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Spontaneous Action Potential Activity and Synaptic Currents in the

Embryonic Turtle Cerebral Cortex

Mark G. Blanton and Arnold R. Kriegstein

Department of Neurology and Neurological Sciences, Stanford University School of Medicine, Stanford, California 94305

We used loose-patch and whole-cell recording techniques
to study the development of spontaneous action potential
activity and spontaneous excitatory and inhibitory synaptic
currents in embryonic neurons in the cerebral hemispheres
of turtles. Sporadic action potential activity appeared early
in development at stage 17, soon after morphologically iden-
tifiable pyramidal and nonpyramidal neurons were first ob-
served in the cortex. As the cortical plate matured in midem-
bryonic stages, action potential activity became more regular
and fell into one of two distinct patterns, tonic and intermit-
tent high-frequency firing.

Spontaneous excitatory and inhibitory postsynaptic cur-
rents (EPSCs and IPSCs) appeared at developmental stages
18 and 20, respectively, after action potential activity was
established. EPSCs and IPSCs exhibited characteristic ionic
dependence and pharmacology throughout development.
EPSCs reversed in direction at the equilibrium potential for
cations and were sensitive to 6-cyano-7-nitroquinoxaline-
2,3-dione, an antagonist of the non-NMDA type of glutamate
receptor. IPSCs reversed at the equilibrium potential for
chloride and were sensitive to bicuculline methiodide, a GA-
BA, receptor antagonist.

Spontaneous synaptic currents differed in their time course
of development and in waveform parameters. Spontaneous
EPSCs appeared at stage 18 and increased progressively
in frequency, from 0.2 + 0.1 Hz at stage 20 t0 3.2 + 2.0 Hz
at stage 26 (hatching), while spontaneous IPSCs appeared
at stage 20 and surpassed EPSCs in frequency, increasing
to 7.1 + 1.6 Hz at stage 26. EPSCs exhibited stable ampli-
tudes during development, with a mean conductance of 126
+ 20 pS at stage 26, while IPSCs increased in mean ampli-
tude, from 180 + 12 pS at stage 18 to 260 + 44 pS at stage
26. The rise time to peak conductance of both types of syn-
aptic currents increased with developmental time, for EPSCs
increasing from 1.5 + 0.5 msec at stage 20 t0 2.7 + 0.6 msec
at stage 26 and for IPSCs increasing from 2.9 + 0.2 msec
at stage 18 t0 6.2 + 0.8 msec at stage 26. While the decay
time constants increased for EPSCs, from 3.9 + 1.2 msec
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at stage 20 to 8.7 = 2.3 msec at stage 26, decay time con-
stants for IPSCs showed a decreasing trend from 24.0 = 5.2
msec at stage 18 to 18.4 + 5.3 msec at stage 26. The ex-
citatory and inhibitory synaptic currents were sensitive to
the sodium channel blocker TTX and were thus dependent,
in part, on spontaneous action potential activity. At midem-
bryonic stages, EPSCs were reduced in frequency by TTX
(0.5 = 0.1 to 0.1 + 0.1 Hz), and IPSCs were substantially
reduced in both frequency (2.8 + 0.8 to 0.3 + 0.1 Hz) and
amplitude (13.4 = 1.8 to 9.5 + 1.5 pA).

During the development of the cerebral cortex of turtles,
spontaneous action potentials appeared first, followed by
spontaneous excitatory synaptic currents, and then spon-
taneous inhibitory synaptic currents. The results provide in-
formation on the nature of the electrical signals generated
by spontaneously active neurons and their synapses in de-
veloping cerebral cortex, and on the timing of expression of
excitatory and inhibitory circuits. The timing of onset of phys-
iological activity determines when mechanisms of synaptic
competition and other activity-dependent processes can op-
erate in the developing cerebral cortex.

Cortical neurons in turtles express receptors for amino acid
neurotransmitters early in their differentiation (Blanton et al.,
1990; M. G. Blanton and A. R. Kriegstein, unpublished obser-
vations), and the amino acids glutamate and GABA are also
present at these early stages (Kriegstein et al., 1988; Blanton
and Kriegstein, 1991a,b). Neurotransmitter-mediated intercel-
lular communication can function prior to synapse formation,
as it has been shown that an endogenous neurotransmitter ac-
tivates glutamate receptors of the NMDA type on cortical cells
soon after their generation (Blanton et al., 1990). This receptor
activation may serve as a local mechanism for shaping neurite
outgrowth, differentiation, and neuronal survival (Aruffo et al.,
1987; Pearce et al., 1987; Balazs et al., 1988; Mattson et al.,
1988). With the subsequent onset of action potential (AP) ac-
tivity, axon elaboration, and synapse formation, a new array of
potential developmental interactions emerges that may be crit-
ical in shaping neural circuits.

Neuronal firing and synaptic activity are involved in refining
the organization of neural representations of sensory space and
other functional maps (Reh and Constantine-Paton, 1985;
Kleinschmidt et al., 1987; Shatz and Stryker, 1988). Sponta-
neous neuronal activity can also influence local circuits between
individual cortical cells, as indicated by the alteration of cortical
excitability produced by reversible pharmacologic suppression
of neuronal activity (Furshpan and Potter, 1989; Segal and
Furshpan, 1990; P. H. Desan, personal communication; see also
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Figure 1. A series of differentiating
pyramidal neurons in the cerebral cor-
tex of embryonic turtles, based on la-
beling of single celis by HRP (see Blan-
ton and Kriegstein, 1991a), provides a
time line for comparison with emerging
physiological function. Pyramidal neu-
rons form a single row of cells at the
surface of the ventricular zone and have
begun to elaborate dendrites and pro-
jecting axons at stage 16. A loose cor-
tical plate is present by stage 19, pop-
ulated primarily by pyramidal neurons,
and by stage 22, the cortical plate has
condensed to form a recognizable cel-
lular layer (CL). Afferents and recurrent
collaterals to pyramidal dendrites are
concentrated mainly in the molecular
layer (ML), which expands greatly as
synapse formation proceeds during em-
bryonic life, reflected in the increasing —
spine density on dendrites from stage <O

19 to the time of hatching at stage 26. S 9 \?‘;%08%
Axons of pyramidal cells descend into S= %{ ,33
the subcellular layer (SL) and give rise Q{)

to recurrent branches that ascend into °
ML. The ventricular surface of the cor-
tex is lined by a layer of ependymal glia
somata (EL).

50 pm

stage 16

Sur et al., 1990). In the formation of neural maps, activity-
dependent mechanisms are thought to select synapses that par-
ticipate in depolarizing postsynaptic cells, stabilizing effective
synapses, and eliminating ineffective synapses (Hebb, 1949; Stent,
1973). Under such a scheme, the interaction of synaptic inhi-
bition and excitation will critically determine which synapses
are selected (Bear et al., 1987).

As a first step in trying to understand how local circuits dif-
ferentiate in the cerebral cortex and, in particular, how recurrent
excitatory circuits with the potential for positive feedback form
without yielding uncontrolled excitation, it is important to de-
termine when spontaneous AP and synaptic activity arise during
development. Availability of such information has been limited
by the difficulty in obtaining stable physiological recordings from
fragile young neurons. However, this difficulty has been re-
moved by the application of the extracellular loose-patch tech-
nique (Forda et al., 1982; Jackson et al., 1982) for studying AP
activity and by application of whole-cell recording in intact
embryonic cortex (Blanton et al., 1989) for analysis of synaptic
currents.

