| &,
g 6o further increase in burst and spike rates accompanied by £n
s - — T increase in the temporal variability. The subsequent applicaidg
> | of 10 uM NBQX resulted in a decrease in both burst and spikg,

© 20 rates from the totally disinhibited activity. Both measurgs
o 1| ‘ ‘ stabilized at near constant levels after about 20 min. The|30

- - i min following establishment of stable NMDQ4\,y activity
had CV,,. for BR, BD, and IBl of 2.1, 4.1, and 2.9%, respeg

FIG. 4. Mean coefficients of variation (16 experiments) for 3 experimentﬁV

episodes: native, under 4@M bicuculline, and NMDAy\,y (number of ely. The dependence Of, the stationary aCt'V't_y 0|_’1 NMDA
channels 185, 185, 87 respectively: the C\j,.. for 3 different burst €CEPLOr medlated'event_s is shown by the application Of_ 100
variables: burst rate (BR), BD, and IBI. GY. reflects periodic behavior of the uM APV at 412 min, which resulted in a loss of all bursting

burst variable during a particular experimental episode. Largg,gduring  within 10 min.

the native episodes are due to the complex interaction of multiple neurotrans ; i ; ;
mitter systemsB: the CV,quornc fOr the same three burst variables. CV,or During NMDAGy, v activity, spinal cord networks consis

reflects the inter-neuron synchronization across the network. When thy oscillated within a Very narrow range of BRs. Th

GABA,, antagonist bicuculline is applied, both Gy,..and CV,.. decrease activity was apparently independent of network age or neufo-
for all variables to a range of 15-45%. When the activity is mediated solely nal density, as the 16 cultures from which the data were
NMDA receptors, a further decrease in all CVs occurs (range 2.6 -23%), W%Ethered ranged in age from 18 to 113 days in vitro and were

a concomitant reduction of the standard errors (error bars) obtained fr : .
global CVs of 16 different networks. All CVs in the 2 categories (time an eded at concentrations of 0.2-8.3.06 cells/ml. Averaging

network) are significantly different between experimental episodes for all bulBRS from all 178 channels resulted in a mean global BR
variables (P< 0.05). 21.0x 2.0 (SD) bpm. For each channel, the NMB4 v BR
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was essentially independent of the initial (native) BR. Thiglechanisms controlling burst oscillations
distribution of BRs for all 16 cultures (178 channels) under _ _ . _
three different conditions is shown in Fig. 7. Native activity The possible mechanisms that contribute to the unique clar-
(Fig. 7A), prior to any pharmacological additions, ranged froggteristics of the NMDA,,y activity were explored with a
3 to 27 bpm. When BCC (4@M) was added to block GABA-  battery of pharmacological agents summarized in Table| 1.
mediated inhibition, the BR distribution was broadened, ranghese agents may be roughly divided into compounds that
ing from 3 to 36 bpm (Fig. 7B). A peak in the distribution agffect neurotransmitter release, compounds that affect recepto
12-15 bpm indicates that the disinhibited network state h@gsensitization, compounds that affect burst and spike AP,
some preferential activity modes, though the typical BC&Nd antagonists of neurotransmitter receptors.

response varies between cultures. Figug which shows the comPouNDS AFFECTING NEUROTRANSMITTER RELEASE. AS pre-
NMDA oy activity distributed from 18 to 24 bpm, demon viously described, when the main synaptic driving force had
strates the reliability of expression of the oscillation in albeen reduced to NMD4y, v and the network activity had
cultures (n= 16). already stabilized to a highly periodic BR of 21#2.0 bpm,
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1600 1 native BCC NBQX APV 50
1400 T4 - |
] FIG. 6. Changes in spontaneous spike raje
] 1 a0 (¢) and burst rate«) induced by sequential
1200 ] addition of 40uM bicuculline (BCC), 1uM
1 —o—spike rate 135 strychnine (STR), 1quM NBQX, and 100
. e hiatrate uM APV. Each symbol represents the meap
1000 _. of 27 neurons (spike rate) and 14 channe|s
] T30E (burst rate). |, times of drug application
T 1 2 Spontaneous activity increases within 3 mip
2 800 - 1 2575 of bicuculline application at 170 min. Strych-
o ] W nine application at 270 min induces a furthef
® 1 20 .~ increase in both bursting and spiking, accont-
g 600 E panied by an increase in temporal variability]
E‘ 15 2@ Blocking AMPA receptors with NBQX at

