
Nerve growth factor (NGF), BDNF, neurotrophin-3 and neu-
rotrophin 4/5 comprise the neurotrophin family of neu-
rotrophic factors. The effects of neurotrophins on cell function
are mediated through ligand-specific binding to members of
the Trk family of receptor tyrosine kinases and through p75, a
receptor capable of binding all members of the neurotrophin
family1. Neurotrophins have extensive effects on neuronal
development and function, as they support neuronal survival,
trigger cell death, promote process outgrowth and modulate
synaptic plasticity2.

Neurotrophins act as short-term (acute) and long-term
(chronic) modulators of synaptic activity in the central and
peripheral nervous systems3. Studies report that neurotrophins
act presynaptically at developing motor synapses4, at sympathetic
neuron–cardiac myocyte synapses5, in hippocampal slices6 and
in cultured cortical neurons7. Neurotrophins regulate features of
neurotransmitter release such as the number of synaptic vesicles,
the expression of synaptic proteins, the number of docked vesicles
and the probability of vesicle fusion7–10.

In the peripheral nervous system, NGF is involved in estab-
lishing synaptic connections between sympathetic neurons and
myocytes during development11,12 and acutely potentiates exci-
tatory neurotransmission in vitro5 via the TrkA receptor. In cul-
ture, neonatal sympathetic neurons can release norepinephrine,
acetylcholine or both, depending on environmental signals13–16.
Thus, the acute modulation of synaptic activity by NGF raises
the question of whether neurotrophins modulate the release of
specific neurotransmitters. We found that activation of the p75
receptor—by BDNF treatment, p75 overexpression or activation
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Cardiac function is modulated by norepinephrine release from innervating sympathetic neurons.
These neurons also form excitatory connections onto cardiac myocytes in culture. Here we report
that brain-derived neurotrophic factor (BDNF) altered the neurotransmitter release properties of
these sympathetic neuron–myocyte connections in rodent cell culture, leading to a rapid shift from
excitatory to inhibitory cholinergic transmission in response to neuronal stimulation. Fifteen
minutes of BDNF perfusion was sufficient to cause this shift to inhibitory transmission, indicating
that BDNF promotes preferential release of acetylcholine in response to neuronal stimulation. We
found that p75–/– neurons did not release acetylcholine in response to BDNF and that neurons
overexpressing p75 showed increased cholinergic transmission, indicating that the actions of BDNF
are mediated through the p75 neurotrophin receptor. Our findings indicate that p75 is involved in
modulating the release of distinct neurotransmitter pools, resulting in a functional switch between
excitatory and inhibitory neurotransmission in individual neurons.

of a p75 signaling pathway—markedly increased cholinergic
transmission and resulted in a functional switch to an inhibitory
postsynaptic response.

RESULTS
BDNF promotes cholinergic transmission
In culture, sympathetic neurons formed functional connections
to cardiac myocytes (Fig. 1a and d). Functional connections are
characterized by the stimulus-evoked release of neurotrans-
mitter13,17, which leads to a postsynaptic response that can be
measured as a change in myocyte beat rate during neuronal
stimulation (Fig. 1a)5,18. Under these culture conditions, there
was no spontaneous neuronal activity, which allowed us to mea-
sure the evoked response of the myocytes. We measured the
magnitude of the functional postsynaptic response for neu-
ron–myocyte pairs cultured for 3 days in 5 ng/ml NGF alone
(control) and supplemented with additional NGF, BDNF or cil-
iary neurotrophic factor (CNTF) (Fig. 1a and b). In the con-
trol condition, neuronal stimulation led to an increase in
myocyte beat rate. There was a small (not statistically signifi-
cant) increase in myocyte response after the 3-day (chronic)
treatment with 50 compared to 5 ng/ml NGF, suggesting that
any actions of NGF on the development of synaptic connectiv-
ity were saturated at 5 ng/ml NGF. In cultures treated with 100
ng/ml BDNF, neuronal stimulation led to a marked decrease in
myocyte beat rate (Fig. 1a and b). BDNF did not alter the aver-
age baseline beat rate of cardiac myocytes (mean baseline beat
rate in control, 32 ± 12 beats/min; BDNF, 37 ± 11 beats/min).
Thus, in cultures treated for 3 days, BDNF caused a net change
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ergic transmission was seen. BDNF significantly enhanced this
inhibitory cholinergic transmission (Fig. 1c). Sympathetic neu-
rons can package both norepinephrine and acetylcholine, and
are capable of dual release of these transmitters17. We there-
fore suggest that increased BDNF alters the neurotransmitter
profile of these neurons to favor release of acetylcholine, result-
ing in an inhibitory functional output.

