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Abstract
West syndrome (WS) is associated with diverse etiological factors. This fact has suggested that
there must be a ‘final common pathway’ for these etiologies, which operates on the immature
brain to result in WS only at the maturational state present during infancy. Any theory for the
pathogenesis of WS has to account for the unique features of this disorder. For example, how can
a single entity have so many etiologies? Why does WS arise only in infancy, even when a known
insult had occurred prenatally, and why does it disappear? Why is WS associated with lasting
cognitive dysfunction? And, importantly, why do these seizures – unlike most others – respond to
treatment by a hormone, ACTH? The established hormonal role of ACTH in human physiology is
to function in the neuroendocrine cascade of the responses to all stressful stimuli, including insults
to the brain. As part of this function, ACTH is known to suppress the production of corticotropin
releasing hormone (CRH), a peptide that is produced in response to diverse insults and stressors.

The many etiologies of WS all lead to activation of the stress response, including increased
production and secretion of the stress-neurohormone CRH. CRH has been shown, in infant animal
models, to cause severe seizures and death of neurons in areas involved with learning and
memory. These effects of CRH are restricted to the infancy period because the receptors for CRH,
which mediate its action on neurons, are most abundant during this developmental period. ACTH
administration is known to inhibit production and release of CRH via a negative feedback
mechanism. Therefore, the efficacy of ACTH for WS may depend on its ability to decrease the
levels of the seizure-promoting stress-neurohormone CRH.

This CRH-excess theory for the pathophysiology of WS is consistent not only with the profile of
ACTH effects, but also with the many different ‘causes’ of WS, with the abnormal ACTH levels
in the cerebrospinal fluid of affected infants and with the spontaneous disappearance of the
seizures. Furthermore, if CRH is responsible for the seizures, and CRH-mediated neuronal injury
contributes to the worsened cognitive outcome of individuals with WS, then drugs which block the
actions of CRH on its receptors may provide a better therapy for this disorder.
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1. Introduction
West syndrome (WS) is an age-specific disorder of brain excitability, with diverse genetic,
teratogenic, perinatal and postnatally acquired etiological factors. Indeed, the characteristic
aspects of this disorder, which help to distinguish it from most other epilepsies are: (1) the
large number and variability of the predisposing factors, and (2) the fact that regardless of
the time of onset of the provoking etiology (i.e. conception, intrauterine, prenatal, perinatal
or postnatal), WS commence at a distinct developmental age (usually during the third to
seventh postnatal month). These observations have led to the notion that there must be a
‘final common pathway’ for the etiologies, leading to WS; in addition, this final common
pathway must be operative only during the state of brain maturation that occurs during
infancy.

Theories for the mechanisms of the development of WS have included those invoking
abnormal immune function, brainstem dysfunction [1], developmental arrest [2] and cortical
microdysplasia [3,4]. Availability of new imaging modalities has revealed many more WS
infants with brain malformations, but dysgenesis has also been described in autopsied brains
of normal individuals [5]. Indeed, the majority of infants with symptomatic WS have
etiologies that do not involve cortical dysplasias or other structural anomalies, such as
infections, asphyxia or metabolic and chromosomal/genetic abnormalities.

Pathogenetic theories for WS must account for most, if not all, of the unique features of this
disorder. For example, how can a single entity have so many etiologies? Why does WS arise
only in infancy, even when the known provoking insult had occurred prenatally? Why does
WS disappear upon further brain maturation? Why is WS associated with lasting cognitive
dysfunction, and why do these seizures – unlike most others – respond to high doses of
ACTH (in 86–88% of cases [6]).

2. Response to hormones as a clue to the pathophysiology of WS
The distinctive efficacy of ACTH for this seizure disorder has been a focus of intense
speculation vis a vis the potential mechanisms of action of this hormone. It has commonly
been considered that understanding the mechanisms of ACTH efficacy for WS may provide
critical clues to the understanding of WS itself. For example, ACTH may accelerate central
nervous system (CNS) myelination and dendritic formation, and thus may shorten a
hypothetical period of vulnerability to WS [2]. ACTH may also act as a direct
anticonvulsant, via GABAergic or other mechanisms [7]. However, it is the hormonal
actions of ACTH (as opposed to other potential effects) that have been shown to be
necessary for efficacy, since analogs of ACTH without hormonal effects were not helpful
for WS [8,9]. In addition, the profile of pharmacokinetic actions of ACTH has been quite
atypical for a straightforward anticonvulsant: response has typically been rapid (median
response time was 2 days in a controlled study [6]); the response has been ‘all-or-none’,
with complete suppression of all spasms, and often the response to ACTH has been
permanent, even upon withdrawal of the hormone. All these are not consistent with
conventional anticonvulsant properties [1,6,10,11].