360 min reduces both bursting and spiking t
110 levels intermediate to BCC and STR. Notd
the greatly reduced activity fluctuation within|
20 min after NBQX application. APV abol-

=

TS ishes all bursting and most spiking within 10
min of application, demonstrating the depenf
0 - J T 8 T 7 0 dence of the activity on the NMDA receptor.
0 100 200 300 400
time (min)

the GABAg receptor antagonist SCH 50911 (p®1) had no showed that mGIuR activation apparently contributes to o
effect. However, in eight experiments, the combination @fbout 10% of the EPSC depression induced by afferent stT
BCC/STR/NBQX resulted in a BR of less than 17 bpm. Thelation at the calyx of Held in the rat brain stem.
variability in the burst parameters were also significantly Titrating the extracellular Mg" from the normal 0.8 mM to
higher than in the eight experiments that responded with prg-maximum of 6 mM after establishment of NMBRA, v
cise burst oscillations immediately after application of NBQXqctivity resulted in a dose-dependent reduction in the
In 5 of 8 of these cultures, the effect of SCH50911 was {Rithout affecting the BD except at the higher concentratio

IsAyd-uly/:dnyue) pspeojumoq

. . . S
increase the BR to 18-24 bpm and to establish a highiymediately prior to network failure (Fig. 9). Like &5 Mg?* S
periodic pattern of activity. Thus it appears in our preparatiofas myjtiple sites of action. It inhibits neurotransmitter reledse
inhibition of neurotransmitter release through activation Qfj piocks the NMDA channel in a voltage-dependent fashi &
GABAB receptors by endogenous GABA is sometimes suf ihcreasing the concentration of Kig raises the threshold for] €
clent ;EO preventlthg characteristic NMIgg, v pattern of ae relief of the voltage-dependent blockade. Mgs also impli | &
tivity from developing. These network specific effects maﬁgted in suppression of spontaneous activity by charge scrééht
reflect fluctuations in network structure that are revealed by tIng of voltage-sensitive Na channels (Guth and Dreschef®

€

pharmacological manipulations. 1990)
In three experiments, after NMDQ4\,, y activity had been ’
established, we titrated the €aconcentration from 1.3 to 8.0 COMPOUNDS AFFECTING RECEPTOR DESENSITIZATION. NMDA
mM (Fig. 8). The initial C&" increase to 3 mM caused areceptors undergo different forms of desensitization that co
consistent decrease in both the BR and BD. Further increapetentially contribute to the activity pattern. Glycine-depe
in C&" suppressed mean BDs from 600 ms at 3 mMCm dent desensitization of NMDA receptor-mediated currents
300 ms at 8 mM C&', but did not affect the BR significantly. been reported in cultured hippocampal neurons (Mayer et
At all elevated C&" concentrations, the precision of the pre1989; Vyklicky et al. 1990). Both groups found thatwav
existing NMDAq,_y Oscillation was lessened. In two of thesalycine was sufficient to alleviate a strong depression of st
experiments, we subsequently raised Eoncentrations from currents. In addition, the NMDA receptor undergoes & ‘GCa
the basal level of 5.4 mM to 10 mM. Kincreases both the dependent form of desensitization that is mediated by the
level of neuronal excitability and the level of €ainflux at the phosphatase calcineurin (Legendre et al. 1993; Tong and Jahf
presynaptic terminal. The effect of elevated Kinder these 1994; Tong et al. 1995). To test the hypothesis that glycine-
conditions was to increase the BR, consistent with an increasgpendent NMDA receptor desensitization influenced the npu-
in neuronal excitability (Fig. 8). After the extensive pharmaronal network activity under NMDAy, vy conditions, we
cological manipulations, it is of significance that the networkdded 10uM glycine to counteract desensitization € 3).
responded to elevated'Kconcentrations in a predictable manThe glycine had no measurable effect, indicating that glycine-
ner (Rhoades and Gross 1994). dependent desensitization did not play a role in genera
The contribution of metabotropic glutamate receptofMDA oy, y Oscillations.

