degradation rate of Rs accelerates to a #;),
of 3 days (see the figure) but restabilizes
after reinnervation. Accelerated degrada-
tion of Rs is also seen in dystrophin-defi-
cient mdx mice, which are a model for
muscular dystrophy in humans (8). Thus
instability of Rs may be a general feature
of various pathologic conditions.

AChRs are internalized and degraded
via the lysosomal pathway (9) but the
membrane route that AChRs take has been
a matter of speculation. The perijunctional
region of the NMJ has long been known to
have a higher receptor density than the rest
of the muscle membrane (/0). An early
model suggested that receptors at the NMJ
cannot be degraded while anchored in the
muscle membrane and that the degradation
rate depends on the affinity of the recep-
tors for these.anchoring sites. Once de-
tached from their anchors, the receptors are
free to diffuse in the membrane and can
move to the perijunctional region where
they are internalized (7). This model allows
for receptors with different degradation
rates to reside side by side in the mem-
brane, which is in fact the case at the NMJ.
Akaaboune et al. lend support to this hy-
pothesis by showing that the perijunctional
region serves as a way-station in normal
AChR turnover receiving both new recep-
tors and those destined for degradation.

After AChRs are saturated with the
snake venom o-bungarotoxin, there is an
initial, rapid (¢,,, < 1 day) increase in degra-
dation rate. While one hypothesis to explain
this phenomenon—that Rs are degraded
rapidly when first inserted into the postsy-
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naptic muscle membrane but then are stabi-
lized by nerve activity—has been disproved
(11), no alternate satisfactory mechanism
has been proposed. Now Akaaboune et al.
solve this long-standing puzzle by showing
that it is the full inactivation of AChRs that
is the cause of accelerated Rs degradation.
Electrical stimulation of the muscle pre-
vents this and also prevents the acceleration
of Rs degradation after denervation (/2).
Thus, the nerve can regulate AChR stability
by activating muscle contraction.

What are the functional consequences
of maintaining a high density of stable re-
ceptors at the NMJ? A high AChR concen-
tration close to the nerve terminal enables
acetylcholine to act over a small distance
at saturating concentrations, providing ef-
ficient binding of neurotransmitter to
AChRs and the initiation of muscle contrac-
tion. The location of the enzyme acetyl-
choline esterase close to the receptors en-
ables quick termination of acetylcholine ac-
tivity, thus allowing the muscle to be acti-
vated repeatedly (13).

Much regarding the regulation of AChR
turnover still remains to be clarified. Why is
receptor degradation after prolonged dener-
vation (when Schwann cells no longer re-
lease acetylcholine) slower (¢,, ~ 3 to 4
days) than that induced by complete inacti-
vation of AChRs (¢, << 1 day) by o-bun-
garotoxin? How -does direct stimulation of
muscle maintain receptor stability and how
is calcium involved? How do the mecha-
nisms involved in maintaining a high recep-
tor density at the NMJ adapt to transitions,
such as those in development or during rein-

nervation? If during such periods, rapidly
degrading receptors are removed before
they are fully replaced by receptors with a
slower turnover, the decrease in receptor
number could reduce the ability of the mus-
cle to respond to nerve stimulation. Finally,
fast synapses in the brain, where similarities
with the NMJ are already emerging (/4), al-
so necessitate high receptor densities in the
postsynaptic neuronal membrane. The simi-
larities and differences in regulation of these
two synaptic organizations will be the focus
of studies for many years to come.
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The Complexity of Stellar Death

Yervant Terzian

(HST), with its superior angular

resolution, sensitivity, and dynamic
range, began sending back images of stars
in various stages of their life cycles, the
death of a small star—such as our sun—
was believed to be accompanied by forma-
tion of a smoothly expanding nebula. Now,
dozens of spectacular images of planetary
and protoplanetary nebulae provided by
HST (7) have revealed morphological as-
pects completely unsuspected before (2).
The newly found complexity represents a
challenge for researchers trying to under-
stand the mechanisms of stellar death.
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When a sunlike star, with a mass of up
to a few solar masses, reaches the last
stages of its evolution, it expands and be-
comes a cool (about 2500 K) red giant,
with a size so large that its outer perimeter
could include the orbit of Mars. This
asymptotic giant branch (AGB) star loses
mass in the form of stellar wind, followed
by a more intense mass loss as a result of
what is known as a superwind. The star
hereby loses a substantial fraction of its
mass, and the ejected material forms a
planetary nebula. The stellar core con-
tracts and becomes a white dwarf star
(about the size of Earth, with a density of
~107 g/cm?) with surface temperatures
reaching about 10° K.

The material ejected from the star
mostly initially consists of atomic and
molecular gas, which partly coalesces

shortly after ejection to form warm dust
particles. Molecular species such as Hj,
OH, CO, and SiO have been detected
around many proto—planetary nebulae and
in the envelopes of AGB stars (3). Dust
surrounding the star absorbs starlight, and
after reprocessing it eniits strongly in the
infrared.

