
The Journal of Neuroscience, December 1992, f2(12): 4834-4845 

Spontaneous Synchronous Synaptic Calcium Transients in Cultured 
Cortical Neurons 

Timothy H. Murphy,’ Lothar A. Blatter,3 W. Gil Wier,3 and Jay M. Barabanls* 

‘Departments of Neuroscience, and *Psychiatry and Behavioral Sciences, Johns Hopkins University School of Medicine, 
Baltimore, Marvland 21205 and 3Department of Phvsiolonv, University of Maryland School of Medicine, Baltimore, 
Maryland 212Oi 

The firing pattern displayed by neuronal aggregates is thought 
to play a key role in cortical development and physiology. 
In this study, we have employed optical recording of intra- 
cellular calcium to monitor activity of multiple neurons si- 
multaneously in primary cortical cultures. With this ap- 
proach, we have observed spontaneous synchronous calcium 
transients among adjacent cortical neurons. These tran- 
sients appear to be mediated by prominent spontaneous 
synaptic excitation, as they are enhanced by picrotoxin, a 
blocker of inhibitory GABAergic transmission, and reduced 
by antagonism of glutamate receptors or addition of TTX. 
After picrotoxin treatment, the calcium transients exhibit reg- 
ular frequency and amplitude, and occur in synchrony with 
bursts of excitatory synaptic potentials every lo-20 sec. 
Using electrical stimulation, we have identified a relative 
refractory period, extending up to 5 set after a synchronous 
burst, that may play a role in cell synchronization. NMDA 
receptor antagonists or reduced extracellular calcium levels 
lower the amplitude of the calcium transients yet fail to alter 
their frequency, suggesting that intracellular calcium levels 
may not be a major determinant of burst frequency. In con- 
trast, mild depolarization with kainic acid (0.5-l PM) in- 
creased burst frequency up to fivefold, suggesting a critical 
dependence of rhythmic activity on membrane potential. 
Chronic blockade of electrical activity with TTX beginning a 
few days after plating of cultures dampens the amplitude 
and significantly increases the frequency of calcium tran- 
sients in mature cultures. These studies demonstrate that 
aggregates of cultured cortical neurons express synchro- 
nous firing activity in vitro and that this network activity is 
dependent in part on neuronal firing during development. 

Recent studies have focused attention on the importance of the 
firing patterns displayed by groups of neurons in the develop- 
ment and physiology of the nervous system. For example, spon- 
taneous, synchronous neuronal discharges have been identified 
as an important determinant in the development of the visual 
system (Shatz, 1990). Synchronous firing ofretinal ganglion cells 
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early in development may provide spatial and temporal cues 
that allow for proper eye-specific innervation of the LGN (Meis- 
ter et al., 199 1). Although the retinal ganglion cells of each retina 
fire synchronously, asynchronous activity between retinas is 
thought to be the basis of eye-specific segregation. Synchronous 
electrical activity is also important in development of ocular 
dominance columns. In a rather elegant experiment, Stryker 
and Strickland (1984) blocked retinal activity with TTX and 
then either synchronously or asynchronously activated the optic 
nerves. They found that ocular dominance columns only de- 
veloped if the stimuli were asynchronous, providing evidence 
that segregation of afferent innervation is determined by which 
neurons are activated together. 

Although the timing of presynaptic stimulation is critical for 
the specificity of synaptic contacts, studies also indicate a role 
for coincidence of pre- and postsynaptic events in determination 
of synaptic strength. For example, if retinal stimulation is paired 
with postsynaptic depolarization of the visual cortex, synaptic 
strength is enhanced (Fregnac et al., 1988). These findings obey 
the Hebb rule, which states that when pre- and postsynaptic 
elements are coactivated, the strength of their connection is 
enhanced (Hebb, 1949). Accordingly, synchronous activity in 
groups of target neurons may provide a mechanism to generate 
proper spatial patterns of innervation. Although synchronous 
activation of afferent neurons has been studied, whether similar 
synchronous firing occurs in targets such as the developing cor- 
tex is not known. 

Cortical neurons grown in primary culture develop extensive 
processes and form functional synaptic connections, providing 
an in vitro system to study activity of developing cortical neurons 
(Dichter, 1978). As optical recording of intracellular calcium 
transients provides a convenient method to monitor activity in 
multiple neurons simultaneously and provides information about 
an important second messenger, we have applied this approach 
to primary cortical cultures. We report that synchronous neu- 
ronal activity can develop in vitro and that expression of this 
phenotype is in part dependent on electrical activity during early 
ontogeny. The synchronous spontaneous activity observed in 
cultured cortical neurons appears to be different from that found 
in developing retina (Meister et al., 199 l), in that it is produced 
by synaptic transmission while retinal activity may be propa- 
gated via gap junctions. 

Materials and Methods 
Cell culture and media. Cell cultures were prepared from day 17 ges- 
tation Sprague-Dawley rat fetal cerebral cortex, using a papain (EC 
3.4.22.2) dissociation method (Murphy and Baraban, 1990). Cultures 
were allowed to mature for at least 3 weeks for all experiments. The 
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dissociated cells were resuspended at a density of 1.2 x 1 O6 cells/ml in 
minimal essential medium (MEM) supplemented with 5.5 gm/liter glu- 
case, 2 mM glutamine, 10% fetal calf serum, 5% heat-inactivated horse 
serum, 50 U/ml penicillin, and 0.05 mg/ml streptomycin; plated onto 
polylysine-coated (10 &ml) 35 mm culture dishes in 1.5-2 ml of me- 
dium, or 12-well dishes (1 ml medium); and placed in a 37°C CO,- 
buffered incubator. For imaging experiments, cells were plated on po- 

F value of 1 would correspond to a 100% increase in baseline fluores- 
cence. 

