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C H A P T E R T W E L V E 

Cellular Properties of Convulsant-Treated 

Neocortical Neurons in the Rat 

during Postnatal Development 

John J. Hablitz and Bernd Sutor 

Postnatal development of the neocortex has been described in numerous ana-
tomic studies. The increases in somatic volume, dendritic arbor, and spine 
complexes that occur in the first few postnatal weeks have been documented by 
Golgi staining techniques (8,24,25), and Information about the maturation of 
synaptic elements has been provided by electron microscopy (15,25,40). How-
ever, cellular interactions and neuronal Integration have not been studied exten-
sively in the immature rat brain. Electrophysiologic studies, using intracellular 
injection of the fluorescent dye Lucifer Yellow, have shown that dye coupling, 
thought to be an indicator of electrotonic coupling, is extensive in immature rat 
neocortex and declines rapidly between birth and 10 days of age (5). Develop­
mental studies of cerebellar nuclear cells (9) and rabbit hippocampal pyramidal 
neurons (28,29) indicate that most intrinsic membrane conductances mature 
within the first postnatal week. Inhibitory and excitatory postsynaptic Poten­
tials have been observed in intracerebellar nuclei neurons on the second 
postnatal day (9). Despite these indications that basic cellular and synaptic 
responses are established early, distinct differences in patterns of epileptiform 
discharge exist between the immature and mature brain. Recordings of parox­
ysmal activity from epileptogenic foci in the immature brain in vivo have 
shown that synaptic potentials and interictal spike discharges last longer and are 
more variable in size than those recorded from similar foci in the mature brain 
(26). Foci in the developing brain have a lower rate of spontaneous discharge 
(2), and seizure episodes, which are prominent in the mature brain (22), are not 
typically observed in the developing cortex (11). Recent experiments on hippo­
campal slices prepared from neonatal animals (28,35) have shown that there is 
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a seizure-prone period between postnatal days 9 and 19. In the present study, 
we examined the response of neocortical slices from rats 8-21 days old to 
convulsant drugs to determine whether there was a significant age-dependent 
Variation in the pattern of epileptiform discharge. We also characterized the 
membrane properties of neurons in this age ränge. 

Neocortical slices were prepared using Standard techniques (34,41) and were 
maintained in an interface type of Chamber. Slices were allowed to recover for a 
period of 1 hr prior to the addition of 50 | X M Picrotoxin to the perfusate. 
Intracellular recordings were made from superficial strata (layers II—IV) of 
anterior somatosensory cortex. 

Cellular Properties of Immature Neurons 

The neurons in slices from immature animals had an average resting membrane 
Potential (RMP) of -66 ± 4 mV (N = 33) and an input resistance (R N) of 38 ± 
21 M f l (N = 33). The value for the RMP was lower than that obtained from 
mature animals (—76 ± 8 mV, N = 113), but the difference was not statis-
tically significant. R N tended to be larger in immature than in mature neurons 
(R N = 20 ± 7 M f l , N = 95), but the great variability in seemingly good 
impalements of neonatal neurons makes this difference difficult to evaluate. 
Action potential duration (measured at half-maximal amplitude) was longer in 
neurons from immature animals (1.9 ± 1.4 msec, N = 2 6 v s . 0 . 8 ± 0 . 2 msec, 
N = 95 for the mature group). This did not seem to be due to impalement 
injury, since there was no correlation between spike height and membrane 
potential. Broad, overshooting spikes were observed in neurons with stable, 
high resting potentials and high input resistances. 

Neocortical neurons in vivo (4) and in vitro (23,32) are known to fire re-
petitively in response to depolarizing current pulses and to show adaptation 
during long current pulses. As shown in flg. 12.1A, similar behavior was 
observed in neurons from immature rat cortex. Individual action potentials 
were followed by an afterhyperpolarization (AHP). This AHP, which was very 
pronounced in immature neurons, became deeper with succeeding spikes and 
appeared to mediate the observed adaptation. Typically, trains of action poten­
tials were followed by a short, rapid AHP and a more slowly decaying, long-
lasting AHP. These slow AHPs, similar to those described by Connors et al. 
(5), were 2-5 mV in amplitude and lasted as long as 900 msec. 

