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junction by regulating presynaptic quantal size
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The amount of neurotransmitter released from a presynaptic ter-
minal is the product of the quantal content (number of vesicles)
and the presynaptic quantal size (QSpre, amount of transmitter
per vesicle). QSpre varies with synaptic use, but its regulation is
poorly understood. The motor nerve terminals at the neuromus-
cular junction (NMJ) contain TGF-p receptors. We present evidence
that TGF-B2 regulates QSpre at the NMJ. Application of TGF-p2 to
the rat diaphragm NMJ increased the postsynaptic response to
both spontaneous and evoked release of acetylcholine, whereas
antibodies to TGF-p2 or its receptor had the converse effect.
L-vesamicol and bafilomycin blocked the actions of TGF-$2, indi-
cating that TGF-p2 acts by altering the extent of vesicular filling.
Recordings of the postsynaptic currents from the diaphragm were
consistent with TGF-2 having this presynaptic action and a lesser
postsynaptic effect on input resistance. TGF-p2 also decreased
quantal content by an atropine-sensitive pathway, indicating that
this change is secondary to cholinergic feedback on vesicular re-
lease. Consequently, the net actions of TGF-p2 at the NMJ were to
amplify the postsynaptic effects of spontaneous transmission and
to diminish the number of vesicles used per evoked stimulus, with-
out diminishing the amount of acetylcholine released.
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Synapses need to be efficient and malleable to account for the
dynamic features of neuronal networks. The number of synaptic
vesicles released with each stimulus (quantal content) and the
postsynaptic response to each vesicle (quantal size) are actively
regulated to achieve this malleability and are major determinants of
whether synaptic transmission occurs (1). The amount of neuro-
transmitter released from each vesicle (presynaptic quantal size,
QSpre) appears to vary inversely with synaptic activity and is
a component of quantal size (2-4). However, it is unclear whether
QSpre is actively regulated as an important component of the
characteristics of a synapse.

QSpre cannot be measured directly at most synapses; variation
in QSpre is inferred from the analysis of either evoked (EPP) or
spontaneous postsynaptic potentials. This inference tacitly assumes
that the function of QSpre is to influence postsynaptic quantal
size. Although this influence may occur in many circumstances,
the existence of negative feedback on vesicle release (5) challenges
the universality of this assumption. Because any QSpre-dependent
change in the amount of neurotransmitter released should be at-
tenuated rapidly by an opposite change in quantal content, up-
regulation of QSpre would restrict the number of vesicles released
per evoked stimulus but would not acutely affect evoked post-
synaptic currents unless the negative feedback loop was ineffec-
tual. In that case, the regulation of QSpre would not be readily
apparent from studies of EPPs.

The major features of synapses are profoundly shaped by ex-
tracellular signals from the pre- and postsynaptic cells (6). Con-
sequently, if QSpre is a determinant of synaptic function, then it
also may be regulated by locally acting signals. The identification
of these putative signals is critical for understanding the physio-
logical function of QSpre.
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TGF-Ps are extracellular regulators that are widely expressed
in the nervous system (7, 8). At the rat and human neuromuscular
junctions (NMJ), TGF-f receptors are located in the synaptic
membrane of presynaptic motor nerve terminals (8, 9), where they
are potentially activated by two sources of TGF-B2: the muscle
fiber, which selectively produces TGF-p2 in its synaptic region (9),
and the nerve terminal itself after anterograde transport from the
perikaryon (10). This molecular arrangement raises the possibility
that TGF-f2 is a local regulator of motor nerve terminal function.
Consistent with this possibility, we report here that TGF-p2 and
its antagonists have multiple effects on rat diaphragm NMJs, the
most direct and significant of which is regulation of QSpre.

Results

Miniature End-Plate Potential Amplitude Is Regulated by TGF-g2. The
putative interaction between QSpre and quantal content can be
by-passed by examining miniature end-plate potentials (MEPPs),
which are the postsynaptic response to the release of a single
synaptic vesicle. Administration of 80 ng/mL of neutralizing
antibodies to either TGF-$2 or the type II TGF-p receptor
(TBRI) to isolated diaphragms decreased the amplitude of the
MEPP at their NMJs by 28-29% (Fig. 1 A and B; P < 0.002).
Conversely, the application of 1 ng/mL of TGF-p2 increased
MEPP amplitude by 67% (Fig. 1 A-C; P < 0.0001) without al-
tering MEPP frequency (Fig. 1D). TGF-p2 required 1 h to change
the MEPPs, with longer incubations having no additional effect
(not shown). As expected, there was a corresponding change in
the magnitude of the postsynaptic current elicited by the spon-
taneous release of a synaptic vesicle (Fig. 2.4 and C; P < 0.001).

