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Information in neurons flows from synapses, through the den-
drites and cell body (soma), and, finally, along the axon as spikes
of electrical activity that will ultimately release neurotransmit-
ters from the nerve terminals. However, the dendrites of many
neurons also have a secretory role, transmitting information
back to afferent nerve terminals'™. In some central nervous
system neurons, spikes that originate at the soma can travel
along dendrites as well as axons, and may thus elicit secretion
from both compartments'. Here, we show that in hypothalamic
oxytocin neurons, agents that mobilize intracellular Ca>* induce
oxytocin release from dendrites without increasing the electrical
activity of the cell body, and without inducing secretion from the
nerve terminals. Conversely, electrical activity in the cell bodies
can cause the secretion of oxytocin from nerve terminals with
little or no release from the dendrites. Finally, mobilization of
intracellular Ca*>* can also prime the releasable pool of oxytocin
in the dendrites. This priming action makes dendritic oxytocin
available for release in response to subsequent spike activity.
Priming persists for a prolonged period, changing the nature of
interactions between oxytocin neurons and their neighbours.

Neurons in the supraoptic nucleus (SON) of the hypothalamus
project axons to the posterior pituitary, where oxytocin and
vasopressin are secreted from axonal nerve terminals into the
systemic circulation. These peptides are also released in large
amounts from dendrites in the SON®, but secretion at these two
sites is not consistently correlated. Suckling evokes oxytocin release
in the SON® before significant peripheral secretion, whereas after
osmotic stimulation, SON oxytocin release lags behind peripheral
secretion’. During lactation, in response to suckling, oxytocin cells
discharge with brief, intense bursts®; these bursts release boluses of
oxytocin into the circulation that result in milk let-down from the
mammary glands. The bursting activity can be blocked by central
administration of oxytocin antagonists’, thus central as well as
peripheral oxytocin is essential for milk let-down. It has been
proposed that suckling evokes dendritic oxytocin release that acts
in a positive feedback manner to evoke bursting'.

Oxytocin mobilizes intracellular Ca®t from thapsigargin-sensi-
tive stores in oxytocin cells''. Here we tested the hypothesis that this
might be critical for dendritic oxytocin release. In anaesthetized rats,
we implanted a microdialysis probe into the SON to measure
oxytocin release in response to systemic osmotic stimulation. In
some of these experiments we applied thapsigargin directly to the
SON through the dialysis probe. Thapsigargin caused a significant
increase in SON oxytocin release that returned to control levels after
washout. Subsequent systemic osmotic stimulation (2 ml of 1.5M
NaCl, intraperitoneal injection) caused a much larger release of
oxytocin in thapsigargin-pretreated rats than in controls. Osmoti-
cally stimulated oxytocin secretion into the circulation was unaf-
fected by exposure of one SON to thapsigargin (Fig. la, b).

To test whether thapsigargin potentiated spike-dependent release
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from the SON, we placed a microdialysis loop on the ventral surface
of the SON, where the dendrites form a dense mat'>. We applied
electrical stimuli to the neural stalk to evoke antidromically propa-
gated action potentials in supraoptic neurons. Stimulation pro-
duced a large release of oxytocin from the SON in thapsigargin-
pretreated rats (Fig. 1c), but not in control rats, despite causing a
large secretion of oxytocin into the plasma (data not shown). Thus
exposure to thapsigargin appears to ‘prime’ activity-dependent
oxytocin release from dendrites.