When hyperpolarizing current pulses were applied, distinct differences were 
observed between neurons from immature and adult animals. Results suggested 
that neurons could be grouped into two broad categories, namely < 16 days of 
age and >16 days of age. Neurons from animals <16 days of age typically 
showed the type of behavior illustrated in fig. 12. IB. A marked, time-depen-
dent in ward rectification was noted with hyperpolarizing current pulses. This 
appeared as a sag in the voltage records (fig. 12.1B) that began 5-20 msec after 
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150 ms 

Fig. 12.1. Response of a neuron from a 10-day-old animal to hyperpolarizing and depolarizing 
current pulses. A : Example of repetitive firing and afterhyperpolarization (AHP) produced by a 
strong depolarizing current pulse. Inset shows action potentials at a higher sweep speed. B: 
Superimposed voltage responses (upper traces) to current pulses of varying amplitude (lower 
traces). Hyperpolarizing pulses produce responses that reach a peak and then sag to a steady-
state level. Rebound depolarizations are seen at pulse offset. Same cell and resting potential 
(RMP) as in A . 

the onset of the current pulse and reached a steady State in 40-90 msec. Some 

sag was observed with hyperpolarizing currents that caused membrane poten­

tial changes of 10 mV, suggesting that the current underlying this response was 

activated at values near rest. This type of behavior was seen in more than 80 

percent of the neurons in the < 16-days-of-age group. Sagging was less preva-
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lent in the older animals, although it was occasionally observed in neurons from 
mature cortex. 

Another prominent feature of the response of neocortical neurons to hyper­
polarizing current pulses in the < 16-days-of-age group was the rebound de-
polarization observed at pulse offset. This response was graded (flg. 12.1B) 
and could exceed threshold for spike initiation. Depolarizations associated with 
pulse offset were seen in 60 percent of the cells in the < 16-days-of-age group. 
Two pieces of evidence suggested that this depolarization was a separate pro-
cess from the one responsible for the hyperpolarizing sag. First, some cells with 
prominent sags did not show anodal break depolarizations, and second, altera-
tions in membrane potential had differential effects on the two responses. 

The rebound depolarization observed here has also been described in cere-
bellar nuclear cells (14). In those cells, repetitive spiking was observed when 
large-amplitude current pulses were used. In our experiments, rebound spiking 
was rare when pulses were applied with the cell held at its resting membrane 
potential, although one or occasionally two action potentials were seen at the 
offset of the pulse. However, the amplitude of the rebound depolarization and 
the number of resulting action potentials could be altered by manipulating the 
membrane potential with steady currents. A particularly dramatic example is 
shown in flg. 12.2. A subthreshold rebound depolarization was seen when a 

Fig. 12.2. Effect of alterations in membrane potential on rebound depolarization. A : 
Subthreshold depolarization occurs at pulse offset in the absence of applied steady current 
(RMP = - 6 5 mV). B: Single action potential is evoked when cell is depolarized by 5 mV. C: 
Train of action potentials occurs with depolarization to - 5 5 mV. D: The R N and the number of 
rebound discharges decrease as the cell is depolarized further to - 5 0 mV. A hyperpolarizing 
current pulse of 0.6 nA was used in all traces. 
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hyperpolarizing current step was applied at the resting potential (fig. 12.2A). 
When the cell was depolarized, the same current pulse produced a rebound 
depolarization that triggered an action potential (fig. 12.2B). Further de­
polarization resulted in the elicitation of a train of action potentials (fig. 12.2C), 
although the hyperpolarizing sag was no longer observed. A decrease in R N and 
in the number of rebound action potentials was observed with additional de­
polarization (fig. 12.2D). Such pronounced rebound depolarizations were nev-
er observed in neurons from adult animals. 

Convulsant-Induced Epileptiform Activity in 
Mature and Immature Neocortex 

Convulsant-treated neocortical slices from mature guinea pigs display epilep­
tiform activity consisting of large depolarizations that trigger bursts of fast 
action potentials (10). These paroxysmal depolarizing shifts (PDSs) were ste-
reotyped, although the latency to onset varied with the Stimulus strength. We 
have made similar observations in mature rat neocortical neurons. Figure 12.3 

Fig. 12.3. Examples of synaptically evoked PDSs in a neocortical neuron from an adult rat. 
Responses were evoked 15 min after starting perfusion with a saline containing 10 JXM 
bicuculline. Three Stimuli of increasing strength were applied. The charges delivered to the 
stimulating electrode were 3.75, 5.0, and 6.25 nC. The resting membrane potential of this cell 
was - 7 8 mV. 
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shows the neuron's response to three intracortical Stimuli of increasing inten-
sity. The first Stimulus was below threshold and did not evoke a detectable 
response. The second Stimulus evoked an excitatory postsynaptic potential that 
led to a PDS at a latency of 19 msec. Further increases in the strength of 
Stimulation evoked a PDS that rose rapidly from the baseline after a delay of 4 
msec. In agreement with the report of Gutnick et al. (10), no spontaneous 
epileptiform activity was observed in neocortical slices from mature animals. 