Imaging offluo-3 fluorescence. The experimental procedures for dig- 
ital imaging of [Ca2+], with fluorescent intracellular indicators has been 
previously described in detail (Blatter and Wier, 1990; Wier and Blatter, 
199 1). Briefly, the main components of the system are a Nikon Diaphot 
inverted microscope, a charge-coupled device camera fiberoptically cou- 

lylysine-coated coverslips and piaced within six-well plates. The cultures pled to a microchannel plate intensifier, and a real-time image processor 
were fed by addition of MEM with 5.5 grn/liter glucose, 5% heat-in- (series 15 1, Imaging Technology, Inc., Wobum, MA) under the control 
activated horse serum, and 2 mM glutamine, after about 4-6, 12-14, of a microcomputer. Images obtained at video frame rate (30 Hz) were 
16-l 7, and 19-21 d in culture, by removal and replacement of ap- stored during the experiment on a real-time video disk storage system 
proximately 60% of the medium. Mitotic inhibitors were not added, as (model 8300 RTD, Applied Memory Technology, Tustin, CA). Com- 
glial cell growth was arrested by confluence and the paucity of growth puter programs for data acquisition and analysis were written using the 
factors in the medium used for feeding. TTX was added directly into programming language C and the library of subroutines from the series 
the culture medium from a 100 x stock solution. 15 1. ITEX 15 1. Changes in ICa*+l. measured with the indicator fluo-3 - . *. 

Immunostaining. Neuron-specific enolase (NSE) immunostaining was 
performed using polyclonal rabbit antisera obtained from Polysciences 
(Wanington, PA) as previously described (Murphy et al., 1991b). 

Electrophysiology. For electrophysiological measurements, cells were 
switched to a Hank’s balanced salt solution (by triple exchange), which 
contained, in mM, 137 NaCl, 5.0 KCl, 2.5 CaCl,, 1.0 MgSO,, 0.44 
KH,PO,, 0.34 Na,HP0,(7H,O), 10 Na+ HEPES, 1 NaHCO,, 0.01 gly- 
tine, and 5 glucose (pH 7.4 and 340 mOsm). All recordings were made 
using the whole-cell variant of the patch-clamp technique (Hamill et 
al., 1981) at room temperature, with glass micropipettes (World Pre- 
cision Instruments, 1 B 120 F-4) of 4-8 Mn resistance, and an Axopatch 
1 C amplifier as previously described (Murphy and Baraban, 1990). The 
pipette solution used for current-clamp and voltage-clamp experiments 
contained, in mM, 140 K+ methyl sulfate, 2 CaCl,, 11 K+ ethyleneglycol- 
bis-N,N,N,N’-tetraacetic acid, and 10 K+ HEPES. Recordings were made 
in a static bath (l-2 ml) within a 35 mm tissue culture dish. Agonists 
and antagonists were applied either by pressure ejection (15-20 psi for 
0.5-5 set) from 2-6 pm tip diameter glass pipettes (compounds diluted 
into bathing medium) positioned 250-500 rrn from the cell of interest 
(previous experiments indicate dilution of up to fivefold; Murphy et al., 
1988). or bv addition directlv into the bathina medium at loo-fold 
concentration dissolved in bathing medium. Dir&t addition of bathing 
medium or water alone (20 ~1 to a 2 ml bath) failed to affect ongoing 
electrical activity or cell stability. 6-Cyano-7-nitroquinoxaline-2,3-dione 
(CNQX) and (+)MK-801 were from Research Biochemicals (Natick, 
MA); TTX, picrotoxin, and kainate, from Sigma (St. Louis, MO); (D)- 

2-Amino-phosphonovalericacid (APV), from Cambridge Research Bio- 
chemicals. 

are expressed as OYo(F - F,)IF,, where F refers to the Auo-3 fluorescence 
measured from the cell and FO represents the fluorescence of the cells 
presumably at rest. Dividing the F images by an FO image provides 
correction for differences in path length, shading, and fluo-3 concentra- 
tion. Since the neuronal cultures show some asynchronous spontaneous 
activity (see Results), it was not possible to record an FO image in which 
all cells were simultaneously at rest. Therefore, we chose to create a 
synthetic F,, image from the lowest fluorescence values at any given 
image coordinate within an experiment. [Ca*+], is expressed as the per- 
centage change of fluo-3 fluorescence as compared to the lowest value 
measured during an experiment at any particular location in the image. 
To improve the signal-to-noise ratio, images were spatially filtered by 
averaging a matrix of 2 x 2 pixels and then by averaging four successive 
video frames. 

Fluorescence changes occurring in one cell soma may be recorded as 
out-of-focus fluorescence from the soma of another cell, in which changes 
in fluorescence may or may not be occurring. This would make it appear 
that the activity of the two was correlated. However, measurement of 
the point-spread function of the microscope used demonstrated that the 
amplitude of light from a point source has fallen to less than 5% of its 
peak at a radius of 1 pm within the focal plane, and to less than 5% of 
that peak in planes 1 pm above and below. Thus, cells at a radial distance 
of greater than 1 pm would have only a very small contribution of 
fluorescence from a neighboring active cell. 

Electrically evoked synaptic calcium transients. Flue-floaded cul- 
tures were stimulated with a bipolar tungsten electrode placed over, but 
not in contact with, a group of neurons = 1000 pm away from the cells 
under study (Murphy et al., 199 1 a). Fluo-3 fluorescence was measured 
by photodiode as described above, with the exception that some records 
were taken during continuous fluorescent illumination (as indicated), 
with stimulation occurring 100 msec after shutter opening. Stimulation 
parameters were typically 20-200 psec in duration and 40-90 V. 

