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Rapid and Reversible Effects of
Activity on Acetylcholine
Receptor Density at the
Neuromuscular Junction in Vivo

Mohammed Akaaboune,* Susan M. Culican, Stephen G. Turney,
Jeff W. Lichtman

Quantitative fluorescence imaging was used to study the regulation of ace-
tylcholine receptor (AChR) number and density at neuromuscular junctions in
living adult mice. At fully functional synapses, AChRs have a half-life of about
14 days. However, 2 hours after neurotransmission was blocked, the half-life
of the AChRs was now less than a day; the rate was 25 times faster than before.
Most of the lost receptors were not quickly replaced. Direct muscle stimulation
or restoration of synaptic transmission inhibited this process. AChRs that were
removed from nonfunctional synapses resided for hours in the perijunctional
membrane before being locally internalized. Dispersed AChRs could also re-
aggregate at the junction once neurotransmission was restored. The rapid and
reversible alterations in AChR density at the neuromuscular junction in vivo
parallel changes thought to occur in the central nervous system at synapses
undergoing potentiation and depression.

The efficacy of communication at synapses
depends on the mechanisms that regulate the
density of postsynaptic neurotransmitter re-
ceptors at sites of neurotransmitter release.
The neuromuscular junction is a good site for
studying the regulation of receptor density
because of the unusually large number of
acetylcholine receptors (AChRs) (I); the
availability of a-bungarotoxin (a-bgt), an ir-
reversible ligand, to label and thus quantify
the number and density of AChRs (2, 3); and
this synapse’s accessibility, which allows in
vivo study of the pre- and postsynaptic spe-
cializations over minutes or months (4).
ACHhR loss after a single saturating dose
of bungarotoxin. We have taken advantage of
the favorable features of the neuromuscular
junction to study neurotransmitter receptor reg-
ulation in living animals, using a quantitative
fluorescence assay to monitor changes in recep-
tor number seen in multiple views of the same
synapse (3). In the first series of experiments,
the sternomastoid muscle in 70 mice was satu-
rated with a single dose of tetramethyl-rhoda-
mine—labeled a-bungarotoxin (r-a-bgt), and the

fluorescence intensity of 220 neuromuscular .

junctions was assayed two or more times from
2 hours to 7 days later (Fig. 1A). Two hours
after labeling, fluorescence intensity of the la-
beled receptors had decreased substantially
7.6 * 2.3% [half-life (¢,,,) = 17.5 hours] (n =
50), and subsequent imaging of the same sites
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showed that the intensity continued to decrease
over many days (Fig. 1B). Fluorescently la-
beled neuromuscular junctions in previously
fixed muscles, however, did not lose intensity
when imaged the same way, implying that this
loss was a physiological process (35).

The rate of receptor loss (Fig. 1) was fast

Fig. 1. Neuromuscular
AChR loss after a single
saturating dose of fluo-
rescently labeled a-bgt
in living mice. (A) La-
beled AChRs at one
neuromuscular junction
were measured four
times over 3 days (24
hours between views).
The total fluorescence
intensity (a measure of
the total number of
AChRs) was expressed
as 100% at the time of
saturation and deter- \
mined on each succes-
sive view by comparing
it with the fluorescence
intensity of a nonbleach-
ing standard (3). Pseudo-
color images provided a
linear representation of
the density of AChRs
(white-yellow, high den-
sity; red-black, low den-
sity). Scale bar, 10 pm.
(B) Summary of data
from all junctions with
the approach shown in

(92.4%, n=50)
(88.1%, n=30)

90

804
|

704

60

Percent fluorescence

initially (~4% of label lost per hour at 2 to 4
hours after labeling, #,, = ~17 hours) but
slower later on (0.13% of remaining label lost
per hour between 3 and 6 days, ¢,,, = ~13
days). Although this change in the rate of loss
over time could be due to the coexistence of
two populations of AChRs with different
turnover rates (6), our results described be-
low suggest that there is one population of
receptors whose loss rate is dependent on the
degree of neuromuscular blockade.