Presynaptic action of BDNF
Do these BDNF-induced changes in postsynaptic responses
reflect changes in the presynaptic release of neurotransmit-

ters, or changes in the myocyte response to those transmitters?
We addressed this question by applying neurotransmitter recep-
tor agonists directly to cocultured myocytes grown in the pres-
ence or absence of BDNF. We used a picospritzer (see Methods)
to apply either norepinephrine (10 µM) or the cholinergic ago-
nist muscarine chloride (25 µM) for 25, 50 or 75 ms at a pres-
sure of 10 pounds per square inch (p.s.i.). Measurements of
myocyte beat rate showed that the responses were within the
dynamic range of the agonist concentrations. BDNF did not
affect the myocyte response to norepinephrine or muscarine
chloride (Fig. 2), indicating that BDNF does not alter the post-
synaptic response of myocytes to either excitatory or inhibito-
ry neurotransmitters. These results suggest that BDNF alters
presynaptic properties of sympathetic neurons.

Fig. 1. BDNF promotes cholinergic transmission in sympathetic neu-
ron–myocyte cocultures. (a) Neonatal sympathetic neurons were
cultured for 3 days with neonatal ventricular myocytes in the pres-
ence of 5 ng/ml NGF either without (Control, left) or with 100 ng/ml
BDNF (right). For neuron–myocyte pairs (as in d), myocyte beat rate
was measured before, during and after neuronal stimulation. Data is
shown as the relative change in myocyte beat rate compared to the
average baseline for the individual myocyte (mean baseline beat rate
for control, 17 beats/min; BDNF, 33 beats/min). Although baseline
myocyte beat rates varied from cell to cell, average beat rate was not
affected by BDNF treatment (see Results). (b) Averaged data for
control (Con) and cultures grown in the presence of additional NGF
(50 ng/ml), BDNF (100 ng/ml) or CNTF (10 ng/ml). To confirm that
CNTF functioned as a cholinergic differentiation factor, cultures
were maintained for 3 weeks with or without CNTF and then sub-
jected to the beat rate assay. By the 3-week time-point, CNTF had
induced a functional switch to inhibitory neurotransmission (mean ±
s.e.m., n ≥ 7 for each condition). Cultures treated with BDNF and 3
weeks of CNTF were significantly different from controls (*, P <
0.001). (c) Atropine (1 µM) or propranolol (10 µM) was included in
the bath solution to block cholinergic or noradrenergic transmission,
respectively (mean ± s.e.m., n ≥ 4 for each condition). BDNF + pro-
pranolol was significantly different from control (Con) + propranolol
(*, P < 0.02). (d) Neurons positioned near beating myocytes were
stimulated to elicit action potentials at 2.5 Hz (scale bar, 10 µm).
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from excitatory to inhibitory sympathetic neurotransmission.
This result is in contrast to the effects of ciliary neurotrophic
factor (CNTF), a known cholinergic differentiation factor for
sympathetic neurons19. Synaptic transmission was excitatory
after 3 days of CNTF treatment, then changed to inhibitory
transmission after a three-week culture period (Fig. 1b). Thus,
BDNF-induced changes in neurotransmission are rapid com-
pared to the actions of CNTF and may be mediated by an inde-
pendent mechanism.