Photodiode measurement ofjluo-3 jluorescence. Changes in cell cal- 
cium were estimated using the fluorescent probe fluo-3 (Minta et al., 
1989). In some experiments, fura- was used to quantitate intracellular 
Ca2+ (Grynkiewicz et al., 1985). Fluo-3 acetoxymethyl ester (AM) or 
fura- AM (Molecular Probes, Eugene, OR) was dissolved in dimethyl 
sulfoxide at 5 &pl and further diluted into Hank’s balanced salt solution 
at 10 &ml in the presence of 0.25% pluronic F- 127. Cortical neurons 
were incubated with these solutions for 1 hr at room temperature. Cells 
were then washed two times with Hanks’s balanced salt solution and 
observed under epifluorescence (490 nm excitation) at room tempera- 
ture. Fluorescence was quantitated using an EG and G Ortech photo- 
diode (UV040BQ), amplified by an Axopatch 1C amplifier, and dis- 
played by a strip chart recorder. In some experiments a photomultiplier 
tube (Nikon Pl) was used, as indicated. A cardboard mask was placed 
between the cells and the photodiode tube to reduce the area illuminating 
the photodiode to = 1000 pm2 (approximately three neuronal cell bod- 
ies). In experiments using the photomultiplier tube, an adjustable rect- 
angular diaphragm was used to reduce the area of illumination to 100 
pm2 (an area within a neuronal cell body). A neutral density filter was 
added to reduce photobleaching, and the fluorescence field diaphragm 
was lowered, allowing fluorescence illumination of only the cells being 
imaged. To prevent further photobleaching, a shutter was added to the 
fluorescence lamp. The shutter was typically open for 30 msec every 
second, which accounts for the broken lines present in the indicated 
records. Synaptic Cal+ fluxes were stable for at least 10 min of contin- 
uous illumination at the above shutter rate. However, during experi- 
ments involving prolonged incubation with drugs, care was taken to 
limit fluorescence illumination to intervals of data collection. Fluores- 
cence background was determined in areas of the culture lacking neu- 
rons, and subtracted from all records shown. Results are expressed in 
units ofAF/F, where F = baseline fluorescence in the presence ofneurons 
minus non-neuronal background culture fluorescence. Therefore, a AF/ 

Statistics. All results unless indicated are the means 5 standard error 
of the mean (SEM) of at least three separate experiments, usually per- 
formed on cultures obtained from separate cell platings. n refers to the 
number of separate experiments performed, unless indicated otherwise. 
Data were analyzed by paired t test to examine potential group differ- 
ences. 

Results 
Spontaneous calcium transients in neurons 
As cortical neurons mature over a period of 2-3 weeks in pti- 
mary culture, they form functional synapses and exhibit spon- 
taneous synaptic activity. By using the calcium-sensitive probe 
fluo-3 (Minta et al., 1989) and digital imaging techniques, we 
have observed spontaneous intracellular calcium ([Ca”],) tran- 
sients in primary cortical cultures (Fig. 1). As agonist-induced 
and spontaneous calcium transients have been previously re- 
ported in cultured glial cells (Cornell-Bell et al., 1990; Comell- 
Bell and Finkbeiner, 199 l), we first sought to determine whether 
the spontaneous calcium transients are present in neurons. To 
this end, we have processed cultures for NSE immunocvto- 
chemistry (Marangos et al., 1979) following calcium-imaging 
experiments. NSE immunocytochemistty revealed that the cell 
bodies displaying spontaneous calcium transients were almost 
entirely NSE positive (Fig. 1). 
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Analysis of fluorescence images indicated synchronous cal- 
cium transients within groups of neurons. Although the spon- 
taneous intracellular calcium ([Ca”],) transients appear to be 
synchronous to a large extent (see Fig. lE,G), detailed analysis 
of the fluorescence images revealed that individual neurons can 
show calcium spiking that is partially asynchronous from the 
rest of the cell group. In Figure lG-I, we have selected six 
individual cells from a group of 23 cells that had been positively 
identified as neurons by NSE immunocytochemistry. These cells 
were specifically selected to show both synchronous and asyn- 
chronous calcium transients by performing a cross-correlation 
analysis of the amplitudes of the calcium transients of all cells, 
and then selecting the ones with the lowest correlation coeffi- 
cients (Fig. 2). (A smaller correlation coefficient was employed 
as an indicator of asynchronous activity.) Figure 2A shows a 
correlation matrix for these six cells as well as the average of 
the cell group (n = 23 cells) under control conditions. The char- 
acteristics of the microscope used suggest that out-of-focus flu- 
orescence from one cell cannot account for its apparent syn- 
chrony with its neighbor (see Materials and Methods). Figure 3 
illustrates an experiment in which [Caz+], was measured with 
the ratiometric calcium indicator fura-2, which permits quan- 
tification of the changes in [Ca*+],. Under control conditions, 
[Caz+], oscillated at a frequency of 4-5 spikes/min with an av- 
erage peak around 200 nM (Fig. 3A). 

As these calcium transients occurred in neurons, we examined 
whether they were the consequence of excitatory synaptic trans- 
mission. Support for a synaptic mechanism was obtained by 
simultaneous measurement of spontaneous electrical activity 
and Ca2+-induced lluo-3 fluorescence in adjacent neurons ~200 
pm apart. These combined recordings indicate that [Ca2+] tran- 
sients in one neuron were often coincident with bursts of neu- 
ronal activity in its neighbor (Fig. 4A). Furthermore, addition 
of TTX greatly reduced the fast, spontaneous calcium transients 
in neurons identified by NSE immunocytochemistry (Fig. 1). 
Low-amplitude TTX-insensitive spontaneous calcium tran- 
sients were apparent in a few neurons (Fig. 1 I). These transients 
displayed distinctly slower kinetics. In the absence of TTX, 
neuronal calcium transients usually peaked in l-2 set; in the 
presence of TTX, calcium transients took 4-6 set to reach peak 
amplitude. 