The analysis of physiological development is facilitated by
use of the embryonic dorsal cerebral cortex of the turtle, in which
profound resistance to anoxia (Belkin, 1963) allows large por-
tions of the CNS to be studied intact, increasing the likelihood
of sampling normal spontaneous activity patterns in vitro. Stud-
ies on the morphological differentiation of the principal neu-
ronal cell types of the turtle cerebral cortex, the pyramidal and
nonpyramidal neurons, indicate that, like their counterparts in
mammalian neocortex, these cell types in turtles can be distin-
guished early in development and differentiate in parallel (Gof-
finet, 1983; Blanton and Kriegstein, 1991a). We therefore used
loose-patch and whole-cell techniques to study the appearance
and differentiation of spontaneous AP activity and of sponta-
neous excitatory and inhibitory synaptic currents in cortical
neurons of embryonic turtles.

stage 19

stage 22 stage 26

Materials and Methods

Experimental preparation. Embryonic red-cared turtles (Pseudemys
scripta, from Tangi Turtles, Ponchatoula, LA) were used in this study.
We used external morphologic criteria (Yntema, 1968) to place embryos
selected for study into stages, with stage 15 corresponding to the begin-
ning of neurogenesis (Goffinet et al., 1986), and stage 26, to hatching.
The cerebral cortex of turtles is composed of longitudinal cortical zones
running rostrocaudally that may correspond to the cardinal divisions
of the mammalian cerebrum: the paleocortex, neocortex, and archicor-
tex (Desan, 1988). Dorsal cortex, with connections similar to primary
sensory and polysensory association cortex, was identified in young
embryos by its location dorsal to the lateral ventricle, flanked by lateral
olfactory and medial hippocampal cortices. Pyramidal and nonpyrami-
dal neurons in cortex can be distinguished as early as stage 15, due to
their characteristic morphological features (Blanton and Kriegstein,
1991a). The data presented here come almost exclusively from pyra-
midal neurons, which occupy a single cell-dense layer (Fig. 1). These
cells send long axonal branches to distant targets as early as stage 16
and give rise to recurrent collateral branches that became increasingly
dense at stages 19 and 20 (Blanton and Kriegstein, 1991a).

Turtle eggs were maintained in an incubator at 30°C, until selected
for use. After removal from the egg, the embryo was anesthetized with
hypothermia, according to Stanford University guidelines for the care
and use of laboratory animals. Each embryo was staged according to
external morphologic criteria that correlate with developmental time
(Yntema, 1968) and brain morphological maturation (Blanton and
Kriegstein, 1991a). The brain was removed, and incisions were made
in the cerebral hemispheres at rostral and caudal levels and the septum,
allowing the cerebral cortex to be flattened, ventricular side up. Alter-
natively, coronal slices (400 um) were obtained with standard methods,
as described previously (Blanton et al., 1989). The tissue was stabilized
in Petri dishes using a fibrin clot, and the Petri dishes were positioned
on the stage of an upright Leitz microscope (Blanton et al., 1989). The
preparation was superfused with oxygenated turtle Ringer’s (1-1.5 ml/
min at 22-24°C), containing (in mm) NaCl, 96.5; KCl, 2.6; CaCl,, 2;
MgCl,, 2; NaHCO,, 31.5; and dextrose, 10.

Loose-patch recording. Loose-patch clamp recordings were obtained
from slices and slabs of embryonic cortex by modifying a previously
described technique (Forda et al., 1982; Jackson et al., 1982; see also
Coleman and Miller, 1989). Electrodes were fashioned from borosilicate
glass (World Precision Instruments, New Haven, CT) using a Kopf
vertical puller. A single-stage pull was used to produce pipettes with



long taper and tip resistances of 2-5 MQ. The electrodes were filled with
turtle Ringer’s. To obtain recordings, electrodes were lowered into the
tissue while positive pressure was applied through the pipette tip using
a 10 ml syringe connected to the pipette holder. The amplitude of
currents elicited by brief voltage steps (1 mV, 10 msec, 5 Hz) was
monitored as the electrode was advanced. Upon noting a decrease in
current (reflecting a resistance increase as a cell was approached), the
pressure was reversed at the pipette tip by applying mild suction through
the syringe. Seal resistances in the subgigaohm range (50-500 MQ) were
obtained, and recordings were maintained stably for up to several hours.

Currents generated by spontaneous action potential activity were ac-
cepted for analysis if the activity was clearly resolved and remained
stable for at least 15 min. Cells that accelerated in rate or decreased
noticeably in amplitude during the recording were rejected. The current
data, obtained using an Axopatch ITA (Axon Instruments, Burlingame,
CA) and a List EPC-7, were recorded in digital form on magnetic tape
for off-line analysis. Current waveform parameters were measured man-
ually on a Tectronix digital oscilloscope. Firing patterns were analyzed
using sPKHIST software that bins spike frequency for interval histograms
(written by J. Kadis, Stanford University) and by inspection of chart
records.

Whole-cell recording. For analysis of spontaneous synaptic currents,
whole-cell recordings were obtained from embryonic neurons in intact
cerebral hemispheres, as previously described (Blanton et al., 1989).
Patch electrodes were filled with a solution containing (in mm) Cs-
gluconate, 122; CaCl,, 0.9; MgCl,, 0.9; HEPES, 9; EGTA, 10; brought
to pH 7.3 using 1 N HCI (adding approximately 2 mm Cl- to the so-
lution). The calculated equilibrium potential for chloride (E£) was —74
mV and for cations (E.,) was 0 mV. In most experiments, 1-2%
biocytin (Horikawa and Armstrong, 1988) was added to the pipette to
allow morphological identification of recorded cells (Blanton et al., 1990;
LoTurco et al., 1990). The osmolarity of the solution was between 260
and 280 mOsm.

Patch electrodes had tip resistances of 3—7 MQ. Series resistance was
estimated by observing the calibrated control dial on the amplifier after
series resistance and capacitance compensation were completed. Series
resistance (R,) values were less than 20 MQ, leading to minimal voltage
error with the small currents recorded here (2 mV for a 100 pA current
at R, = 20 MQ).

Neurons were identified by resting potentials of —50 to —70 mV in
current clamp, high input impedances (>300 M), active conductances,
and after processing for biocytin, by their neuronal morphology. Glial
cells, identified morphologically, exhibited distinctly different physio-
logical properties, including more negative resting potentials and lower
input impedances than neurons, and the absence of active conductances
(Connors and Ransom, 1987; Blanton et al., 1990). All of the data
presented here came from morphologically identified pyramidal neu-
rons, except where indicated explicitly as coming from nonpyramidal
cells.

Currents were recorded using a List EPC-7 patch-clamp amplifier,
and the data, filtered at 3 kHz, were digitized and stored on tape for
off-line analysis. Spontaneous synaptic currents, recognized by their
rapid rise to peak and exponential decay, were analyzed using SCAN
software provided by Dr. J. Dempster, University of Strathclyde. A
software selectable threshold was set that allowed acquisition of spon-
taneous currents exceeding baseline noise in amplitude. In relatively
mature animals, from 300 to 400 events were acquired for each cell. In
the youngest animals, in which the frequency of synaptic events was
very low, as few as 50 events were obtained for excitatory currents. For
inhibitory currents in animals younger than stage 20, at least five syn-
aptic currents were recorded for each cell, and these currents were ob-
served in nearly all cases only if the thalamocortical axons were stim-
ulated.

Current amplitudes, rise times to peak (time from baseline to peak
current), and decay time constants (r-values) were measured, and his-
tograms were constructed using scan. The acquired currents were also
averaged, and the same parameters were measured on the averaged
current sweeps. The mean values for each parameter indicated by the
population histograms were found to be the same as the values obtained
for the averaged traces; the data reported here are the values from the
averaged traces. The frequency of synaptic events was determined from
chart recordings with an expanded time base. The number of synaptic
events occurring in representative 100 sec epochs were counted to obtain
the frequency information.

The measured values for synaptic current parameters were compared
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for various embryonic stages using one-way ANOVA, with the aid of
STATVIEW SE+ software on a Macintosh computer. For parameters with
statistically significant developmental differences, post hoc Scheffé F
tests were performed for all pairwise combinations of stages represented
in the sample. For data compared between two groups within a stage
(e.g., pre- and post-TTX at stage 21), a two-tailed Student’s 7 test was
used.