Rapid AChR loss during blockade of
neuromuscular transmission. When we mon-
itored receptor loss at junctions in which neu-
rotransmission was chronically blocked with
either curare or a-bgt (7), loss of receptors
continued at a high rate of 4 to 5% per hour for
at least 7 to 9 hours (¢, , = 13 hours) (Fig. 2A).
This sustained high rate of loss contrasts with a
decrease in the rate of loss beginning several
hours after a single saturating dose (at ~7
hours, 65.6 *= 5.7% remained after chronic
blockade; 83.2 = 3.5% remained after a single
saturating dose; P < 0.0001). When the chronic
blockade experiment was accomplished with
r-a-bgt rather than curare or unlabeled o-bgt
(8), junctions (n = 10) still lost fluorescence
intensity at an accelerated rate of 4 to 5% per
hour. Thus, rapid loss of fluorescence in chron-
ically blocked neuromuscular junctions in the
previous experiment was not explained by dis-
placement of r-a-bgt from AChRs by unlabeled
bgt or curare. This result also indicates that the
increased loss of receptors after neuromuscular
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blockade was not compensated for by an equiv-
alent addition of new AChRs into the neuro-
muscular junction. As fluorescence intensity
was lost, the junctions did not change in area
(Fig. 2B), indicating that the synapse begins to
reduce its receptor density within several hours
of blockade of synaptic transmission. Our ex-
periments could not determine at what rate
receptors were inserted during chronic blockade
but indicate that fewer receptors were being
added than were being lost.

Slow AChHR loss with nonblocking doses
of a-bgt. In contrast, when relatively few
AChRs (20 to 40%) were fluorescently labeled
and thus neuromuscular transmission was still
functional (9), the loss of label over 3 days was
only ~14%, which corresponds to a mean loss
rate of 0.19% per hour * 0.07% (n = 38) (Fig.
2C). Indeed, at junctions that were not com-
pletely blocked, the loss of receptors over sev-
eral hours was too small to detect with our
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methods. This low rate of loss was maintained
for weeks (equivalent to an average half-life of
~14 days) (10). However, when junctions that
were losing labeled receptors at a low rate were
subsequently saturated with a-bgt, the rate of
loss increased (Fig. 2D). The loss rate was
unrelated to whether one or two a-bgt mole-
cules were bound to each receptor (/1). Thus,
neuromuscular blockade rather than receptor
occupation by blocking ligands induced accel-
erated receptor loss from the neuromuscular
junction. Furthermore, a combination of satu-
rating doses of curare and saturating doses of
bgt did not have any additive effect on the rate
of receptor loss, strongly suggesting that these
drugs affected receptor loss by their action as
receptor blockers.

In denervated muscles, neuromuscular
blocking agents had no effect on the already
accelerated AChR loss. In junctions that were
denervated 7 to 10 days before, we found that
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partial neuromuscular blockade (20
to 40% of AChRs inactivated) com-

pared with a one-time complete blockade or chronic blockade. (D) A partially blocked junction that
lost receptor labeling at a low rate (13% in 3 days) could be made to lose AChRs at a high rate after
being saturated with labeled a-bgt (37% loss in 3 days). The actual intensity of this junction at
each view was well within the linear range of the silicon-intensified—-target camera at moderate
gain settings (3). All four panels are displayed on the same intensity scale. (E) Direct muscle
stimulation for 2 hours prevented receptor loss from a-bgt-saturated neuromuscular junctions,
compared with an 8% loss of receptor labeling without stimulation (inset shows two views of one
blocked junction in a directly stimulated muscle). Error bars are standard deviations of the mean.

Scale bars, 10 pm.

AChRs were lost at an accelerated rate (~1%
per hour, #,, = 2.7 days) consistent with
previous studies (/2). The loss rate at dener-
vated junctions was the same in the presence
of either low or high doses of a-bgt (in both
cases, ~1% per hour * 0.01, n = 15). This
result suggests that the activity of the muscle
fiber rather than the number of AChRs bound
by blocking agents is the variable that deter-
mines the loss rate.