To examine better the relationship between synaptic activity 
and calcium transients, we indirectly increased the excitatory 
component of synaptic transmission by reducing GABAergic 
inhibition with the antagonist picrotoxin (10 PM). In all exper- 
iments performed, this treatment resulted in increases in am- 

t 
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plitude of calcium transients within 15 min of exposure (n = 
10). In the experiment shown in Figure 3, the amplitude of 
spontaneous calcium transients increased from 200 nM to ap- 
proximately 500 nM following treatment of the cell with pic- 
rotoxin. Population data from the 23 neurons in Figure 1 re- 
vealed that picrotoxin treatment led to a highly significant 
increase (P < 0.001, paired t test) in average peak amplitude. 
In control cultures, the average peaks were 101 + 37% (&SD) 
of basal fluorescence levels (n = 397 peaks); in picrotoxin, the 
amplitude of the peaks increased to 133 2 47% of resting levels 
(n = 267 peaks). In picrotoxin-treated cultures, neurons within 
a group always exhibited synchronous calcium transients with 
regular periodicity (see Fig. 1F). Even individual neurons that 
showed partially asynchronous [Ca*+], transients in the absence 
of picrotoxin (Fig. 1 G) became synchronized (Fig. 1H). Figure 
2B shows that after exposure to picrotoxin, all correlation co- 
efficients (see above) increased substantially, indicating in- 
creased synchronization of the calcium transients within the cell 
group. (For the six cells shown, the average correlation coeffi- 
cient r increased from 0.742 to 0.966.) Visualization of neurons 
at low power revealed that groups of neurons as distant as 2 
mm apart were synchronized (data not shown). Addition of TTX 
blocked the calcium transients in almost all identified neurons 
(Figs. lZ, 3C), whereas in areas of the culture that did not stain 
positively with NSE, calcium transients could still be observed 
(Fig. 1.Z). In picrotoxin, simultaneous recordings of spontaneous 
electrical activity measured under whole-cell voltage clamp or 
current clamp and of [Ca2+], by photodiode in neighboring neu- 
rons (50-200 pm apart) demonstrated that the calcium tran- 
sients and excitatory currents or potentials were synchronized 
in all neuron pairs examined (Fig. 4B; n = 10). Spontaneous 
synchronous calcium transients and currents persisted in pic- 
rotoxin-treated cultures for up to 4 hr and were fully reversible, 
suggesting that they were not the result of cytotoxicity (data not 
shown). 

Mechanism of rhythmic calcium transients 

In a variety of excitable cell types including thalamic neurons 
(Deschenes et al., 1984; Jahnsen and Llinas, 1984), skeletal 
muscle (Purves and Sakmann, 1974) and molluscan neurons 
(Benson and Adams, 1987), pacemaker potentials can play a 
major role in the generation of rhythmic firing. In contrast, 
several observations suggest that the spontaneous calcium tran- 
sients observed in these cultured cortical neurons do not result 
from intrinsic pacemaker activity within each neuron. The ob- 
servation that these neurons exhibit rhythmic spontaneous cur- 

Figure I. Images of [Ca2+], transients in cultured cortical neurons loaded with fluo-3. A and B, Images of a group of neurons visualized with 
bright-field illumination before (A) and after (B) staining with NSE antiserum. C, Fluorescence image of a fluo-3 AM-loaded cell culture during a 
burst of calcium spiking in the presence of picrotoxin. The fluorescence was excited at 485 nm, and emission was measured at 530 nm. D, lCW+l, 
image: background-subtracted fluo-3 fluorescence images (fluorescence = F) were further processed by subtracting a fluo-3 image of the cellgroup 
at rest (F,) and dividing it bv the same image (lCa2+l, is proportional to (F - F,)IF,). The background image was recorded under the same conditions 
from an area of the bath without cells. R&i&al background was reduced by-thresholding the image at a level corresponding to 5% or less of the 
maximal image intensity. The numbered circles mark the position of selected neurons that have the time course of their calcium transients plotted 
in G-I. The boxes labeled A and B represent areas from which [Ca*+], transients were recorded that are thought to be of non-neuronal origin (see 
.Z). Scale bar: 20 wrn vertically, 20 pm horizontally. E, [Ca2+], images of spontaneous activity. Images were recorded at 2 set intervals for 2 min 
and are averages of four consecutive video frames. Eight consecutive images are shown. F, Calcium spiking of the same cell group after incubation 
with picrotoxin for approximately 15 min. Two bursts of synchronous calcium transients are shown. The color bar indicates percentage changes 
in fluo-3 fluorescence, showing changes between 0 and 50% above baseline in graded blue and changes between 50% and 250% in graded yellow. 
G-Z, Amplitude of fluo-3 fluorescence measured at 2 set intervals from an area of 5 x 5 pixels (20 pm2) centered on the cells represented by circles 
in D: spontaneous calcium spiking (G) and calcium transients after addition of picrotoxin (ZZ) and TTX (I), which abolished the neuronal calcium 
spiking almost completely. The horizontal bars in G and H indicate the time intervals when the images in E and F were recorded. J, Calcium 
transients recorded from areas without neuronal staining (presumed glial cells) in the presence of TTX. 
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Figure 2. Correlation of changes in [Ca2+], in a group of 23 neurons. 
The average fluo-3 fluorescence [(F - F,,)lFJ was measured in a small 
area (20 pm*) centered over neuronal cell bodies of neurons shown in 
Figure 1. The measurements were made from fluo-3 images recorded 
at 2 set intervals (n = 64 images). A correlation matrix of the neuronal 
activity under control conditions (A) and after addition of picrotoxin 
(B) was calculated for all 23 neurons. A and B represent a subset of the 
complete correlation matrix that includes six selected neurons and the 
average of all 23 neurons. (The selection criteria for these six neurons 
are explained in the Results.) The average correlation coefficient under 
control conditions for cells l-6 was 0.742. After addition of picrotoxin, 
the average correlation coefficient increased to 0.966. C and D, Scat- 
tergrams and plots of regression line of fluorescence measurements from 
cell 3 and cell 4 before (C) and after (0) exposure to picrotoxin. 

rents even when under voltage clamp (Murphy et al., 199 lb), 
when pacemaker or repolarizing potentials would be blocked, 
supports this hypothesis. In addition, current-clamp records in- 
dicate that membrane potential was stable in all cells observed 
between bursts, even at depolarized potentials when potassium 
currents that may underlie pacemaker potentials would be ac- 
centuated. 