TGF-B2 Has a Lesser Effect on the Amplitude of EPPs. The application
of TGF-f2 to the diaphragm increased EPPs by 30% (Fig. 3.4 and
B; P < 0.001). This change in EPP could arise if TGF-p2 had
a postsynaptic effect and/or if the putative increase in QSpre were
incompletely offset by a decreased quantal content. However, any
effect of TGF-p2 purely on the postsynaptic fiber should affect
MEPPs and EPPs equally. Consequently, the observation that the
TGF-p2-induced change in MEPP amplitude is twice the change
in EPP amplitude (Figs. 1 and 3 and Fig. S1) suggests that TGF-p2
has a significant presynaptic effect.

TGF-B2 Increases Muscle Fiber Input Resistance. The putative post-
synaptic actions of TGF-p2 were analyzed further using a combi-
nation of single- and dual-electrode recordings. TGF-p2 had no
effect on evoked postsynaptic current amplitudes or time courses
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Fig. 1. TGF-p2 regulates MEPP amplitude. (A) TGF-2 (1 ng/mL, blue) in-
creased the amplitude of MEPPs (spontaneous, single vesicle releases) rela-
tive to controls (black), whereas anti-TGFB2 (green) had the converse effect.
(B) The mean amplitude of the MEPPs was significantly reduced by anti-TGF-
2 (dark green; *'P < 0.0001) and anti-TBRII (type Il TGF-B receptor, light
green; *2P < 0.002) antibodies and was increased significantly by TGF-p2
(blue; *3P < 0.0001). The bars in this and subsequent figures are the mean +
SE. The number of NMJs examined is indicated on each bar. The mean value
for the control data was 0.39 + 0.02 mV. (C) TGF-p2 affected MEPP amplitude
across the whole MEPP population (TGF-2, 1 ng/mL, dark blue; control,
black). (D) TGF-p2 did not affect the frequency of MEPPs (P = 0.20).

at voltage-clamped NMIJs (Fig. 2 B and D; P = 0.8). By the same
reasoning used above for potentials, this lack of effect indicates
that the TGF-p2-induced changes in MEPP and EPP amplitude
are not caused simply by an increase in either AChR single-
channel currents or channel open time. TGF-f2 also had no effect
on the resting potential of muscle fibers (Fig. 4C) or on the time
course of the EPPs (Fig. 4 4 and B); together with the unchanged
EPC kinetics, this lack of effect indicates that the inactivation of
released ACh by cholinesterase was unaffected.

TGF-p2 did, however, increase the muscle fiber input resistance
by 18% (Fig. 4 D and E), a significant proportion of the 30% in-
crease in EPPs. Input resistance influences MEPPs and EPPs
equally. Consequently, less than one third of the 67% increase in
MEPPs caused by TGFp2 is attributable to this mechanism.

TGFB2 Increases Vesicle Loading. The size of QSpre cannot be mea-
sured directly, but QSpre-dependent mechanisms should be sen-
sitive to drugs that affect the filling of synaptic vesicles, whereas
such drugs would not be expected to block postsynaptic mecha-
nisms. We therefore examined whether inhibitors of vesicular ACh
transport antagonized the effect of TGF-p2 on MEPPs. Consistent
with this hypothesis, both direct (L-vesamicol) (11) and indirect
(bafilomycin) (12, 13) inhibition of ACh transport completely
inhibited the TGF-p2-induced increases in MEPP and EPP am-
plitude (Fig. 54 and B). Neither vesamicol nor bafilomycin had any
effect when applied in the absence of TGF-p2 (Fig. 5 4 and B).
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Fig. 2. TGF-p2 acts presynaptically to increase MEPC and decrease quantal
content. Two-electrode voltage clamp showed that 1 ng/mL TGF-2 signifi-
cantly increased MEPC (*'"P < 0.001) (A and C) but had no effect on EPCs
(evoked multivesicular release) (B and D). (E) The calculated quantal content
was significantly decreased in the TGF-p2 group (*2P < 0.0004). Data are
from 21 BSA-treated and 20 TGF-p2-treated muscles, 1-4 NMJs per muscle.

