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Neurotransmitters and apoptosis in the developing brain
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Abstract

In the immature mammalian brain during a period of rapid growth (brain growth spurt/synaptogenesis period), neuronal apoptosis can
be triggered by the transient blockade of glutamateN-methyl-d-aspartate (NMDA) receptors, or the excessive activation ofg-aminobutyric
acid (GABAA) receptors. Apoptogenic agents include anesthetics (ketamine, nitrous oxide, isoflurane, propofol, halothane), anticonvulsants
(benzodiazepines, barbiturates), and drugs of abuse (phencyclidine, ketamine, ethanol). In humans, the brain growth spurt period starts in
the sixth month of pregnancy and extends to the third year after birth. Ethanol, which has both NMDA antagonist and GABAA agonist
properties, is particularly effective in triggering widespread apoptotic neurodegeneration during this vulnerable period. Thus, maternal
ingestion of ethanol during the third trimester of pregnancy can readily explain the dysmorphogenic changes in the fetal brain and
consequent neurobehavioral disturbances that characterize the human fetal alcohol syndrome. In addition, there is basis for concern that
agents used in pediatric and obstetrical medicine for purposes of sedation, anesthesia, and seizure management may cause apoptotic neuronal
death in the developing human brain. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Apoptosis, or programmed cell death, also referred to as
physiological cell death, takes place during normal devel-
opment of the central nervous system. It is characterized by
a sequence of very distinctive morphological changes in the
dying neuron (recently reviewed by Ishimaruet al. [1] and
Dikranian et al. [2]). In addition to recent advances in
deciphering the molecular steps of apoptotic cell death in
variousin vitro systems [3], it is incumbent upon neurosci-
entists to develop a better understanding of mechanisms that
regulate physiological apoptosis in thein vivo developing
brain, since disruption of this physiological process may
result in neurodevelopmental disorders. It is known from

work with knockout mice that blocking various steps in the
apoptotic cascade may cause severe migrational defects that
are incompatible with life [4–6]. In addition, knockout
experiments involving deletion of antiapoptotic genes cause
mice to display severe neurological deficits and, in many
cases, to diein uteroor during the neonatal period [7,8]. It
seems likely that for a full understanding of the many
developmental neuropathology syndromes that occur in hu-
mans, it will be necessary to take into consideration both
genetically determined disturbances and environmental fac-
tors that can influence the physiological cell death process.
Consistent with this assumption, we have demonstrated
recently that transient interference in the action of certain
neurotransmitters during a critical stage in development, a
stage in which trillions of synaptic connections are being
formed, can trigger apoptotic degeneration of millions of
neurons that otherwise would not have been deleted from
the developing brain [9,10]. Here we will review evidence
pertaining to this newly discovered mechanism and will dis-
cuss its relevance to human neurodevelopmental syndromes.
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2. Distinguishing apoptosis from other cell death
processes

Wyllie and colleagues [8,11] proposed that all cell death
processes can be classified as either apoptosis or necrosis,
and much confusion has arisen as other researchers have
attempted to grapple with this “either/or” classification sys-
tem. The confusion is particularly great among neurobiolo-
gists because excitotoxicity, a cell death process to which
most if not all CNS neurons are vulnerable, does not fit the
Wyllie et al. definition of either apoptosis or necrosis. One
source of confusion is that both apoptosis and excitotoxicity
are processes that can lead to cell death, whereas necrosis
refers to the state of being dead and to changes that occur
after death. For this reason, we have proposed that neuro-
biologists should adopt a new frame of reference, one that is
based on a more meaningful and intelligible dichotomy—
“apoptotic versus excitotoxic” processes that can lead to cell
death (necrosis). Another major source of confusion in this
field stems from the widespread practice of relying on DNA
fragmentation assays (gel electrophoresis “laddering” test,
or TUNEL staining) to distinguish apoptosis from other cell
death processes. As we and others have shown [1,8,11–15],
it is treacherous to rely on such tests because they are not
specific for apoptosis. Using both DNA fragmentation anal-
ysis and electron microscopy, we recently conducted a side-
by-side comparison of a prototypic excitotoxic process,
glutamate-induced neuronal death in the infant rat hypothal-
amus, and a prototypic apoptotic process, physiological cell
death in the developing rodent brain [1]. We found that
ultrastructurally the type and sequence of changes charac-
terizing these two cell death processes are fundamentally
very different, but DNA fragmentation tests did not distin-
guish between the two processes and were positive for both
phenomena. Similar results were reported from several
other laboratories. Thus, before concluding that a cell death
process is apoptotic, we consider it important to subject the
process to a detailed electron microscopic analysis.

3. Induction by NMDA antagonists of apoptotic
neurodegeneration in the developing brain

Glutamate, acting at NMDA receptors, has trophic func-
tions in the developing brain. Glutamate promotes prolifer-
ation and migration of neuronal progenitors and influences
synaptic plasticity [16,17]. During the brain growth spurt
period [18], NMDA receptors undergo a period of hyper-
sensitivity that renders neurons bearing NMDA receptors
exceedingly sensitive to excitotoxic degeneration [19,20].
During that exact same developmental period, which in the
rat extends from late fetal life to about 2 weeks after birth,
blockade of NMDA receptors for a period of hours triggers
widespread apoptotic neurodegeneration in the brain [9].