Eventually, the hot white dwarf’s ultra-
violet radiation ionizes the nebula, which
begins to emit strongly in the recombina-
tion lines of hydrogen and helium and
spectral lines characteristic for doubly ion-
ized oxygen, singly ionized nitrogen, and
other ionized species. Within a few tens of
thousands of years, the expanding plane-
tary nebula diffuses into the interstellar
medium with a velocity of ~ 20 km/s.

These stellar outbursts play an impor-
tant role in the chemical evolution of our
galaxy. It is estimated that they contribute
at least 20 solar masses per century of
stellar material to the interstellar medium;
a comparable amount is provided by the
more viclent supernova explosions. The
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material ejected from both dying stars and
supernovae contains heavier elements pro-
duced from hydrogen and helium by nu-
cleosynthesis in the core of the stars.

The general stages of the late stellar evo-
lution are reasonably well understood, but
the mechanisms by which these old stars
eject their envelopes remain mysterious,
and we have been unable to understand
what factors contribute to creating
a particular nebular morphology.
Not one of the images provided by
the HST observations, performed
with the Wide Field Planetary
Camera 2, shows a simple expand-
ing bubble. Most objects have
complex bipolar structures with
central torii, multipolar bubbles,
jetlike filaments, and globules.
Several objects even show sets of
circular rings. Many nebulae show
a detailed point and mirror symme-
try that spans as far as 100,000 as-
tronomical units from the central
star (see the figures). Microstruc-
tures in planetary nebulae include ansae
(outer extensions) and FLIERS (fast low-
ionization emission regions) (4). The latter
are low-ionization knots of small size (on
the order of 10'* cm). They are easily seen
in the nitrogen emission lines and tend to
come in pairs that are equidistant from the
central star and on opposite sides, normally
in the directions of the nebular major axis.
Kinematic studies of FLIERS (5) have
shown that these structures are moving
away from the central star with a velocity
typically a few times that of the expansion
of the nebula.

The HST images of planetary nebulae
also show multiple faint concentric rings
around some central stars. These rings ap-
pear to be concentric spherical shells that
may have resulted from episodic mass loss
from the AGB star, with periods of a few
hundred to a thousand years. As many as
15 rings exist in the
nebula CRL 2688, and
11 rings are seen in
NGC 6543. CRL 2688
is primarily a reflec-
tion nebula in which
the central star is sur-
rounded by dust and
starlight escapes along
two opposite direc-
tions, forming a pair
of bright nebulosities
(see figure at right).
These beams are inter-
rupted by numerous
concentric arcs, some
of which can be traced
all around the central
object (6). In contrast,

Unsuspected diversity. Images from the
HST show detailed morphologies of plane-
tary nebulae: bipolar structures (above), an
elliptical structure with a binary central star
(top right), and FLIERS (bottom right).

Concentric arcs. Images of the CRL 2688
nebula show concentric rings and bipolar
structure.
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the rings around NGC 6543 seem to con-
sist of ionized hot gas (7), indicating that
the outer rings are ~10,000 years old but
have not diffused out by thermal pressure.
The ejection of the shells from the central
star may not be directly associated with
the stellar thermal pulses that result from
succesive mucleosynthesis in the core of
the star known as the “helium flash,” be-

cause these are predicted to
occur at much longer time
intervals compared to the
ejections of the rings. How-
ever, these theoretical pre-
dictions should be carefully
reexamined.

The HST has also been
able to detect the small (~2
milli-arc seconds per year)
angular expansion of planetary nebulae
(10). Comparison of two images of the
same object taken a few years apart has
revealed measurable angular expansions.
In conjunction with the Doppler expan-
sion velocities, geometric distances to
these objects have been obtained.

Researchers have considered the effects
of stellar rotations, photoionization heat-
ing, and magnetic fields as possible mech-
anisms that result in the observed nebular
morphologies (&). Hy-
drodynamical and mag-
netohydrodynamical
simulations of single
stars at the end of their
AGB phases show a
multitude of morphol-
ogies, from bipolar
shapes to collimated
butterfly structures. If
sufficiently strong mag-
netic fields are used,
ansae and jetlike fea-
tures also clearly ap-
pear. Although these
model results are very
interesting, they re-
quire a magnetic field
and a substantial stel-

lar rotation at the tip of the AGB phase.
The origin of significant stellar rotation
and the required magnetic field strengths
are not well understood.

Another promising approach in pro-
ducing bipolar planetary nebulae consid-
ers the gravitational effects of a sec-
ondary star in close binary stellar systems
where one evolved star begins to shed

mass (9). The gravitational
field of the companion star
can indeed distribute the
ejected material from the
central star of the planetary
nebula into a disk-shaped
configuration, and when
seen edge-on, the nebula
appears to have a bipolar
structure.

The HST observations have greatly
enriched our knowledge about the death
of sunlike stars. The new discoveries il-
lustrate the complexity of stellar explo-
sions near their deaths and pose a multi-
tude of new questions for observers and
theorists alike.
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