£0z LTI 80 9v2'2

nonselective group /Il antagonist MCPG (2a®). The com- through aB-adrenergic dependent process, which is sufficignt
pound was without measurable effect in five experiment® counteract the phosphatase actions of calcineurin and
indicating that mGIuR activation was not a significant factor iment NMDA receptor desensitization. In three experiments,
the control of glutamate release in our cultures. This finding &pplication of 40uM NE increased BRs and stabilized IBI
in accord with those of von Gersdorff et al. (1997), whiNMDA 5,y levels. When NE was applied after establishmgnt

J Neurophysiof voL 86 « DECEMBER 2001 WWW.jn.org



http://jn.physiology.org/

PERIODIC NMDA OSCILLATIONS 3037

A and McLachlan 1992). In our experimentsgll apamin (n=
@ 120 4) increased BRs if it was applied prior to blocking AMPA/
W i kainate receptors (Fig. 8). When apamin was applied after [the
z NMDA oy activity was establishech(= 3), it was without
T 80 effect. This indicates that the apamin-sensitive AHP does hot
(8] . .
w 60 affect NMDAgy y Oscillations.
: 40 A transient AHP was identified in hippocampal slices (Alger
s and Williamson 1988) that was sensitive to charybdoto)in
= 20 (ChTX), indicating its mediation by B(K) K channels. We
£ 0 performed experiments with 20 nM ChTX before€ 3) and
3 6 9 12 15 18 21 24 27 30 33 36 after (n = 3) network activity was reduced to NMD4\, y-
ChTX increased BRs when it was applied before blockade| of
BURST.RATE (bpw) AMPA/kainate receptors (Fig. 8), but was without effect when
BCC applied after NBQX. These results indicate that the*Ca
B activated B(K) channel does not contribute substantially [to
& 12 NMDA gy Oscillations.
o NEUROTRANSMITTER RECEPTOR ANTAGONISTS After the NMDAqy, v
Z 100 activity was established, we used atropine (muscarinic recepigr
T 80 antagonist, 1-3@&M, n = 3), curare (nicotinic receptor antag-S
= 80 onist, 10—20uM, n = 3), haloperidol (dopamine receptof
o antagonist, 2 nMn = 2), methysergide (5-HT1/2 receptof &
< 40 antagonist, 2uM, n = 2), Evan’s blue (P2X receptor antagt =
S 20 onist, 50 uM, n = 2), and L-733,060 (tachykinin receptof §
2 antagonist, 2 nM,n = 2). None of these compounds hap=
= 4 measurable effects on previously established N os |8
3 6 9 12 15 18 21 24 27 30 33 36 S P y NeREy 2
cillations. =
BURST RATE (bpm) o
INVOLVEMENT OF ELECTRICAL SYNAPSES ANDI,, CURRENTS. The g
NMDA only functional contribution of gap junctions was investigated wi hg
o
C TABLE 1. List of pharmacological agents tested e
@ 120 o
2 100 Active Agent, uM Mode of Action <
= (=3
<
; 80 Apamin (1) Antagonist, small conductance (SK) Ta =
o activated K channels S
& 60 APV (5-100) NMDA receptor antagonist N]
= 40 Atropine (10-30) Cholinergic muscarinic antagonist 8
w Bicuculline (40) GABA, antagonist N
g 20 Ca™* (1200-5000) Facilitation of neurotransmitter release ﬁ
=z= 0 Carbenoxolone (50-100) Gap junction blocker o
; N ' Charybdotoxin (0.015) Antagonist, large conductance (BKj'Ca S
3 6 9 12 15 18 21 24 27 30 33 36 activated K* channels <
Curare (10-20) Cholinergic nicotinic antagonist <
BURST RATE (bpm ) Evan’s Blue (50) P2X receptor antagonist (adenosine) =
FiG. 7. Burst rate distributions under 3 different conditiods. native ~Glycine (10) Prevents glycine-dependent NMDA receptor | &
activity of 16 cultures ranges from 3 to 27 bursts per minute (bp#n). desensitization (strychnine insensitive glycind ™
disinhibition with 40uM bicuculline results in a wider range (3—-36 bpm), with ) site) ) ) e
a small peak at 12-15 bpm, indicating a preference for certain activity sta{'é§|0pe”d0| (0.002) Dopamine receptor antagonist
but with relatively low reliability of expressiorC: NMDA oy, y activity ranges K™ (5400-10000) Enhancer of neuronal excitability
from 18 to 24 bpm. The narrow distribution shows the interculture reprodut=733,060 (0.002) NK receptor antagonist (sub. P) _
ibility of the oscillation. Mean burst rates for 60 min intervals under eacNlCPG (100-200) Metabotropic glutamate receptor antagonist
condition were calculated on a per channel basis(78 channels). Methysergide (20) Serotonin receptor antagonist
Mg?* (0-6000) Inhibitor of neurotransmitter release, NMDA
of a stable NMDA,,, v pattern, it was without effect. How receptor blocker