This phenomenon was discovered while studying aspects
of traumatic injury to the developing brain using a model of

concussive head trauma in infant rats [21,22]. A concussive
force applied to the skull overlying the parietal cortex of
7-day-old rats caused a small excitotoxic lesion at the im-
pact site and a profound disseminated apoptotic response at
distant sites that occurred in a delayed fashion. Administra-
tion of the NMDA antagonist dizocilpine (MK801) prior to
concussive injury protected against the acute excitotoxic
lesion at the impact site [21], but markedly enhanced the
magnitude of the disseminated apoptotic response to trauma
[22]. This finding raised the question of whether NMDA
antagonists might promote physiological apoptosis, which
occurs naturally in the developing brain. Indeed, we found
that the NMDA antagonist MK801 when administered to
7-day-old infant rats triggers a massive apoptotic neurode-
generative response affecting many neurons in several ma-
jor regions of the developing brain, as did the NMDA
antagonists phencyclidine (PCP), ketamine (Fig. 1), and
3-((6)-2-carboxypiperazin-4-yl)propyl-1-phosphonate(CPP)
[9]. The time window of vulnerability to the neurotoxic
effect of NMDA antagonists coincides with the period of
synaptogenesis, which in the human spans the last 3 months
of pregnancy and extends into the third year of life [18].
Different brain regions display different age-dependency
profiles to the proapoptotic effect of NMDA receptor block-
ade, leading to different patterns of neuronal loss depending
on the time of exposure [9]. Hence, depending on timing,
this neurodevelopmental mechanism has the potential to
produce a variety of neurological and behavioral deficits.

Given the fact that drugs of abuse, such as PCP, ket-
amine (Special K), and ethanol, as well as anesthetics (ket-
amine, nitrous oxide) used in pediatric medicine, block
NMDA receptors, the question arises as to whether and
under what circumstances such compounds may damage the
human fetal, neonatal, and infant brain.

4. Induction by GABAergic agents of apoptotic
neurodegeneration in the developing brain

In an attempt to study other possible mechanisms that
regulate neuronal survival during brain development, we
examined whether interference in the action of several other
neurotransmitter systems might trigger apoptotic neurode-
generation. We found no appreciable apoptotic response to
dopamine receptor agonists or antagonists,a-amino-3-hy-
droxy-5-methyl-4-isoxazole-propionate (AMPA)/kainate
receptor antagonists, muscarinic cholinergic receptor antag-
onists, or blockers of voltage dependent calcium channels,
but we did detect a striking apoptotic response to agents that
act as agonists at GABAA receptors [10]. The benzodiaz-
epines diazepam and clonazepam, and the barbiturates phe-
nobarbital and pentobarbital, in a dose-dependent manner,
triggered widespread apoptotic cell death in the infant rat
brain. The distribution pattern of degeneration was similar
for each GABAergic agent and differed in several respects
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from that induced by NMDA antagonists. Similar to the
proapoptotic effect of NMDA antagonists, an apoptotic re-
sponse to benzodiazepines and barbiturates could only be
elicited during the brain growth spurt period in rats. Like the
reaction to NMDA antagonists, vulnerability of different
brain regions to GABAmimetics also changed with age,
again raising the possibility that, depending upon the time of
exposure to these agents, different patterns of neurodegen-
eration and potentially different neurobehavioral distur-
bances might occur.

5. Induction by ethanol of apoptotic
neurodegeneration in the developing brain

Ethanol is, and has been for thousands of years, the most
widely abused drug in the world. In the 1970s it was rec-
ognized thatin utero ethanol exposure of the human fetus
can result in a neurodevelopmental syndrome called fetal
alcohol syndrome (FAS) or fetal alcohol effects (FAE)
[23,24]. FAS is characterized by craniofacial anomalies,
microcephaly, and mental retardation. FAS constitutes the
more severe form of impairment due to intrauterine expo-
sure to ethanol, whereas less severe cases, especially those
primarily limited to neurobehavioral disturbances, are re-
ferred to as FAE [23–26].

The pathophysiology of the neurotoxic effects of ethanol
remained unclear for decades. Evidence that ethanol has

NMDA antagonist- [27–30] and GABAA-agonist properties
prompted us to evaluate its ability to mimic the proapoptotic
effects of other NMDA antagonists and GABAA agonists.
Administration of ethanol to 7-day-old infant rats triggered
a very robust neurodegenerative response (Figs. 1 and 2)
[10]. Maintaining blood ethanol concentrations at or above
200 mg/dL for 4 consecutive hr during the brain growth
spurt period was required to trigger substantial neurodegen-
eration, and if ethanol concentrations remained above 200
mg/dL for more than 4 hr, the degenerative response be-
came progressively more severe and more widespread in
proportion to how long the concentrations remained above
this level. Evaluation of the ethanol-induced degenerative
response by electron microscopy revealed that it conforms
to the criteria for apoptotic cell death [10].

Interestingly, superimposing the neurodegeneration pat-
terns that resulted from treating infant rats with NMDA
antagonists and GABAA agonists resulted in the neurode-
generation pattern caused by ethanol [10].

6. Neurotransmitters, apoptosis, and the developing
human brain

Transient exposure of the mammalian brain to ethanol
during the synaptogenesis period causes the death of mil-
lions of neurons. This finding provides a likely explanation
for the reduced brain mass and neurobehavioral distur-

Fig. 1. Low magnification (325) light microscopic overviews of silver-stained transverse sections from the thalamus of 8-day-old rats treated 24 hr previously
with saline, phencyclidine (PCP), ethanol, or ketamine. Degenerating neurons (small dark dots) are abundantly present in several brain regions following PCP,
ethanol, or ketamine but are only sparsely present following saline treatment. Note that PCP and ketamine both affect neurons in laterodorsal and ventral
nuclei of the thalamus (LD, AV, AM), whereas the ethanol pattern also involves mediodorsal and ventromedial thalamic nuclei (AD, MD, CL, PVT, CM,
IAM, Rh, Re). Abbreviations: laterodorsal (LD), anterodorsal (AD), anteroventral (AV), mediodorsal (MD), anteromedial (AM), paraventricular (PVT),
central lateral (CL), central medial (CM), interanteriomedial (IAM), rhomboid (Rh), and reuniens (Re) thalamic nuclei. The ethanol pattern includes all nuclei,
as would be expected if it acts by a combined action involving blockade of NMDA receptors plus activation of GABAA receptors [10].
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bances associated with the human FAE/FAS, in that the
human synaptogenesis/brain growth spurt period includes
the last 3 months of gestation [18]. The blood ethanol levels
required to trigger apoptotic neurodegeneration in the im-
mature rat brain (200 mg/dL lasting 4 hr or more) are in the
range that a human fetus might be exposed to by maternal
ingestion of a moderate to heavy dose of ethanol. Especially
noteworthy is the fact that it only requires a single intoxi-
cation episode for the fetal brain damage to occur.

Ethanol provides a prime example of an agent that, by
interfering with neurotransmitter systems, can quietly delete
large numbers of neurons from the developing brain and
give rise to neurobehavioral and psychiatric disturbances
that may become manifest at various ages from infancy to
adulthood. Since different neuronal populations in the fetal
brain have different temporal patterns for responding to the
apoptosis-inducing effects of ethanol, different combina-
tions of neuronal groups will be deleted depending on the
time of exposure, which explains why fetal ethanol expo-
sure gives rise to a wide spectrum of neuropsychiatric dis-
turbances [31]. Hyperactivity/attention deficit disorder, learn-
ing disabilities, and mental retardation have been associated
with the FAS/FAE, as have adult-onset psychiatric problems,
including psychosis and major depressive disorders [31].

NMDA antagonists and GABAA agonists are used as
sedatives, anesthetics, tranquilizers, and anticonvulsants in
obstetric and pediatric medicine [32]. In recent work we
performed to determine apoptogenic threshold doses of bar-
biturates and benzodiazepines, we found that anticonvulsant
doses are sufficient to trigger an apoptotic response in the
developing rat brain [33]. Thus, long-term treatment of
epileptic women with barbiturates and benzodiazepines late

in pregnancy or children in the first years of life may entail
the risk of deleting immature neurons by apoptosis. This
mechanism can explain reduced head circumference and
cognitive impairment in children of women with epilepsy
and in humans who received treatment with phenobarbital
during their first years of life [34,35].

In the context of pediatric anesthesia, combinations of
NMDA antagonists (ketamine, nitrous oxide) and GABAA

agonists (propofol, isoflurane, benzodiazepines, barbitu-
rates) are used for prolonged periods at doses that impair
consciousness, and thus produce a degree of intoxication
comparable to that associated with prolonged high blood
levels of ethanol. Further studies will be necessary to de-
termine to what extent established anesthetic practices may
pose significant risk to the developing human brain.

7. Conclusions

In recent pharmacological studies, we have shown that
the blockade of NMDA glutamate receptors or excessive
activation of GABAA receptors during synaptogenesis trig-
gers widespread apoptotic neurodegeneration in the devel-
oping rodent brain. Our findings have clinical significance
in that the brain growth spurt in humans extends from the
sixth month of gestation to three years after birth, and
during this period immature humans are sometimes exposed
to drugs that block NMDA receptors and/or are excessively
active GABAA receptors. For example, drugs in both of
these classes are sometimes abused by pregnant mothers,
and are routinely used as sedatives, anticonvulsants, or
anesthetics in obstetrical and pediatric medicine. Ethanol,
because it has both NMDA antagonist and GABAmimetic
properties, is particularly effective in triggering this type of
neurodegenerative reaction, and this provides a likely ex-
planation for the reduced brain mass and lifelong neurobe-
havioral disturbances resulting from intrauterine exposure
of the human fetus to ethanol. Research is needed to explore
the possibility that use of apoptogenic drugs in obstetrical
and pediatric medicine can cause alcohol-like effects that
have heretofore escaped detection or have been ascribed to
unknown causes.
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