To test whether this priming action was specific to dendrites, we
studied oxytocin release from isolated neural lobes and SON in
vitro. Oxytocin secretion from the neural lobe, evoked by depolar-
ization with high K¥ solutions, was unaffected by thapsigargin,
caffeine and ryanodine, all of which can release Ca*t from intra-
cellular stores'™'® (data not shown). By contrast, thapsigargin
caused significant oxytocin release from the SON (Fig. 2a-d),
whereas neither caffeine nor ryanodine had any appreciable effect
on dendritic release (Fig. 2e—g). Furthermore, thapsigargin (but not
caffeine or ryanodine) produced a marked potentiation of sub-
sequent K -induced release (P < 0.01, paired t-tests; Fig. 2b—d). No
potentiation was seen in response to high K administered 5 min
after exposure to thapsigargin (Fig. 2a), but large potentiation was
observed in response to high K* administered 30, 60 or 90 min after
thapsigargin (Fig. 2b—d). Application of an oxytocin agonist also
induced significant oxytocin release from the SON (P < 0.01,
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Figure 1 Oxytocin release in the SON. a, Release after intraperitoneal (i.p.) injection of
hypertonic saline (HS) after dialysis of the SON with thapsigargin (TG) or control solution
(n = 6). Asterisk, P < 0.05, analysis of variance (ANOVA). b, Oxytocin measured in the
plasma in the same experiments as a. ¢, Oxytocin release in the SON before (filled bars)
and after electrical stimulation of the neural stalk in control conditions and after exposure
of the SON (unilaterally) to thapsigargin (n = 8). Double asterisk, P < 0.01, t-tests.
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paired t-tests), as shown previously'*, and, like thapsigargin, poten-
tiated subsequent depolarization-evoked oxytocin release (Fig. 2h).

To investigate the physiological significance of priming of
activity-dependent dendritic release, we recorded from single oxy-
tocin neurons in virgin female rats while dialysing the SON with
thapsigargin. Thapsigargin had no effect on the mean electrical
discharge rate of cells (mean change in firing rate after 30 min
exposure, —0.4 + 0.4spikess™', n=7), but statistical analysis
revealed a subtle but important effect on discharge patterning. In
oxytocin cells under control conditions, interspike intervals that are
much shorter than the average interval tend to be followed by
interspike intervals that are longer than average, reflecting the
summating effects of slow post-spike hyperpolarization'. However,
in some cells after thapsigargin treatment, intervals much shorter
than average were followed by intervals that were also significantly
shorter than average. This suggested that the normal post-spike
hyperpolarization may be being over-ridden by post-spike depolar-
ization, and hence that activity-dependent exocytosis from the
dendrites may have a positive feedback effect on electrical activity.

If oxytocin (and/or other substances) released from dendrites
affect the activity of neighbouring cells, then this should be
particularly apparent from the effects of ‘constant collision’ stimu-
lation (CCS, Fig. 3a)'®. This protocol involves activating the
neighbours of a recorded cell synchronously in an activity-depen-
dent manner, mimicking the co-ordination of neuronal activity that
precedes reflex milk ejection'”. Electrical stimulus pulses applied to
the neural stalk evoke antidromic spikes in all supraoptic neurons,
except when a spike has occurred in the 10 ms before stimulation, in
which case the antidromic spike evoked in that cell will be extin-
guished by collision with the descending spontaneous spike. During
recording of each cell, stimuli (CCS) were applied to the neural stalk
5 ms after every spontaneous spike. Thus the CCS does not affect the
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Figure 2 Effects of intracellular calcium mobilizers (horizontal bars) on oxytocin release in
vitro. a—g, Secretion from isolated SON evoked by depolarization with high K* solutions
was strongly potentiated by thapsigargin in a long lasting, time-dependent manner (a—d);
by contrast, caffeine (e, f) and ryanodine (g) had negligible effects. h, Oxytocin release
from the SON was also potentiated by exposure to an oxytocin (OT) agonist.
Means = standard error are shown; n = 4 per group for each experiment.
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Figure 3 The effects of CCS (a) on a representative oxytocin cell (b—e), and data from 11
cells exposed to CCS after thapsigargin (f, g). After thapsigargin (administered by
retrodialysis to the SON), CCS produced clustering of activity with occasional bursts
(asterisks in b, €). b—d, Second-by-second firing rate (b), instantaneous frequency (c),
and mean ¢4 (= standard error) against t, and {5 + t5 + t4, (with linear trend lines) for
this cell in control conditions (red), during CCS (blue), and during CCS after thapsigargin
treatment (green) (d) are shown. e, Corresponding interspike interval distributions.