ever, NE also inhibits the slow AHP (SAHP) that may serve {2 (é%;zo) ?e“fezﬁflﬁag]g:’gﬁi;magomﬁ

terminate bursting (Madison and Nicoll 1986). Therefore it i§orepinephrine (40-50)  PKA activatop{adrenergic receptor mediated)

unclear whether the effects produced by NE were a result of blocks burst after hyperpolarization, also

blocking receptor desensitization or the sAHP. In either case, gountetﬁctst_@a*-dependent NMDA receptor
WH H esensitization

the NMDAqy v pattern of activity, once established, was nat ., ., (50-100) GABAantagonist

dependent on a mechanism sensitive to NE. Strychnine (1) Glycine receptor antagonist

COMPOUNDS AFFECTING SHP. Action potentials in many excit- ZD7288 (50) Hyperpolarization activated cationic

able cells are followed by a prolonged AHP that modulates conductance blocker (lcurrent)

repetitive firing. Apamin has been shown to inhibit th¢Ga  nwvpa, N-methylo-aspartate; MCPGq-methyl-4-carboxyphenylglycine;

dependent S(K) current that is responsible for this AHP (SaiBQx, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzoquinoxaline-7-sulphonamide].
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A 5
‘d“' _ [ot- native a2- BCC
ey ©3- STR A4-SCH50119
p . n‘A_c. 05 - ChTX 46-APA
- @7- NBQX (NMDA only) ¢ 8-3 mM CaCl2
- atfo ©9-4.7 mMCaCI2 ©10- 6.2 mM CaCI2
ga o 2 F <11 -8 mM CaCl2 e 12 -85 mMKCI
c o a
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g A UM
= SR §
pos A=y
52 e
2 \
1 4
0 FIc. 8. Changes in burst duration and burst ra
' elicited by pharmacological manipulation of synapt
0 10 20 20 40 60 80 tic driving forces and burst ignition and terminatio
burst rate (bpm) mechanisms (minute means from 14 channels, s
gle experiment). The extremely low variability of]
B . the NMDAG, v activity is indicated by the tight
7 cluster after addition of 1M NBQX (green cir-
] cles, 7). Further manipulation by titration of €a
0.8 decreases both duration and rate, while titrating K|
NMDA-only to 10 mM increases the burst rate (B).
g 07 3 mM CaCi2 N
e
-]
5 |
=
-] 1
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10 mM KCI
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0.1

