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USCEPTIBILITY to epileptogenesis and the

propensity for acquiring particular types of epi-

lepsies are related to developmental age.

Changes in the brain’s organization, connec-
tivity, and functional mechanisms alter the susceptibil-
ity to and the expression of epileptic activity. From
clinical observation, we know that overall susceptibil-
ity to epilepsy varies greatly with age. The highest
age-specific incidence of epilepsy occurs during the first
year of life, declining steadily thereafter until age 60,
when a second rise in incidence occurs.l:2 Different
epileptic syndromes tend to occur at different develop-
mental ages. During the neonatal period, seizures are
most often the result of hypoxic-ischemic encephalop-
athy or intraventricular hemorrhage. While generalized
tonic seizures are relatively common, they may be
poorly organized, particularly in premature infants.3
The generalized syndromes tend to occur eatlier in life,
with more focal syndromes occurring later.2

ANIMAL MODELS OF EPILEPSY

In interpreting the implications of developmental
experimental models of epilepsy, it is necessary to be
able to correlate the developmental stage of the animals
with the developmental age of the human patients.
This is a difficult task which is often neglected, but
some generalizations are possible. In common experi-
mental animals, the brain is at various stages of
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development at the time of birth. Rats, mice, and
rabbits are born before the main period of neuroblast
differentiation. Many types of neurons, particularly
local interneurons, have not yet fully differentiated.
Synapse formation and axon myelination occur to a
large extent after birth. Cat, guinea pig, and sheep
brains are more nearly mature at birth. Human brains
are at a somewhat intermediate stage at birth and have
been compared to the rodent brain at five to eight days
of age.*? Obviously, the rate of maturation is quite
different in experimental animals and humans.

It is a common finding in experimental animals, as in
humans, that immature animals are more susceptible to
epileptogenesis. For example, convulsant thresholds to
drugs are much lower in rat pups than in adults.410.11
The age-related expression of various epileptogenic
models and the animal’s relative susceptibility to them
depends on the exact epileptogenic model used. For
example, in vitro hippocampal slices from 1- to 2-week-
old rats and rabbits display a relatively high degree of
convulsant-induced epileptogenicity and are suscepti-
ble to spontaneous episodes of spreading depression.
After about 2 weeks, hippocampal epileptogenesis de-
clines. On the other hand, neocortical slices are
relatively resistant to convulsant-induced epileptoge-
nesis until after 1 to 2 weeks. Kittens, because of their
earlier maturation, are closer at birth to the adult
pattern of epileptogenesis.4-12-14

It is not clear, however, that one can consider
epileptogenicity as a simple function of maturational
age. Many interacting mechanisms are involved in the
generation of epileptic activity and its spread, and the
exact maturational sequence of each of these mecha-
nisms may be important. Some of these mechanisms are
discussed below.
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BURSTING CELLS

The hallmark of epileptogenesis has long been con-
sidered the bursting neuron. Intracellular recordings
from epileptogenic models demonstrate that most of
the neurons fire in a short, high-frequency burst of
action potentials superimposed on a slower underlying
depolarization (the paroxysmal depolarization shift, or
PDS). Further, epileptogenesis occurs preferentially in
brain regions or subregions containing neurons which
normally fire (asynchronously) in this pattern. The
normal generation of asynchronous bursts is the result
of ionic currents intrinsic to the membrane of these
neurons. The abnormal synchronization of these bursts
is critical in epileptogenesis, and is primarily mediated
by chemical synapses. Thus, the importance of the
maturation of intrinsic burst-generating currents and
synaptic function is clear.

The PDS is produced by a combination of sodium
and calcium currents. While normal action potentials
are generated by voltage-dependent sodium channels,
the ability of a neuron to support bursting patterns of
activity probably most specifically depends on the
presence of a sufficient density of voltage-dependent
calcium channels in that neuron’s membrane. When
sufficiently depolarized, these channels can produce
regenerative calcium currents which generate a major
portion of the PDS. Both sodium and calcium channels
must be functional before epileptogenesis can occur.