In contrast to slices from mature animals, two patterns of spontaneous epi­
leptiform activity were observed in convulsant-treated slices from immature 
brain. Similar activity could be triggered by a Single shock applied intracor-
tically or to the pial surface. The first pattern was seen in slices from 8- to 15-
day-old rats and consisted, in extracellular recordings, of paroxysms of re-
petitive spike discharges superimposed on a 3- to 5-mV, slow negative poten­
tial. Spontaneous paroxysms were 10-30 sec in duration, and the intervals 
between these events varied from 30 to 180 sec in different preparations. 
Similar episodes could be evoked by electrical Stimulation of intracortical 
fibers, the pial surface, or the subjacent white matter. Intracellular recordings 
showed that each paroxysm was accompanied by a membrane depolarization 
and sustained firing. Examples of such activity from two neurons are shown in 
fig. 12.4. A single Stimulus was used to evoke the discharge shown in fig. 
12.4A; the responses in fig. 12.4B occurred spontaneously. The observed 
depolarization was associated with an increase in conductance, as indicated by 
the decreased voltage transient in response to a constant-current hyperpolariz-

PN9 

TTTTTTTTT1 

20 mV 

10 s 
JlO mV 

Fig. 12.4. Intracellular recordings of epileptiform responses in the <16-day group. A : 
Recording from a neuron from a 9-day-old rat (PN9). A single orthodromic Stimulus triggered 
the response shown. The negative deflections are the voltage responses to 150-msec, 0.4-nA 
hyperpolarizing current pulses. R M P was —62 mV. B: Spontaneous epileptiform events 
recorded in a postnatal day 11 (PNI 1) neuron. R M P was - 6 2 mV. Chart recorder tracings are 
shown in A and B; füll height of action potentials is not shown. 
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ing step (fig. 12.4A). It should be noted that the paroxysmal bursts were not 
followed by an AHP. 

The second pattern of spontaneous epileptiform activity was seen in convul-
sant-treated slices from animals 16-21 days old. Extracellular recordings 
showed paroxysmal activity consisting of 3-10 spike discharges followed by a 
sustained, slow, negative-potential shift. This slow potential could last as long 
as 180 sec and could reach amplitudes of up to 30 mV. Paroxysmal events 
recurred spontaneously at intervals of 4-11 min, over periods of hours. Spon­
taneous PDSs and slow, negative-potential shifts were not observed in 
picrotoxin-treated slices from animals over 30 days of age, although PDSs 
could still be evoked by Stimulation. 

Intracellular recordings in the 16- to 21-day group revealed that each parox­
ysmal event began with a membrane depolarization similar to that observed in 
the <16-day group. Examples from two neurons are shown in fig. 12.5. Such 
depolarizations (onset indicated by the single arrow in fig. 12.5A and B) were 
associated with bursts of repetitive action potentials. This was followed, at a 
varying latency, by a large, sustained membrane depolarization (fig. 12.5A and 
B, double arrow). This depolarization, termed a long-lasting depolarization 
(LLD) slowly declined and was followed, in fig. 12.5A, by an AHP. Fig. 
12.5B shows a similar pattern, except that the L L D is followed by an after-
depolarization. Complete recovery of baseline values for resting potential and 
R N was achieved after several minutes. The downward deflections in fig. 12.5 
represent the voltage displacement in response to hyperpolarizing current 
pulses and monitor neuronal R N . It can be seen that the paroxysmal event was 
associated with a complicated series of changes in R N . Decreases in R N oc-
curred during the initial depolarization, which only partially recovered prior to 

Fig. 12.5. Specimen records of spontaneous epileptiform discharges in the 16- to 21-day-old 
group. A : Chart-recorder tracings of a burst of PDSs (single arrow) followed by a long-lasting 
depolarization (double arrow) in a postnatal day 17 (PN 17) neuron. Downward deflections are 
voltage responses to a 0.3-nA hyperpolarizing current pulse. R M P was - 8 2 mV. B: Similar 
recording, but from a postnatal day 19 (PN19) neuron. Current pulse, 0.3 nA; R M P , - 6 3 mV. 
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the onset of the L L D . Düring the peak of the L L D , R N was virtually immea-
surable, indicating a large conductance increase. R N recovered slowly over 
time as the L L D declined but then apparently increased over control values 
during the afterpotentials. However, in other neurons, LLDs were followed by 
an A H P associated with a decrease in R N . The significance of these changes in 
R N during the afterpotentials is unclear, however, since adequate electrode 
compensation was difficult to maintain during and immediately after the L L D ; 
this probably resulted from the changes in extracellular resistivity associated 
with the shrinkage of the extracellular space that occurred during LLDs (13). 