f, g, Data from 11 cells exposed to CCS after thapsigargin (means + standard error).
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Figure 4 The effects of CCS on a representative oxytocin cell. After oxytocin
microinjection (10 ng i.c.v.), CCS produced clustering of activity with occasional bursts.
a—c, Second-by-second firing rate (a), instantaneous frequency (b) and mean ¢
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(= standard error) against t,, and t» + 3 + t4 (with linear trend lines) for this cell
during CCS before (top panels) and after oxytocin injection (bottom panels) (c) are shown.
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recorded cell directly, as all spikes evoked antidromically in that cell
are extinguished; however, antidromic spikes cause approximately
synchronous activation of neighbouring cells, and hence will cause
synchronized activity-dependent exocytosis from neighbouring
dendrites. CCS induces clustered discharge in some oxytocin cells
with little effect on the mean discharge rate'®. We compared current
and preceding interspike intervals to look specifically for positive
feedback effects. During CCS, 7 out of 11 cells showed a positive
correlation between the current interspike interval and preceding
interval lengths for the shortest intervals (Fig. 3). After thapsigargin
treatment, positive correlations were stronger in each of the seven
cells during CCS, and positive correlations were seen in the four cells
that had not displayed them before thapsigargin treatment (Fig. 3d).

Opverall, there was no change in the relative incidence of short
intervals (less than 50 ms) in the cells tested with CCS. On the
contrary, there was an increase in the incidence of long interspike
intervals (greater than 700 ms) (Fig. 3g). Thus, during CCS after
thapsigargin treatment, there is no increase in the firing rate of
oxytocin cells, and no generally increased incidence of short inter-
vals, but there is a re-organization of spike activity reflected by
changes in the interspike interval distributions (Fig. 3e). Very short
intervals tend to be followed by short intervals (Fig. 3f) in clusters of
spikes that are followed by long intervals, and hence the second-by-
second firing rate shows greater variability, as observed before
suckling-induced bursts of milk ejection'”. Some cells displayed
clear bursts of activity'® (Fig. 3b, c). These bursts were less intense
than ‘classical’ milk-ejection bursts, which are characterized by
extremely short interspike intervals (less than 10 ms) never nor-
mally seen in spontaneous activity'’, but were similar to bursts seen
at the beginnings of reflex milk ejection™.

In lactating rats, microinjections of oxytocin intracerebroventri-
cularly (i.c.v.) or directly into the SON facilitate the suckling-
induced milk ejection reflex for about 30 min®. In four experiments
we applied CCS to oxytocin cells before and after i.c.v. injection of
10 ng oxytocin into the lateral ventricle. For three of the four cells
tested, the effects of oxytocin on spike patterning during CCS were
similar to those observed with thapsigargin (Fig. 4); the fourth cell
tested was unaffected by oxytocin.

Thus mobilization of Ca®* from thapsigargin-sensitive stores can
evoke release of oxytocin from dendrites without an increase of
electrical discharge rate and without triggering secretion from axon
terminals. This may be a general neuronal mechanism: dendritic
secretion of peptides and neurotransmitters has been described for
many systems”**', and activity-dependent release of nerve growth
factor from hippocampal neurons? is directly modulated by Ca**
released from intracellular stores. Oxytocin itself mobilizes Ca®*
from thapsigargin-sensitive stores in oxytocin cells", and so, once
triggered, oxytocin release may be self-sustaining and hence long
lasting.

In addition, we show here that mobilization of intracellular Ca**
is followed by a long-lasting potentiation (priming) of activity- or
depolarization-dependent dendritic release. In oxytocin cells, thap-
sigargin produces a large rise in intracellular Ca®* concentration
([Ca®™],), but this effect is transient; [Ca®™]; is elevated for only 5-
10 min''. Hence the priming is not a consequence of long-lasting
elevation of [Ca*"];. Furthermore, the effect of thapsigargin is
irreversible—the intracellular Ca** pools depleted by thapsigargin
do not refill”’, thus priming cannot reflect a potentiation of
intracellular Ca®" release. Priming does not follow an increase in
[Ca®*]; per se, as no priming is induced by exposure to high K™
alone. The depolarization-evoked rise in [Ca*']; is similar in
magnitude to that following thapsigargin treatment'’, although it
arises from Ca®" entry through voltage-gated channels rather than
from intracellular stores. It seems likely that Ca*" release from
intracellular stores recruits dendritic granules into a ‘readily relea-
sable pool, where they remain available for activity-dependent
release for a prolonged period.
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After priming, activity-dependent dendritic release facilitates
‘clustered’ discharge patterning in oxytocin cells. Whether this is a
direct action on oxytocin cells, or involves modulation of presyn-
aptic neurotransmitter release* or actions on interneurons®, is not
determined. However, it seems probable that this mechanism
underlies the oxytocin-dependent generation of bursting activity
in response to suckling. t