0 5 10 15 20 25 30 35 40
burst rate (bpm)

carbenoxolone (50—100M, n = 3). There was no measurablepeaks at 0.34 Hz (B), the addition of NMDA to the mediuD) (
effect on the NMDAy v activity, indicating that gap junction obliterates the interval organization.

coupling played no significant role in these oscillations. The NMDA receptor channel possesses a unique voltal
ZD7288 (50uM, n = 3) was used to test for the contributiondependent Mg" block that has been shown to induce oseill

e

eojumog

al

1102 ‘€T AInC uo 9Z2'2£'022 0T Aq /Bio ABojoisAyd-uly/:dny wouy psp

ge-
R

of the hyperpolarization-activated cationic conductanget¢ tions in several preparations (Hu and Bourque 1999; Rioylt-

NMDA onLy activity. This agent was also ineffective. Pedotti 1997; Wallen and Grillner 1987). This oscillation
elicited by NMDA receptor activation in the presence of phy

tion of 20—-50uM NMDA to the experimental culture medium '0'09'0?" levels of Mg ™" and is apparently due to the negativ
after the NMDAoy,,, activity was established resulted in bottp!OP€ in the current-voltage relation of the NMDA synaps
increased spike production and a disruption of the periodf¢@llen and Grillner (1987) showed that NMDA applicatio
nature of the activity (Fig. 10) = 2). CV, for BR was 58% pro_duqed TTX-resistant oscillations in membrane potent
in one network and 71% in the other, indicating that the regultdicating an intrinsic cellular property. Because bath applic
oscillations were no longer present. The disruption of tHon of NMDA directly activates the receptors, independent
pattern can be demonstrated in the spike frequency domugsicle release, and essentially uncouples the NMDA synay
with Fourier analysis of spike intervals from the same identirom presynaptic influences, the loss of regular oscillatio
fied units. Figure 9B andD, reveals a drastic alteration in thestrongly suggests that the periodicity under NMRA, con
spike interval structure. Whereas the NMB4 activity ditions is not induced at the receptor level only.

PRE- VERSUS POSTSYNAPTIC CONTROL MECHANISMS.The addi-
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12 burst pattern of 21.6 2.0 bpm under NMD4y,, y conditions.
This pattern of activity persisted for up to 12 h (maximum
observation time, Fig.[3), and more than 98% of all recordedg

o
o
L

M APV. However, tonic NMDA receptor activation was nojt
@ 1- NBGX (NMDA only) sufficient to maintain the periodicity, implying that control gf

burst duration (sec)
(=]
(-]

I
IS

disinhibition with BCC and STR and blockade of NMDA

A3-4mM MgCl2

o2 5 receptors with APV (leaving only the AMPA/kainate synapse
' ©4-5mM MgCl2 as the sole driving force) did not produce the characterigti
*5-6mM MgCI2 oscillation.
°S . o s " 2 Mechanisms underlying intrinsic burst generation have bgen
burst rate (bpm) explored in several different cell types (Azouz et al. 1996;

Fic. 9. Effect of increasing M3" concentration on BR and BD. Raising Ballerini et al. 1999; Bracci et al. 1996b; Llinas 1988; Strdit
Mg?" from the basal 0.8 mM under NMDA\y conditions caused a progressive1993; Traub et al. 1994). Generally, these investigations hf
decrease in burst rates without affecting burst durations until 4-5 mft My analyzed burst phenomena one cell at a time, although pa
catastrophic loss of all activity occurred at 6 mM #g Points represent the lati di . G4 i - L . | ’1 993 Robi
minute means of 14 channels under each pharmacological condition. ation studies using imaging ( aWUe etal. ; Robin

son et al. 1993; Wang and Gruenstein 1997) or extracelly
DISCUSSION field potentials (Staley et al. 1998) have provided insights i