Extracellular Potassium Changes during Epileptiform 
Activity in Immature Neocortex 

It has been reported that the increases in extracellular potassium ([K + ]G) that 
occur during epileptiform discharges are enhanced in the immature hippocam-
pus (35). To determine whether similar changes occur in the immature neo­
cortex, ion-sensitive electrodes were used to measure changes in [K + ] 0. These 
studies were conducted in collaboration with Dr. Uwe Heinemann, at the 
Department of Neurophysiology, Max-Planck Institute for Psychiatry, Mar­
tinsried FRG. The results of experiments in the <16-day group are shown in 
fig. 12.6A. It can be seen that [K + ]Q rapidly increases to more than 20 mM 
during paroxysmal activity and slowly declines after the epileptiform activity 
ceases. In contrast, in the >16-day group (fig. 12.6B), [K + ] 0 rises to over 10 
mM during epileptiform activity and then abruptly increases again during the 
slow potential associated with the onset of the L L D . A pronounced undershoot 
of [K + ] 0 follows, after which there is a return to baseline [K + ] 0 levels over a 
period of minutes. [K + ] 0 is then stable until the onset of the next paroxysmal 
event, when the sequence described above is repeated. 

Conclusions 

These results demonstrate that several unique types of epileptiform activity 
occur in neocortical slices from immature rats. Each type of activity occurs 
preferentially within a restricted time frame and is not seen before slices are 
exposed to convulsants. Because of its spontaneous nature and long duration, 
paroxysmal activity in vitro in immature neocortex differs phenomenologically 
from that observed in slices from mature brain. These characteristics suggest 
that paroxysmal activity in the immature animal may be a useful model for the 
study of ictal seizure discharges and perhaps the transition from interictal to 
ictal discharge. 

It is now generally agreed that several factors contribute to the generation of 
epileptiform discharges. Alterations in the extracellular microenvironment 
(20,27), electrical coupling (21), endogenous membrane currents (42), and 
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] l 0 m V 

Fig. 12.6. Changes in (K + ] 0 associated with epileptiform discharges in the immature rat 
neocortex. A: Specimen record of [K + ] 0 changes (upper trace) during epileptiform activity 
(lower trace) in a slice from a 12-day-old rat. Recordings were made 600 jxm below the pial 
surface. B: Similar experiment in a slice from a 19-day-old rat. These recordings were made 
750 (Am below the pial surface. 

synaptically evoked depolarizations (1,12,16) all add to the PDS that accom-
panies abnormal activity. The relative contribution from each factor is likely to 
vary according to the type of epileptiform activity expressed, the brain region 
involved, and the stage of development. The present results indicate that the 
immature cortex may differ significantly from the adult cortex in certain intrin-
sic membrane currents and in changes in the extracellular microenvironment 
induced by epileptiform discharge. 

In the present studies, immature neurons had broad action potentials, dis-
played marked time-dependent inward rectification that was not prevalent in 
mature rat neocortical neurons (6,41), and frequently showed rebound de­
polarizations at the offset of hyperpolarizing pulses. All of these factors could 
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lead to the increased excitability observed after exposure to convulsant drugs. 
The broader spikes in neurons from immature animals could, if propagated into 
synaptic terminals, produce increased transmitter release, leading to greater 
excitation. Hyperpolarizing inward rectification could, in principle, reduce the 
effectiveness of hyperpolarizing influences that normally curtail epileptiform 
discharges (31). Our findings suggest that the rebound depolarization results 
from activation of a voltage-dependent current. Persistent sodium and calcium 
currents have been described in neocortical neurons (33), and such currents 
could contribute to the rebound depolarizations. On the other hand, it is not 
possible to rule out a mechanism involving a low-threshold calcium current 
deinactivated by the hyperpolarizing pulse (18). Regardless of its ionic nature, 
the current underlying the rebound depolarization would enhance neuronal 
excitability and might contribute to the propensity of immature neocortex to 
display prolonged epileptiform discharges. More detailed studies are needed to 
determine whether quantitative differences exist between immature and mature 
cells with regard to the magnitude and voltage dependence of intrinsic mem­
brane currents. 

Another important feature distinguishing immature from mature neocortex is 
the changes in the extracellular microenvironment that accompany epileptiform 
discharges. Using ion-sensitive electrodes, we have shown that epileptiform 
discharges in the immature neocortex are associated with unusually high levels 
of [K + ] 0 (13). The cause of the higher levels of [K + ]Q associated with re-
petitive firing in the early postnatal period is presently unclear. However, 
similar results have been obtained in the hippocampus (36), which suggests that 
an elevated ceiling for [K + ]Q may be a general property of the neonatal period. 
The sustained increases in [K + ]G that were observed could heighten neuronal 
excitability by several mechanisms, e.g., by a direct depolarizing action, by 
release of excitatory neurotransmitters, or by reducing the effectiveness of 
repolarizing potassium currents. Elevation of [K + ]Q may thus be involved in 
the maintenance of the prolonged ictal-like epileptiform activity observed in 
the immature neocortex. 