The BDNF-dependent, stimulus-evoked decrease in myocyte
beat rate was completely abolished by the acetylcholine receptor
antagonist atropine (Fig. 1c), implying an effect of BDNF on
cholinergic neurotransmission. Atropine did not cause a signif-
icant change in the level of excitatory noradrenergic transmis-
sion in control cultures (compare Fig. 1b and 1c), although it
uncovered an excitatory component of neurotransmission in
BDNF-treated cultures. When propranolol was used to block
noradrenergic transmission, only a low level of inhibitory cholin-
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Fig. 2. BDNF did not alter the postsynaptic response to neurotransmit-
ter. Sympathetic neuron–myocyte cocultures were grown in control
medium (Con), NGF or BDNF. After 3 days (a) 10 µM norepinephrine
or (b) 25 µM muscarine chloride was applied to a beating myocyte for
different pulse durations. Myocyte beat rate was recorded for 3 min
before and after the pulse. The change in myocyte beat rate after drug
application is shown for each pulse duration (mean ± s.e.m., n = 5 for
each condition).
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Cholinergic effects of BDNF are rapid
We have previously shown that NGF acutely (within 15 min-
utes) promotes noradrenergic transmission between sympa-
thetic neurons and myocytes5. Here, by exposing excitatory
connections to a short pulse of BDNF and measuring myocyte
response to neuronal stimulation, we tested the hypothesis that
BDNF rapidly modulates cholinergic release. After the cultures
were grown for three days in the control condition, we identified
a neuron in close proximity to a beating myocyte. We stimu-
lated the neuron and recorded the excitatory response of the
myocyte. We then perfused BDNF into the dish for 15 minutes
and stimulated the neuron again. There was a dramatic change
to an inhibitory postsynaptic response after the 15-minute
BDNF application (Fig. 3a). This switch was reversible, as
shown by the partial recovery of an excitatory postsynaptic
response after a 15-minute washout of the BDNF. The rapidity
and reversibility of the BDNF effect indicate that the release
properties of the cholinergic vesicle pool can be rapidly modu-
lated and that a non-transcriptional mechanism mediates
BDNF-induced changes in neurotransmitter release.

Inhibition after acute BDNF perfusion was blocked by the addi-
tion of atropine to the bath solution (Fig. 3b), confirming that
BDNF caused an acute increase in cholinergic transmission within
15 minutes. The acute effect of BDNF was dose dependent, with a
shift to predominantly inhibitory transmission between 50 and
75 ng/ml BDNF (Fig. 3c). This dose–response curve is decidedly
steep in the 50–75 ng/ml range. Although the reasons for this are
not clear, it suggests that factors, possibly postsynaptic, other than
the total amount of acetylcholine and norepinephrine released con-
tribute to the overall level of myocyte excitation and inhibition.

p75 regulation of cholinergic transmission
To investigate whether BDNF acts through Trk receptors to acute-
ly promote cholinergic release, we included K252a, an inhibitor
of Trk receptor tyrosine kinases, during acute BDNF treatments.
BDNF continued to promote an inhibitory postsynaptic response
within 15 minutes in this condition (Fig. 4a). In previous studies5

and in parallel experiments (Fig. 4a), K252a blocked NGF-medi-
ated potentiation of excitatory synaptic transmission, revealing
an NGF-dependent, stimulus-induced inhibition of myocyte beat
rate. Thus, TrkA mediates NGF-dependent synaptic potentia-
tion, and in the absence of Trk signaling a second NGF signaling
pathway seems to promote inhibitory transmission. Together
with the inability of K252a to block BDNF-dependent inhibito-
ry transmission, these data support a model for a non-Trk-medi-
ated rapid change in cholinergic release and suggest a role for the
p75 receptor in the regulation of cholinergic transmission.