Muscle activity prevents receptor loss.
We next tested whether direct muscle stimula-
tion would prevent the effects of blockade.
Muscle fibers were saturated with r-a-bgt for 2
to 4 hours while being stimulated with extra-
cellular electrodes (3-ms bipolar pulses of 6 to
9 V at 10 Hz for 1-s duration every 2 s). The
electrodes were placed on the ends of the mus-
cle so that direct muscle stimulation could oc-
cur without nerve activation. The result was
dramatic: No evidence for receptor loss was
observed in bgt-saturated muscles in the pres-
ence of directly elicited muscle twitching (Fig.
2E) (13). Even when receptor loss had already
been accelerated by neuromuscular blockade
with curare or saturating doses of a-bgt, the loss
rate could be rapidly (within 2 hours) slowed
down by stimulation (/4). In animals that re-
ceived a paralytic dose of tetrodotoxin ( TTX)
(to block voltage-gated Na™ channels), but a
nonblocking dose of r-a-bgt, receptor loss was
not accelerated over the first few hours of TTX
treatment. The inability of action-potential
blockade to mimic the effects of synaptic block-
ade may be used to argue that inactivation of

. neuromuscular transmission is necessary for ac-

celeration of receptor loss from junctions.

Receptor diffusion and internalization in
the perijunctional region. We next studied the
fate of AChRs that were lost from blocked
neuromuscular junctions. After a single saturat-
ing dose of r-a-bgt followed by a saturating
dose of curare for 5 to 8 hours, perijunctional
rhodamine staining appeared (/5), suggesting
that receptors that are lost from blocked neuro-
muscular junctions migrate into the perisynap-
tic zone. The same result was found if unla-
beled muscles were treated with a saturating
dose of curare for 5 to 8 hours, and then labeled
with r-a-bgt. In muscles where synaptic trans-
mission was blocked for six or more hours,
faint membrane staining was evident in the
vicinity (50 to 100 pwm) of the neuromuscular
junctions, whereas in muscles viewed immedi-
ately after r-a-bgt application or 6 hours after a
nonblocking low dose, there was little discern-
ible perijunctional labeling (Fig. 3, A and B).
The perijunctional staining appeared as multi-
ple, very small (<1 pm) faint clusters. Nearest
to the high-density AChR regions in the
postsynaptic gutters, we sometimes saw what
appeared to be streams of receptors that became
less intense progressively with distance.

The AChRs that migrated into the perijunc-
tional membrane were eventually internalized.
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Time-lapse imaging of previously labeled
AChRs after 8 hours of blockade with curare
showed the appearance of small bright spots of
fluorescence in the perijunctional region (Fig. 3,
C and D). Imaging junctions from the side
indicated that typically these spots were within
the cytoplasm of the muscle fiber beneath the
plasmalemma. The incidence of these spots was
dependent on chronic blockade, because mus-
cle fibers that received a single saturating dose
of r-a-bgt showed many fewer spots than
chronically blocked muscle fibers at 8 hours
(mean of 0.63 * 0.24 bright spots per junction
after a single saturating dose, 4.13 £ 2.94
bright spots per junction after chronic blockade;
P < 0.00002; Fig. 3, D and F). The perijunc-
tional location of these spots suggested that
they were formed by the internalization of peri-
junctional receptors. Indeed, the submembra-
nous spots often first became visible in the
perijunctional area several micrometers from
the junction folds. We did not detect any net
movement to or away from the junction (Fig.
3J). Other evidence also suggested that these
spots were internalized AChRs. In denervated
muscles known to be undergoing rapid receptor
internalization, similar spots were seen. In par-
ticular, in muscle denervated 12 days earlier,
spots also first appeared 8 hours after applica-
tion of r-a-bgt (Fig. 3, H and I). In these
denervated muscles, however, spots were found
along the entire length of the muscle with an
increase in density of about 30-fold in the peri-
junctional region. This distribution is consistent
with the distribution of extrajunctional AChRs
over the entire plasmalemma of denervated
muscle fibers with a concentration of AChRs
remaining at neuromuscular junctions (/6).

Muscle activity induces reaccumulation
of dispersed receptors. The fact that receptors
spread into the perijunctional region from neu-
romuscular junctions during synaptic blockade
raises the possibility that they might contribute
to junctional receptor density once activity is
restored. To test this idea, we lightly labeled
junctional receptors (20 to 35%) with r-a-bgt,
quantified the junction receptor number, and
then blocked the remaining sites with curare.
As expected, the labeled junctional receptor
number decreased over 4 hours in the presence
of blockade. At this point, the curare was
washed out continuously with physiological sa-
line to restore synaptic transmission. Four hours
later, the junctions were reexamined without
additional labeling. In each case (n = 15), the
junctions had not only ceased to lose receptor
number but in all cases the intensity had actu-
ally increased (Fig. 4, A and B). Thus, some
receptors that are lost from inactive synapses
can be reacquired when synaptic activity re-
sumes, which suggests that the perijunctional
receptor pool is both a source and a sink for
junctional receptors.