Independent of spontaneous activity or age, 16 spinal cardtwork bursting. Acutely isolated intact spinal cords, acy

cultures were entrained to a remarkably stable, highly periodipinal cord slices, and organotypic slice preparations have b

—
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Fic. 10. Uncoupling of presynaptic influences by bath application of 8@ NMDA destroys the periodic nature of
NMDA oy Oscillations.A: 25 s of activity of 16 neurons under NMR4, y conditions.B: the period of the NMDA, y burst
oscillation is reflected in the large peak in the power spectra at 0.34 Hz (2.94 s period) calculated for a sample of 6 of the neurons
shown inA. C: the same 16 neurons 5 min after,dd NMDA was added to the experimental bath. The periodic and synchronized
nature of the NMDAy,, v activity is destroyedD: power spectra calculated for the same neurons &sdfter NMDA addition.
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fth;.‘ neurons participated (40—85 neurons per experiment). NMDA
> © receptor activation was necessary for generation of this unidue,
highly periodic activity pattern as it was abolished by 40—10

£2-3 mM MgCI2 the period may originate at the presynaptic level. Additionally,
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used to study the mechanisms of fictive locomotion and putdMPA receptor-mediated depolarization was unable to elifit
tive central pattern generators. For example, elevated extratkese spikes, despite providing a greater depolarizing currgnt.
lular K* resulted in increased neuronal excitability, leading t8chiller et al. (1998) showed that pairing of glutamate apgli-
rhythmic, synchronized oscillations in organotypic rat spin&lation with postsynaptic action potential firing resulted in|a
cord slices (Ballerini et al. 1999). These oscillations werthreefold increase of Ga entry through the NMDA receptor
network dependent as they were blocked by TTX and lowempared with glutamate alone. In cultured cortical neurops,
Ca "/high-Mg? " solutions. Comparable oscillations were als®obinson et al. (1993) found that €aoscillations concomi
seen in isolated spinal cord preparations (Bracci et al. 1998xnt with action potential burst firing was dependent on NMDOA
Ballerini et al. (1999) reported in one experiment a persiseceptor activation in low-Mg"™ medium. Bacci et al. (1999)
tent, network-dependent, rhythmic burst oscillation in ventraktablished that NMDA receptors along with VDCCs provige
horn interneurons with a period of 28 1.5 s under elevated a long-lasting depolarization that is necessary to support action
(6—7 mM) extracellular K (a period close to the 2.¢ 0.3 s potential burst firing in cultured hippocampal neurons. These
that we observed during NMD#\, y activity). Thus, the os results all highlight the unique relationship of the NMDA
cillation rate of the NMDAy,, v activity is not unique to the receptor to intracellular Ga dynamics. Hence, NMDA recep
dissociated cell culture condition. However, this is the firsbr-dependent CGa influx is likely to influence the character of
report of an oscillation characterized not only by remarkabthe burst generated, which, in turn, influences the degres
temporal and spatial stability of all burst parameters withivesicle depletion at the presynaptic terminal.
individual experiments but also by high interexperiment repro- Preliminary results of Ca imaging experiments performeg
ducibility with networks that varied widely in age and celunder three different conditions (NMDRQ#\ v, partial disinhi
density. This suggests the NMRg@Q, v network state may be bition with BCC, and AMPA,,, ) indicate that intracellular
unmasking a fundamental cellular mechanism rather thanCa?™ oscillations occur with the same frequency and precisi
circuit specific network property. under NMDAg,, y conditions as the extracellularly recorde
CA3 network activity can be dominated by strong synaptiourst oscillations. The baseline level of intracellular’Ca
depression presumably induced by depletion of a finite supmyring NMDAg,, y appears to be significantly elevated whe
of releasable glutamate (Staley et al. 1998). They suggestemnpared with the other two conditions. This is possible e
that the period of the population bursts was determined by tlence for the NMDAy, v condition being particularly effica