Further evidence for a non–Trk-mediated pathway for cholin-
ergic regulation comes from BDNF survival experiments. NGF

supports sympathetic neuron survival via activation of the TrkA
receptor20. Moreover, ectopic expression of TrkB in sympathetic
cells also triggers a survival response21. Thus, if BDNF regulates
synaptic function by activation of any Trk receptor, it should
also provide trophic support for the sympathetic neurons.
Because Trk-mediated neuron survival requires a lower dose of
neurotrophin than Trk-mediated synaptic regulation5, we rea-
soned that a survival response to BDNF would indicate activa-
tion of a Trk-mediated signaling pathway21. In the absence of
NGF, however, BDNF did not support the survival of cultured
sympathetic neurons (Fig. 4b). We therefore conclude that the
actions of BDNF on sympathetic neurons in these cultures are
not mediated through a Trk-dependent pathway. Furthermore,
BDNF did not decrease the survival response of sympathetic
neurons in the presence of NGF, indicating that the synaptic
effects of BDNF are not mediated through cell death pathways
associated with the p75 receptor22.

In the absence of a Trk-mediated pathway, these data suggest
a role for p75 in modulating cholinergic transmission. We there-
fore overexpressed human p75 specifically in sympathetic neu-
rons in neuron–myocyte cocultures. Overexpression of p75
protein was confirmed by immunostaining and by co-expression
of a yellow fluorescent protein (YFP) marker (Fig. 5a and b).
After 3 days, YFP controls showed excitatory neurotransmission
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Fig. 3. Acute modulation of neurotransmitter release by BDNF.
(a) Whole-cell recordings were obtained from control cultures and
the change in myocyte beat rate in response to neuronal stimulation
was measured (Con). BDNF (100 ng/ml) was then perfused into the
dish for 15 min, the same neuron was stimulated and myocyte
response was measured again (BDNF). After a 15-min washout of the
BDNF (Wash), the neuron was again stimulated and the postsynaptic
response measured. Values are given as mean ± s.e.m., n = 7; *, acute
BDNF treatment significantly different from control (P < 0.02). (b) The
switch to inhibitory transmission was blocked by 1 µM atropine
(mean ± s.e.m., n = 7). (c) Dose–response curve for the cholinergic
switch induced by 15-min application of BDNF (mean ± s.e.m., n = 5
at each concentration).
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Fig. 4. Trk-independent effects of BDNF. (a) Myocytes showed an
increase in beat rate during neuronal stimulation in the absence or
presence of K252a (200 nM). After an excitatory neuron–myocyte
pair was found (Stim 1), either NGF (50 ng/ml) or BDNF (100 ng/ml)
was perfused into the bath in the presence of K252a for 15 min, and
the same neuron was stimulated again (Stim 2). With K252a in the
bath, both NGF and BDNF produced a net change to inhibitory
transmission upon repeated stimulation of the neuron (mean ±
s.e.m., n ≥ 6 for each condition; *, P < 0.02 as compared with
matched control). (b) BDNF neither supported the survival (in the
absence of NGF) nor triggered the death (in the presence of NGF)
of cultured sympathetic neurons. Survival is expressed as the per-
centage of neurons counted at plating that were alive at each time
point (mean ± s.e.m., n = 3).
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to connected myocytes (Fig. 5e). In contrast, p75-overexpress-
ing neurons showed inhibitory transmission, even in the absence
of exogenous BDNF, indicating that p75 is involved in the regu-
lation of cholinergic transmission.