Discussion. Although it has long been
known that receptors in inactive muscle fi-
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bers undergo a transition over several days
from long-lived to rapidly turning over [for
review, see (17)], our results show that neu-
romuscular blockade and muscle stimulation
can promote changes in AChR density and do
so over shorter time frames. Changes in
AChR density also occur during naturally
occurring synapse elimination and can be
experimentally induced by locally altering
postsynaptic activity at part of a neuromus-
cular junction before synapses withdraw (4).
It is possible that the phenomenon of synapse
elimination and the rapid AChR loss de-
scribed here use the same mechanism.

Our results suggest a model for the mainte-
nance of the postsynaptic receptor density at the
neuromuscular junction with four compart-
ments: junctional receptors (J), perijunctional
receptors (P), an internal pool of new receptors
(I,.), and a pool of internalized receptors un-
dergoing degradation (I,,,) (Fig. 4C). The ex-
istence of a perijunctional pool of receptors was
previously suggested by virtue of the gradual
decline in receptor density in the region sur-
rounding the neuromuscular junction (/8). Our
results support the suggestion of Salpeter and
Loring (/9) that the perijunctional region acts
as an “overflow zone” and is the site of receptor
degradation once receptors are released from
anchoring sites at the junction and migrate to
the perijunctional region. Our work suggests a
role for activity in regulating the equilibrium. In
the absence of activity, the trend is for move-
ment of receptors from the junction to the peri-
Jjunctional region and thence into the internal-
ized pool. With neuromuscular activity, the
trend is in the opposite direction: Perijunctional
receptors return to the junction and new recep-
tors are also added. We do not know whether
newly synthesized receptors are added directly
to the junction or are inserted into the perijunc-
tional region and then migrate into the junction
to be anchored. That perijunctional receptors
are the source of receptors for the junction is
also supported by experiments with fluores-
cence recovery after photobleaching (20), sug-
gesting that, even under normal conditions, the
high density of receptors at the neuromuscular
junction is in equilibrium with a pool of peri-
junctional receptors.

Neuromuscular blockade produced a rapid
AChHR loss, whereas action-potential blockade
could not. It is possible that the basal amount of
synaptic transmission that occurs during the
spontaneous release of neurotransmitter must
be prevented for receptor loss rate to increase.
A continuing low level of receptor activation
may also explain why AChR loss accelerates
only after a substantial delay after muscle de-
nervation (2/). At denervated neuromuscular
junctions, spontaneous release of neurotrans-
mitter persists for days because of Schwann
cell release of ACh packets (22). Analo-
gously, only a basal level of synaptic trans-
mission may be required to maintain postsyn-

aptic structures in the CNS (23).

The way in which neuromuscular trans-
mission or action potentials regulate AChR
lifetime is not understood. The effects of
inactivity on new receptor synthesis and
denervation supersensitivity are mediated
by Ca2* influx (24). It is possible that a

Fig. 3. Evidence for diffusion and internalization
of AChRs from blocked neuromuscular junc-
tions. (A) Neuromuscular junction saturated
with tetramethyl-rhodamine—labeled a-bgt and
viewed at high detector gain (the junctional
branches are saturated) shows little evidence of
perijunctional AChR labeling. (B) In contrast, a
neuromuscular junction treated with a saturat-
ing dose of curare for 6 hours before labeling
with r-a-bgt shows perijunctional rhodamine
fluorescence. (C to H) Internalized receptor la-
beling is visible 8 hours after surface AChR
labeling. Junctions viewed immediately after
labeling with r-a-bgt (C, E, and G) show no
internalized fluorescent spots in the perijunc-
tional region, whereas 8 hours later (D, F, and
H}, internalized fluorescence spots appear. The
number of spots is greater 8 hours after chronic
curare treatment (D), or in muscles that were
denervated 12 days earlier (H) than in controls
(F) that were labeled with a one-time blockade
dose of a-bgt. (I} Twelve days after muscle
fiber denervation and 2 days after r-a-bgt la-
beling, large numbers of internalized spots are
visible in the perijunctional region. (J) Internal-
ized spots of fluorescence from region of inset
in {l). The position and number of spots change
over several hours. Scale bars, 10 pm. Arrows
point to spots.
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Fig. 4. Reaccumulation of previously lost
receptors induced by postsynaptic activity.
(A) Panels show an example of a neuro-
muscular junction from a living mouse that
was lightly labeled with r-a-bgt (<30%
blocked) and then treated with a blocking
dose of curare for 4 hours, at which point
nearly 20% of its initial fluorescence inten-
sity was lost. Over the next 4 hours, how-
ever, after curare had been washed out, the