The currents were characterized pharmacologically by adding antag-
onists to the bathing medium. Antagonists used included bicuculline
methiodine (BMI; 5-20 um), 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX; 2-10 um), and tetrodotoxin (TTX; 0.5-1 um). Drugs were ob-
tained from Sigma (BMI), Cambridge Research Biochemicals (CNQX),
and Calbiochem (TTX). Micropipettes for pressure ejecting y-amino-
butyric acid (GABA; 1 mm) were used in some loose-patch experiments
(see Blanton et al., 1990). A bipolar stimulating electrode (tungsten
microelectrodes, Frederick Haer) was mounted directly on the adapter
holding the Petri dish and was used to stimulate thalamocortical or
intracortical axons.

Results

Appearance of AP activity

Spontaneous AP activity was present in loose-patch recordings
from embryonic cortical neurons beginning at stage 17, soon
after the first neurons appeared in the cortex (see Fig. 1). Data
were obtained from 285 units. Recorded biphasic capacitance
transients corresponding to action potentials (Forda et al., 1982;
Jackson et al., 1982; referred to here as AP activity) were clearly
resolved above the baseline noise. The initial inward transient
is referred to here as phase 1 and is followed by an outward
transient, phase 2. The biphasic transients were of similar am-
plitudes through development (stage 17, S0 = 12 pA, n = §;
stage 20, 59 + 28 pA, n = 20; stage 23, 60 = 25 pA, n =17,
measured for phase 1; see Table 1 for details and statistics).
While baseline noise levels were affected by seal resistance, the
pattern and waveform of spontaneous AP activity were inde-
pendent of this value. Spontaneous activity was unchanged dur-
ing formation and release of patch electrode seals on neurons,
indicating that activity did not result merely from stimulation
by the patch electrode or from neuronal injury. Moreover, con-
ventional extracellular microelectrode recordings revealed sim-
ilar AP activity (P. H. Desan and A. R. Kriegstein, unpublished
observations).

At the earliest age studied, stage 16, no spontaneous single-
unit activity was detected in four preparations, although in two
recordings very brief outward events (<0.2 msec) were observed
that may correspond to APs of extrinsic afferents (see Hutten-
locher, 1967, Mountcastle et al., 1969). Extracellular AP tran-
sients could be evoked in cells that lacked spontaneous activity
by applying depolarizing voltage steps in the loose-patch con-
figuration (n = 3; see Fig. 24). APs could also be elicited in
these cells with depolarizing current pulses in whole-cell re-
cordings in current-clamp mode (Fig. 2B8). These APs could be
blocked by the sodium channel blocker TTX (1 uM; not shown).

Spontaneously active units with biphasic waveforms were de-
tected at stage 17 (Fig. 3). Units typically fired APs tonically at
alow rate (0.43 + 0.3 Hz, mean + SD; n = 16), often separated
by periods of silence of greater than 1 min duration (9 of 19
units). APs immediately following quiet periods were often
grouped in clusters. These data indicate the sporadic nature of
early appearing AP activity. Similar tonically active units were
found throughout development and in mature animals, but quite
periods were less frequent with maturation (1 of 17 at stage 19,
4 of 19 at stage 20). The firing rate of tonically active units
showed an increasing trend from 0.43 + 0.3 Hz at stage 17 (n
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Figure 2. Young cortical neurons at stage 16 are not spontaneously
active but can fire APs when depolarized. A, Application of a depolar-
izing voltage step (lower trace) to a loose patch activates a current
transient (arrowhead in upper trace) in a recording in which no spon-
taneous APs were detected during an 8 min period. B, Gigaseal for-
mation on a quiescent cell allowed a whole-cell recording to be obtained.
A depolarizing current pulse in current clamp (lower traces) produced
a broad AP (arrowhead in upper trace; 16 msec at half-amplitude); a
subthreshold depolarization is also shown. A hyperpolarizing current
pulse produced a hyperpolarizing response, illustrating the long time
constant of the embryonic neuron.

= 16) and 0.63 = 0.61 at stage 19 (n = 9) to 1.38 + 0.57 at
stage 20-21 (n = 8) and 1.32 + 0.47 at stage 23 (n = 10).

Another type of unit intermittently fired repetitive APs at
frequencies greater than 50 Hz and could also fire tonically.
Because activity from multiple units could be resolved simul-
taneously, possibly by trapping a process of a second cell in the
seal (Forda et al., 1982), the activity of adjacent neurons could
be compared directly. As early as stage 20, distinct activity
patterns were noted in simultaneously recorded units (Fig. 4).
When the AP waveforms were analyzed, the intermittent high-
frequency unit always had a faster waveform than the tonically
firing unit. This distinction was preserved throughout devel-
opment. When interspike interval histograms were generated
from such pairs, the interval distributions differed for fast and
slow waveform units into adulthood (Fig. 5).

The slow, tonically firing and fast, intermittent-repetitively
firing units may correspond to pyramidal and nonpyramidal cell
types, respectively. Studies in mature turtles indicate that py-
ramidal cells fire APs that are broader than those of nonpyr-

stage 17

| 40 pA

10 sec

Figure 3. Periodic spontaneous AP activity in a stage 17 cortical neu-
ron. Loose-patch current traces from a continuous recording show clear-
ly resolved sporadic activity separated by long quiet periods. Activity,
when present, was often grouped in clusters.

amidal cells (Connors and Kriegstein, 1986; see Connors and
Gutnick, 1990, for review). The two firing patterns likely rep-
resent different cell types rather than two cells of the same type
that differ in maturation. First, the relationship of waveform to
firing properties was preserved throughout development. Sec-
ond, while tonic unit waveforms decreased in duration during
development, these waveform durations were longer than those
of repetitively firing units throughout development (see Table
1). Third, recordings from coronal slices to allow identification
of recording sites showed that only fast waveform units were
found in the marginal zone, and these units were also common
in the subcellular layer, zones in which nonpyramidal cells are
common (Connors and Kriegstein, 1986; Blanton et al., 1987).
Fourth, when gigaseals were formed with slow waveform neu-
rons and the membrane patch ruptured to make whole-cell re-
cordings, biocytin labeling revealed cells with pyramidal mor-
phology.

In mature turtle cortex, nonpyramidal neurons have been
shown to mediate feed-forward GABAergic inhibition (Connors
and Kriegstein, 1986; Kriegstein and Connors, 1986). The pat-
terns of unit activity in embryonic cortex indicate that fast wave-
form units in developing cortex could also mediate GABAergic
inhibition. At stage 20, focal GABA application (1 mm) and
afferent stimulation transiently block spontaneous activity of
slow waveform units (Fig. 6). Repetitive bursts of fast waveform
unit activity, likely to represent activity of inhibitory nonpyr-
amidal neurons, are correlated with a transient suppression of
firing by nearby tonic units, likely pyramidal neurons, resem-
bling the pattern in mature turtle cortex (Kriegstein and Con-
nors, 1986). The suppression was observed in four different
recordings, occurring at least five times in each.

These results indicate that cortical neurons begin to fire spon-
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taneous APs early in development, sporadically at first but soon
falling into one of two distinctive patterns. Slow waveform,
tonically active neurons, likely pyramidal neurons, and fast
waveform, repetitively firing neurons, likely nonpyramidal neu-
rons, both therefore contribute to spontaneous activity in de-
veloping embryonic cortex.