As cultures expressing human p75 contained only 5 ng/ml
NGF, the switch to an inhibitory connection raised the possibil-
ity of ligand-independent signaling through the overexpressed
p75 receptor. Such ligand-independent signaling has been pre-
viously suggested for the intracellular domain of p75 (ref. 23).
We therefore examined myocyte responses following the expres-
sion of a mutant p75 (p75-105) deficient in ligand binding24,25

(Fig. 5c and d). We examined eight connected neuron–myocyte
pairs expressing mutant p75 in the neuron. Four of the eight
showed inhibitory transmission upon neuronal stimulation (aver-
age change in myocyte beat rate, –9.6 ± 1.4 beats/min), whereas
the other four showed excitatory transmission (average change
in myocyte beat rate, 9.8 ± 2.5 beats/min). This resulted in an
average change in myocyte beat rate midway between excitation
and inhibition (Fig. 5e). Post-hoc examination of p75-105
immunostaining in two neurons, one showing an inhibitory
response and the other an excitatory response, revealed similar-
ly high levels of p75-105 expression. Thus, though p75-105 could
mediate a switch to inhibitory transmission, the effect was not
as complete as that seen for the wild-type construct. This sug-
gests that overexpressed p75 may have both ligand-dependent
and ligand-independent components. Furthermore, the bimodal
distribution of excitatory and inhibitory connections is consis-
tent with the idea suggested by the dose–response curve (Fig. 3c)
of a sharp transition between these two states.

Further evidence for a regulatory role of p75 comes from
analysis of the effect of BDNF in cultures derived from p75–/–

mice26. In these cultures, p75-deficient sympathetic neurons
formed excitatory connections to myocytes (Fig. 6a), and p75–/–

cells continued to show an evoked increase in myocyte beat
rate after acute BDNF treatment, whereas wild-type controls
showed inhibitory transmission after the same treatment.
These data conclusively identify p75 as a regulator of acetyl-
choline release from sympathetic neurons. Together with evi-
dence implicating TrkA in the regulation of noradrenergic
transmission5, these results suggest that multiple signaling
pathways control the pattern of neurotransmitter release in
developing sympathetic neurons.

A number of signaling pathways downstream of the p75
receptor have been identified, including the activation of
sphingomyelinase, which leads to the generation of
ceramide1. We investigated the p75-mediated ceramide path-
way by acutely treating neuron–myocyte cocultures for 15
minutes with C2-ceramide, a membrane-permeant ceramide

analog that mimics the mobilization of ceramide following p75
activation27. A 15-minute exposure to C2-ceramide resulted in a
stimulus-evoked inhibition in myocyte beat rate (Fig. 6b). In
control experiments, neuronal stimulation elicited an increase
in myocyte beat rate after a 15-minute treatment with C2-dihy-
droceramide, an inactive ceramide compound. The effect of the
C2-ceramide treatment cannot be explained by TrkA activation
of the ceramide pathway because ceramide-induced TrkA acti-
vation has not been observed within the 15-minute time frame
used in our experiments28. Furthermore, the effects of the acute
ceramide treatment recapitulated the timing of acute BDNF
application (Fig. 3a), consistent with a role for p75 in rapid
changes in synaptic release.

DISCUSSION
Sympathetic neurons modulate myocyte beat rate through activ-
ity-evoked release of neurotransmitter. Here we show that cul-
tured neonatal sympathetic neurons rapidly switched between
excitatory and inhibitory neurotransmission in response to neu-
rotrophins. This change in the functional output of sympathetic
transmission reflected an increase in stimulus-induced cholin-
ergic transmission that was mediated presynaptically through the
p75 receptor. Activation of the p75 signaling pathway—by BDNF
treatment, p75 overexpression or activation of the ceramide sig-
nal transduction pathway—resulted in increased cholinergic
transmission and activity-evoked inhibition of myocyte respons-
es. BDNF did not mediate a change to synaptic inhibition in cul-
tures derived from p75–/– mice, further implicating p75 in the
regulation of cholinergic transmission. These results suggest that
cotransmission of norepinephrine and acetylcholine can be
dynamically regulated in developing sympathetic neurons by tar-
get-derived factors that modulate the release properties of dif-
ferent neurotransmitter pools.
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100 ng/ml BDNF), only a small decrease in neuronal number is
seen22. Notably, more cell death occurred in BDNF-treated cul-
tures in the presence of KCl, a condition in which Trk receptors
are not activated22. The lack of such cell death in our cultures
may also reflect differences in culture conditions, differences in
degree of p75 expression or a stronger co-activation of TrkA in
our cultures. Thus, within a range of TrkA and p75 signaling that
supports neuronal survival, the balance of signaling through these
receptors regulates the neurotransmitter profile of developing
synaptic connections.