3. The many etiologies of WS do involve final common pathways which
include ACTH and steroid hormones

WS, at least the symptomatic cases, occur in the context of an insulted and stressed
developing brain [10]. The many etiologies of WS all lead to activation of the stress
response, including the stress-neurohormone corticotropin releasing hormone (CRH). CRH
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has been shown, in infant animal models, to cause severe seizures and death of neurons in
areas involved with learning and memory [12,13]. These effects of CRH are largely
restricted to the infancy period because the receptors for CRH, which mediate its actions on
neurons, are most abundant during this developmental period [14,15]. The mechanisms by
which CRH increases excitability of limbic neurons have been examined in vitro e.g.
[16,17], and involve a suppression of after-hyperpolarization and a potentiation of
glutamatergic neurotransmission. Thus, the possibility that WS results from ‘excessive’
levels of CRH in limbic synapses, which are a result of activation of the production and
secretion of CRH as part of the CNS stress-response to the etiologies of WS has been
suggested [10,11,15].

4. Infants with WS have abnormal ACTH and steroid hormone
cerebrospinal fluid (CSF) levels

Data from human infants with WS support a disruption of the CRH-ACTH stress cascade in
the brains of these infants. High brain CRH levels are expected to reduce CSF levels of
ACTH and of steroids. This is due to the fact that chronic activation of CRH receptors by
CRH leads to their desensitization [18], which decreases ACTH release. Indeed, several
groups have independently reported reduced ACTH levels in CSF of WS patients, compared
with age matched controls [19–22]. These data are consistent with enhanced levels of
endogenous CRH in brains of infants with WS. As will be discussed below, increased CRH
levels at brain synapses, particularly in hippocampus and amygdala, should promote
increased excitability, potentially leading to the chronically abnormal neuronal activity
(hypsarrhythmia) and to the clinical spasms characteristic of WS.

5. Excess CRH provokes limbic seizures involving amygdala and
hippocampus

Studies of mechanisms of WS in human infants are confounded by the inability to directly
study brains of infants who are experiencing WS. Autopsied brains may reflect also the
pathology of the underlying provoking etiology. In addition, tools for functional evaluation
of the processes causing WS or those involved in the abnormal electroencephalogram (EEG)
or the spasms, are limited. Therefore, attempts have been made to use immature animals to
model this disorder. To test the possibility that excess CRH (endogenously produced by
stressful insults to the brain) increases excitability and may lead to seizures, the immature rat
was used [12,15]. CRH is chemically identical in rat and human, and the regulation of and
receptors for the peptide are exceptionally similar. In addition, much is known about the
distribution and regulation of CRH in the infant rat [23–27] particularly in response to
stressful insults. It should be noted that correlation of the state of brain maturation of human
infants and neonatal rats can only be estimated [28], but in general, the first 2 postnatal
weeks in the rat approximate the neonatal and infancy period in the immature human.

In an immature rat, particularly during the stage of brain development that is comparable to
that of human infants, administration of minute amounts of CRH directly into the CSF
causes prolonged and severe seizures [12,15,29]. These seizures involve activation of CRH
receptors in amygdala and hippocampus. Therefore, it is reasonable to assume that increased
levels of endogenous CRH in amygdala and hippocampus would also increase excitability in
the amygdala–hippocampal limbic circuit. Interestingly, CRH is highly expressed in both
immature and adult central nucleus of the amygdala [30,25]. Recently, robust expression of
CRH in hippocampal neurons of the immature rat has been demonstrated as well [23,24],
although levels of CRH in mature hippocampus are rather low [31]. In addition, recurrent
stress has been shown to increase CRH levels in the amygdala of the infant rat [25], and
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some stresses also increase CRH expression in immature hippocampus [27]. Therefore, the
following scenario is proposed: The many etiologies of WS share the common characteristic
of being ‘stressful’ to the immature brain, in the sense of activating the intrinsic stress-
response. While stress does not increase CRH synthesis in the neonate [26], CRH levels in
amygdala, and potentially in hippocampus, would be enhanced in the infant. This would
lead to excess activation of CRH receptors, which are particularly abundant during infancy
in amygdala and hippocampus (see above), and to hyperexcitability and seizures. Drastic
reduction in the abundance of CRH receptors, occurring with maturation, would be
responsible for the reduction in this peptide-mediated hyperexcitability later in life [15].

6. The hormonal effects of ACTH – acting via adrenal steroids – modulate
excitability via altering CRH expression

Earlier studies have focused on the hormonal action of ACTH, specifically its induction of
steroid release, as the key mechanism of its efficacy for WS. This view was supported by
several facts. First, steroids by themselves are effective in a significant portion of infants
with WS. In addition, ACTH fragments that did not release steroids were not effective for
WS. (It is now known, however, that these fragments also do not activate the ACTH/
melanocortin receptors in the brain, see below.) While the full spectrum of the mechanisms
of action of steroids in ameliorating WS is unknown (see for example, Refs. [32,33]), these
hormones reduce CRH expression in some brain regions, notably in brainstem [34], a region
suspected to be involved in WS [1]. However, steroids do not reduce CRH levels in limbic
regions such as amygdala and hippocampus.