20 pA

4 sec
200 msec
12 msec

Table 1. Loose-patch recordings of biphasic AP waveforms

Phase 1 duration (msec) Phase 2 duration (msec) Phase 1 amplitude

Repetitive of tonic units

Stage Tonic units* Repetitive units’ Tonic unitse units? (PA)
17 30+ 1.2(8) - 6.7+ 1.2(8) - 50.1 + 11.8(8)
20 34+ 1.020* 1.2x0303)* 89+2320) 41+39(0Q) 59.4 + 28.5(20)
21 3.8 +1.4(8)* 1.3 + 0.4 (4)* 9.7 £ 2.6 (8) 35£274)
22 34 £ 1.1(5)* 1.3 £ 0.3(d* 9.0 + 2.5(5) 2.6 +£3.14)
23 20+0.6(17)* 1.1 £0.2(8)* 49 +1.8(17) 32+ 15(@8) 60.2 + 25.0 (16)
24 1.6 = 0.3 (9)* 1.1 £ 0.2 (4)* 4.3 £1.6(9) 20184

Values shown are mean + population SD (n).

* Two-tailed unpaired ¢ test indicated that phase 1 durations of loose-patch APs differed for tonic and repetitive units
at all stages tested (20-24) at the p < 0.05 level or better.

« One-factor ANOVA indicated a significant developmental change in phase 1 duration, with p = 0.0001, F = 10.75,
df = 70. A post hoc Scheffé F test indicated that stages 17 and 22 differed from stage 24 at the 95% confidence level
and stages 20 and 21 differed from stages 23 and 24 at the 99% level.

4 One-factor ANOVA did not reveal a significant change in duration for repetitive units, with p = 0.692, F = 0.56,
df = 24.

< One-factor ANOVA indicated a significant change in phase 2 duration, with p = 0.0001, F = 9.94, df = 70. Stage 22
differed from stage 24 at the 95% level, and stages 20 and 21 differed from stages 23 and 24 at the 99% level.

d f(‘)ne-factor ANOVA did not reveal a significant change in phase 2 duration for repetitive units, with p = 0.774, F = 0.45,
df = 24,

< One-factor ANOVA did not reveal a significant change in amplitude for tonic units, with p = 0.692, F = 0.56, df = 24.

Figure 4. Distinct firing patterns and
waveforms of spontaneously active units
in embryonic cortex. Recordings from
stages 20 (4) and 23 (B) embryos con-
taining two units with distinct sponta-
neous firing patterns (horizontal bar in
trace I marks portion expanded in trace
2, and symbols denote individual units
expanded below in trace 3). Units that
fire single APs tonically (asterisks) ex-
hibit a slower waveform than do those
that fire repetitively (arrowheads) as
early as stage 20 and throughout em-
bryonic development. As development
proceeds, fast units become capable of
more sustained repetitive firing.

Spontaneous excitatory and inhibitory synaptic currents

Spontaneous synaptic currents with rapid rise and slow expo-
nential decay were observed in embryonic neurons beginning
at stage 18, and by stage 20, two types of synaptic currents could
be distinguished based on differing reversal potentials. One type
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Figure 5. Interspike interval histograms indicate that the difference in

firing patterns for slow and fast waveform units becomes accentuated
with development. Recordings in which both fast and slow waveform
units are present allow comparison of firing patterns of cells in close
proximity. In such dual recordings, the cell with the faster waveform
fired steadily at a slow rate and also in bursts of higher frequencies that
increased in rate with development. The slow waveform units fired
tonically at approximately | Hz.

reversed from an inward current at potentials hyperpolarized
below —70 mV to an outward current at depolarized potentials
(Fig. 7). These currents correspond to inhibitory postsynaptic
currents (IPSCs) and, because they reverse near the calculated

stage 20
AN

Figure 6. Bursts by fast waveform
units, likely nonpyramidal cells, are
correlated with inhibition of slow

waveform units. At stage 20, focal B
GABA application inhibits spontane-
ous AP activity (4), as does intracorti-
cal afferent stimulation (Stim, B). In
multiunit recordings, bursts of fast
waveform unit activity are correlated
with transient inhibition of simulta-
neously recorded slow waveform units

Table 2. Appearance of spontaneous synaptic currents

EPSCs IPSCs

Ob- Ob-
Stages served »n % served =n %
17 0 12 0 0 11 0
18 9 33 27 0* 26 0
19 4 14 28 I* 13 8
20 31 33 94 11 19 58
21 21 21 100 15 16 94
22-23 21 21 100 21 21 100
24-25 6 6 100 6 6 100
26 20 20 100 20 20 100
Total 214 188

* TPSCs were present as single or multiple IPSCs in eight additional cells (four
at stage 18, four at stage 19) in preparations in which thalamocortical or corti-
cortical axons were stimulated.

equilibrium potential for chloride (E,, = —74 mV), are pre-
sumed to be chloride currents. A second synaptic current type,
corresponding to excitatory postsynaptic currents (EPSCs), re-
versed at a more depolarized potential, near 0 mV, the calculated
equilibrium potential for cations (). The distinct reversal
potentials of EPSCs and IPSCs allow each population to be
studied in isolation, inward EPSCs at —70 mV and outward
IPSCs at —20 mV. At intermediate potentials (—40 to —50 mV)
both currents are clearly resolved but with differing directions
of net current flow, allowing effects of pharmacologic agents on
each population to be easily compared.

Spontaneous IPSCs and EPSCs exhibited distinct pharma-
cology. IPSCs reversed at the E,, suggesting that they could be
Cl- currents mediated by GABA,, receptors (see Bormann, 1988).
When the competitive GABA, receptor antagonist BMI (5-10
uM) was added to the bathing solution, IPSCs but not EPSCs
were reversibly blocked (Fig. 84). BMI blocked spontaneous
IPSCs when they first appeared at stages 20 and 21 (# = 8) and
in older embryos at stages 25 and 26 (n = 3). Beginning at stage
21 and in all older embryos, BMI application led to periodic

(C). The fast waveform units thus likely
correspond to nonpyramidal cells (NP)
that are known to inhibit pyramidal cells
(P) by release of GABA (Kriegstein and

A A
GABA GABA
| A | . A
Stim Stim
C Ll L L e b b s et et
R I N IIWH HIWH‘! [’IHIHH T T
\ ~ :
NP 6 sec

Connors, 1986). P



10 AL

<_Ecat
-10
-30
_IPSC
-50 &WW
“—~ EPSC
=7 T ['Wwv ™ <_EC1‘

_QOWWW
| 20 pA

10 sec

stage 25

Figure7. Spontaneous excitatory and inhibitory synaptic currents can
be distinguished by their reversal potentials. At a holding potential of
—50 mV, both inward currents, corresponding to EPSCs (downward
deflections) and more frequent outward currents, corresponding to IPSCs
(upward deflections) are observed in a relatively mature stage 25 embryo.
The IPSCs reverse in polarity at —70 mV, near the equilibrium potential
for chloride (Eo) and are inward at —90 mV. The EPSCs reverse in
polarity near 0 mV, the equilibrium potential for cations (EF,). Only
outward events are observed at +10 mV.

spontaneous excitatory synaptic currents that correspond to pre-
viously observed interictal epileptiform discharges (Fig. 84; see
also Shen and Kriegstein, 1989).

Fast, spontaneous cortical EPSCs that reverse near the E_,

A control BMI
4
B control CNQX

stage 25
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have been found to be sensitive to CNQX (LoTurco et al., 1990),
anon-NMDA receptor antagonist (Honoré, 1989). When CNQX
(4-10 um) was added to the bathing solution, EPSCs in embry-
onic turtle neurons were reversibly blocked (Fig. 8 B); no obvious
effect on IPSCs was noted, as previously observed in hippocam-
pus (Otis et al., 1991). CNQX blocked EPSCs at the earliest
stage tested, stage 20 (n = 4), and at later stages (stages 25-26;
n=2).

