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TOP ICAL REVIEW

Neurotransmitters and peptides: whispered secrets and
public announcements

Gareth Leng and Mike Ludwig

Centre for Integrative Physiology, University of Edinburgh, Edinburgh, UK

The magnocellular oxytocin and vasopressin neurones of the hypothalamus are now
understood in exceptional detail. Extensive quantitative details from many independent sources
are available describing the electrical activity of the neurones in diverse circumstances, the
subcellular localization of vesicles, and rates of hormone secretion from nerve endings into the
blood and from dendrites into the brain. These data enable the relationship of electrical (spike)
activity to vesicle exocytosis to be inferred with some precision. Such calculations lead to the
conclusion that exocytosis of peptide-containing vesicles is a relatively rare event even in this
vesicle-dense system. At any given release site in the neurohypophysis, it seems that several
hundred spikes are needed on average to release a single vesicle. Release from compartments
within the brain seems also to be very rare, making it implausible that peptides can act in
a temporally precise, anatomically specific manner. However, very large amounts of peptide
are released by these infrequent events, consistent with their likely role as neurohormonal
messengers.
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Neurones encode information as trains of action potentials
(spikes), and information passes between them when
these spikes trigger the release of neurotransmitters at
synapses. Neurones use many different molecules to
communicate with each other, acting in many different
ways via specific receptors. Amongst these molecules are
more than a hundred different peptides, expressed in
different subpopulations of neurons, and many of these
peptides are known for the distinctive effects on specific
physiological functions that follow central administration
of peptide agonists or antagonists. Given the complexity,
and the spatial and temporal precision of information
processing in the brain, how is it conceivable that
a peptide, when administered with no anatomical or
temporal sophistication, can evoke functionally coherent
consequences? Here we ask, are neuropeptides really like
classical neurotransmitters at all?

Classical neurotransmitters are released from axon
terminals by Ca2+-dependent exocytosis (Burgoyne &
Morgan, 2003); they are packaged in small synaptic
vesicles which are preferentially localized at synapses,
although recent evidence indicates that extrasynaptic
vesicular release can also occur from the somato/dendritic
regions of neurones (Cheramy et al. 1981; Huang & Neher,
1996; Zilberter et al. 2005). Peptides are also released by

Ca2+-dependent exocytosis, but they are packaged in large
dense-core vesicles which generally are not localized to
synapses; some are found at synapses, but these vesicles
tend to be distributed in soma, dendrites and in axonal
varicosities as well as at nerve endings. As the dendrites of
a typical neurone contain more than 80% of the total cell
volume, for at least some neurons this compartment is the
major site of peptide vesicle stores.

The dendrites of the magnocellular neurones of the
hypothalamic supraoptic (SON) and paraventricular
nuclei (PVN) are the source of very large amounts
of oxytocin and vasopressin released within the brain
(Ludwig & Pittman, 2003; Ludwig & Leng, 2006).
Although many neurones produce peptides as well as
a conventional neurotransmitter, and although these
are often described as being ‘co-released’, release
of peptide-containing vesicles is regulated semi-
independently of release of small synaptic vesicles. Here
we consider stimulus–secretion coupling of peptide release
from magnocellular neurones, and compare it with what
is known for conventional transmitters.

A typical synapse contains several thousand small
synaptic vesicles, but at any one time, only a few are
docked at the membrane, ready to be released when a
spike invades the presynaptic terminal. In hippocampal
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neurones, how many are released can be measured by
recording the excitatory postsynaptic potentials (EPSPs)
that arise when the synapse is stimulated. It is unusual for
more than one vesicle to be released by a single spike, but
often not even one is released; typically, the probability
that a spike will release one vesicle (PREL) is between 0.1
and 0.3 at any given synapse. However, when spikes occur
in a cluster, PREL increases progressively towards 1. This
facilitation of release, which is due to augmentation of
Ca2+ entry into the nerve ending, means that clusters of
spikes are disproportionately important. The converse to
facilitation is fatigue, reflecting depletion of the readily
releasable pool of vesicles, and the combination of
facilitation and fatigue means that brief bursts of spikes are
most efficient for transmitter release (Dobrunz & Stevens,
1997; Dobrunz, 2002).