We next considered an alternative explanation, that a relative 
refractory period following a spontaneous burst may be impor- 
tant in determining frequency and synchronization. To inves- 
tigate whether a refractory period exists, we have used electrical 
stimulation to activate neurons synaptically during the interval 
between spontaneous bursts. When the stimulating electrode 

+ picrotoxin (10 PM) , 

C IOOr +lTX(i PM) 

OL * 

Figure 3. Spontaneous calcium transients measured with fura-2. Fura- 
2 fluorescence was excited at 360 and 380 nm, and emission was mea- 
sured at 5 10 nm. The fluorescence was measured with a photomultiplier 
tube from a small area of approximately 10 Mm in diameter centered 
on a neuronal cell body. The cell culture-was loaded with the indicator 
by exposure to fura- AM (10 UM: see Materials and Methods). The 
fura- signal was calibrated in vitro using a solution containing fura- 
salt and no calcium (EGTA-buffered) or a saturating concentration of 
calcium, respectively. Background subtraction was achieved by sub- 
tracting the amount of fluorescence measured close to the neurons in 
the absence of oscillations. A, Spontaneous [Cal+], transients under 
control conditions. B, Following exposure to picrotoxin (10 PM) for 15 
min, the [Caz+li transients are markedly enhanced. C, Addition of TTX 
(1 PM) abolished the oscillations completely. 

was placed at least 1 mm from the observed cell, the electrically 
evoked response appears to result from synaptically released 
neurotransmitter, since no response to stimulation was observed 
in the presence of the glutamate antagonists MK-801 (10 PM; 
Wong et al., 1986) and CNQX (50 PM; Honore et al., 1988). 
Furthermore, the calcium transient evoked by electrical stim- 
ulation displayed kinetics similar to those occurring spontane- 
ously (Fig. 54). Electrical stimulation of a group of neurons 
approximately 1 mm away with supramaximal stimulus inten- 
sities readily evoked calcium transients during the interval be- 
tween bursts in the neuron under observation (Fig. 54). Fur- 
thermore, repeated electrical stimulation (every 10 set) was able 
to override the endogenous bursting mechanisms, as calcium 
transients followed stimulation frequencies faster than the en- 
dogenous rhythm (Fig. 5c). In contrast, lower-frequency stim- 
ulation (every 20 set) resulted in a return of endogenous burst 
triggering, punctuated with events triggered by electrical stim- 
ulation (Fig. 5C). Thus, if neurons are presented with a strong 
exogenous pacemaker of similar frequency to their endogenous 
pacemaker, they will adopt the new pacemaker. When the stim- 
ulus intensity was reduced, it was possible to identify a relative 
refractory period that extends l-5 set after the peak of a synaptic 
calcium transient (Fig. 5AJ3). With increased stimulus intensity, 
the neurons were not refractory, indicating that the refractory 
period observed is only relative and not absolute (Fig. 54. The 
ability of electrical stimulation of small groups of neurons to 
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A Fluo-3 calcium induced fluorescence. 
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Membrane potential in an adjacent neuron (200pm). 
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B Flue-3 calcium induced fluorescence. 
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Membrane potential in an adjacent neuron (200pm). 

elicit synchronous calcium transients synaptically suggests that 
pacemaker activity in a small subpopulation of neurons could 
be sufficient to drive the rhythmic firing observed. 

Role of NMDA receptors 

In previous studies of the effect of picrotoxin on synaptic trans- 
mission in these cortical cultures, we have observed synaptic 
currents that were sensitive to NMDA-type glutamate receptor 
antagonists (Murphy et al., 199 lb). Accordingly, we have ex- 
amined the role of NMDA receptors in mediating calcium tran- 
sients in the presence of picrotoxin (Fig. 6A). The NMDA re- 
ceptor antagonist APV reversibly attenuated the amplitude of 
picrotoxin-induced calcium transients by greater than 50% (n 
= 5). In a similar manner, the noncompetitive NMDA receptor 
antagonist MK-801 (3 PM) reduced the amplitude of calcium 
transients 46 it 8%, when compared to matched picrotoxin- 
treated controls (n = 4). Although NMDA receptor antagonists 
reduced the amplitude of calcium transients in the presence of 

-1 AF/F 
50 mV 
2 set - 

Figure 4. Coincidence of spontaneous 
excitatory potentials and calcium tmn- 
sients in different neurons. A, Calcium- 
induced fluo-3 fluorescence was mea- 
sured by photomultiplier tube in a sin- 
gle cortical neuron (described in Ma- 
terials and Methods). In an adjacent 
neuron =200 pm away, membrane po- 
tential was simultaneously measured 
under whole-cell current clamp (-67 
mV resting potential). The broken rec- 
ord of C&+-induced fluorescence is due 
to the shuttering protocol used to pre- 
vent photobleaching. The lower two 
truces are at a faster time scale (same 
neuron) using continuous illumination. 
B, In the presence of picrotoxin (10 PM, 
15 mini. W+-induced fluo-3 fluores- 
eence &as measured in a single cortical 
neuron by photodiode. In a different 
neuron =200 pm away, membrane po- 
tential was simultaneously measured 
under whole-cell current clamp (- 58 
mV resting potential). Records shown 
in A and B are from different experi- 
ments. 
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20 mV 
10 set -I 

picrotoxin, analysis of the residual activity suggested that local 
application of these agents had little effect on their frequency. 
Furthermore, after continuous application of MK-801 (3 PM) 
for up to 4 hr, the amplitudes of picrotoxin-induced calcium 
transients were reduced, with no statistically significant effect 
on burst frequency (MK-801, 4.5 + 0.7 bursts/min, n = 10, vs 
control, 3.8 f 0.2 bursts/min, n = 42). In the presence of com- 
bined application of NMDA receptor antagonists with the non- 
NMDA glutamate receptor antagonist CNQX, no spontaneous 
or picrotoxin-stimulated calcium transients were observed in 
neurons, consistent with glutamate being the major excitatory 
transmitter of these cultures. 