Developmental appearance of spontaneous EPSCs

Spontaneous EPSCs were first observed at stage 18 and were
found in 9 of 33 cells, or 27%. By stage 20, nearly all neurons
tested (31 of 33, or 94%) exhibited EPSC activity (Table 2).
When they first appeared, spontaneous EPSCs were clearly re-
solvable above baseline noise and showed characteristic rapid
rise and exponential decay (Fig. 94,B). No transient currents
that appeared to be precursor forms of synaptic currents were
observed at earlier stages. The mean peak current amplitudes
when measured on averaged traces corresponded to mean values
indicated by amplitude distribution histograms (Fig. 9C).

The mean amplitudes of spontaneous EPSCs, when they first
appeared at stage 18 (8.1 + 2.1 pA at —70 mV), resembled
those in more mature neurons at stage 26 (8.8 = 1.4 pAat —70
mV; Fig. 104, B; see Table 3 for statistical analysis and further
detail). A mean current amplitude of 8.8 + 1.4 pA at —70 mV
corresponds to a mean EPSC conductance of 126 + 20 pS. The
EPSC amplitudes in three identified nonpyramidal cells were
significantly larger (mean amplitude of 16.4 + 1.4 pA) than
those in pyramidal cells at the same stage (Table 3). In contrast
to the developmental stability of EPSC amplitudes, EPSC fre-
quency showed a significant change during development, ap-
pearing at stage 18 and increasing progressively from 0.2 + 0.1
Hz at stage 20 to 3.2 = 2.0 Hz at stage 26 (Fig. 104,C; Table
3).

The EPSC waveforms also changed during development. The
rise times to peak current and the time constants of decay (1)
showed significant changes, both increasing (Fig. 114,C,D; Ta-
ble 3). One possible contributor to this change in waveform is
the dendritic elongation and increased electrotonic distance that

wash

Figure 8. Excitatory and inhibitory
synaptic currents are differentially sen-
sitive to amino acid receptor antago-
nists. With the membrane potential held
at —40 mV, outward IPSCs (upgoing
events) but not inward EPSCs (down-
going) are blocked reversibly by the
GABA, receptor antagonist BMI in a
stage 25 neuron. Periodic synaptic
events corresponding to epileptiform
discharges are observed in BMI (arrow;
see also Shen and Kriegstein, 1989) and
consist of EPSCs and slow outward cur-
rents. B, Spontaneous EPSCs, but not
IPSCs, are reversibly blocked by the
non-NMDA glutamate receptor antag-
onist CNQX.
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Figure 9. Spontaneous excitatory synaptic currents are easily resolved
in embryonic cortical neurons. 4, With the cell held at the reversal
potential for IPSCs (—70 mV), spontaneous inward EPSCs are observed
in a stage 20 neuron. B, The EPSCs rise rapidly to peak and then decay
exponentially. The trace, an average of 30 EPSCs from the cell in 4,
was fitted by a single exponential with a time constant of 3.1 msec. C,
Amplitude histogram of synaptic currents in this cell. The mean am-
plitude, measured from the averaged trace, was —11.8 pA at —70mV
and is marked on the amplitude distribution with an arrowhead.

occurs during the same period, observed by biocytin injections
that revealed cell morphology (Fig. 11.B).

In summary, spontancous EPSCs appear at stage 18 and in-
crease progressively in frequency, rise time, and = during em-
bryonic life. The EPSC amplitudes, however, are similar
throughout development, despite dendritic elongation.

Developmental appearance of IPSCs

IPSCs appeared over a time course that differed from that of
EPSCs. While spontaneous EPSCs were commonly observed at
stages 18 and 19, spontaneous /PSCs were observed only in a
single cell (see Table 2, Fig. 12). IPSCs were, however, observed

in preparations at stages 18 and 19 in which afferent or intra-
cortical axons were stimulated repetitively (n = 8; Fig. 124).
Spontaneous IPSCs appeared suddenly in late stage 20 and 21
embryos, and soon surpassed the earlier appearing EPSCs in
frequency (Fig. 124, C; Tables 3, 4). In parallel with the increased
frequency, and in contrast to EPSCs, the IPSCs showed a sig-
nificant change in mean amplitude with development (Fig. 124, B;
Table 4), increasing from 9.0 £ 0.6 pA at stage 18 to 13.0 +
2.2 at stage 26. This increase in current amplitude, measured
at a holding potential of —20 mV, corresponds to an increase
in mean conductance from 180 = 12 pS to 260 + 44 pS. During
the time of transition, IPSC amplitudes showed substantial vari-
ation from cell to cell (see stage 20, Fig. 12B). The increase in
amplitude was dependent on sodium AP activity, as bathing the
cortex in TTX (1 um) returned the amplitudes to smaller values
(Fig. 12B; see also below).

The waveform parameters of IPSCs also changed in devel-
opment. The rise times of IPSCs, like those of EPSCs, showed
a significant developmental change (Fig. 13B, Table 4), increas-
ing from 2.9 + 0.18 msec at stage 18 (n = 2) to 6.2 + 0.83
msec at stages 25-26 (n = 4). Decay time constants did not show
a statistically significant change, although a decreasing trend was
observed (Fig. 134,C; Table 4).

In summary, spontaneous IPSCs appeared relatively suddenly
in development and quickly surpassed EPSCs in frequency. In
contrast to EPSCs, IPSCs increased in amplitude and showed
no significant change in decay time constant during develop-
ment.

Relationship of spontaneous synaptic currents to APs

To test the relationship of spontaneous APs to spontaneous
synaptic currents during early synapse formation, TTX was add-
ed to the bathing solution during recordings from young stage
20 and 21 neurons. TTX produced a pronounced decrease in
both the frequency and mean amplitude of spontaneous IPSCs
(Figs. 14, 15; Table 4). In stage 21 + cells, the frequency of IPSCs
decreased from 3.1 + 0.7 Hz in control to 0.3 = 0.1 Hz in
TTX, and the mean IPSC amplitudes were decreased from 13.8
+ 0.7 pA, in control, t0 9.5 + 1.5 pA in TTX (n = 3; see Table
4 for details and statistics). The IPSC amplitudes in TTX appear
to be a subset of the IPSC amplitudes in control conditions
(Figs. 14B, 15). An effect of TTX on EPSCs was also observed
at these stages but was less pronounced (Fig. 15). In the presence
of TTX, EPSC frequency decreased from 0.5 = 0.1 Hz to 0.1
+ 0.1 Hz (n = 3) or showed no change (n = 1), but there was
no change in EPSC amplitude. Due to the low frequency of
EPSCs at early stages, the AP dependence of EPSCs was not
explored further.

Discussion

Spontaneous electrical activity, in the form of APs and synaptic
currents, begins early in the development of the embryonic ce-
rebral cortex, following the expression of amino acid neuro-
transmitters (Blanton and Kriegstein, 1991b) and their receptors
(Blanton et al., 1990; Blanton and Kriegstein, unpublished ob-
servations). This spontaneous neuronal activity emerges in a
characteristic sequence (summarized in Fig. 16) and provides
the required substrate for the involvement of electrical activity
in shaping development in vivo (see Harris, 1981; Mattson, 1988;
see also below).
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Figure 10. Spontaneous EPSCs increase in frequency but not amplitude during embryonic development. 4, When spontaneous EPSCs appear at
stage 18, they resemble currents observed at later stages in amplitude but are less frequent. B, The mean amplitudes of EPSCs do not change
significantly during development (error bars correspond to SD). Stage 19 values are derived from pooled stage 18 and 19 data. C, Spontaneous
EPSCs increase in frequency gradually but progressively during embryonic life. See Table 3 for further detail and statistical analysis.