TGF-B2 Indirectly Decreases Quantal Content. We then tested whether
TGF-p2 had a lesser effect on EPP amplitude than on MEPP
amplitude because of increased negative feedback on the release of
vesicles, as postulated. Consistent with this assumption, 1 ng/mL of
TGF-B2 produced a depression in quantal content (Fig. 3C; P <
0.04), an effect that was confirmed by calculations from the pre-
vious two-electrode voltage-clamp recordings of the miniature end-
plate currents and the evoked potential currents (EPCs) (Fig. 2E;
P < 0.03). The negative feedback mechanism would have a greater
influence when the diaphragm is stimulated with a physiological
train than when it is stimulated with single stimuli because of the
greater accumulation of transmitter in the synaptic cleft. Conse-
quently, if TGF-p2 acts as postulated, its effect should be more
evident after a train. As predicted, 1 ng/mL of TGF-f2 halved the
rate of vesicle use in murine diaphragm stimulated at 20 Hz for
10 min (FM1-43 technique; Fig. S2).

The TGF-B2-induced decrease in quantal content did not oc-
cur in the presence of vesamicol and bafilomycin (Fig. 5C), in-
dicating that the effect of TGF-B2 on quantal content is secondary
to an increase in vesicle filling. Furthermore, as expected, block-
ade of the presynaptic cholinergic muscarinic receptors with 2 pM
of atropine prevented the TGF-p2—-induced decrease in quantal
content (Fig. 5C) but not the increase in MEPP and EPP ampli-
tude. Thus, the presynaptic action of TGF-B2 appears to be lim-
ited to increased filling of synaptic vesicles, with the observed
decrease in quantal content being a down-stream consequence.

Discussion

The current study implicates TGF-p2 as a local modulator of the
NMJ, through the control of QSpre and a lesser postsynaptic
effect on input resistance. It also provides some validation of the
hypothesis that QSpre and negative feedback combine to pro-
duce a physiology that is not apparent when either mechanism is
considered in isolation.

TGF-p2 Regulates QSpre. The evidence that TGF-B2 increases the
amount of ACh released from a synaptic vesicle comes from
multiple experiments. First, the mean postsynaptic response to
the release of a single vesicle (MEPP) was increased by TGF-p2

Fong et al.
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Fig.3. TGF-B2 increased EPP amplitude and decreases quantal content. (A) Single EPPs (evoked multivesicular releases) showed a TGF-p2-dependent increase
in amplitude (TGF-$2, 1 ng/mL, dark blue; TGF-p2, 0.1 ng/mL light blue; control, black). (B) TGF-p2 at 0.1 and 1 ng/mL caused significant increases in EPP
amplitude (*'P < 0.003; *2p < 0.001). (C) TGF-B2-induced decreases in quantal content were confirmed from potentials (*3P < 0.04).

and decreased by anti-TGF-f2 (Fig. 1), indicating that TGF-p2 is
a physiological regulator of either QSpre and/or postsynaptic
sensitivity. Second, nerve terminals contain TGF-p2 receptors (9),
and drugs that act presynaptically blocked the affect of TGF-p2
(Fig. 5). Third, TGF-p2 reduced synaptic vesicle use by half during
an extended stimulus of the diaphragm (Fig. S2). Fourth, as dis-
cussed later, TGF-f2’s effects could not be explained solely by
an increase in receptor sensitivity/response to neurotransmitter.
Most noticeably, the EPCs were unaffected, and the predominant
postsynaptic effect was a small change in input resistance (Fig. 4)
that was insufficient to explain the magnitude of TGF-p2’s affect
on MEPPs. Hence, there is direct evidence for a presynaptic ac-
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Fig. 4. TGF-p2 had no effect on resting membrane potential or EPP time
course but slightly increased muscle fiber input resistance. (A-C) TGF-p2 (1 ng/
mL) had nossignificant effect on EPP rise time (A), time to return to 50% of peak
(B), or resting membrane potential (C). (D and E) Two-electrode recording
revealed a small increase in muscle fiber input resistance with bath application
of TGF-p2 (dark blue trace) relative to control (black trace). *1p < 0.02.
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tion and clear evidence against the major effects of TGF-p2
being postsynaptic.

Decreases in postsynaptic sensitivity at the NMJ increase
quantal content (14, 15) via an unknown mechanism. TGF-p2 is
located postsynaptically (8, 9), creating the possibility that post-
synaptic sensitivity influences quantal content by regulating the
release of TGF-B2. This possibility is broadly consistent with
studies of Drosophila, where presynaptic motor nerve terminals
are regulated by postsynaptic release of glass bottom boat,
amember of the TGF-p superfamily (16, 17). If so, the mechanism
described here may be an ancient and fundamental aspect of
synaptic biology.

Alternatively, the observed effect of TGF-p2 on quantal con-
tent (Figs. 2 and 3 and Fig. S2) could be indirect, with TGF-2
acting to increase postsynaptic sensitivity which, in turn, controls
quantal content via an unidentified retrograde signal. We do not
favor this alternative, because the location of TGF-p2 and its
receptor support its being a retrograde signal rather than the
trigger of a retrograde signal.