The levels of [K + ] 0 associated with the LLDs observed in the 16- to 21 -day-
old animals indicate that they represent a type of spreading depression (SD). 
This Interpretation is supported by our Observation of a conduction velocity of 
approximately 4 mm/min for LLDs. SD is a transient pathologic State associ­
ated with large changes in intra- and extracellular ion concentrations and move­
ment of water (17). The relationship between SD and epileptiform activity has 
been examined by numerous investigators. SD has been reported to elicit 
epileptiform activity (39) as well as to suppress it (30). Paroxysmal discharges 
can, in turn, both trigger (38) and block (3,37) SD. In the present study, there 
was a unique relationship between epileptiform activity and SD-like LLDs. A 
burst of epileptiform discharges would arise from a quiet background and 
apparently trigger an L L D . A latency of tens of seconds could be observed 
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between the initiation of burst discharges and the onset of an L L D , suggesting 
that the SD underlying the L L D was triggered remotely and slowly propagated 
to the recording site. The present results suggest that different mechanisms are 
involved in the generation of paroxysmal burst discharges and LLDs. The 
former were similar in the <16-day group and the 16- to 21-day animals; yet 
LLDs were observed only in the latter group. Moreover, laminar profiles 
demonstrated that paroxysmal burst discharges reversed in polarity in deeper 
cortical layers, whereas the slow potential shifts associated with LLDs did not. 
Such laminar profiles would be consistent with a neuronal origin for the former 
but not the latter (7,19). Apparently, during the 16- to 21-day postnatal period 
studied here, the rat neocortex is susceptible to the triggering of SD by epilep­
tiform discharges. The factors responsible for this have not been determined, 
but the occurrence of spontaneous recurrent episodes of SD provides a useful 
model System for study of the SD phenomenon. 

In summary, we have shown that neocortical slices from immature rats 
display several novel patterns of ictal-like epileptiform discharges. Differences 
in intrinsic membrane currents and [K + ]Q regulation seem to be responsible, at 
least in part, for the differences observed in the neonatal period. Studies of 
developmental differences in synaptic potentials are currently being conducted 
to determine the role of this factor in epileptogenesis in the immature brain. 
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Kaufman. L . M . , 163 
Kellaway, Peter, 3-27, 138 
Kindling, 248-53; of rats, 256 
Kirkwood, P. A . , 110 
Kittens: experimental amblyopia ex anopsia 

in, 75-88; and jumping stand, 57; ocular 
dominance columns of, 124-25; and spik­
ing, 8; Stimulus orientation in, 112; V E P 
in, 279; visual deprivation of, 45-72, 92, 
93, 114, 115. See a l s o Cats 

Klawans, H . L . , Jr., 137 
Kostovic, I., 279 
Kraut, M . A . , 277 
Kriegstein, Arnold R. , 156, 198-211 
Künkel, Dennis D . , 225-46 
Kurtzberg, Diane, 263-87 

Lacy, J. R., 134 
Lamb, evoked potentials in fetal, 277 
Lambda complex, 272 
Lambda response, 283 
Lashley, Karl , 57 
L C . See Locus ceruleus 
Learning: by central nervous system, 92, 93; 

norepinephrine and, 106 
Lethargie. See Mice, spike-and-wave epilep­

sy in 
Leveille, Paula, 161-85 
Leventhal, A . G . , 113 
Levitt. P., 39 
L G N . See Nucleus, lateral geniculate 

Liesegang method, 114, 115 
L L D (long-lasting depolarization), 218-22 
Locus ceruleus, 4 -5 , 32, 33, 105, 172; of 

mice, 41; neurons of, 139, 141 
Long-lasting depolarization (LLD) , 218-22 
Long-term potentiation (LTP), 92-106 
Lorenz, K . Z . , 10 
L T P (long-term potentiation), 92-106 
Lucifer Yellow, 208, 212 
Lymphocytes, 136 

Macaque, effects of monocular deprivation 
on, 49 

Mandel, P. , 135 
Manganese, as calcium blocker, 234 
Maps: cortical, 4; iontophoretic, 170; reti-

notopic, 111-12 
Marasmus, 13 
Martin, F . , 135 
Mastronarde, D. N . . 121 
M D (monocular deprivation). See Visual 

deprivation 
Memory: nervous system and, 92, 93; nor­

epinephrine and, 106 
Meningitis, 135, 136 
Metabolism, inborn errors of, 143 
Metabolites, CSF , 137, 138 
Methysergide, 137 
M H P G . See 3-Methoxy-4-hydroxyphenyl-

ethylene glycol 
Mice: cell cultures of, 163; darkness-reared, 

7; epilepsy in, 29, 155; seizures in, 247; 
spike-and-wave epilepsy in, 30-41 

Michaelis-Menten kinetics, 191 
Microphthalmia, 5 
Mitchell, Donald E . , 4. 45-74 
Mocha 2 J . See Mice, spike-and-wave epilepsy 

in 
Modulation, noradrenergic, 92-106 
Mollusks. See A p l y s i a 
Monkeys: amblyopia in, 8; cortex of, 278; 

fetal, 277; geniculocortical afferents in, 
114; neocortex of, 7; and neurons, 112; 
ocular dominance columns of, 115-17; 
seizures in, 247; synapses in, 280; visual 
deprivation in, 49, 54-55, 65, 115 