Table 3. Spontaneous excitatory synaptic currents (V,,, = —70 mV)

Stage Amplitude (pA)* Frequency (Hz)? Rise time (msec): 7-Decay (msec)?
18-19 —8.1+2.1(5 <0.06 (5) 1.8 + 0.3 (5) 4.2 +0.4(4)
20 —-10.2 £ 1.7 (10) 0.2 +0.1(9) 1.5+£0.5(10) 3.9+ 1.2(10)
21 —8.8 +£2.3(5)* 0.4 £0.1(5)* 2.1 +£0.50)* 6.2 + 2.3 (5)*
22-23 -94 +1.1(5) 0.8 £04(5 2.6 £ 1.1(5) 6.3 + 1.9(5)
24-25 -98+204) 1.6 + 0.7 (5) 3.1+ 0.5(5) 8.4 + 1.7 (5)
26 —8.8 £ 1.4(16) 3.2+20(12) 2.7 £ 0.6(15) 8.7 £ 2.3(13)
21 (nonpyramidal) —-16.3 + 1.4 (3)* 0.9 + 0.6 (3)* 2.1+ 1.2(3)* 7.4 + 5.8 3)*

Values shown are mean + PSD (n).

* Two-tailed unpaired ¢ test indicated that at stage 21, EPSC amplitudes in pyramidal and nonpyramidal cells were
significantly different, with p = 0.0005; no statistically significant differences were noted in other parameters.

2 One-factor ANOVA did not reveal a significant change in amplitude during embryonic development, with p = 0.15,

F=1.73,df =44,

¢t Omne-factor ANOVA indicated a significant change in frequency, with p = 0.0001, F = 7.93, df = 35. A post hoc Scheffé
F test indicated that stages 20-22 differed from stage 26 at the 95% confidence level and stages 20 and 26 differed at

the 99% level.

< One-factor ANOVA indicated a significant change in rise time, with p = 0.0001, F = 7.28, df = 44. Stage 20 differed

from stages 24 and 26 at the 99% level.

< One-factor ANOVA indicated a significant change in =, with p = 0.0001, F = 9.27, df = 41. Stages 18 and 20 differed
from stages 24 and 26 at the 95% level, and stage 20 differed from 26 at the 99% level.
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EPSC waveforms change during development. 4, Averaged traces reveal a clear showing of synaptic current decay with development.

The single exponential decays superimposed on each trace correspond to time constants of 3.1 msec for the stage 20 trace, 5.0 msec for stage 23,
and 8.3 msec for stage 26. B, Camera lucida drawings of biocytin-labeled pyramidal cells at these stages (horizontal plane) illustrate dendrite
elongation during embryonic life; the increasing electrotonic distances would be expected to influence synaptic current waveform. C, Rise times to
peak, as well as time constants of decay (tau, D) both increased in development. Error bars correspond to SD; see Table 3 for details and statistical

analysis.

Spontaneous AP activity

Sporadic AP activity appeared early in development, resembling
the spontancous AP activity encountered in early postnatal
mammalian cortex (Huttenlocher, 1967; Armstrong-James,
1975). Activity appeared soon after morphologically identifiable
pyramidal and nonpyramidal cells are observed in the cortex
(Blanton and Kriegstein, 1991a). With development, sponta-
neous activity became more regular, and APs became briefer
(see Schwartzkroin, 1982; McCormick and Prince, 1987; Prince
and Huguenard, 1988). By stage 20, two different spontaneous
firing patterns had emerged, relatively slow, tonic firing units,
and faster, intermittent, repetitive firing units, likely reflecting
the activity of pyramidal and nonpyramidal cells. These distinct
properties of pyramidal and nonpyramidal neurons have pre-
viously been noted in mature cortex and have been observed
in both intracellular (McCormick et al., 1985; Connors and

Kriegstein, 1986; Prince and Huguenard, 1988; Connors and
Gutnick, 1990) and extracellular (Mountcastle et al., 1969) stud-
ies.

In contrast to results in cortical cell culture in which spon-
taneous AP activity emerged and developed in parallel with
excitatory synaptic circuits and in which each AP appeared to
be driven by a synaptic event (Jackson et al., 1982; Westbrook
and Brenneman, 1984), we found that in intact embryonic cor-
tex, spontaneous AP firing preceded discrete excitatory synaptic
events in development. In addition, during early circuit for-
mation, APs occurred at higher frequency than synaptic events
(0.43-0.63 Hz for APs at stages 17-19, and 0.06 Hz for EPSCs
at stages 18-19) and therefore could not have been driven by
EPSCs exclusively. This appearance of AP discharge prior to
discrete synaptic activity could reflect the activity of nonsynap-
tic depolarizing influences on neurons, for example, the tonic
background current mediated through NMDA receptors (Blan-
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Figure 12. Spontaneous IPSCs increase in amplitude and frequency during development. 4, At stage 18 IPSCs (arrowheads, upward deflections
at —20. mV) were observed only after repetitive stimulation of thalamocortical axons (arrows, 20 Hz for 700 msec). The inset shows the response
with an expanded time base, and the arrowhead indicates an evoked IPSC. Infrequent spontaneous IPSCs were observed in rare cells at stages 19
and 20. The expanded trace (inset) shows a pair of spontaneous IPSCs from the initial portion of the stage 19 trace. IPSCs increased in frequency
suddenly at stage 21 and continued to increase during embryonic life. Scale bar for 10 sec corresponds to all traces except the expanded insets, in
which the bar corresponds to 500 msec. The amplitudes of events in the unexpanded traces are slightly attenuated due to AC coupling used for
plotting. B, Amplitudes of synaptic currents increase during embryonic life. Blockade of APs decreased the mean current in neurons at stage 21 +
to levels resembling that of younger stages. C, IPSCs increased in frequency suddenly at stage 21, in contrast to EPSCs that increased during
development in a gradual way (see Fig. 10). See Table 4 for details and statistical analysis.

ton et al., 1990; LoTurco et al., 1991). NMDA receptor acti-
vation has been shown to increase excitability, enhancing spon-
taneous (Armstrong-James et al., 1985) or evoked (Sah et al.,
1989) AP discharge. The differing dependence of spontaneous
APs on synaptic input in culture and slices could, alternatively,
reflect the ratios of inward and outward voltage-activated con-
ductances in the distinct cell types (Prince and Huguenard, 1988)
or the effect of neuromodulators, each of which may be altered
in the culture environment. Additionally, the timing of expres-
sion of voltage-gated channels in relation to synaptic differen-
tiation and expression of ligand-gated channels may differ in
vitro and in vivo.

In other systems, AP activity has been shown to affect neurite
outgrowth (Cohan and Kater, 1986), neuronal survival (Bergey
et al., 1981), and through its modulation of neurotransmitter
release, neural topographic representations (Chapman et al.,
1986; Dubin et al., 1986; Shatz and Stryker, 1988; Nelson et

al., 1989; Shatz, 1990). The AP activity observed in developing
turtle cerebral cortex is likely to play an important develop-
mental role. While not required for the formation of synapses
in turtle cortex (Wilson et al., 1988), AP-dependent activity is
required for the development of normal excitability (Desan,
personal communication). Whether the role of action potential
activity in the developmental control of excitability is permis-
sive, being required for normal development but not shaping
its fine details, or, in contrast, instructive, directing local synapse
formation (see Stryker, 1989), remains to be determined.

Appearance of spontaneous synaptic currents

The recent development of techniques for whole-cell recording
in slices has allowed a detailed analysis of differentiation events
in relatively intact neural structures with a resolution in young
cells previously obtainable only in cells developing in culture
(see Jackson et al., 1982). Whole-cell recording in voltage-clamp
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Figure13. Inhibitory synaptic current
waveforms change during develop-
ment. 4, IPSCs at stage 21+ (average
of 30 traces) and stage 19 (average of 3
traces) decay exponentially. Note that
the time axis differs from that used in
previous figures illustrating the faster
EPSCs. B, The rise time to peak of IPSCs
increased in development. C, IPSCs
show a trend of decreasing decay time
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constants (tau) that was not statistically
significant. Compare with EPSC 7-val-
ues in Figure 11, and see Table 4 for
details and statistical analysis.

provides major advantages for the study of synaptic differen-
tiation in situ (Blanton et al., 1989) as well as for study of mature
synaptic circuits (Edwards et al., 1990; Sah et al., 1990), in-
cluding superior recording stability and increased sensitivity and
temporal resolution compared with microelectrode, current-
clamp recording (see Smith et al., 1985). Interpretation of volt-
age-clamp experiments requires caution, however, especially in
branched neurons in intact tissue, due to the problems of elec-
trotonic attenuation and filtering of currents and of maintaining

18 19 20 21 21+ 25
stage

18 19 20 21 21+ 25
stage

space clamp in distal dendrites (see Brown and Johnston, 1983;
Johnston and Brown, 1983; Rall and Segev, 1985; Hestrin et
al., 1990).

