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US troops under threat of chemical warfare
don gas masks and chemical suits during
the 1991 Gulf War.

leagues® when they discovered a threefold
increase in the frequency of central nervous
system symptoms (headaches, insomnia,
drowsiness, nervousness, unfocused atten-
tion, and impaired capacity to conduct sim-
ple calculations) following pyridostigmine
ingestion by 213 Israeli soldiers treated dur-
ing the Persian Gulf War! A report in this
issue of Nature Medicine by Friedman et al.®
follows up on this intriguing observation.
The authors used a simulated stress situa-
tion in mice (the forced-swim protocol) to
explore whether the phenomenon noted in
Israeli troops might be related to increased
penetration of pyridostigmine into the
brain under conditions of increased stress
(such as occur in war). They found that in
stressed mice the peripherally administered
dose of pyridostigmine necessary to inhibit
brain acetylcholinesterase by 50% was
1/100th that required in nonstressed mice.
Brain levels of ¢-fos oncogene and of acetyl-
cholinesterase mRNA were also increased
under the stress conditions. (There is a c-fos
binding site in the mammalian acetyl-
cholinesterase promoter). In addition,
Friedman and colleagues analyzed pyri-
dostigmine’s effects on 35 normal, healthy
volunteers during peacetime in a double-
blind study. They report that in the peace-
time group documented symptoms were
restricted to perturbations of the peripheral
nervous system (diarrhea, excess sweating,
increased salivation). By contrast, predom-
inantly central nervous system symptoms
were reported by the Israeli soldiers receiv-
ing pyridostigmine pretreatment during
wartime. These studies demonstrate a sig-
nificant correlation between stress and pyri-
dostigmine-induced effects in the central
nervous system suggesting that, in troops
exposed to emotional stress under con-
ditions of war, the BBB may have unex-
pectedly become more permeable to
administered pyridostigmine.
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The concept of stress-induced alter-
ations in BBB permeability has been stud-
ied previously in several different animal
models. Acute immobilization stress in
rats*’, cold or isolation exposure in mice®,
and exposure of rats to conditions of acute
as well as chronic summer heat®, all re-
sulted in increased penetration of the BBB
by drugs, neurotransmitters and viruses
that are normally excluded. Conceivably,
the increased BBB penetration by pyri-
dostigmine in soldiers serving in the Gulf
War may have been further exacerbated
by the hot weather conditions in that ge-
ographic area.

Irrespective of what may have been the
cause of this phenomenon, the paper by
Friedman and co-workers brings to light
an important phenomenon which, to
date, may not have been given the atten-
tion that it deserves. Specifically, their
findings and those of other reports indi-
cate that we must look at the BBB from a
different perspective than the classical
textbook view, which teaches that the BBB
is a very effective barrier to penetration of
undesirable molecules into the brain. This
may certainly be the case under normal
conditions but during stress, this premise
appears to fall apart. A better understand-
ing and awareness of this important phe-
nomenon is essential for designing
appropriate pharmacotherapy for use dur-
ing war and peace.
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Hedgehogs in the clinic

Components of the hedgehog signaling pathways play key roles
during embryonic development and in several human diseases.

The importance of cell-
cell interactions in reg-
ulating vertebrate de-
velopment has been
understood for many years. However, it
is only relatively recently that the prin-
cipal players have been identified.
Prominent among these is the hedgehog
(HH) family of signaling peptides first
identified in pioneering genetic screens
in the fruit fly, Drosophila'.

Mammals have three hedgehog genes,
Sonic (Shh), Indian (Ihh) and Desert (Dhh)
Hedgehog’. For the most part these are ex-
pressed in non-overlapping patterns in a
wide variety of tissues. Thus, the expecta-
tion has been that HH signaling is likely to
play an important role in many distinct
developmental processes. This expectation
is borne out by recent reports from a num-
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“ ber of groups*®. More-
over, there is the first,
and probably not the
last, direct association of
a HH mutant, SHH, with a particular clin-
ical disease in humans®’. Finally, genetic
and biochemical dissection of HH signal-
ing is starting to shed light on its unex-
pected relationship with cholesterol
metabolism and cancer® ™.

Of the three mammalian HHs, Sonic
hedgehog has occupied center stage. In the
early mouse embryo and equivalent stages
for all other vertebrates thus far examined,
Shh is expressed in a major organizing cen-
ter, the notochord, a rod of mesoderm that
lies underneath the neural plate and ex-
tends along most the length of the body
axis", Removal of the embryonic notochord
leads not only to the loss of ventral struc-
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tures in the overlying central nervous sys-
tem (CNS), but also to loss of the axial skele-
ton and muscles, both of which arise from
paired blocks of paraxial mesoderm, the
somites, lying on either side of the neural
tube®. These studies, and a variety of in vitro
reconstitution experiments, indicate that
notochordally derived signals are responsi-
ble for short- and long-range induction of a
variety of distinct derivatives within the
CNS and somites™.