Secretion from the nerve endings in the neural lobe

Neuropeptide secretion is also subject to facilitation and
fatigue (Dutton & Dyball, 1979; Ingram et al. 1982;
Bicknell et al. 1984; Shaw et al. 1984; Cazalis et al. 1985),
but there are large quantitative discrepancies between
peptide release and neurotransmitter release.

The hypothalamo-neurohypophysial system (HNS)
comprises several thousand magnocellular neurones that
project to the pituitary neural lobe (estimates vary from
∼9000 according to Rhodes et al. 1981, to ∼18 000
according to Bandaranayake, 1971); half make mainly
vasopressin and half oxytocin, and many of them are
aggregated into the SON and the PVN. The SON is
particularly homogeneous, containing more vasopressin
cells than oxytocin cells (Swaab et al. 1975; Rhodes
et al. 1981), but no significant numbers of any other
neuronal subtype. Vasopressin and oxytocin are secreted
into the circulation from the pituitary nerve terminals,
and plasma concentrations have been measured in many
circumstances in which neuronal electrical activity has
also been recorded (e.g. Leng et al. 1999). From these,
we can calculate how much hormone is secreted for a
given spike activity, and as the ultrastructure of the HNS
is well described (Nordmann & Morris, 1984), we can also
estimate PREL.

Taking 18 000 as the total number of magnocellular
neurones, then from morphometric studies of the neural
lobe, it appears that each magnocellular neuron has
one long axon that, gives rise to about 2000 nerve
terminals and swellings, all packed with vesicles that
contain oxytocin or vasopressin (Fig. 1). Altogether, the
neural lobe contains ∼1.48 × 1010 vesicles that contain
vasopressin, and as many that contain oxytocin, each
containing ∼85 000 molecules of hormone (see Morris,
1976a,b; Nordmann, 1977; Nordmann & Morris, 1984).
Vasopressin and oxytocin have a molecular weight of

∼1000, implying a neural lobe content of ∼2 μg for
each peptide (using Avogadro’s number, 6.022 × 1023, for
the number of molecules in 1000 g of peptide). Direct
measurements of content are usually lower than this, but
vary between 1 and 2.5 μg of vasopressin, depending on
age, strain, and physiological status. However, some of the
largest axonal swellings (the Herring bodies) contain aged
granules which are undergoing degradation and have a
lower hormone content (Krsulovic et al. 2005), and this
may explain the small discrepancy.

In conscious rats, basal plasma vasopressin
concentrations are ∼1 pg ml−1; for a distribution
volume of 60 ml (assuming that extracellular fluid (ECF)
volume is 20% of body weight in a 300 g rat), the
circulating content is thus ∼60 pg. Vasopressin is cleared
with a half-life of ∼2 min (Czaczkes & Kleeman, 1964),
so this implies an average secretion of 0.35 pg s−1, or
∼2500 vesicles s−1. A similar conclusion was drawn by
Morris (1976a); from considerations of daily turnover, he
estimated that about 10 000 vesicles s−1 (comprising both
oxytocin and vasopressin vesicles) were secreted in basal
conditions.

Under urethane anaesthesia, vasopressin cells fire
at ∼4 spikes s−1 and vasopressin concentrations are
∼85 pg ml−1 (in the study of Leng et al. 1994); assuming
that there are 9000 vasopressin cells, ∼23 vesicles are
secreted from each cell each second, or ∼5 vesicles spike−1.
In that study, stimulating the neural lobe at a mean of
10 Hz raised the circulating vasopressin concentration
to 213 pg ml−1, again ∼5 vesicles spike−1. Thus, as each
cell has about 2000 release sites, the PREL at each site
is just ∼0.0025. This calculation is independent of the
actual number of vasopressin cells, depending only on
the number of release sites as estimated by morphometric
analyses.

Similar estimates come from calculations of electrically
evoked secretion from the neural lobe in vitro. The optimal
frequency for evoking vasopressin secretion is∼13 Hz, and
in response to 3 min of such stimulation Bicknell & Leng
(1981), observed that the maximum secretion was ∼10 ng
of each peptide. Again assuming that there are 9000 vaso-
pressin cells and 9000 oxytocin cells, then this is 1.7 vesicles
cell−1 spike−1. However, secretion fatigues during 3 min
of stimulation, and with shorter stimulations, maximal
secretion rates were ∼6.5 pg pulse−1 for oxytocin (at
52 Hz) and ∼5 pg pulse−1 for vasopressin (at 13 Hz),
corresponding to ∼5 vesicles cell−1 spike−1 for oxytocin
and ∼4 vesicles cell−1 spike−1 for vasopressin.