TrkA and p75 activation
Although our data support a role for p75 in promoting cholin-
ergic release, previous studies have implicated TrkA activation in
the potentiation of noradrenergic transmission5. How might acti-
vation of these two receptors lead to divergent downstream
effects? Trk and p75 signaling pathways are known to interact,
with p75 enhancing TrkA signaling when the two receptors are
co-activated29,30. In the absence of Trk signaling, p75 activates
cell death pathways31, an action which can be blocked by Trk acti-
vation32. Thus, it appears that p75 has the potential to regulate
events in both Trk-dependent and Trk-independent ways. The
recent observation that proneurotrophins (the initial secreted
form of neurotrophins) act as specific, high-affinity ligands for
p75 raises further possibilities of Trk-independent p75 activity
during the modulation of neuronal function33. Our experiments
indicate that p75 mediates specific cellular responses in the pres-
ence of low-level TrkA activation and that the relative ratio of
Trk and p75 signaling can affect the functional output of sym-
pathetic neurotransmission. This model is in accordance with
the finding that BDNF activation of p75 shifts the functional out-
put of sympathetic survival pathways even in the presence of low-
level TrkA activation22.

In our coculture system, BDNF treatment did not lead to a
cell death response but rather to local changes in synaptic func-
tion. BDNF signaling through p75 has previously been shown to
trigger the death of sympathetic neurons, but in a condition close-
ly resembling that used in our experiments (5 ng/ml NGF and

Fig. 6. Activation of p75 signaling pathways promotes inhibitory transmission. (a) After identifying a connected neuron–myocyte pair, the aver-
age response of a myocyte to neuronal stimulation was measured in cultures obtained from either p75+/+ or p75–/– mice (Con). BDNF was then

added to the bath for 15 min and the stimulus-induced
myocyte response measured again (BDNF). BDNF did not
promote cholinergic transmission in p75–/– mouse sympa-
thetic cocultures (p75+/+, n = 4; p75–/–, n = 6; *, P < 0.03
compared with control). (b) Acute application of C2-
ceramide resulted in a net change to inhibitory trans-
mission. Neuron–myocyte pairs showing an excitatory
connection were perfused with 20 µM C2-ceramide or
C2-dihydroceramide (control) for 15 min, then myocyte
response to neuronal stimulation was measured. In
some experiments, 1 µM atropine was included to
block cholinergic transmission. Mean ± s.e.m., n = 5 for
each condition. Responses of myocytes treated with
C2-ceramide were significantly different from those of
controls and those of myocytes treated with C2-
ceramide + atropine (P < 0.001).
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Fig. 5. Overexpression of the p75 receptor induced inhibitory neuro-
transmission. (a, b) A neuron cotransfected with YFP and human p75
(white arrows) overexpressed the p75 protein as detected by p75
immunofluorescence. (a) YFP fluorescence of the transfected neuron;
(b) p75 immunoreactivity in the same neuron (white arrow). Non-
transfected neurons in the same field showed lower endogenous p75
expression (white arrowhead). Exposure time, 200 ms; scale bar, 20 µm.
(c, d) A neuron cotransfected with YFP and p75-105 (white arrows).
(c) YFP fluorescence; (d) p75 immunoreactivity. Non-transfected neu-
rons showing lower p75 immunoreactivity are marked with a white
arrowhead (exposure time, 500 ms). (e) Myocyte response to neuronal
stimulation was measured for YFP vector–transfected neurons
(Control), YFP-labeled neurons co-expressing wild-type human p75
(p75) or YFP-labeled neurons co-expressing the mutant human p75-105.
Mean ± s.e.m., n = 4 for control, n = 4 for p75, n = 8 for p75-105; *,
P < 0.001 compared with control.
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Regulation of co-release of multiple neurotransmitters
A role for p75 has been established in the KCl-induced release of
dopamine from rat mesencephalic neurons34, demonstrating that
p75, as well as Trk receptors, can regulate neurotransmitter
release. In other experiments, NGF-induced release of glutamate
from cerebellar granule cells was not blocked by K252a, suggest-
ing a possible further role for p75 in non-evoked release of neu-
rotransmitter35. Here we show that p75 signaling modulated
action potential–mediated synaptic release and, moreover, reg-
ulated the differential release of distinct neurotransmitter pools
within individual sympathetic neurons. The regulation of
cotransmitter release by different target-derived factors may
increase the modulatory complexity of sympathetic neurons,
indicating that TrkA and p75 signaling helps establish local pat-
terns of neurotransmitter release.