To evaluate whether NMDA receptor antagonists reduce cal- 
cium transient amplitude by directly blocking calcium influx 
via the NMDA receptor or indirectly via a reduction in network 
polysynaptic activity, we tested their effects on electrically evoked 
synaptic calcium transients that would be less likely to depend 
on polysynaptic activity. In these experiments, picrotoxin was 
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used to enhance the amplitude ofthe electrically evoked synaptic 
calcium transients. In the presence of picrotoxin, electrically 
evoked calcium transients were attenuated by the NMDA re- 
ceptor antagonist APV (n = 4) suggesting that NMDA receptors 
may directly mediate a component of postsynaptic calcium entry 
(Fig. 6B). 

Effects of membrane potential and intracellular calcium 

Two common determinants of pacemaker frequency in neurons 
are intracellular calcium levels and membrane potential. We 
have tested the role of these parameters in cortical cultures by 
providing mild depolarization with low concentrations of the 
glutamate receptor agonist kainate and by reducing extracellular 
calcium levels. In these experiments, picrotoxin-treated neurons 
exhibited the typical 4.5 f 0.3 calcium bursts/min. Addition 
of 0.5-l MM kainate (Fig. 7A) significantly increased the fre- 
quency of bursts to 23 + 2.9 bursts min (P < 0.05; n = 4). The 
increased bursting was totally suppressed by the addition of 1 
MM TTX. These findings suggest that depolarization produced 
by kainate brings neurons closer to the threshold for action 
potential generation, resulting in an increase in burst frequency. 

Intracellular calcium levels have been shown to affect pace- 
maker activity in a variety of systems. To address the role of 
intracellular calcium levels in setting burst frequency, we re- 
duced extracellular calcium levels to 500 PM and increased ex- 
tracellular Mg2+ from 1 to 2 mM. Under these conditions, spon- 
taneous synaptic calcium transients of reduced amplitude and 
duration were present (Fig. 7B). Although the amplitude of the 
spontaneous calcium transients was reduced, their frequency (4 
+ 0.4 burst/min) in low Ca*+ when compared to controls (3.6 
f 0.4; n = 8) was not significantly altered. Furthermore, res- 
toration of extracellular Ca*+ and Mg*+ levels (2.25 and 1 mM, 
respectively) resulted in a large increase in amplitude and du- 
ration but not frequency. Since reducing calcium transient am- 
plitude does not affect burst frequency, peak intracellular cal- 
cium levels may not be a major determinant of rhythmic activity. 
In contrast, the profound increase in burst frequency following 

t 

Figure 5. Relative refractory period in neuronal excitability. A, Pho- 
tomultiplier tube record of Ca*+-induced fluo-3 fluorescence from a 
single cortical neuron. A group of neighboring neurons = 1000 pm away 
were stimulated using a bipolar electrode (60 V, 20 rsec) just after a 
spontaneous calcium burst. Timing of stimulus is indicated in the upper 
bar. At lower stimulus intensity (50 V, 20 psec; lower trace), it was 
possible to identify a relative refractory period in which electrical stim- 
ulation failed to produce a synaptic calcium transient. Because of the 
relatively short exposure time, these records were not shuttered. The 
60 V stimulation was performed after the 50 V stimulation, and its 
fluorescence is attenuated because of photobleaching. B, The relation- 
ship between the time of electrical stimulation and the percentage of 
cells responding to a submaximal electrical stimulus (numbers by sym- 
bols are the number of trials at each time interval). When a maximal 
stimulus was used, usually over or equal to 60 V, there was never a 
failure to produce a synaptic Caz+ transient over the same time intervals, 
in 21 trials performed in seven different cells, suggesting that the re- 
fractory period is relative and not absolute. C, Record of evoked and 
spontaneous calcium transients from a single neuron with maximal 
electrical stimulation performed at the indicated frequency (upper bar). 
At stimulus frequencies equal to or higher than the endogenous pace- 
maker, neurons will follow an exogenous pacemaker. During low-fre- 
quency stimulation, evoked calcium transients are punctuated by a re- 
turn of the endogenous pacemaker (*). All experiments shown in this 
figure were quantitated by photomultiplier tube and conducted in cul- 
tures treated with picrotoxin (10 PM). 
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mild depolarization with kainate suggests that membrane po- 
tential may play a key role in setting pacemaker frequency. 

Development of synaptic calcium transients 

As cortical neurons in culture display highly repetitive syn- 
chronous discharges, we wondered whether formation of the 
requisite synaptic circuitry might depend on neuronal activity 
during synaptogenesis in early development. To test this pos- 
sibility, we have assessed whether blockade of neuronal activity 

Figure 6. Effect of an NMDA receptor 
antagonist on calcium transients during 
picrotoxin treatment. A, Tracing shown 
is a record of fluo-3 calcium-induced 
fluorescence from two or three clus- 
tered cortical neurons. Picrotoxin was 
added to the bathing medium 15 min 
prior to the lower three traces shown. 
The NMDA receptor antagonist APV 
(300 PM) was applied locally by pressure 
ejection (1 set), and its removal was 
sped up by perfusion with a pipette 
(wash). TTX (1 PM) was added to the 
bathing medium and not removed. B, 
Continuous photodiode record of fluo- 
3 fluorescence in response to electrical 
stimulation (see Fig. 5) before and after 
picrotoxin, in the presence and absence 
of locally applied APV (300 PM). *, the 
time of electrical stimulation. 