rate of refilling of this pool. Recent investigations have praious in affecting intracellular Ga dynamics. This heightened
vided insights into the dynamics of neurotransmitter vesiclge®* concentration could in turn promote maximal vesic
pools (Goda and Stevens 1998; Ryan et al. 1993, 1996). THeéease during the active phase of each oscillation.
RRP in central neurons has been shown to contain from 5 to 20n the lamprey, NMDA application induces a robust ficti
vesicles (Dobrunz and Stevens 1997; Stevens and Tsujimet@mming rhythm which is dependent on NMDA-induce
1995). This pool refills with a time constant of 5-12 s (RoseiGa& " currents and C& -dependent K currents in pacemaker
mund and Stevens 1996). High-frequency stimulation of preells (Brodin et al. 1991). Rat spinal neurons exhibit membrg
synaptic terminals with trains of 100—300 Hz significantlyotential oscillations in response to NMDA application whig
enhances the rate of refilling when compared with square waae TTX resistant, but dependent on serotonin (Hochman e
depolarizing input (Wang and Kaczmarek 1998). Stevens ah8l94a,b; MacLean et al. 1998). These membrane poter
Wesseling (1998) reported that the synaptic recovery periodcillations have been hypothesized to contribute to the ph
was reduced from 6 to 3 s when focal hyperosmotic conditiopspulation activity occurring during fictive locomotion, allo
were paired with presynaptic 10-Hz stimulation. The recoveigg the expression of a precise oscillation period by filteri
time for CAL synapses depleted by 10-Hz stimulation in higgemporally dispersed synaptic activity (Hochman et al. 199
pocampal slices was 2:8 2.0 s (Dobrunz and Stevens 1997)While our experiments certainly do not preclude this medrg
a time remarkably similar to our NMD4), v period. By anism from contributing to the oscillatory nature of thes
comparison, the NMDA,, v bursts in our studies producedNMDA o,y activity, disruption of the periodicity of preexist| «
long plateaus (0.2—-0.4 s) at spike frequencies of 200—250 Htry oscillations by application of NMDA indicates that the®
The close agreement between the NMRA, oscillation pe receptor alone is not sufficient to drive the bursting with gr
riod of 2.9+ 0.3 s and the time constants reported for refillingrecision.
of the RRP during electrical stimulation, in conjunction with Staley et al. (1998) speculated that depletion of the excita-
the results of our pharmacological manipulations implying t@ry neurotransmitter vesicle pool might be necessary for byrst
presynaptic control of the NMD4y, y activity, suggest the termination, with other mechanisms such as inhibitory condyic-
vesicle depletion/refilling cycle is a good candidate for cortances and AHP acting to modulate the postsynaptic effecf of
trolling the period of the unique burst oscillations observed.glutamate. It is of interest that early in postnatal developmgnt,
Although presynaptic mechanisms may underlie the uniq®ABA application depolarizes neurons (Ben-Ari et al. 199
NMDA vy oOscillations, it is also necessary to surveWlenedez de la Prida and Sanchez-Andres 1999). During this
postsynaptic responses that can influence spike frequenciepeniod, bursting patterns of coordinated activity occur (Habgts
bursts as well as BDs. NMDA receptor activation is associatet al. 1987; Jackson et al. 1982). This coordinated actiVity
with C&" conductances supporting plateau potentials, wielectively activates subsets of synapses and functions ap a
effects on burst mechanisms that are not seen with AMR#portant mechanism for sculpting circuitry that is preserved
receptor activation (MacLean et al. 1997). Calton et al. (200D) the adult animal (Landmesser and Pilar 1978; Tosney and
showed that single stimulation pulses were sufficient to elidiandmesser 1985). During the period when GABA is depolar-
Ca&™" spikes through activation of voltage-dependent calciuining, mechanisms other than fast synaptic inhibition myst
channels (VDCCs) in pyramidal cells of rat amygdala sliceserve to terminate bursting. Strong synaptic depression indycecd
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by vesicle depletion would allow the coordination of phasiBropinL, TRAVEN HG, LANSNERA, WALLEN P, EKEBERG O, AND GRILLNER S.