Voltage-dependent sodium channels are apparently
functional very early, while calcium channels may
mature later. Even fetal rabbit hippocampal neurons
produce action potentials.!> In rats the number and
density of functional sodium channels increase to adult
levels during the first 2 postnatal weeks.!* Calcium
channels may be somewhat slower to develop, probably
becoming functional during the first week in rat
neocortex!3 and kitten and rabbit hippocampus.?:8

EXCITATORY SYNAPTIC MECHANISMS

Epileptogenesis is dependent on functional excita-
tory synapses to synchronize the activity of neurons in
the affected region. Recent evidence has indicated that
N-methyl-D-aspartate-type excitatory amino acid neu-
rotransmission plays a particularly important role in
epileptogenesis.'6 The development of excitatory
amino acid neurotransmission is thus an important
facet of the development of epileptogenesis. Physiolog-
ical studies have demonstrated that development of
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excitatory synaptic transmission occurs early and can
be observed in fetal rabbits.!5 Cerebellar excitatory
amino acid receptor binding is low in rats during the
first week of life but increases markedly during the
second and third weeks.!? Similarly, the neurotoxic
effects of kainic acid, which are presumably mediated
by excitatory amino acid receptors, develop in rats and
rabbits during the second to fourth postnatal week. 18-21
However, the pattern of excitatory amino acid receptor
development is not simple. Glutamate and kainate
binding develop differently,!? different brain regions
develop receptors at different rates, 821 and there may
be differential development of different subtypes of the
kainate receptor.!?

Epileptogenesis further requires that excitatory syn-
aptic function be appropriately organized. In particular,
excitatory synaptic feedback loops, or recurrent excita-
tion, are required to produce synchronized epileptic
activity.?? Thus, in addition to the existence of appro-
priate receptors, an excitatory synaptic network must
mature sufficiently before epileptogenesis can occur.

Obviously, epileptogenesis depends on the growth
and arborization of neuronal axons. This occurs at
different rates in different regions of the brain, and
differs among species. In the later maturing rodents,
long axon neurons are present at birth, but the short
axon local interneurons develop after birth. Arboriza-
tion of both types of neurons continues during the first
few weeks after birth. In earlier maturing kittens,
guinea pigs and humans, axonal branching patterns are
largely mature at birth. It would appear that axonal
arborization is a maturational event sufficiently early
that it does not delay the development of epileptoge-
nesis. However, myelination of axons with its associ-
ated increase in conduction velocity continues through
the first month in kittens, 42324 so that the spread of
epileptic activity and the resultant expression of seizure
types may depend on the maturation of myelination.

While axonal arborization occurs relatively early,
functional development of synapses is slower to de-
velop. Excitatory and inhibitory synaptic function de-
velop at different rates. In the early maturing kitten,
both symmetric and asymmetric synapses (presumed
inhibitory and excitatory, respectively) are seen at 1
week, and increase in number with age.” In the more
slowly developing rabbit, however, only dendritic
asymmetric (excitatory) synapses are seen in the first
week, and axosomatic symmetric (inhibitory) synapses
develop by 4 weeks.9 These anatomic results suggest
that excitatory synaptic function matures earlier than
inhibitory function. The physiological studies de-
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scribed below support this hypothesis.

INHIBITORY MECHANISMS

The most easily created and most reliable experi-
mental models of epileptogenesis are produced by
blockade of gamma aminobutyric acid (GABAergic)
synaptic transmission. Thus the concept that GA-
BAergic mechanisms are crucial for prevention of
epileptic activity has arisen. However, many other
inhibitory mechanisms exist in cortical neurons, and
disruption of some of these mechanisms can also
produce epileptiform activity.

One inhibitory mechanism which participates in
termination of cellular bursts is the calcium-dependent
potassium current. This current hyperpolarizes the cell
following the depolarization underlying the burst. This
current matures early, being seen in even perinatal
rabbits.® Thus, it is probably not critical in the devel-
opment of epileptogenesis.