fluorescence intensity at the junction increased by 8%. Scale bar, 10 pm. (B) The same trend shown
in (A) was seen in each of 15 junctions summarized in the graph. (C) A three-compartment model
suggesting the way activity affects AChR accumulation and loss from neuromuscular junctions. In
normal muscle fibers (7), the perijunctional region (P) serves as an intermediary way station
between the internalized pool of receptors (I_,,, and Ideg) and the junctional pool (). In the normal
steady-state situation, the rate of receptor insertion into the perijunctional pool (k,) must equal
the rate of receptor internalization (k), and the rate of receptor migration from the perijunctional
pool to the junction (k;) must equal the rate of receptor migration from the junctional pool to the
perijunctional region (k,). In the absence of muscle activity (2), the trend favors k, and, within a
few hours, an increase also in k,. Resumption of activity (3) tilts the balance in the opposite
direction, when k. and k, are increased. Question marks denote aspects of this model that have not

yet been resolved by experiments.

lack of Ca2* entry is the signal that ini-
tiates receptor loss (or prevents receptor
stabilization) after receptor blockade be-
cause the AChR allows entry of calcium in
addition to sodium and potassium. Ca?*
influx into the postsynaptic cell is also
involved in the induction of both long-term
potentiation and long-term depression (LTP
and LTD) (25). One model of LTP ascribes
the increase in efficacy to a recruitment of
glutamate receptors to the synapse (26).
Conversely, studies of LTD have suggested
that rapid migration of glutamate receptors
away from synapses explains the loss of
synaptic strength (27). LTD and LTP may
therefore be a neuronal equivalent of the
reversible changes in receptor density after
blockade and resumption of synaptic trans-
mission at the neuromuscular junction.
The rapid loss of receptors from blocked
‘synapses may serve to clear an intoxicated junc-
tion of nonfunctional receptors. That the loss of
receptors is not accompanied by an equivalent
increase in insertion of new receptors suggests
that the muscle will not send large numbers of
receptors to the junction when they will be
immediately inactivated (perhaps permanently,
if by snake toxin). Accelerated AChR loss
might therefore have devastating effects on
junctions that are blocked for long periods. In
fact, patients on ventilators who are treated with

reversible neuromuscular blocking agents for
periods greater than 1 to 2 days sometimes
develop a paralytic syndrome thought to be due
to a defect in neuromuscular transmission that
lasts days or even weeks after the blocking
agents are removed (28). If this paralysis is
caused by a decrease in receptor density at
chronically blocked neuromuscular junctions,
then muscle stimulation even in the presence of
blocking agents may be useful in preventing
such loss. '
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Role of Metal-Oxide Interface in
Determining the Spin
Polarization of Magnetic
Tunnel Junctions

Jose Maria De Teresa, Agnés Barthélémy, Albert Fert,*
Jean Pierre Contour, Francois Montaigne, Pierre Seneor

The role of the metal-oxide interface in determining the spin polarization of
electrons tunneling from or into ferromagnetic transition metals in magnetic
tunnel junctions is reported. The spin polarization of cobalt in tunnel junctions
with an alumina barrier is positive, but it is negative when the barrier is
strontium titanate or cerium lanthanite. The results are ascribed to bonding
effects at the transition metal—barrier interface. The influence of the electronic
structure of metal-oxide interfaces on the spin polarization raises interesting
fundamental problems and opens new ways to optimize the magnetoresistance

of tunnel junctions.