The observation that neurotrophin signaling through p75
preferentially promoted the release of acetylcholine raises the
question of how cholinergic and noradrenergic transmitter pools
are segregated. In sympathetic neurons, acetylcholine is pack-
aged in small synaptic vesicles, whereas norepinephrine can be
found in both large dense-core vesicles and small synaptic vesi-
cles14,36,37. It has been suggested that some vesicles might package
acetylcholine and norepinephrine together38, but analyses of the
localization of cholinergic and catecholaminergic transporters
suggest that these transmitters are segregated to discrete pools of
small vesicles39.

Experiments using latrotoxin to stimulate vesicle release sug-
gest that dense-core and small clear vesicles may be compart-
mentalized differently within synaptic sites and have different
calcium requirements for release40. Both Trk and p75 activation
are associated with influx of intracellular calcium41, although the
calcium pools mobilized differ for the two receptors42. Thus, the
dynamics of calcium entry may be modulated as a consequence
of differential Trk and p75 activation, leading to differential neu-
rotransmitter release. Our observation that p75 signaling pro-
moted the release of cholinergic vesicles is consistent with an
effect on the mobilization of different vesicle pools. However,
further work is required to fully understand the mechanisms
underlying this specificity.

These results also have general implications for understanding
the regulation of cotransmission in the nervous system. Although
it is widely accepted that some CNS neurons can synthesize more
than one classical neurotransmitter43,44, current dogma holds
that they secrete only a single neurotransmitter45. Arguing against
this view, recent studies demonstrate co-release of two classical
neurotransmitters in a number of central systems46–48, suggesting
that cotransmission may have a previously unrecognized role in
the regulation of complex circuitry in the nervous system. Our
work in the peripheral nervous system provides evidence for a
mechanism through which postsynaptic factors could regulate
the differential release of cotransmitters to increase the modula-
tory complexity of neuronal circuits.

METHODS
Neonatal sympathetic neurons and ventricular myocytes. Cocultures of
neonatal sympathetic neurons and cardiac ventricular myocytes were
prepared and cultured essentially as described12 from neonatal Simon-
sen white rats (Simonsen Laboratories, Gilroy, California) and p75–/– or
wild-type mice (Jackson Laboratories, Bar Harbor, Maine). Animal pro-
tocols were approved by the Brandeis University Institutional Animal
Care and Use Committee (IACUC). Freshly isolated sympathetic neu-
rons (7,500–15,000 neurons) were plated with cardiac myocytes (50,000
myocytes) obtained from the same animals and cultured for 3–4 days or
3 weeks before analysis. The cells were cultured in 2× MAH food con-

taining 5 ng/ml 2.5S NGF (Upstate Biotech, Lake Placid, New York) as
described5. After 1 day in culture, 1 µM cytosine arabinofuranoside
(AraC; Sigma, St. Louis, Missouri) was added to the dishes to stop cell
division. Under these conditions, AraC does not have an effect on the
survival or function of cultured sympathetic neurons49,50. Where indi-
cated, the medium was supplemented either with 100 ng/ml BDNF (gift
from Regeneron Pharmaceuticals, Tarrytown, New York), 10 ng/ml CNTF
(R&D Systems, Minneapolis, Minnesota) or 50 ng/ml NGF (final con-
centration), or with 20 µM C2-ceramide or C2-dihydroceramide (Bio-
mol, Plymouth Meeting, Pennsylvania).