The appearance of excitatory synapses before inhib-
itory synapses suggests that there is a period when a
predominance of excitatory mechanisms with a defi-
ciency of inhibitory control may explain the high
incidence of epileptogenesis in neonates and infants. It
is thought that in cortex, inhibition is mediated largely
by local interneurons. The observation that in rat
forebrain, short axon interneurons appear after birth*5
and the finding that prior to the age of 2 weeks, only
pyramidal cell type neurons can be stained by intracel-
lular injection of fluorescent dye in in vitro slices
support the hypothesis of late development of inhibi-
tory mechanisms. Note, however, that in the earlier
maturing kitten, interneurons are present much
earlier.?.25

The anatomic presence of interneurons and synaptic
profiles suggests the establishment of functional synap-
tic transmission. Physiological recordings from brain
slices have confirmed the later establishment of inhib-
itory synaptic function as compared to excitatory syn-
aptic function, at least in the more slowly maturing
rabbit and rat. Excitatory synaptic function is present at
birth in rabbit and rat, but inhibitory synaptic function
does not develop until 2 weeks in rabbit8 and 1 week in
rat.!3 Again, these results may explain the early period
of high epileptogenicity.

The development of synaptic function has been
studied in some detail with the aim of understanding
whether maturation of presynaptic or postsynaptic ele-
ments occurs first. In their anatomic study of develop-
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ing rabbit, Schwartzkroin et al® report that very imma-
ture animals have smaller synapses with smaller area of
contact and fewer synaptic vesicles in the presynaptic
terminal than animals older than 2 weeks. Interneu-
rons containing the GABA synthetic enzyme glutamic
acid decarboxylase (GAD) are seen in rabbits as young
as eight days, but the GAD often does not appear in
specialized synaptic terminals.26 Thus, development of
synaptic function is probably at least partially depen-
dent on maturation of the presynaptic element.

The postsynaptic neuron matures during this period
as well. Perinatally, the asymmetric (excitatory) syn-
apses are located mainly on the soma. During the first
2 weeks, the asymmetric synapses increase mostly on
the dendrites, and symmetric synapses increase on the
soma.® The responses of the postsynaptic neuron to
exogenously applied GABA and the GABAj agonist,
baclofen, are not mature in the CA1 region of hippo-
campus of 8- to 12-day-old rabbits.2? Thus, in this
region, there is postnatal maturation of the postsynap-
tic neurons. Interestingly, area CA3 is much more
mature in its GABA and baclofen responses at the same
age.2” This further supports the idea of differential
maturation of different brain regions.

The conclusion to be drawn from these data is that
excitatory synaptic function is established at birth in
rabbits and rats, and continues to mature during the
first few weeks. Inhibitory synaptic function probably
matures somewhat later, being absent during the first
week or so and developing during the next several
weeks. Maturation of inhibitory synaptic function is
probably critically dependent on the maturation of
both synaptic junctions and postsynaptic receptor func-
tion. The result is that there may be a developmental
window of increased epileptogenic susceptibility during
the first 2 weeks when excitatory synaptic function is
sufficiently organized, but inhibitory synaptic function
is still relatively ineffective.

IONIC ENVIRONMENT

Extracellular potassium ion concentration is a signif-
icant determinant of neuronal excitability and thus of
epileptic susceptibility. Spontaneous and evoked epi-
sodes of seizure-like spreading depression associated
with large increases in extracellular potassium are seen
in hippocampal slices from immature rabbits much
more frequently than in adult tissue.# The increased
susceptibility of the younger animals is probably related
to two factors. The Na-K adenosinetriphosphatase
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(ATPase) activity is low in neonates and increases
during the first 2 weeks.28 As discussed above, this is
also the period during which inhibitory synaptic func-
tion matures. The Na-K ATPase activity is a measure
of cellular potassium pumping, which affects extracel-
lular potassium levels. Poor regulation of extracellular
potassium, combined with immature inhibitory synap-
tic function; could clearly combine to increase epilep-
togenesis. Once again, there are different rates of
maturation in different regions. CAl matures later
than CA3, both in terms of inhibitory synaptic func-
tion and Na-K ATPase activity. This is reflected in the
increased susceptibility of CAl (relative to CA3) to
epileptic-like activity in the newborn rabbit.14.28

CONCLUSIONS

Infants and neonatal animals are susceptible to
epileptic seizures, and experimental evidence suggests
that the differential development of several neuronal
mechanisms can explain this susceptibility. The pri-
marily generalized seizure types are more common in
younger organisms than in adults, probably because of
the less mature organization and functional status of
neuronal tissue which limits the spread of initially focal
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