QSpre May Influence the Rate of Vesicular Use at NMJs. Postsynaptic
receptors usually are not saturated during synaptic transmission
(4). Consequently, any variation in QSpre should lead to an
equivalent variation in EPPs if QSpre is able to vary in isolation
from other synaptic parameters. However, this variation in EPP
size was not observed in this study. TGF-p2 induced a compara-
tively large increase in QSpre during the spontaneous release of
vesicles, but its effect on EPPs was smaller and was largely the
result of a postsynaptic effect, apparently because the increase in
QSpre led to diminution in the release of vesicles through in-
creased negative feedback by ACh. This effect was not an artifact
of receptor saturation during evoked release, because larger EPPs
were recorded when the decrease in quantal content was blocked
by atropine. Hence, the net effect of increasing QSpre was to
reduce the number of vesicles used per stimulus, with little change
in the quantity of total ACh release during evoked activity.

The conservation of vesicles may increase the sustainability of
neurotransmission, as indicated by the reduced rate of vesicular
depletion during evoked stimuli (Fig. S2). In this context, it is
noteworthy that TGF-B2 is not detectable at immature NMJs (9);
its initial concentration in the postsynaptic domain is temporally
correlated with the NMJ becoming able to sustain large-amplitude,
high-frequency neurotransmission (18, 19). Furthermore, it may
explain the unique ability of TGF-f2 to restore muscle function
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Fig. 5. Inhibitors of vesicle filling block the TGF-B2—induced changes in
MEPP (A) and EPP (B) amplitudes, and quantal content (C). The vesicular ACh
transporter inhibitor L-vesamicol (5 pM) (dark brown) and the vesicular
proton pump inhibitor bafilomycin (0.1 pM) (deep red) abolished the TGF-
p2-nduced change in MEPP amplitude (P = 0.9 and P = 0.2) (A), EPP ampli-
tude (P =0.7 and P = 0.6) (B), and quantal content (P =0.9 and P = 0.63) (C).
Application of 2 uM of atropine, a presynaptic muscarinic AChR inhibitor
(dark green), did not prevent TGF-f2 from increasing MEPP (P = 0.1) (A) or
EPP (P = 0.6) (B) amplitude. (C) However, atropine blocked the TGF-p2-
induced decrease in quantal content (*'P = 0.03). Thus, increased vesicle
loading may increase presynaptic inhibition, which reduces quantal content.
None of the drugs alone (vesamicol, light brown; bafilomycin, light red;
atropine, light green) had any effect on these parameters. The effect of TGF-
p2 alone (dark blue) is significantly different from control (light blue), as
documented in the previous figures.

acutely in the early stage of motor neuron disease (20), when nerve
terminals are beginning to fail (21).

Relationship Between QSpre and Evoked Potential Could Be Synapse-
Type Dependent. TGF-f2 is widely expressed in the brain (7), with
TGF-p2 deficiency in mice leading to age-related aberration in
dopamine turnover in the striatum (22). This observation raises the
possibility that TGF-p2 is a modifier of many synapses, through
alterations in QSpre. However, the physiological consequence of
such regulation would be expected to vary with synaptic type. In
particular, QSpre should have immediate effects on evoked syn-
aptic potentials when the number of vesicles released per stimulus

13518 | www.pnas.org/cgi/doi/10.1073/pnas.1001695107

is small and/or negative feedback is absent. Consistent with this
proposal, inhibitory single-vesicle responses are significantly re-
duced in pre-Botzinger complex synapses of TGF-B2~~ neonates
(23), whereas excitatory single-vesicle responses are enhanced
by long-term cultures of TGF-B2-treated hippocampal neurons
(24). This observation is of intellectual interest but also may be of
practical importance, given that TGF-p2 is up-regulated in Alz-
heimer’s disease (25) and that TGF-B2 polymorphisms have been
linked with Parkinson’s disease (26). TGF-p1 deficiency in mice
also has been linked to an Alzheimer’s-like condition (27), but
the relevance of this observation to the current observations is
unclear, because TGF-p1 and TGF-p2 are activated through dif-
ferent mechanisms (28).