For survival assays, neurons were plated at 10,000 cells per well in a
24-well dish. Neurotrophins were added at the time of plating. Percent
survival was calculated by comparing the number of surviving neurons at
24, 48 and 72 h after plating with the number of neurons that were on
the dish 4–6 h after plating. Duplicate wells for each condition were
counted for a minimum of three experiments per condition.

Human p75 was expressed in cocultures using a Helios Gene Gun (Bio-
Rad, Hercules, California). Cells were transfected 1 day after plating either
with pJPA5-CD8-YFP or pNF314-CD8-GFP (control, gift from G. Banker),
or with pJPA5-CD8-YFP and pCMV5A, an expression vector containing a
human p75 cDNA (gift from M. Chao). A mutant p75 encoding a p75 pro-
tein deficient in ligand binding (p75-50, gift from M. Chao) was subcloned
into pCMV5 to generate p75-105. Expression of p75 was detected by stain-
ing with an anti-p75 antibody that recognized the intracellular domain of
both rat and human p75 protein (Promega, Madison, Wisconsin).

Measurement of functional postsynaptic response. Cultures were visu-
alized using an inverted Olympus IX70 microscope (Olympus, Melville,
New York) with differential interference contrast (DIC) optics. Whole-cell
recordings were obtained using 3–4 MΩ patch electrodes as described5

from sympathetic neurons that appeared to be connected to a beating
myocyte. Synaptic transmission was examined by measuring the func-
tional postsynaptic response of a myocyte to neuronal stimulation. This
was achieved by measuring the stimulus-induced change in myocyte beat
rate5. A baseline beat rate was counted for 4 min before the presynaptic
neuron was stimulated. Then the beat rate was counted for the duration
of the 3-min stimulation. Further manipulations and analyses were car-
ried out on neuron–myocyte pairs showing a functional connection5. In
some cultures, after the initial stimulation, BDNF or ceramide com-
pounds were perfused into the dish for 15 min and myocyte beat rate
was measured during a second stimulation. BDNF was then washed out
for 15 min and the functional assay repeated. Atropine (1 µM) or pro-
pranolol (10 µM) was included in the bath solution of some dishes to
block cholinergic or noradrenergic transmission respectively.

In some experiments, cells were continuously perfused with 200 nM
K252a (Kamiya Biomedical, Seattle, Washington) for the length of the
experiment. After a connected neuron–myocyte pair was found, 50 ng/ml
NGF or 100 ng/ml BDNF was washed into the bath for 15 min, and the
stimulation protocol was repeated. Cultures used for K252a experiments
were grown in either 5 ng/ml (acute BDNF experiments) or 50 ng/ml
NGF (acute NGF experiments). We had previously established that acute
modulation was not affected by the growth concentration of NGF5.

Neurotransmitter receptor agonists were applied to beating myocytes
using a Picospritzer II (General Valve Corp., East Hanover, New Jersey) and
standard patch pipettes. Myocytes were exposed to either 10 µM norepi-
nephrine (Research Biochemicals International, Natick, Massachusetts) or
25 µM muscarine chloride (Sigma, St. Louis, Missouri). The agonist solu-
tions were puffed onto the myocytes at 10 p.s.i. for 25, 50 or 75 ms. Myocyte
beat rate was counted for 3 min before and 3 min after the application.

Statistics. Significance was analyzed by Student’s t-tests or ANOVA fol-
lowed by post-hoc tests using StatView (Abacus Concepts, Berkeley,
California) software.
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