Monoamine hypothesis, 93 
Monocular deprivation. See Visual 

deprivation 
Montelli, T. C . B . , 136 
Morimatsu, Y . , 138 
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Moshe, Solomon L . , 157, 247-62 
Mota, N . G . S., 136 
Motoneurons, 169; cholinergic, 174 
Mouse. See Mice 
Movshon, J. A . , 68 
Mower, G . D . , 118 
Mueller, Alan L . , 40, 225-46 
Muscimol, 186, 187, 189, 191, 192, 235, 

256, 258 
Muscle: cultured, 162; neurons and heart, 

179 
Myelination, 135, 270 
Myoclonus, 137; focal, 30 
Myopia, in monkeys, 55 

Nausieda, P. A . , 137 
Nauta, W. J. H . , 30 
Nauta method, 114, 116 
N E . See Norepinephrine 
Nelson, P. G . , 162 
Neocortex, 86; epileptogenesis in immature, 

205-8; postnatal development of, 212-22 
Neonatology, developmental neurophysi­

ology and, x 
Nerves, foreign, 68 
Nervous System: activity-dependent modula-

tion and, 106; learning by, 92, 93, neu­
rons and, 110-26; and norepinephrine, 93. 
See a l s o Central nervous system 

Neuntes, 151, 180 
Neurobiology, ix; developmental, 161; of 

learning/development, 106 
Neurobiotaxis, 152 
Neuroblastoma-glioma, 170 
Neuroblasts, 3 
Neuroembryology, 151 
Neurofibrils, 190 
Neurogenesis, 151; intracortical, 281 
Neurogenetics, of spike-and-wave epilepsy, 

29-41 
Neurohormones, 86 
N e u r o l o g i c a l a n d E l e c t r o e n c e p h a l o g r a p h i c 

Studies i n I n f a n c y (Kellaway/Petersen), x 
Neurology: developmental neurophysiology 

and clinical, 15-20; pediatric, ix 
Neuromodulation, activity-dependent, 92, 

93, 105, 106 
Neurons, 151; action potentials in cultured, 

163-70; ofbirds, 11; calcium and, 152, 
163, 165, 167, 221; catecholamine, 176; 

chemosensitivity of cultured, 170-74; 
C N S , 30; convulsant-treated neocortical, 
212-22; cortical, 141, 263; during cortical 
synaptogenesis, 4; cultured, 161-80; elec­
trical activity of, 110-26; and epilepsy, x; 
excitability in, 152-57; GABAergic , 156-
57; GABA-releasing, 186; hippocampal, 
165, 167; immature, 213-16; immature 
neocortical, 198-209; ion Channels of, 
156; in kitten brain, 6-7; neocortical, 
198-222; neuroblasts and, 3; nor-
adrenergic, 139; potassium and, 152, 163, 
165, 167; serotonergic, 139; during sleep, 
139-41; sodium and, 152, 163, 165, 167-
69, 190, 221; stellate, 7; thalamic, 141; 
transmitter receptors of, 156. See a l s o 
Interneurons; Motoneurons 

Neuropeptides, 86 
Neurophysiology, 151, 162; developmental 

(see Developmental neurophysiology); eth-
ology and, 10; molecular genetics and, 
155 

Neuropil, intracortical, 270 
Neurotoxins, 170 
Neurotransmission, 154; ontogeny of, 187— 

89 
Neurotransmitters, 86, 162; components of, 

162; CSF, 137, 138; and depolarization, 
179; development of, 174-80; effects of 
maturation on, 253; responses to, 173; 
sensitivity of, 170. See a l s o G A B A ; Re­
ceptors, neurotransmitter 

Nirenberg, M . , 155 
N M D A (/V-methyl-D-aspartic acid), 171-73 
Noebels, Jeffrey L . , 29-44, 151-60 
N o n R E M . See Sleep, nonREM (NREM) 
Norepinephrine (NE), 4, 5, 32, 76-77, 83-

88, 141, 155, 172, 174, 179, 253; and 
infantile spasms, 137; and L T P , 94-106; 
and memory/learning, 93, 106; and spike-
and-wave epileptic mice, 39-40 

N R E M . See Sleep, nonREM (NREM) 
Nucleotides, 179 
Nucleus, lateral geniculate (LGN), 111, 