Methods

Microdialysis

Adult female rats were anaesthetized with ethyl carbamate (1.25 gkg ™" intraperitoneally).
The pituitary stalk and SON were exposed transpharyngeally®. A U-shaped dialysis probe
was positioned with the loop of the membrane flat on the ventral surface of the SON'.
Oxytocin was measured by radio-immunoassay in fractions of microdialysate collected
every 30 min’. In stimulation experiments, an electrode placed on the neural stalk'®
delivered phasic (1 mA, 2-ms matched biphasic pulses; 50 Hz for 35/10s) or continuous
stimulation (10 Hz) for 30 min. Blood samples were taken for measurement of oxytocin
5 min before and at the end of stimulation.

Oxytocin release from SON and neural lobes

Female rats (100-200 g) were decapitated, and the SON and neural lobe incubated in
oxygenated Locke buffer (four SON or one lobe per well). Drugs (50 mM K*, 200 nM
thapsigargin, 20 mM caffeine, 2 pM ryanodine, 1 pM oxytocin agonist
[Thr4,Gly7]oxytocin; Sigma) were applied for 10—15 min. Oxytocin was measured in 5-
min samples of the incubate”.

Electrophysiology

In anaesthetized rats, the activity of antidromically identified SON neurons was recorded,
and vasopressin neurons and oxytocin neurons were distinguished by functional and
electrophysiological criteria'?. Artificial cerebrospinal fluid (ACSF) was dialysed at

3 ulmin~". During recording, dialysis fluid was changed to ACSF containing thapsigargin
(0.2 mM, Sigma). Cells were tested with CCS'® before and after exposure to thapsigargin
(applied by retrodialysis) or oxytocin (applied i.c.v.). Interspike interval histograms were
constructed in each condition, and scaled to the total number of intervals recorded. Spike
trains were analysed for serial dependence. In each period analysed, every interval ¢; was
paired with its predecessor t, and the preceding trains (¢, + f3...t,,). The arrays were
sorted by ascending f,, and binned (bin size 50 for the shortest values of ¢,; bin size 250
thereafter). For each bin, the corresponding means (4 standard error) of t, and

(t5 + t3...t,) were calculated.
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Capacitance steps and fusion pores
of small and large-dense-core
vesicles in nerve terminals
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The vesicles that package neurotransmitters fall into two distinct
classes, large dense-core vesicles (LDCVs) and small synaptic
vesicles, the coexistence of which is widespread in nerve term-
inals'. High resolution capacitance recording reveals unitary
steps proportional to vesicle size. Measurements of capacitance
steps during LDCV and secretory granule fusion in endocrine
and immune cells have provided important insights into exocy-
tosis”™*; however, extending these measurements to small synap-
tic vesicles has proven difficult. Here we report single vesicle
capacitance steps in posterior pituitary nerve terminals. These
nerve terminals contain neuropeptide-laden LDCVs, as well as
microvesicles. Microvesicles are similar to synaptic vesicles in
size, morphology® and molecular composition®®, but their con-
tents are unknown. Capacitance steps of two characteristic sizes,
corresponding with microvesicles and LDCVs, were detected in
patches of nerve terminal membrane. Both types of vesicles fuse
in response to depolarization-induced Ca®>* entry. Both undergo
a reversible fusion process commonly referred to as ‘kiss-and-
run), but only rarely. Fusion pores seen during microvesicle kiss-
and-run have a conductance of 19pS, 11 times smaller than
LDCV fusion pores. Thus, LDCVs and microvesicles use struc-
turally different intermediates during exocytosis.