SHH is both necessary and sufficient for
the induction of floorplate and motor neu-
rons in spinal cord explants in vitro™. Like
the notochord, the floorplate expresses
Shh, and is thought, together with the no-
tochord, to participate in the induction of
adjacent ventro-lateral areas of the CNS,
inducing motor neurons in the spinal
cord, dopaminergic neurons in the mid-
brain and cholinergic neurons in the fore-
brain. As well as inducing motor neuron
activity, Shh mimics the activity of the
floorplate in dopaminergic™ and choliner-
gic neuron™ inductions. SHH is also able to
induce vertebral precursors (sclerotome)™
and together with another family of sig-
nals, the Wnts, contributes to the develop-
ment of muscle precursors (myotome)" in
presomitic mesoderm. Thus, patterning of
a major part of the vertebrate body plan by
these two organizing centers, the noto-
chord and floorplate, is mediated by Shh
signaling.

Further support for this argument
comes from a recent paper in Nature de-
scribing Shh mutants generated by gene
targeting in mice®. Such mutants, which
almost certainly lack any signaling activ-
ity, survive to term, but not surprisingly,
die shortly thereafter. The most distinctive
superficial feature is absence of nasal struc-
tures and cyclopia resulting from the loss
of ventral midline structures in the brain.
In the spinal cord, despite the presence of
the notochord, no floorplate or motor
neuron induction is observed. These re-
sults confirm that Skk signaling plays a
major role in organizing the ventral mid-
line along the length of the CNS, from
forebrain to spinal cord, although it is un-
clear to what extent different classes of
ventral neurons are affected in the brain.
It is surprising that in the somites, my-
otomal and sclerotomal cell types are not
totally absent, only reduced, indicating
the involvement of other midline signals
in addition to Shh.

The head phenotype observed in Shh
mutant mice is reminiscent of a human
condition, holoprosencephaly (HPE),
which is seen in 1 in 16,000 live births and
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Fig. 1 A model of HH signaling. Schematic diagram of a model based on several lines of

evidence to explain how the HH signal (SHH is used as an example) is transduced and
modulated. In the absence of the HH signal (a), the constitutive activity of SMO is inhib-
ited by PTC. Upon binding of SHH to PTC (b), the repression is relieved and the HH signal
is transduced through SMO to activate downstream targets. One of the targets of the HH
signal is ptc. Induction of ptc by HH may serve as a sink to terminate the HH signal to re-
strict its further diffusion to adjacent responsive cells (). (Arrows indicate activation and

bars indicate repression).

1 in 250 induced abortions'. HPE is also a
common outcome of teratogenic studies
using inhibitors of cholesterol metabo-
lism". Is there a connection?

Mapping of a number of families with
rare autosomal dominant forms of this
disorder has identified a number of can-
didate loci. Belloni ef al., reporting in the
November issue of Nature Genetics®, have
now mapped human SHH to chromo-
some 7q36, placing it close to one of the
candidate loci, HPE3 (ref. 18). Indeed,
they show that SHH maps within 15-250
kilobases of chromosomal rearrange-
ments associated with HPE, suggesting a
long-range influence on the regulation of
SHH expression’. In an accompanying
paper, Roessler and co-workers demon-
strate a clear role for SHH in HPE by iden-
tifying a number of point mutations
within the SHH gene associated with au-
tosomal dominant familial HPE (ref. 7).
However, in the mouse mutant, no dom-
inant phenotype has been reported. Why
then should there be a dominant pheno-
type in the human population? There are
several simple explanations. One is the
possible existence of modifiers in the ge-
netic background that might influence
the phenotype. This could be addressed in
the mouse studies by out-crossing the
Shh mutation onto random-bred back-
grounds. Alternatively, the human SHH
alleles might act as antimorphs, actually
interfering with signaling by the wild-
type protein. As alleles similar to those de-
scribed in the human studies behave as
true nulls in the fly, this would seem to be
unlikely"”. Finally, it may simply reflect
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different dosage requirements for differ-
ent species.

With respect to the occurrence of HPE
following treatment with inhibitors of
cholesterol biosynthesis, there may be a
connection relating to the unusual bio-
chemistry of SHH processing’. SHH is pro-
duced as a 46-kDa proform, which
undergoes an autocatalytic cleavage to
generate a 19-kDa signaling peptide". Pro-
cessing results in the covalent linkage of a
single molecule of cholesterol at the car-
boxy terminal end of this peptide. As a re-
sult the peptide is associated with the cell
surface. This is likely to be a critical factor
because SHH has been implicated in the
dose-dependent induction of different cell
types'*. Consequently, inhibition of cho-
lesterol biosynthesis might affect the pro-
cessing and/or localization of SHH,
thereby interfering with Shh signaling re-
sulting in HPE.