The physiological secretion rate for neurohypophysial
hormones is maximal at reflex milk ejection, when a pulse
of oxytocin is triggered by a brief, intense burst of spikes
(Lincoln & Wakerley, 1974). A typical burst comprises
∼75 spikes, and involves a near-simultaneous activation
of all magnocellular oxytocin cells (Belin & Moos, 1986).
Comparing the accompanying intramammary pressure
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response with the response to I.V. injections of oxytocin
indicates that each burst releases ∼0.5 ng oxytocin. This is
equivalent to 3.5 × 106 vesicles, ∼5 vesicles cell−1 spike−1

(again for 9000 cells). These examples converge on a
conclusion that, in response to each spike, a magnocellular
neurone secretes at most ∼5 vesicles in all from its 2000
endings. Thus, although these endings contain far more
large vesicles than seen at any peptidergic nerve endings in
the brain, it typically requires about 400 spikes to release
one vesicle at any given ending.

However, some capacitance measurements in iso-
lated ‘single terminals’ (probably axonal swellings, given
their size) have suggested a much higher rate of
exocytosis. Interpretation of these measurements is
complex; capacitance changes reflect exocytosis of small
as well as large vesicles, and many terminals contain small
vesicles of unknown function as well as peptide-containing
vesicles (Lindau et al. 1992). Depolarization can also

Figure 1. Quantitative features of vesicle distribution in magnocellular neurones
See Bandaranayake (1971), Morris (1976a,b), Nordmann (1977), Rhodes et al. (1981), Nordmann & Morris (1984)
and Morris & Pow (1988). The electron micrograph shows a section through dendrites in the supraoptic nucleus.
The electron micrograph of the posterior pituitary was kindly provided by Professor John Morris (Oxford).

produce large capacitance changes unrelated to exocytosis,
reflecting gating charge movements associated with
voltage-dependent conductances (Matthews, 1998; Barg
et al. 2002). Nevertheless, even allowing for some of
these factors, Giovannucci & Stuenkel (1997) suggested
that the ‘terminals’ contained an immediately releasable
pool of about 19 vesicles that is released by a single
5 ms depolarization. This is about 0.8% of the mean
content of swellings; if such a rate were sustained, 80%
of the neural lobe content would be depleted by 2 s of
stimulation at 50 Hz – a stimulus known to release only
∼1 ng of oxytocin (< 0.1% of gland content) in vivo and
less in vitro. A similar discrepancy arises in capacitance
measurements in the SON (de Kock et al. 2003; Soldo et al.
2004). de Kock et al. (2003) reported that a single 2 ms
depolarization could apparently release ∼40 ± 8 vesicles
from the somatodendritic compartment of oxytocin cells.
At this rate, a basal discharge rate of only 1 spike s−1 would
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deplete the entire somatodendritic content in 5 min, and
as much oxytocin would be released into the brain every
second as is secreted from the pituitary into the periphery
during an entire milk-ejection burst.

It has been noted by others that capacitance
measurements often indicate rates of exocytosis much
higher than expected from direct measurements of
secretion. For example, Barg et al. (2002) measured
glucose-induced second-phase insulin secretion from
pancreatic β-cells, and calculated the rate of exocytosis
as 5 vesicles min−1 (2.5% of total content h−1). However,
they noted that the maximum observed rate of capacitance
increase in β-cells is equivalent to 600 vesicles s−1 (5% of
content), a discrepancy of about four orders of magnitude.
This very high rate is only for a brief period (< 0.5 s),
but estimates of exocytosis rate in the steady state,
although much lower at < 15 granules s−1, still exceed
direct measurements by over 100-fold.

Capacitance measurements only report changes in
the cell surface area and there might be delays between
the fusion of the granules with the plasma membrane, the
establishment of the fusion pore and cargo release. Thus
capacitance increases might be reporting not exocytosis
itself but a preparatory phase, which may be reversible.
If these measurements reflect brief transient membrane
fusion events, is it possible that peptide release may occur
by a ‘kiss-and-run’ mechanism (He & Wu, 2007)? For the
vesicles that contain oxytocin and vasopressin, the answer
is probably no; the contents of these are so densely packed
that they allow little scope for free diffusion. Morris &
Pow (1988) compared the peptide released from the SON
in response to high K+ depolarization with the number
of exocytoses visualized using the tannic acid method
to capture exocytotic cores for electron microscopy, and
concluded that the visualized exocytoses accounted for all
the measured release.

Release of oxytocin and vasopressin within the brain

Oxytocin and vasopressin secreted from the pituitary does
not enter the brain in significant amounts (Ermisch et al.
1993), but both are also released within the brain by
centrally projecting parvocellular neurones, and also from
the soma and dendrites of magnocellular neurones (Pow
& Morris, 1989; Landgraf & Neumann, 2004; Ludwig &
Leng, 2006). What is released centrally is degraded within
brain tissue by aminopeptidases, and what survives this
arrives in the cerebrospinal fluid (CSF), from where it
is cleared into the circulation by bulk flow. In the rat,
basal CSF concentrations of oxytocin are ∼50 pg ml−1; as
oxytocin in CSF has a half-life of ∼20 min (Mens et al.
1983), to maintain this concentration in a CSF volume of
∼400 ml, about 0.7 pg must reach the CSF every minute
(∼80 vesicles s−1). Only some of the oxytocin released

reaches the CSF, but we can get closer to the true release
rate by measuring neurophysin, a large peptide fragment
of the oxytocin precursor. Neurophysin is co-packaged
and co-released with oxytocin in equimolar amounts,
but is not significantly degraded by enzymatic activity
in the brain; it is cleared from the CSF by bulk flow with
a half-life of ∼40 min (Jones & Robinson, 1982). CSF
thus contains much more neurophysin than oxytocin and
vasopressin; indeed, for every molecule of oxytocin that
reaches the CSF, ∼50 molecules of the associated neuro-
physin arrive there (Jones & Robinson, 1982). If neuro-
physin is ultimately all cleared via the CSF, this will reflect
the true basal level of central oxytocin release, giving an
estimated central oxytocin release of ∼4000 vesicles s−1.

There may be as many parvocellular as magnocellular
oxytocin neurones, although there have been no detailed
quantitative analyses. The parvocellular neurones project
densely to the nucleus tractus solitarii (the brain stem
contains ∼3 ng oxytocin; Möhring et al. 1983) and the
spinal cord, but generally sparsely to other sites, and
individually the neurones contain less oxytocin than do
the magnocellular neurones. If the central basal release
rate of oxytocin is ∼4000 vesicles s−1, and if say 9000
parvocellular neurones were the sole source, then each
releases one vesicle every 2 s or so; if each has 2000 nerve
endings, this would be only one release event per ending
every 4000 s or so. Clearly there are uncertainties in this
estimate; 2000 is a conservative estimate for the number
of nerve endings, but 9000 may be an overestimate of the
number of parvocellular oxytocin cells. However, even if
the total number of endings is overestimated by a factor
of 10, which seems very unlikely, then this still suggests
only one release event per ending every 400 s or so.
Remembering that the parvocellular oxytocin neurones
also release a classical neurotransmitter from their nerve
endings, oxytocin release from these oxytocin cells may be
rare compared to conventional neurotransmitter release.

The axonal terminal plexus of parvocellular
neurones in the nucleus tractus solitarii lies close
to the floor of the fourth ventricle, and oxytocin released
there may reach the CSF readily; however, these are
not the only source of oxytocin in the brain. The
dendrites of magnocellular neurones contain a large
store of vesicles that can be released either by agents
that mobilize intracellular calcium, or, after appropriate
priming, by spike activity (Ludwig et al. 2002; Ludwig
& Leng, 2006). The SON contains only magnocellular
neurones, so release from this nucleus reflects release from
dendrites. Each SON contains ∼2 ng of oxytocin, giving
an estimated 15 000 vesicles cell−1 for 1000 oxytocin cells,
consistent with ultrastructural analyses (Morris, 1976a,b;
Morris & Pow, 1991) (the vasopressin cells contain many
more vesicles than this in their dendrites). In vitro,
high potassium depolarization can release ∼50 pg of
oxytocin from each SON over a 5 min period (Ludwig
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et al. 2002). This is only about 1 vesicle cell−1 s−1, but
the total is a very large amount of oxytocin, and indeed,
dendritic oxytocin release can make a major contribution
even to CSF concentrations. Coombes et al. (1991)
measured CSF concentrations of oxytocin in response
to morphine withdrawal in morphine-dependent rats.
This stimulus increases the electrical discharge rate of
magnocellular oxytocin neurons by 3–4 spikes s−1, and
even after complete lesion of the paraventricular nucleus
to exclude any contribution from parvocellular neurons,
it raised plasma CSF concentrations of oxytocin to
> 1500 pg ml−1.

Estimating the rate of dispersal of peptide released
within the brain

To estimate the radius of effectiveness of oxytocin released
from dendrites, we need to estimate the secretion rate, the
rate of spread through brain extracellular fluid, and the
degradation rate. Höistad et al. (2005) asked how soon a
peptide reaches the CSF after central release. After micro-
injection of 0.1 nmol of radiolabelled β-endorphin into
the striatum, 2 mm away from the lateral ventricle, CSF
concentrations in the cisterna magna rose within 15 min,
and the concentration at 30 min (∼400 nM) indicates that
virtually all of the injected β-endorphin had by then
arrived in the CSF. Thus there is rapid dispersal of peptide
within brain tissue in vivo; this does not reflect diffusion
alone, but bulk flow of ECF combined with convection
currents influenced by pressure gradients established by
capillary blood flow.

Oxytocin and vasopressin disappear with a half-life
of 2–3 min in plasma, and ∼20 min in CSF (Jones &
Pickering, 1972; Mens et al. 1983; Fitzsimmons et al.
1992). The only direct measure of degradation rate
in vivo suggested that the half-life in brain is ∼1 min
(Stark et al. 1989), but there may be regional variations.
Despite the uncertainties, we can begin to estimate the
likely radius of effect of oxytocin released from the
dendrites of magnocellular neurones. First, we might
estimate that the basal oxytocin release from the dendrites
is only ∼0.1 vesicle cell−1 s−1 (which would account for
half of all oxytocin released in the brain), rising to a
maximum of 1 vesicle cell−1 s−1. This basal rate, from
9000 magnocellular neurones, would give a secretion of
0.13 pg s−1. Many of the oxytocin cells are in isolated cells
or small accessory cell groups between the PVN and the
SON (Rhodes et al. 1981). The volume of the anterior
hypothalamus, from the lamina terminalis of the third
ventricle to the neural stalk, from the ventral surface
of the brain to the fornix, and up to 3 mm lateral of
the midline, is approximately that of a tissue block of
5 mm × 6 mm × 3 mm, i.e. ∼90 μl. Of this, extracellular
space comprises about 11% of tissue volume, or ∼10 μl.

Thus we might consider the consequences of 0.13 pg s−1

of oxytocin secreted into 10 μl, from which it is rapidly
cleared. Even with a half-life of just 10 s, then within a
minute, enough oxytocin would be present to achieve a
mean basal concentration of ∼260 pg ml−1 throughout
the anterior hypothalamus.

These concentrations are consistent with those
commonly inferred from microdialysis experiments.
Microdialysate samples from the SON commonly collect
1–4 pg oxytocin over 30 min (Neumann et al. 1993a,b)
at concentrations of 10–100 pg ml−1, and as the recovery
rate of these probes is ∼2% for peptides of this size, this
suggests that the oxytocin concentration in the ECF of
the SON is ∼1000 pg ml−1. This seems consistent with
secretion of 0.1–0.4 vesicles cell−1 s−1 from 1000 oxytocin
cells for 30 min, which would release 25–100 pg over
30 min.

Brief high frequency trains of action potentials may,
however, cause higher immediate release rates. Kombian
et al. (1997) showed that when SON neurones were
depolarized to trigger about 50 spikes over 1 s, EPSC
frequency was depressed for ∼5 min. This effect could
be blocked by an oxytocin antagonist, and mimicked
by exogenous oxytocin or by blocking aminopeptidase
activity, indicating that it reflected the presynaptic effects
of activity-evoked oxytocin release. Oxytocin binds to its
receptors with high affinity (IC50 at 0.28 nM, Kimura et al.
1997) and is effective at concentrations of 1–10 pg ml−1;
the contents of a single vesicle diluted in 1 nl will give
a concentration in the nanomolar range, so the effects
observed by Kombian et al. (1997) may reflect the release
of just one vesicle from the stimulated cell.