QSpre May Affect MEPP-Dependent Phenomena. The suggestion
that TGF-B2 regulation of QSpre has minimal effect on the
evoked ACh does not exclude the possibility that altering QSpre
leads to subsequent postsynaptic changes, for at least two rea-
sons. First, a change in QSpre alters the amount of ACh derived
from spontaneously released vesicles. The physiological signifi-
cance of spontaneous release is poorly understood, although there
is evidence from central synapses that spontaneous and evoked
release activate different postsynaptic receptors, leading to activa-
tion of different intracellular pathways (29). If this difference in
activation also occurs at the NMJ, then TGF-f2 would be expected
to modulate selectively the pathways controlled by spontaneous
release; such modulation might subtly regulate the postsynaptic
cell. Second, cholinergic vesicles also release compounds such as
ATP that have both pre- and postsynaptic targets (30, 31). Hence,
the relative strengths of the cholinergic and noncholinergic path-
ways should change when QSpre is altered unless all the contents
of synaptic vesicles are coordinately regulated by TGF-f2.

Postsynaptic Actions of TGF-2 May Be Indirect. The mechanism by
which TGF-B2 increases the input resistance of muscle fibers is
unclear. Muscle fibers express TGF-p receptors, but TGF-p re-
ceptor protein is not detectable in the postsynaptic domain of the
fiber under conditions where the receptors are readily apparent in
the presynaptic terminal (9), thus suggesting that the postsynaptic
actions of TGF-B2 noted here may be caused by an extrasynaptic
action and/or secondary to the TGF-p2 regulation of QSpre (see
above). The fact that TGF-f2 did not increase EPPs when coad-
ministered with inhibitors of vesicular filling (Fig. 5) is consistent
with a presynaptic action.

TGF-p2's Effect May Be Limited to Recycling Vesicles. The effect of
TGF-B2 was slow, with a 1-h incubation needed to produce a sig-
nificant effect. The rate of entry of exogenous TGF-p2 into the
synaptic cleft is unknown, and the slow onset of TGF-B2’s action
may simply reflect barriers to its diffusion. However, TGF-f2 is
similar in size to a-bungarotoxin, which acts rapidly at the NMJ
(32). Alternatively, TGF-p2 may affect vesicles only after their
use, an effect that would lead to the slow onset observed, because
a large proportion of the pool of readily releasable recycling
vesicles (33) must turn over in the 1-h period of drug incubation of
the current experiment. If so, endogenous TGF-f2 would regulate
QSpre at the NMJ with a time course that varies with the pattern
of activation but in all instances would be too slow to produce
impulse-by-impulse regulation.

In conclusion, the extracellular regulation of synapses histori-
cally has focused on the control of quantal content and postsyna-
ptic sensitivity. The data presented here suggest that the QSpre
is subject to extracellular regulation, in this case via TGF-p2—
dependent control of the neurotransmitter-carrying capacity of
synaptic vesicles. The characterization of this mechanism opens
up new possibilities for how the characteristics of synapses are
defined and/or linked to their pattern of use.

Fong et al.
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Materials and Methods

Animals and Materials. Adult male rats (>230-530 g) were stunned and then
killed by cervical dislocation in accordance with Schedule 1 of the UK Animals
(Scientific Procedures) Act, 1986. All drugs were purchased from Sigma unless
otherwise stated.

Electrophysiological Recordings. Electrical recording procedures were similar
to those used previously (19, 33, 34). Briefly, nerve-evoked muscle contrac-
tion was first blocked using 2 pM p-conotoxin GIIIB (Peptide Institute), which
selectively inhibits muscle voltage-gated sodium channels and excitation—
contraction coupling (35) but leaves synaptic transmission unaffected (15).
The nerve then was stimulated with 0.2-ms pulses, with double a previously
determined maximal stimulus (2-3 V). All experiments were performed in
a paired-control paradigm. For example, TGF-p2 (gift of Genzyme Corp),
anti-TGF-p2 (LS-C48870; Bioscience), or anti-TARIl (SC-1700; Santa Cruz) was
added to one hemidiaphragm preparation, and the other hemidiaphragm
was bathed in vehicle/blocker, including BSA, and used as a control. TGF-32
and other drugs were applied at least 1 h before electrophysiological re-
cording to facilitate penetration into the synaptic cleft.

Single-electrode recording. MEPPs and EPPs were recorded via a sharp glass
microelectrode, as previously described (33, 34). Impalements within 100 pm
of an NMJ were determined by the presence of MEPPs as well as an EPP with
a rise time <1.5 ms (0-100%).

Two-electrode recording. The voltage-recording electrode was positioned at an
NMJ, and the same fiber then was impaled within 200 pm with a current-
passing electrode (36). The initial resting membrane potential was noted,
and fibers then were held at =70 mV for subsequent current- and voltage-
clamp recordings. Muscle fiber input resistance was estimated by injecting
hyperpolarizing pulses of 30 nA and 100 ms into the muscle fiber through
the current electrode, and the potential at steady-state hyperpolarization
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