during development disrupts this characteristic feature of ma- 
ture cultures. To reduce synaptic activity during development, 
TTX (1 PM) was added to cultures after 1, 7, or 20 d in vitro 
(supplemented every 34 d; see Materials and Methods). Whole- 
cell current-clamp records indicated that the ability of neurons 
to fire action potentials was completely blocked by this treat- 
ment, even after TTX was present in culture medium for up to 
4 d (consistent with TTX being stable in culture medium). The 
effect of exposure to TTX was assessed in cultures maintained 
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Figure 7. Effect of depolarization and 
calcium transient size on rhythmic ac- 
tivity: photomultiplier tube records of 
fluo-3 calcium-induced fluorescence 
from a single neurons in cultures treat- 
ed with picrotoxin (10 PM). A, Bath ap- 
plication of a low concentration of the 
depolarizing agent kainate (0.5 PM; 
added at time indicated by urrow in 
lower trace) greatly increases the fre- 
quency of synaptic calcium transients. 
Continuous records are shown at the 
right to illustrate the response at a high- 
er time resolution. B, The role of cal- 
cium transient size in determining burst 
frequency was examined by lowering 
extracellular Ca*+ levels from 2.25 to 
0.5 mM and raising Mg*+ levels from 1 
to 2 mM. Although this treatment at- 
tenuated the amplitude of the tran- 
sients, it failed to affect their frequency 
significantly. The beginning of the rec- 
ord was taken under low Ca*+; the ar- 
rows show when the Ca2+ and Mg2+ 
levels were restored to 2.25 and 1 mM, 
respectively, without significantly af- 
fecting burst frequency. The lower trace 
shows rhythmic activity after approxi- 
mately 2 min of 2.25 mM extracellular 
Ca2+ and 1 mM Mg*+. 
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for 2 l-23 d in vitro. At this time, TTX was removed by medium 
exchange (3 x ) and calcium transients were monitored in the 
presence of picrotoxin (Fig. 8). In untreated cultures, the average 
frequency of calcium transient bursts in neurons (n = 42) from 
at least six separate platings was 3.8 f 0.2/min. Treatment of 
naive, mature cultures with TTX for l-2 d (3.9 + 0.3 bursts/ 
min; n = 14) did not significantly affect the frequency or am- 
plitude of picrotoxin-induced calcium transients when com- 
pared to untreated controls. In contrast, addition of TTX for 2 
weeks, from days 7 to 2 1, reduced the amplitude of calcium 
transients while their frequency was significantly increased (9.6 
+ 1.2 bursts/min; n = 41). With more prolonged TTX treat- 
ment, starting on the first or second day after plating prior to 
the appearance of spontaneous activity (Murphy et al., 199 1 b), 
and maintained for the next 20 d, the calcium transients were 
reduced in amplitude to near background levels yet increased 
in frequency by up to lo-fold (35.4 + 7.8/min; n = 6). Whole- 
cell voltage- and current-clamp records indicated that the small 
synaptic calcium transients coincided with a high frequency of 
inward currents and neuronal firing (Fig. 8). Measurement of 
membrane potential and calcium in adjacent neurons indicated 
that cell synchrony is preserved in cultures treated chronically 
with TTX (n = 3 cell pairs). The presence of synchronous dis- 
charges in cultures treated with TTX prior to synapse formation 

suggests that this network activity may not be critically depen- 
dent on electrical activity during synaptogenesis and that it is 
rapidly established upon restoration of neuronal activity. Al- 
though synchronous activity was still apparent in cultures treat- 
ed chronically with TTX, the high frequency of discharges con- 
trasts greatly with the intermittent bursts of action potentials 
followed by silent periods observed in control neurons (Fig. 4B). 

Cultured spinal cord neurons (Brenneman et al., 1983) and 
retinal ganglion cells (Lipton, 1986) are dependent on sponta- 
neous electrical activity for survival. After measurement of cal- 
cium transients, TTX-treated and control cultures were fixed 
and stained with NSE antibody. Cell counts indicated that TTX 
treatment did not produce a statistically significant reduction 
in the number of NSE-positive cells present in cortical cultures 
(4 + 7% cell loss in three separate experiments with at least 2 
weeks of TTX exposure). However, we cannot exclude that a 
small subpopulation of neurons important in regulating pace- 
maker activity may be lost with TTX treatment. 

Discussion 
Using calcium-sensitive fluorescent probes, we have observed 
synchronous calcium transients within groups of cultured cor- 
tical neurons. Addition of both NMDA and non-NMDA glu- 
tamate receptor antagonists completely blocked all spontaneous 
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Figure 8. Blockade of synaptic activ- 
ity during development alters the phe- 
notype of calcium transients in mature 
neurons. Shown are photodiode re- 
cords (from single neurons) of sponta- 
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electrical activity and calcium transients in neurons, suggesting 
that these calcium transients are driven by synaptic activity. In 
contrast, synchronous spontaneous activity in the retina (Meis- 
ter et al., 199 1) does not appear to be dependent on transmitter 
release, but is thought to be propagated via gap junctions. We 
have examined whether cortical neurons in this preparation are 
coupled through gap junctions by inclusion of the dye Lucifer 
yellow in patch pipettes (Baraban et al., 1992). Although astro- 
cytes in this culture system exhibited extensive “dye coupling,” 
dye was not passed from one neuron to another, suggesting that 
synchronous neuronal activity is not dependent on electrical 
coupling. 

In many excitable cell types, such as the neurons of the thal- 
amus, pacemaker potentials determine the onset of neuronal 
firing (reviewed in Pedley and Traub, 1990). Whole-cell current- 
and voltage-clamp recordings indicated that membrane poten- 
tial or current is stable during the interval between excitatory 
bursts, arguing against pacemaker potentials. Pacemaker poten- 
tials were also absent from records of spontaneous synchronous 
activity observed in cultured hippocampal neurons (Peacock, 
1979) cultured spinal cord neuron; (Barker and MacDonald, 
1980), and isolated cortex (Hablitz, 1987). However, we cannot 
exclude the possibility that pacemaker potentials dependent on 

t-n-x 

20 mV 

-l 
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ment were performed as described in 
Materials and Methods (-60 mV hold- 
ing potential). As expected, readdition 
of TTX completely blocked spontane- 
ous firing. Picrotoxin (10 PM) was add- 
ed to all cultures at least 15 min before 
recording. 

diffusible cytoplasmic components may have been “washed out” 
in whole-cell recording mode. Alternatively, a small minority 
of neurons may possess pacemaker potentials and set the fre- 
quency of firing for the culture. Consistent with this proposal, 
Misgeld and Swandulla (1989) report that less than 5% of cul- 
tured hypothalamic neurons direct rhythmic firing of the general 
population. Furthermore, Miles and Wong (1983) reported that 
in some cases activation of only a single CA3 neuron is sufficient 
to produce a population response. Another possible determinant 
of neuronal synchrony is a refractory period after firing (Gutnick 
et al., 1982; Traub et al., 1984). By using electrical stimulation, 
we found that it is possible to produce a synaptic calcium tran- 
sient at any time during the interval between spontaneous bursts, 
suggesting that neurons are not absolutely refractory. In fact, 
neuronal calcium transients present in cultured cortical neurons 
can follow the exogenous stimulus at rates up to fivefold higher 
than their endogenous pacemaker (data not shown). Under these 
conditions, endogenous triggering of calcium bursts was com- 
pletely suppressed. However, at lower stimulus intensities it was 
possible to identify a relative refractory period that extended 
l-5 set after the peak calcium spike. Thus, a decrease in neu- 
ronal excitability in the interval after a burst may contribute to 
establishing synchronous bursting. 
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Although NMDA receptor antagonists reduced the amplitude synaptic currents. Perhaps the milder effects of TTX treatment 
of picrotoxin-induced calcium transients, they failed to affect may stem from a persistent low level of glutamate receptor 
their frequency significantly. These data suggest that the interval stimulation that occurs due to spontaneous transmitter release. 
between transients may not be set by inhibitory processes linked A remarkable feature of the spontaneous calcium transients 
to peak intracellular calcium levels. These results are, in part, in cortical neurons is their relatively constant frequency. Despite 
consistent with those of Fields et al. (199 l), who showed that data being derived from multiple platings of cells, the frequency 
spontaneous network synaptic activity in cultured spinal cord of spontaneous calcium transients usually ranged between 3 and 
neurons was suppressed by the addition of NMDA antagonists. 6 bursts/min. The highly patterned nature of the spontaneous 
To investigate further the role of intracellular calcium concen- activity in cortical cultures suggested that this activity may be 
tration in determining discharge frequency, we decreased extra- a common feature in the developing nervous system. Measure- 
cellular calcium levels. Although the amplitude and duration of ment of electrical activity in neonatal cortex in vivo suggests the 
spontaneous calcium transients were reduced, this maneuver presence of low-frequency spontaneous discharges that may re- 
did not significantly affect the frequency of spontaneous dis- semble events in cortical cultures. EEG activity in the mature 
charges or calcium levels during the interval between bursts. mammal is primarily composed of 8-l 2 Hz activity. In contrast, 
These data suggest that peak intracellular calcium concentration in neonatal rats, EEG activity is of smaller amplitude and lower 
may not be the primary regulator of spontaneous firing in these frequency (Snead and Stephens, 1983). EEG recordings from 
cortical neurons. However, we cannot rule out that the intra- the cortex of fetal guinea pigs indicate slow synchronous rhyth- 
cellular calcium concentration during the interval between bursts mic spiking (Flexner et al., 1950). Single-unit recordings from 
may be an important determinant of burst frequency. By con- neonatal kittens indicate brief periods of synchronous discharges 
trast, mild depolarization by glutamate receptor agonists pro- followed by long quiescent periods (Huttenlocher, 1967). Pos- 
duced a robust increase in the frequency of synaptic calcium sibly, in the absence of thalamic afferent drive, neurons may 
transients (Fig. 7A). The ability of mild depolarization to elevate default to this slower rhythmic activity determined by intra- 
discharge frequency significantly is consistent with previous cortical network activity. Consistent with this proposal, isolated 
models and observations of network synaptic activity (for re- cortical tissues also show these patterned discharges. In the pres- 
view, see Dichter and Ayala, 1987; Pedley and Traub, 1990). ence of picrotoxin, cortical slices (Hablitz, 1987) hippocampal 
By bringing cells closer to threshold, mild depolarization would slices in which the CA3 region has been isolated (Miles et al., 
be expected to shorten the interval between spontaneous bursts. 1984), or cultured explants ofcortex (Crain, 1966) exhibit rhyth- 

Recent evidence suggests that formation of synaptic connec- mic bursting with a 20-30 set periodicity as found in primary 
tions involves two discrete components, initial targeting and 
physical contact (Cox et al., 1990; Fraser and Perkel, 1990), 
thought to involve trophic factors and cell adhesion, followed 
by a period of plasticity that is dependent on synaptic activity 
(Meyer, 1983; Schmidt and Edwards, 1983). To test whether 
similar events are involved in expression of synchronous cal- 
cium transients in mature neurons, we treated cultures with 
TTX to block electrical activity during development in vitro. 

cortical cultures. 
The use of calcium-sensitive probes provides a convenient 

method for simultaneous monitoring of activity in multiple neu- 
rons in a noninvasive manner. Simultaneous records of elec- 
trical activity and calcium transients serve to validate this ap- 
proach. Recent studies by Yuste and Katz (199 1) suggest that 
under certain conditions calcium imaging can also be applied 
to cortical slice preparations. Thus, these approaches to studying 

Remarkably, when TTX was removed and picrotoxin added to properties of aggregates of cortical neurons in vitro appear to be 
chronically treated cultures, synchronous synaptic activity still useful in overcoming the difficult problems associated with 
occurred despite the presence of TTX during synapse formation. studying physiological aspects of cortical development. In ad- 
Modeling studies by Traub et al. (1984) indicating that a ran- dition, the ability to induce synchronous neuronal activity in 
domly wired neuronal network can generate patterned synchro- these cultures and to monitor this activity routinely suggests 
nous discharges may help account for this result. that this preparation may be useful for studying biochemical 

Analysis of records from cultures treated chronically with events related to synaptic activity. For example, in employing 
TTX indicated that calcium transients coincident with electrical this preparation, we have been able to ascertain the time course 
activity occur at higher frequency than in control cultures. Ac- of activation and decay of Ca*+/calmodulin-dependent protein 
cordingly, it appears that the frequency of synchronous activity kinase and mitogen-activated protein kinase activity induced 
can be modulated by neuronal activity in early development. by synaptic discharges (Murphy et al., 1992). 
Our results suggest that this alteration is probably not secondary 
to altered neuronal survival, but likely reflects a change in the 
physiological properties of these neurons due to blockade of 
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