An electron micrograph illustrates the two classes of vesicles
described previously in the posterior pituitary® (Fig. 1a). To detect
unitary capacitance steps during microvesicle and LDCV fusion, we
improved the method of cell-attached capacitance measurement’,
reducing the noise level to less than 10 aF root mean square (r.m.s.)
(where 1 aF is 10~ '® farads). Figure 1b, ¢ shows spontaneous upward
and downward steps in capacitance, corresponding to the exo- and
endocytosis, respectively, of single vesicles. The steps clearly fall into
two size groups: the distribution of up-steps has two peaks, one
centred at ~50 aF and the other at ~400 aF (Fig. 1d). The average
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amplitude in the range 20-120 aF was 67.0 * 1.7 aF (N = 235, from
more than 50 patches), and the average amplitude in the range 120—
1,500 aF was 412 = 16 aF (N = 746, from more than 50 patches).
Assuming spherical geometry, and using a conversion factor of
0.9 pFcm ™2 (ref. 10), we computed the vesicle diameter for each
event and averaged these values to obtain 48.5 = 0.7 nm (N = 235)
for the small steps and 125 = 1 nm (N = 746) for the large steps.
This distribution is consistent with ultrastructural analysis of pitu-
itary nerve terminals showing a mean diameter of 160 nm for LDCV's
and ~50nm for microvesicles (ref. 5). Thus, the two classes of
capacitance steps observed here correspond well with the two classes
of vesicles seen in nerve terminals (Fig. 1a). Essentially all patches of
nerve terminal membrane showed some vesicle activity, with 65% of
patches showing both LDCV and microvesicle steps, 25% showing
LDCYV steps only, and 10% showing microvesicle steps only.

We also examined downward capacitance steps. An amplitude
distribution of down-steps not immediately preceded by an up-step
(that is, not part of a kiss-and-run sequence, see below) showed
that most down-steps were in the microvesicle size range (Fig. le).
However, the distribution was broader, suggesting an endocytosis
pathway into a population of vesicles similar but not identical to
the vesicles that undergo exocytosis. Stimulation of the posterior
pituitary induces labelling of microvesicles with extracellular
markers'!, but leaves their overall number unchanged'®. Thus, the
endocytosis that rapidly follows exocytosis in this preparation'
maintains a nearly constant total number of microvesicles. Large
endocytosis steps (greater than 1.5 fF) that we attributed to endosome
orvacuole trafficking'* were also observed, but only rarely (five events).

Membrane depolarization increased the rate of fusion of both
LDCVs and microvesicles (Fig. 2). The depolarization method used
here—application of 115-130 mM KCl—collapses the K* gradient,
and reduces the membrane potential from its resting value of
—67mV to about —20mV (measured in current clamp). Exper-
iments with the Ca**-sensitive fluorescent dye fluo-4 showed that
this procedure increased intracellular Ca** concentration from
160 = 30nM to 500 = 180nM (N = 5). This depolarization
increased the frequency of capacitance steps, producing an upward
staircase (Fig. 2a). Depolarization had no effect in 55% of the
patches tested. Some of these patches showed high activity before
depolarization, suggesting elevated initial intracellular Ca**. In
other recordings, the depth of the nerve terminal within the tissue
may limit KCI access. In patches sensitive to KCl, the distribution of
depolarization-induced up-steps included events in the size range
for both microvesicles and LDCVs (Fig. 2b). In these patches, the
increase in frequency was seen for both small (less than 120 aF) and
large (greater than 120aF) steps (Fig. 2c), indicating that both
LDCVs and microvesicles undergo Ca®'-triggered exocytosis.
This exocytosis of LDCVs fits with their established role in neuro-
peptide release; however, Ca**-triggered exocytosis has not been
demonstrated previously for posterior pituitary microvesicles, and
the present result suggests that these vesicles have a functional
capability similar to that of small synaptic vesicles.

For approximately 5% of the spontaneous up-steps, a down-step
with the same amplitude followed within <2 s. These sequential up-
and down-steps, referred to as capacitance flickers, had sizes
consistent with both LDCVs (Fig. 3a) and microvesicles (Fig. 3b).
Flickers were most readily recognized in the absence of depolariz-
ation. In depolarized patches the high level of activity made it
difficult to associate a down-step unambiguously with a preceding
up-step. Capacitance flickers are a common feature in LDCV
exocytosis™’, and have been interpreted as the reversal of an early
step in vesicle fusion'. They can thus be regarded as evidence for
kiss-and-run exocytosis'®. The apparent similarity between up- and
down-steps was confirmed by analysing the correlation in ampli-
tudes for LDCVs (Fig. 3¢) and microvesicles (Fig. 3d). The ampli-
tude of the down-step was tightly correlated with the amplitude of
the paired up-step (P < 0.0001 for both). By contrast, down-steps
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