Spontaneous EPSCs and IPSCs observed in whole-cell re-
cordings showed distinct patterns of emergence during devel-
opment. Spontaneous EPSCs appeared first, followed by IPSCs,
a pattern like that observed for evoked synaptic events in mam-
malian hippocampus (Schwartzkroin, 1982; Michelson and
Lothman, 1989; Schwartzkroin et al., 1989; Swann et al., 1989)

Table 4. Spontaneous inhibitory synaptic currents (V,,, = —20 mV)

Stage Amplitude (pA)* Frequency (Hz)? Rise time (msec): r-Decay (msec)?
18 9.0 + 0.6 (2) <0.01 ?2) 29+0.2(Q) 240 +£52(2)
19 69+ 144 <0.01 “4) 4.5+0.3(3) 21.4 £ 7.6 (3)
20 8.6 +3.5(3) <0.01 ?3) 39+£03(3) 23.5 £ 13 (3)
21 12.0 + 1.6 (6) 1.5+ 1.0(5) 4.4 + 0.9 (6) 20.0 £ 3.4(5)
21+ 13.4 + 1.8 (5)* 2.8 + 0.8 (5)* 6.4 £ 0.9 (5)* 20.6 £ 1.1 (5)*
25-26 130224 7.1 = 1.6 (3) 6.2+ 0.8(4) 18.4 + 5.3 (4)
21+ (in TTX) 9.5+ 1.5 3)* 0.3 £ 0.1 (3)* 59+ 1.1 (3)* 229+ 1.9 (3)*

Values shown are mean + PSD (n).

*, Two-tailed unpaired ¢ test indicated that at stage 21+, IPSCs observed in the presence versus absence of TTX differed
in amplitude (p = 0.021) and in frequency (p = 0.0024) but not in rise time or r.

2 One-factor ANOVA indicated a significant change in amplitude during embryonic development, with p = 0.0008,
F=17.13, df = 23. A post hoc Scheffé F test indicated that stage 19 was different from stages 21 and 25 at the 95%
confidence level and from stage 21+ at the 99% level.

® One-factor ANOVA indicated a significant change in frequency, with p = 0.0001, F = 28.9, df = 22. Stages 19 and 20
differed from stage 21+ at the 95% level, and stages 18-21+ differed from stage 25 at the 99% level.

< One-factor ANOVA indicated a significant change in rise time, with p = 0.0001, F = 10.63, df = 22. Stages 20 and 21
differed from 21+, and 20 from 25 at the 95% level, and stage 18 differed from 21+ and 25 at the 99% level.

4 One-factor ANOVA did not reveal a significant change in 7, with p = 0.86, F = 0.37, df = 22.



and cerebral cortex (Kriegstein et al., 1987; Prince and Krieg-
stein, 1989; see also Friauf et al., 1990) and for spontaneous
events in neocortex (J. J. LoTurco, personal communication).

Spontaneous EPSCs are the first synaptic currents to appear
in embryos. These EPSCs are mediated by non-NMDA recep-
tors, like spontaneous (LoTurco et al., 1990) and evoked fast
EPSCs (Hestrin et al., 1990; Konnerth et al., 1990) in mature
cortex. The embryonic EPSCs also resembled mature sponta-
neous EPSCs in turtles (M. G. Blanton, unpublished observa-
tions) and in rats in amplitude (125 + 78 pS; LoTurco et al.,
1990). The observed constancy of current amplitudes recorded
at the soma, however, does not necessarily reflect developmental
constancy of the conductance change at synapses. Given the
tremendous dendritic elongation that occurs in embryonic life,
which would be expected to attenuate EPSCs from distal syn-
apses in older embryos, the similarity in somatic currents through
time may indicate that the actual conductance changes at syn-
apses increased. While the synaptic currents measured in the
soma are stable in development, the changes in potential at the
soma due to the currents would be expected to be larger in young
animals, due to high input impedances of embryonic cortical
cells [514 = 215 MQ, n = 11 at stage 21 and 314 £ 189 MQ,
n = 23 at stage 26 (recorded with potassium-containing elec-
trodes; see Blanton et al., 1989; Blanton, unpublished obser-
vations; see also McCormick and Prince, 1987; Prince and
Kriegstein, 1989; Schwartzkroin et al., 1989)].

Developmental changes in conductance and other parameters
of EPSC waveform may stem from a variety of causes, including
an electrotonic attenuation of synaptic currents in older em-
bryos. The rise times to peak current and the time constants of
decay (7) of EPSCs both increase by a similar proportion (see
Rall, 1977; Brown and Johnston, 1983; Johnston and Brown,
1983). A correlation of increasing rise time with increasing 7,
and with decreasing amplitude, as development proceeds would
indicate possible increasing electrotonic attenuation of synaptic
currents during development, assuming the conductance mech-
anism at each synapse was stable. The amplitudes of EPSCs did
not decrease in parallel as expected if the cause of changes in
amplitude, rise time, and 7 were purely electrotonic, and this
difference may reflect insertion of additional ligand-gated chan-
nels at synapses with maturation. Such insertion could allow
increased conductance without changing the rise time or 7. While
a trend of a parallel increase in rise time and 7 was observed
for the overall population, these properties were not directly
related within individual cells (Blanton, unpublished observa-
tions). In addition to effects of electrotonic attenuation and fil-
tering, the observed developmental changes in synaptic currents
could reflect changes in the conductance mechanism at synapses,
through changes in gene expression (Sommer et al., 1990), lead-
ing to altered receptor desensitization (Trussell and Fischbach,
1989) or channel mean open time (Moss et al., 1989). Inter-
pretation of spontaneous postsynaptic current parameters dur-
ing development is further complicated by the likelihood that
one is not studying the same population of synapses through
time: cortical neurons continue to acquire new synaptic input
during embryonic development (J. G. Parnavelas, M. Blanton,
and A. R. Kriegstein, unpublished observations). In addition,
the degree to which excitatory synapses from various sources
(thalamic, interhemispheric, association, local) contribute to
spontaneous synaptic activity is not yet known and may change
with development.

Spontaneous IPSC waveform parameters changed during de-
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Figure 14. Blockade of sodium AP activity causes a decrease in the
mean amplitudes of spontaneous IPSCs at stage 21. 4, Averaged IPSC
traces before and after bathing in TTX show a decrease in amplitude
from 12.1 to 7.0 pA but no change in 7 (control, 19.0 msec; TTX, 20.2
msec). B, Amplitude histogram of synaptic currents in the presence of
TTX is found within the control distribution but shifted to the smaller
amplitude range. The number of events in TTX is much smaller than
in control conditions, even though the histogram was taken from a time
period twice as long as that in control (to increase events counted in
TTX).

velopment in a way that differed from those of EPSCs. Spon-
taneous IPSCs increased in amplitude during development, due
potentially to an increase in inhibitory terminals on pyramidal
somata (Blanton et al., 1987; Blanton and Kriegstein, 1991b)
and resulting decreased attenuation of some of the IPSCs,
and due to the extreme dependence of IPSCs on AP firing, which
also increased with development. AP-dependent IPSCs were
significantly larger than the spontaneous IPSCs in TTX, which
may correspond to the quantal IPSC size (see McLachan, 1978;
Edwards et al., 1990; see also below). These TTX-insensitive
IPSCs (190 £ 30 pS) had similar amplitudes to previously de-
scribed quantal IPSCs in mature brain (Ropert et al., 1990: 258-
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Figure 15. AP blockade produces a profound decrease in IPSC amplitude and frequency and a smaller decrease in EPSC frequency. 4, IPSCs are
reversibly decreased in amplitude and frequency by TTX in this stage 21+ cell. B, EPSCs are reversibly decreased in frequency from 0.4 to 0.1
Hz but not noticeably in amplitude in this stage 20 cell. See Table 4 for additional detail and statistical analysis.