The gradient of oxytocin concentrations within the
hypothalamus remains unclear; we do not know how
oxytocin spreads after release, exactly where it is taken
or how quickly, or how local concentrations are affected
by degradation. At present, the best indications come
by comparing oxytocin concentrations measured by
microdialysis in various brain areas after stimuli that
induce release from the SON. One place to test this is the
septum, which is 4–5 mm distant from the SON and which
has a high density of oxytocin receptors but few endo-
genous oxytocin fibres. Here, oxytocin concentrations are
raised consistently by stimuli that evoke large oxytocin
release from the SON, although the concentrations are
about 10-fold lower than in the SON itself (Engelmann
et al. 2000).

Conclusions

These arguments suggest that, in the neural lobe,
exocytosis of a large dense-core vesicle is a surprisingly
rare event; at any given nerve terminal, it may take
about 400 spikes to release a single vesicle. As these
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endings contain far more vesicles than are found at
any synapse, synaptic release of peptides generally in
the CNS seems likely to occur with a much lower
probability of release. Release of oxytocin within the
brain from the dendrites of magnocellular neurones
is also infrequent, likely to occur at rates of only
about 1 vesicle per cell every few seconds. This seems
incompatible with the notion of peptides being effective
and faithful mediators of information flow at short time
scales and with spatial precision. However, the total
amount released by these infrequent events is considerable
and oxytocin and vasopressin are effective at very
low concentrations. Accordingly, when rates of peptide
exocytosis are increased in a population of neurones,
the outflow is likely to provide a potent wave of peptide
release, spreading through the brain in a way that
depends on the direction of bulk ECF flow and local
aminopeptidase activity, and acting at distant receptors.

We have focused on the magnocellular oxytocin
and vasopressin. Just how generally these conclusions
apply may be questioned, but it seems that dendritic
release of neuropeptides is a widespread phenomenon;
for example, in hippocampal neurones, BDNF and
NT-3 are in vesicles targeted for regulated release from
dendrites (Brigadski et al. 2005; Kolarow et al. 2007),
and this release, like that of dendritic oxytocin and vaso-
pressin, involves activation of intracellular Ca2+ stores.
Differences in the mechanisms underlying regulation
of large dense-core vesicles and small synaptic vesicles
have been extensively reviewed elsewhere (Salio et al.
2006). The involvement of many proteins in synaptic
vesicle exocytosis is now well understood, at least in
outline, and similar molecular events appear to underlie
exocytosis of large dense-core vesicles. However, while
exocytosis of synaptic vesicles requires a rise of intra-
cellular [Ca2+] in the proximity of the Ca2+ channels at
synapses, peptide release is triggered by a small increase
in intracellular [Ca2+]. Thus, while a focal increase in
Ca2+ at the presynaptic membrane tends to trigger neuro-
transmitter release, a more diffuse rise in intracellular
Ca2+ favours peptide release. These differences are now
widely recognized; however, there is clearly a massive
qualitative discrepancy between the rates of release of
synaptic vesicles and of peptide-containing vesicles. A
typical synapse contains several thousand small synaptic
vesicles, each containing a few thousand molecules of
amino acid transmitter; re-uptake mechanisms for the
transmitters allow these to be re-used, allowing a relatively
tight association between spike activity and synaptic trans-
mitter release. By contrast, neurones contain relatively
few large dense-core vesicles. Peptide-containing vesicles
may contain more than 10 times as much cargo (in
terms of the number of messenger molecules), and
peptides comprise a more potent cargo in that they have
nanomolar affinity for their receptors, compared to micro-

molar affinity of conventional transmitters. However,
there are no known reuptake mechanisms for the peptides
and the vesicles cannot be re-used. Thus release of a
peptide-containing vesicle is a comparatively rare event
for any neurone, but one with potentially widespread and
profound consequences (cf. volume transmission Fuxe
et al. 2007). As we have argued elsewhere (Leng & Ludwig,
2006) neurotransmitters pass whispered secrets from one
particular cell to another, they carry a message that matters
only at a particular time and a particular place. By contrast,
peptides are public announcements, the messages endure,
at least for a while; they are messages not from one cell to
another, but from one population of neurones to another.
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