activity between recurrently connected neurons, permitting th&r‘(’)mg%tee; Isr']”;“':etfrr(‘)sn ﬁ;)rg:]tmmzsﬁars‘f‘o‘gsfezsg“’zgzdLi‘;‘;dl membrar
expression of fundamental motor patterns such as the respjrgsr. = 0 & T 0 A o Moure SD NMDA-receptor-
tory rhythm prior to establishment of mature synaptic Circuitry. gependent synaptic activation of voltage-dependent calcium channel

The dependence of the NMRA,y oscillation on such a basolateral amygdald. NeurophysioB3: 685-692, 2000.
mechanism might be explored with compounds that affect tReusins MA anD NicHoLLs DG. Synaptic vesicle recycling in cultured cere|
rate of vesicular recycling, such as bafilomycin (Cousin angPellar granule cells: role of vesicular acidification and refillidgueurochem

. o L. . 69: 1927-1935, 1997.
Nicholls 1997)' Quantification of miniature excitatory pOStSyrbOBRUNZ LE anD Stevens CF. Heterogeneity of release probability, facilita)

aptic potentials occurring immediately prior to and after a burstion, and depletion at central synapsiiguron18: 995-1008, 1997.
event could give a direct measure of the amount of vesiddgoce MH, Gross GW, HicHTOwER MH, aND Czisny LE. Multielectrode
depletion caused by a burst and provide information on theanalysis of coordinated, rhythmic bursting in cultured CNS monolay

refilling rate of the releasable vesicle pool. Initial results fror networks.J Neurosci6: 1583-1592, 1986. : .
2+ . tudies indicate that intracellular C:aconcen ODA Y AND STEVENS CF._ Readily releasable _pool size changes associa]
Ca" imaging stu with long term depressiorProc Natl Acad Sci USA5: 1283-1288, 1998.

trations are tonically elevated during the NMB4, y condi  Gross GW. Simultaneous single unit recording in vitro with photoetche
tion and that C&" oscillations occur with the same frequency laser-deinsulated, gold multimicroelectrode surfaEE Trans Biomed
and precision as the burst events. Eng 26: 273-279, 1979. _ ,

Few neuronal systems can be forced into a specific dynarﬁﬁf)ssGW. Internal dynamics of randomized mammalian neuronal netwo

tat ith hiah reliabilit d . trained f h in culture. In:Enabling Technologies for Cultured Neural Networ&dijted
state wi Igh reliability and remain entrained tor many Ours'by Stenger DA and McKenna TM. New York: Academic, 1994, p. 277-31

The availability of such a stable _dynamic_ system prOVide_SCﬁeoss GW anp KowaLski JM. Experimental and theoretical analysis o
tool for the study of structure/function relationships controlling random nerve cell network dynamics. INeural Networks, Concepts, Ap-

network behavior, excitotoxicity, and quantitative assessmenplication and Implementatioredited by Antognetti P and Milutinovic V.
of functional synaptic deficits, as well as therapeutic measure§nglewood Cliffs, NJ: Prentice Hall, 1991, vol. 4, p. 47-110.

designed to restore synaptic efficacy. In any case, NMRA GRrRossGW AND ScHwaLM FU. A closed chamber for long-term electrophyd
L . e . ; . e iological and microscopical monitoring of monolayer neuronal networH
activity represents a simplification of synaptic driving forces, y'\qrosci Methodg2: 73-85, 1994.

which will allow the study of excitatory-coupled network dy-Gross GW, Wen W, anp Lin J. Transparent indium-tin oxide patterns fo
namics and basic burst mechanisms, providing insight into thextracellular, multisite recording in neuronal culturéNeurosci Methods
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