326 pS; Edwards et al., 1990: 200-400 pS) as well as the early
evoked IPSCs in turtles (180 + 12 pS). The presence of larger
events in the amplitude distributions of IPSCs in TTX (Fig. 14;
see also for EPSCs in Fig. 9) may reflect less frequent synaptic
events composed of multiple quanta.

Rise times of EPSCs and IPSCs both increased during de-
velopment, but in contrast to those of EPSCs, decay time con-
stants of IPSCs showed a decreasing trend through development.
The developmental trend for decay time constants may reflect
the operation of competing influences. Increases in electrotonic
distance between synapses and the soma would be expected to
cause an increased decay time constant, proportional to the
increased rise time. The decreasing trend of decays would then
reflect other mechanisms that would shorten the decay time,
including altered channel open time, sensitivity, desensitization,
or neuromodulation (see Moss et al., 1989; Trussel and Fisch-
bach, 1989). Such a general decrease in time constant of decay
of IPSCs occurring at the synapses may have been underesti-
mated in these recordings, masked by dendritic electrotonic
filtering that would increase both rise time and decay in a similar
manner. Spontaneous IPSCs in embryos decayed monoexpo-
nentially as they do in mature animals (Ropert et al., 1990; Otis
etal., 1991; LoTurco, personal communication; but see Edwards
et al., 1990) and in cultured cells (Barker and Harrison, 1988).

Interactions of developing excitatory and inhibitory systems

The relative balance between excitatory and inhibitory systems
is an important determinant of the nature of spontaneous ac-
tivity in mature cortical circuits (Traub et al., 1987a,b). Spon-
taneous EPSCs were the first synaptic currents to emerge in
development and showed a steady increase in frequency during
the embryonic time period examined. Spontaneous IPSCs ap-
peared relatively suddenly, long after such IPSCs could be elic-
ited by repetitive stimulation and after inhibitory synapses are

observed at the ultrastructural level (stage 18; Parnavelas, Blan-
ton, and Kriegstein, unpublished observations). These results
indicate a changing balance of synaptic drive during develop-
ment.

Previous developmental studies have emphasized a slow in-
crease in the efficacy of inhibitory function in postnatal life
(Schwartzkroin, 1982; Schwartzkroin et al., 1989; Swann et al.,
1989; Luhmann and Prince, 1991) based on evoked responses.
No clear change in the percentage of cells with spontaneous
IPSPs was noted, and the frequency of these events increased
slowly (Luhmann and Prince, 1991). In the present study, in
situ patch-clamp recording was performed, allowing improved
resolution of small synaptic events early in development. Spon-
taneous IPSC activity in turtle cortex shows a sudden increase
at a key developmental time point. The increase in activity of
inhibitory synapses emerges at the time that recurrent collaterals
of excitatory pyramidal neurons begin their elaboration at stages
20 and 21 (Blanton and Kriegstein, 1991a), with resulting in-
creased excitatory synaptic drive on cortical circuits. The in-
crease occurs immediately prior to the time (stage 21) at which
blockade of GABA, receptors leads to spontaneous synchro-
nized epileptiform discharges (Shen and Kriegstein, 1989). The
spontaneous IPSCs may therefore function to prevent synchro-
nized epileptic discharge (see Traub et al., 1987a,b) as well as
the stabilization of excitatory synapses (Bear et al., 1987) that
would reinforce the tendency for such abnormal discharges.

The developmental increase in IPSC frequency and amplitude
in embryonic turtle cortex clearly depends on spontaneous AP
activity, as these IPSC parameters decrease in the presence of
the sodium channel blocker TTX. A similar dependence of IPSC
frequency and amplitude on APs has previously been noted for
mature IPSCs (Galvan et al., 1985; Edwards et al., 1990; Ropert
et al., 1990; Otis et al., 1991; LoTurco, personal communica-
tion). The APs critical for increasing IPSC amplitude and fre-
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Figure 16. Summary of the develop-
ment of amino acid neurotransmitter—
utilizing systems in the cerebral cortex
of turtles. The putative neurotransmit-
ters glutamate and GABA appear early
(Blanton and Kriegstein, 1991b), along
with NMDA and GABA, receptors
(Blanton et al., 1990). Non-NMDA and
GABA,; receptors are detected later
(Blanton and Kriegstein, unpublished
observations). These receptors partici-
pate in spontaneous activity, in a char-
acteristic sequence, beginning with
NMDA receptors (Blanton et al., 1990),
followed by APs, non-NMDA recep-
tor-mediated EPSCs and later by GA-
BA, receptor-mediated IPSCs (this

study). The spontaneous IPSCs appear

I 1 [[]{spontaneous |PSCS>
1[]{][synchronization -

suddenly late in stage 20, just before the
cortex becomes capable of synchro-
nized epileptiform discharge when in-

quency could be those of pyramidal or extrinsic projection cells,
whose APs and resulting EPSCs drive the nonpyramidal cells,
or alternatively those of the nonpyramidal cells whose activity
causes IPSCs in other cells. The effect of TTX on spontaneous
IPSCs is not likely to result solely from decreased fast excitatory
drive on nonpyramidal cells, because IPSCs were preserved when
spontaneous EPSCs were blocked by CNQX, as has also been
observed in rat hippocampus (Otis et al., 1991). Activation of
nonpyramidal cells by an NMDA-mediated current (Davies and
Collingridge, 1989; Sah et al., 1989) could be sufficient for main-
taining IPSCs, and spontaneous NMDA-mediated currents are
known to persist in CNQX and TTX (Blanton et al., 1990;
LoTurco etal., 1990). However, at least in mature hippocampus,
blockade of NMDA receptors does not affect IPSC frequency
(Otisetal., 1991). If the relevant APs are those of nonpyramidal
cells, it is of interest that the spontaneous IPSCs, while occa-
sionally clustered (Blanton, unpublished observations), tend to
have a more monotonous pattern than the repetitive AP firing
of the underlying nonpyramidal cells. The relationship of pre-
synaptic firing to transmitter release at synaptic terminals for
these neurons remains to be determined.

Observations of spontaneous activity in embryonic cortex
have indicated a sequence of differentiation events, in which
APs appear first, followed by spontaneous EPSCs and then spon-
taneous IPSCs (Fig. 16). The balance of excitatory and inhibitory
drive in the cortical circuit is not achieved merely by coordi-
nating the formation of inhibitory synapses as needed to hold
the excitatory circuits in check, as there is dissociation in the
timing of when inhibitory synapses are first formed and when
they become active. Once active, however, these inhibitory syn-
apses may exert important influences on the rate and pattern of
emergence of excitatory circuits, as indicated by the alterations
in development that occur under conditions of GABA receptor
blockade, both in vitro (Van Huizen et al., 1987; Desan, personal
communication) and in vivo (Crabtree et al., 1983). The se-

k hibition is blocked (Shen and Krieg-
stein, 1989).

quence of appearance of AP and synaptic activity observed in
this study indicates the times at which neurotransmitters, influ-
enced by sodium-dependent AP activity and acting through
GABA and glutamate receptors, may act to shape neuronal
differentiation and circuit formation (Mattson, 1988; McDonald
and Johnston, 1990) in the embryonic cerebral cortex.
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