In addition to HPE, a human congeni-
tal polysyndactyly has also been mapped
to 7q36 (ref. 21). Shh signaling in the pos-
terior mesenchyme of the vertebrate limb
is associated with patterning of the digits,
and through a complex feedback loop,
with outgrowth of the limb bud®. Analy-
sis of Shh mutants in the mouse clearly
demonstrates that Shh is required for ex-
tension of the limb®. With the possibility
of long-range interactions affecting SHH
in HPE, it remains a possibility that simi-
lar long-range influences on SHH expres-
sion might underlie at least some forms
of human polysyndactyly. In addition,
the expression of Shh in many other
structures at critical periods in their de-
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velopment suggests that Shh signaling
may be a key regulator of organogenesis
in organs as diverse as the lung, tooth
and hair®”. Further studies in the mouse,
and increased clinical awareness in hu-
mans, will most likely produce evidence
in support of this prediction.

What of Dhh and Ihh? Analysis of Dhh
null mutants in the mouse’ indicates that
Dhh is not required in the female. In con-
trast, males without Dhh are perfectly vi-
able but infertile. Dhh is expressed in
Sertoli cells, the principal somatic support
cell for spermatogenesis, and in the ab-
sence of Dhh signaling, spermatogenesis
fails. Thus, understanding the role of Dhh
has clinical implications relating to infer-
tility and contraception. In contrast, Ihh is
expressed in cartilage and has been pro-
posed to regulate the morphogenesis of
skeletal elements through the regulation
of a second secreted protein, parathyroid
hormone-related peptide*. Further, the
bone morphogenetic proteins, originally
identified for their bone-inducing proper-
ties, are evolutionarily conserved targets of
HH signaling'’. Thus, it seems reasonable
o expect that studying the action of Ihh is
likely to shed light on cartilage and bone
development.

Up until recently our understanding of
how HH signaling is received and trans-
duced came from genetic studies in the
fly. These identified two cell-surface pro-
teins, patched (PTC) and smoothened
(SMO) that regulate HH signaling™. Con-
sequently, both are plausible candidates
for the HH receptor. Now a reasonable
model (see figure) as to how HH signaling
may work has been formulated by a syn-
thesis of genetic experiments in the fly (re-
ported in Cell'), and of biochemical
experiments with vertebrate PTC (ref. 12,
13) and SMO (ref. 12) (published in a pair
of papers in Nature). SMO, which shares
similarity with seven-transmembrane G-
coupled receptors, is required to transduce
HH signal. In all likelihood it is constitu-
tively active but activity is normally
blocked by PTC (xef. 25), a 12-transmem-
brane protein with a topology similar to
that of ion channels or transporters. A low
level of PTC keeps SMO switched off in the
absence of an HH signal. And, as would be
predicted, loss of PTC leads to HH-inde-
pendent activation of HH targets. Upon
binding of SHH (and presumably other
HH members in mammals because there
appears to be only a single Pic gene) to ver-
tebrate PTC, repression of SMO by PTC is
relieved and a signal is transduced
through SMO. In support of this model,
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genetic studies in the fly indicate that Hh
most likely interacts with Ptc but requires
Smo for transduction of the signal"*.
Moreover, the recent Nature papers report
that SHH binds directly to PTC (ref. 12,
13), but not to SMO (ref. 12), and SMO
and PTC form a heteromeric protein com-
plex that retains SHH binding'”. Finally,
the resulting induction of Pic on receipt of
a HH signal, most likely sequesters addi-
tional HH, serving as a sink to limit diffu-
sion of the HH signal to adjacent
responsive tissue'’.

It is intriguing that mutations in PTC
have been found in the human basal cell
nevus syndrome and basal cell carci-
noma”'®, consistent with the model that
HH signaling is now rendered constitu-
tively active. However, it remains to be
seen whether SMO is sufficient to trans-
duce the HH signal. In addition, although
the expression pattern of Pic and Smo
overlaps, there are regions in the mam-
malian embryo where Smo is expressed in
the absence of Ptc (ref. 12). Whether SMO
is actively transducing a HH signal in
these regions remains to be established. As
yet, there is no direct evidence that PTC
also binds IHH and DHH and that their
signals are transduced in a similar fashion,
nor is there any detailed understanding of
the essential features of signaling down-
stream of SMO.

In summary, the study of how HHs
function has provided yet another exam-
ple of how basic studies on a variety of or-

. ganisms may provide a fundamental

understanding of biological processes of
direct relevance to the clinic. Clearly,
much remains to be explained. One can
expect in the future to see continuing ef-
forts to determine how multiple HH sig-
nals are transduced, how the specificity of
the response is controlled in different cell
populations and how signaling by HHs
and other secreted peptides is integrated
to induce diverse tissues during embry-
onic development. In addition, HH, PTC
and SMO offer attractive targets for drug-
based approaches aimed at manipulating
the interactions between these signaling
components.
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