112-13, 115, 117, 121 

Occluder, use of on kitten, 46, 57 
Occlusion: alternating monocular, 125; mon­

ocular, 122, 125; reverse, 51-57, 61-70. 
See a l s o Visual deprivation 
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Octopamine, 106 
Olson, C . R. , 47 
Opiates, 170 
Organization, reorganization and, 10 
Ouabain, 241 

Parachlorophenylalanine, 137 
Paroxysmal depolarizing shifts. See PDSs 
Patch electrodes, 162 
Patching therapy, 57, 69-70 
Pathophysiology, of cortical maturation, 

280-84 
PDSs (paroxysmal depolarizing shifts), 216— 

18, 220 
Penfield, W . , 30 
Penicillin: as convulsant, 199, 205, 247; and 

spike-and-wave epilepsy, 30, 35 
Penry, J. K . , 134 
Pentylenetetrazol, 256 
pEPSP. See Population excitatory postsynap­

tic potential 
Peptides, 179 
"Period doubling, , , 35 
Peroxidase-antiperoxidase technique, 180 
Persson, M . E . , 277 
Petit mal. See Epilepsy, petit mal 
Pettigrew, J. D . , 93 
Pia, 203, 217 
Picrotoxin, 187. 191, 239, 255 
Plasticity, 3-144; synaptic, 92-106; visu-

ocortical, 75-88 
Polymorphism, in vertebrate skeletal muscle. 

173 
Population excitatory postsynaptic potential 

(pEPSP), 94-95, 97-99, 102 
Postsynaptic potentials. See PSPs 
Potassium, 179; and epileptiform activity, 

219-22; in hippocampal tissue, 234; and 
hyperpolarization, 239; and neurons, 152, 
163, 165, 167; and SD, 241-42 

Potentials. See EPSPs; IPSPs; PSPs; pEPSPs 
Potentiation: long-term (LTP), 92-106; nor-

epinephrine and long-term, 94-106; post-
tetanic (PTP), 92 

Prednisone, 134, 144 
Primates, cortex of, 279 
Prince, David A . , 30, 156, 198-211 
Progesterone, 256 
Proliferation, axodendritic, 6 
Propranolol, 77-81, 87, 99, 101-2 

Proteins, excitability-regulating, 154 
PSPs (postsynaptic potentials), 203-4, 208, 

229, 231, 234-35; depolarizing, 232; hy­
perpolarizing, 229 

Psychiatry, child, developmental neu­
rophysiology and, ix 

PTP (posttetanic potentiation), 92 
Pulvinar, primate, 279 
Purpura, D. P., x 

Quisqualate, 172-73 

R A (robutus archistriatalis), 11 
Rabbit: electrophysiology of hippocampus 

of, 225-44; epileptiform activity in, 157; 
and spiking, 8 

Radioligands, 187 
Rakic, P. , 111, 279 
Ramon y Cajal, S., 151 
Raphe, neurons of dorsal, 139, 141 
Rats: A C T H and, 135; aging process in, 13; 

brain of, 194-95; cell cultures of, 163; 
kindling of, 248-53, 256; locus ceruleus 
of, 5; and L T P , 94-106; neocortical neu­
rons in, 212-22; pattern vision of, 57; 
seizures in, 156, 247, 253-58; Sprague-
Dawley, 94; stress in, 13-14 

"Reazione nera," 151 
Receptors: acetylcholine, 173-74; amino 

acid, 172-73; benzodiazepine, 187, 189, 
192-95; G A B A , 187, 189. 192-95, 237, 
256; multiple, 173; muscarinic, 194; neu-
rotransmitter, 156; nicotinic acetylcholine, 
187, 195; N M D A , 172-73; picrotoxin, 
187, 189, 194. See a l s o Beta-receptors 

Rectification, of hippocampal cells, 234 
Reinnervation, of cortical cells, 54 
Reinskov, T. , 136 
R E M . See Sleep, R E M 
Reorganization, Organization and, 10 
Repolarization, cell, 242 
Reserpine, 141 
Retardation, infantile spasms and, 131, 133-

34, 143-44 
Risley prisms, 88 
Ritter, W . , 276 
Robutus archistriatalis (RA), 11 
Ross, D. L . , 138 

Saccades, 272 
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Salamanders, foreign nerves in, 68 
Satoh, J . , 138 
Saxitoxin, 202 
Schmidt, J. T. , 111 
Schneider, J . , 135 
Schwartzkroin, Philip A . , 157, 225-46 
Scopolamine, 87 
Scott, J. P . . 10 
SD (spreading depression), 221-22, 239-42 
Seizures, 156-57, 198,212-13; electrically 

induced, 248 (see a l s o kindling); ontogeny 
of, 247-58; in rabbits, 237-42; in rats, 
156. See a l s o Arrest seizures; Convul­
sions, febrile; Epilepsy; Infantile spasms; 
Wet dog shakes 

Sensitive periods, 3-144; in visual develop­
ment of kitten, 45-72 

Sensory input, aberrations in, ix 
Serotonin, 93, 105, 137, 141 
Shatz, C. J . , 110 
Short axon cells. See Cells, stellate 
Signals, acoustic, 12 
Silverstein, F . , 138 
6-OHDA (6-hydroxydopamine), 76, 77, 79, 

83, 85-87, 93 
Sleep: neuronal aspects of, 139-41; non­

R E M (NREM) , 139; R E M , 17, 133, 138-
39, 141; slow-wave, 139 

S N (substantia nigra), 253-58 
Sodium, and neurons, 152, 163, 165, 167— 

69, 190, 221 
Somatostatin, 179 
Sotalol, 79 
Spasms, infantile. See Infantile spasms 
Specificity, areal, 111 
Spike-and-wave epilepsy, 15-16, 29-41; in 

mice, 30-41 
Spikes, E E G , 5-9, 31-32, 132-33 
"Spi l lover ," geniculate, 117-19, 121 
Spines, dendritic, 151 
Spitz, R. A . , 13, 14 
Spreading depression (SD), 221-22, 239-42 
Status epilepticus, 138; in rats, 249 
Steinschneider, M . , 277 
Stereopsis, 6 
Steroids: for infantile spasms, 255. See a l s o 

Corticosteroids 
Strabismus: amblyopia and, 50; in cats, 7-8; 

in children, 7; experimental, 122-25; in 
kittens, 114. See a l s o Amblyopia, 
strabismic 

Striatum, 172, 179 
Stryker, Michael P., 9, 110-30 
Substance P, 170, 179, 180 
Substantia nigra (SN), 253-58 
Succinic semialdehyde, 186 
Sutor, Bernd. 156, 212-24 
Swindale, N . V . , 117, 118 
Synapses. 162, 170, 186. 229; asymmetric, 

232; axosomatic, 253; dendritic, 253; ex­
citatory, 171, 232: GABAergic , 194; in­
hibitory, 171; intracortical, 263; 
morphological development of, 277 

Synaptic plasticity, noradrenergic modulation 
of, 92-106 

Synaptogenesis, 204; in chick brain, 189; 
cortical, 4 

Synaptosomes, 189 

TBPS (t-butylbicyclophosphorothionate), 
187, 189 

Tectum, of goldfish, 112 
Tetrodotoxin (TTX), 111, 112, 118-19, 

122-24, 163, 169, 170, 232 
Therapy: 5-HTP, 137; hormonal, 134, 143-

44; patching, 57, 69-70 
3-Methoxy-4-hydroxyphenylethylene glycol 

(MHPG), 137, 138 
Timolol, 102 
Tomography (CT), 133 
Tottering. See Mice, Spike-and-wave epilep­

sy in 
Toxin: scorpion, 169; tetanus, 169, 189. See 

a l s o Neurotoxins 
Traub, R. D . , 35 
Tryptophan hydroxylase, 137 
T T X . See Tetrodotoxin 
2,4-Diaminobutyrate, 190 
Tyrosine hydroxylase, 190, 195 

Van Sluyters, R. C , 50, 51 
Vaughan, Herbert G . , Jr., 263-87 
VEPs (visual evoked potentials), 265, 268-

72, 277-83; flash, 270-72, 277, 283; 
occipital, 265, 270, 271, 283; pattern, 
271-72, 283; pattern-reversal, 270-71 

Verapamil, 169 
Veratridine, 170 
Vision: binocular, 9; deprivation of (see 

Visual deprivation); sensory periphery 
and, ix. See a l s o Visual system 

Visual cortex: electrical activity in, 9, 110-
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27; of human infant, 8; layer IV of, 7, 
111-17, 119; mammalian, 110-27; and 
monocular deprivation, 45-72, 75-88, 92 

Visual deprivation, 4, 45-72, 75-88, 92, 
93, 115; of cats, 81-85, 87-88; of kit-
tens, 45-72; and human infants, 55; of 
monkeys, 49, 54-55, 65 

Visual evoked potentials. See VEPs 
Visual system, i x - x ; aberrations in input to, 

5-9; effect of sensitive period on kitten's, 
45-72; sensitive period of, 3-10. See a l s o 
Vision 

Von Gudden, Bernard, ix 

Weitzman, E . D . , 267 

West, W. J . , 143 
West's Syndrome, 131. See a l s o Infantile 

spasms 
Wet dog shakes, 249 
W G A (wheat-germ agglutinin), 114 
Wheat-germ agglutinin (WGA) , 114 
White matter, subcortical, 114, 203, 217 
Wiesel, T. N . , ix, 45, 47, 50, 75, 92, 112 
Wong, R. K . S., 35 

Xenopus, 163, 165, 173-74 
Xylocaine, 169 

Zebra finch, reproductive song of, 11 