A tunnel junction consists of two metallic lay-
ers (electrodes) separated by a thin insulating
layer. When the electrodes are ferromagnetic,
the tunneling of electrons across the insulating
barrier is spin-polarized, and this polarization
reflects that of the density of states (DOS) at the
Fermi level (£%) of the electrodes. This spin
polarization is the origin of the tunneling mag-
netoresistance (TMR), which is currently a hot
topic of research in magnetism (/) and very
promising for applications (2). Paradoxically,
even though applications have already begun to
be developed, there are still gaps in our under-
standing of spin-polarized tunneling. For exam-
ple, the physics governing the spin polarization
of tunneling electrons is not clearly understood.
Previously, the spin polarization P of electrons
tunneling from a given ferromagnetic electrode
was generally thought to reflect a characteristic
intrinsic spin polarization of the DOS in the
ferromagnet,

_ Ny(Ep) — N (E)

P =N E) "N B )
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However, recent findings show that the ampli-
tude of the spin polarization, and even its sign,
depends on the choice of barrier material (3, 4).
Here, we describe a series of TMR experiments
on Co/I/La, ,Sr, ;MnO, (LSMO) tunnel junc-
tions, where the barrier I can be SrTiO, (STO),
Cey ol 5,0, g45 (CLO), or ALO; (ALO).
The effective polarization of Co was found to
be positive (higher tunneling probability for
majority spin electrons) when I is ALO, and
negative (higher tunneling probability for mi-
nority spin electrons) when I is STO or CLO.
Moreover, the bias dependence of the TMR is
completely different in these two cases. The
strong influence of the electronic structure of the
barrier and barrier-electrode interface in tunnel
junctions raises interesting fundamental prob-
lems and presents new ways to tailor the TMR.

The first piece of information on the spin
polarization of electrons tunneling from a
ferromagnetic metal (F) comes from experi-
ments on F/I/S junctions, in which the second
electrode is a superconductor (S). The spin
splitting of the quasi-particle DOS of S, in-
duced by a magnetic field, can be used to
analyze the spin polarization of the tunneling
current. Extensive data have been obtained
with F/ALO/ALI junctions, and a positive po-
larization has been found for all the ferro-
magnetic metals and alloys that have been
studied (5). This is surprising, especially for

metals like Co or Ni in which a negative
polarization is expected from the smaller

DOS at Ey, for the majority spin direction (the

majority spin d subband is below £}). This
problem has not been clearly solved, even
though it is frequently argued that s-character
electrons should tunnel more easily, so that
the experimental positive polarization can re-
flect only that of the s-character DOS (6, 7).
Some theoretical justification has been pro-
vided by ab initio calculations of the electrori-
ic structure at a Co-ALO interface. Nguyen-
Mahn et al. (§) determined the DOS of the
tunneling electrons on the first Al atoms at
the interface and found that, because of an
sp-d bonding mechanism between Al and Co,
this DOS is positively polarized. Thi§ can be
viewed as an interface filtering effect control-
ling the starting point of the polarized eva-
nescent wave in the barrier. .

In junctions with two ferromagnetic elec-
trodes, F,/I/F,, spin-polarized tunneling gives
rise to TMR because the resistance of the
junction depends on whether the electrodes
have parallel or antiparallel magnetizations.
This change can be large, typically 15 to 40%
at room temperature, so that TMR has great
relevance for the technology of MRAM
(magnetic random access memory) or read
heads. The experimental results at low bias
are generally interpreted according to Jul-
liere’s expression,

AR Re—Re  2PP
R~ R ~ 1+ PP,

where R, and R, are the resistances in the
antiparallel and parallel states, respectively,
and P, and P, are the electron spin polariza-
tions of the two electrodes.

In junctions studied up to now, mostly
with ferromagnetic transition-metal elec-
trodes and ALO barriers, a normal TMR has
been found; that is, the tunnel.resistance is
smaller when the magnetizationsof F, and F,

(2)

AP

. are parallel. This behavior is expected when

the sign of the polarization coefficient P is
the same for both electrodes and is consistent
with the aforementioned uniformly positive
spin polarization found for various transition
metals in F/ALO/Al junctions. However, two
recent results have indicated that, with types
of barrier other than ALO, the spin polariza-
tion of electrons tunneling from Co or NiFe
(permalloy) can also be negative. Sharma et
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