7. ACTH may also act directly, independent of steroids, to modulate
excitability by suppressing the production of CRH in limbic regions

The possibility that ACTH would act directly on CNS neurons is supported by the fact that
ACTH is found in the brain (in addition to its well-known presence, in large quantities, in
the anterior pituitary). For example, neurons containing ACTH have been localized to a
number of CNS regions, particularly the hypothalamus, and ACTH-immunoreactive cell
bodies or fibers have also been described in amygdala, cerebral cortex, brainstem and
cerebellum [35]. In contrast to pituitary ACTH, the functions of CNS–ACTH have not been
well defined. Evidence from both human and animal studies has suggested that CNS–ACTH
may function as a neurotransmitter or neuromodulator [36,37]. Indeed, central physiological
roles for ACTH, including modulation of learning and memory processes and facilitation of
arousal states have been suggested, but the mechanisms for these actions of ACTH have
remained unclear [36,37]. Recently, the ‘cellular machinery’ through which ACTH may
directly influence neurons has been uncovered: specific and novel receptors, the
melanocortin receptor family consisting of several members have been shown to bind
ACTH [38,39].

In specific brain regions, such as the excitable, seizure-prone amygdala, ACTH and CRH
are found in close proximity. For example, ACTH-immunoreactive fibers have been
demonstrated in the central nucleus of the amygdala, a major location of CRH-expressing
neurons. This is consistent with interactions between the ACTH- and CRH-expressing
neuronal systems [40,18,41]. As mentioned above, CRH production in the central nucleus is
activated when diverse stressors or brain insults induce the neuroendocrine stress cascade. In
view of these facts, the possibility that ACTH may act to suppress stress-induced CRH
expression in the central nucleus of the amygdala, and the resulting reduced excitability
[12,6] has been suggested. This process may apply not only to the rat model, but may
provide a potential mechanism for the efficacy of ACTH in WS.
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8. Evidence for direct effects of ACTH to suppress CRH production in the
amygdala

Using infant rats, ACTH, in the form and doses (80 IU/kg) typically used for therapy of WS
in the United States (ACTHARGEL, Rhone-Poulenc Rorer, Collegeville, PA), was
administered into the peritoneal cavity. These high doses were used not only because of
results of clinical trials [6,42], but also because of the known limited blood brain barrier
penetration of this hormone [43,44]. The effects of ACTH in the presence and in the absence
of endogenous steroids, and with blockade of steroid or ACTH/melanocortin receptors on
the levels of CRH expression in the amygdala were examined in infant rats. In addition,
ACTH4–10, an analog that binds melanocortin receptors but does not induce steroid secretion
from the adrenal, was also tested, and infused directly into the cerebral ventricles [45].
Additional experiments blocked steroid receptors using RU 38486 to distinguish direct
action of ACTH from those related to ACTH-induced steroid secretion. Finally,
melanocortin receptors were blocked using a specific antagonist (SHU9119, courtesy Dr K.
Yagaloff, Roche).

In essence, administration of ACTH down-regulated CRH expression in the central nucleus
significantly [45]. Steroids were not required for the ACTH-induced down-regulation of
CRH expression because it occurred also in the absence of endogenous steroids: in
adrenalectomized rats –as in intact littermates – ACTH resulted in a significant suppression
of CRH expression. It should be noted that adrenalectomy – eliminating steroids and the
consequent negative feedback on ACTH secretion – resulted in high levels of intrinsic,
endogenous ACTH (Fig. 1). These ACTH levels, by themselves, were sufficient to
significantly suppress CRH expression. The effect of ACTH on CRH expression in
amygdala was central: similar to systemically administered ACTH, the analog ACTH4–10
infused into the CSF resulted in a significant down-regulation of CRH expression, despite
the fact that doses of the ACTH4–10 was relatively small and was therefore unlikely to reach
the adrenal when given centrally. In addition, this ACTH analog does not stimulate
corticosterone secretion from the adrenal and did not raise plasma steroid levels in the
experiments described here. Therefore, it is most likely that ACTH4–10 and ACTH itself
reduce CRH expression in amygdala via a central, rather than a steroid-mediated peripheral
mechanism.

Indeed, blocking melanocortin receptors demonstrated that their occupancy and activation
was required for the action of ACTH on amygdala. In contrast, when RU 38486, a
glucocorticoid receptor blocker was given to intact animals together with ACTH, it failed to
block the effects of ACTH administration on CRH expression in amygdala. These data
indicate that activation of melanocortin receptors, but not of glucocorticoid receptors, is
required for the actions of ACTH on CRH expression in the central nucleus of the amygdala.

9. What is the relevance of experimental approaches to the treatment of
WS?

ACTH, particularly in high doses, has been shown to provide efficacy for WS (86–88%),
that is greater than that of steroids. Indeed, controlled prospective and blinded studies
demonstrated a clear superiority of high doses of ACTH over steroids [6,46]. These clinical
data raise several issues: first, if ACTH acts via steroids, then maximal doses of both agents
should have similar effects; second, once doses of ACTH that suffice to maximally release
endogenous steroids are used, then higher doses should not have additional benefits. The
enhanced potency of ACTH compared with steroids, and the superiority of extremely high
doses of ACTH compared with lower ones, are consistent with direct, steroid-independent
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actions of ACTH within the CNS. The studies described here demonstrate direct actions of
systemically or centrally administered ACTH on the brain that are independent of adrenal
steroids. They also suggest that ACTH-induced reduction of CRH expression in amygdala
may provide a mechanism for the efficacy of ACTH in WS.

These studies also help explain the clinical finding by many authors that very high doses of
the gel-form of ACTH are superior to lower doses. In contrast, the Japanese and European
formulations may act at much lower doses. The native ACTH penetrates the blood–brain
barrier poorly, and a depot form may do so even worse. If the action of ACTH require that
the hormone reach and interact the brain cells, then very high doses may be required, so that
the 0.1–1% penetration rate will still lead to clinical effects [43,44].

10. The direct actions of ACTH on neurons suggest new medications for
treating WS

The effects of ACTH on amygdala neurons involved activation of specific melanocortin
receptors. Melanocortin receptors, a family of transmembrane G-protein coupled receptors,
have been found in diverse brain regions, particularly those associated with effects of
ACTH. For example, in substantia nigra they may mediate ACTH-induced grooming,
whereas in amygdala they may be involved in the effects of ACTH on learning and memory.
The data reviewed in this chapter demonstrate that ACTH may activate melanocortin
receptors to reduce the production of a pro-convulsant compound (CRH). This may suggest
that other molecules that activate these receptors may be useful as anticonvulsants for WS
and other ACTH-responsive epilepsies.

Interestingly, the (4–10) fragment of ACTH that does not release adrenal steroids also led to
the depression of CRH expression. Earlier clinical studies have shown that shorter fragments
(4–9) ACTH that failed to release adrenal steroids were not helpful for WS [8,9]. Currently
available information explains this apparent discrepancy: new information about the binding
of ACTH fragments to melanocortin receptors shows that while the 4–10 fragment used here
activates these receptors, the 4–9 fragment does not [39,47]. Again, these data are consistent
with activation of melanocortin receptors as the mechanism for the observed effects of
ACTH on amygdala neurons.

11. Conclusions
WS is a disorder with innumerable etiologies, all of which seem to act as insults activating
the intrinsic responses of the developing brain to stress. These responses include increased
production and secretion of a highly excitatory peptide, CRH. ACTH acts to reduce CRH
expression in different brain regions via two mechanisms: the first is the ‘conventional’
activation of steroid release, and the second involves direct actions on neurons, by activation
of melanocortin receptors, leading to decreased production of the pro-convulsant peptide
CRH.

Importantly, the data reviewed here point out potential new therapeutic agents for WS which
either activate melanocortin receptors or block the seizure-promoting action of CRH.
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Fig. 1.
The neuroendocrine (A) and limbic (B), stress-activated CRH–ACTH-steroid loops. (A)
Stress-conveying signals rapidly activate CRH-expressing neurons of the central nucleus of
the amygdala (ACe). Rapid CRH release in the ACe activates CRH-expression in the
hypothalamic paraventricular nucleus (PVN) to secrete CRH into the hypothalamo-pituitary
portal system, inducing ACTH and glucocorticoid (steroid) secretion from the pituitary and
adrenal, respectively. Steroids exert a negative feedback on the production of CRH in the
hypothalamus (directly and via the hippocampus), yet activate CRH gene expression in the
amygdala, potentially promoting further CRH release and seizure-promoting actions in this
region. (B) CRH-expressing GABAergic interneurons (dark cells) in the principal cell layers
of the hippocampal CA1, CA3 and the dentate gyrus (DG) are positioned to control
excitability of the pyramidal and granule cells, respectively. These neurons may be
influenced by stress-evoked release of CRH from the ACe, via connections in the entorhinal
cortex. For both panels, thick and thin arrows denote established or putative potentiating and
inhibitory actions, respectively. Arrows do not imply mono-synaptic connections. (Modified
and published with permission, from Baram and Hatalski [15]).

Brunson et al. Page 10

Brain Dev. Author manuscript; available in PMC 2011 June 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript




