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Noradrenaline Triggers Multivesicular Release at
Glutamatergic Synapses in the Hypothalamus

Grant R. J. Gordon and Jaideep S. Bains

Hotchkiss Brain Institute and the Department of Physiology and Biophysics, University of Calgary, Calgary, Alberta, Canada, T2N 4N1

The origin of large-amplitude miniature EPSCs (mEPSCs) at central synapses remains to be firmly established. Here, we show that at
excitatory synapses onto magnocellular neurosecretory cells in the hypothalamus, noradrenaline induces a rapid and robust increase in
mEPSC amplitude that requires «,-adrenoceptor activation but is impervious to postsynaptic manipulations that block the putative
insertion of AMPA receptors. In response to noradrenaline, mEPSCs exhibit a putative multimodal amplitude histogram distribution
that is not attibutable to random temporal summation, the unveiling of a quiescent synapse, or the release of large vesicles. Large-
amplitude mEPSCs are sensitive to a high dose of ryanodine and are associated with an enhanced glutamate cleft concentration. Together,
these data are consistent with the hypothesis that large-amplitude mEPSCs result from the synchronous release of multiple vesicles via

rapid presynaptic calcium expulsion from intracellular stores.
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Introduction
In mammals, physiological homeostasis relies on an elegant feed-
back control system that is orchestrated by neural circuits in the
hypothalamus. Perturbations in the “milieu interior,” sensed by
visceral receptors, are relayed by a plexus of noradrenergic fibers
to neurons in the paraventricular nucleus of the hypothalamus
(PVN) (Sawchenko and Swanson, 1981). Magnocellular neuro-
secretory cells (MNCs) in the PVN also receive glutamatergic
input that exhibits a high frequency of quantal release, which is
sensitive to noradrenaline (NA) (Boudaba et al., 2003; Gordon
and Bains, 2003). Because synapses onto MNCs constitute the
final integration step before the exocytosis of the hormones oxy-
tocin and vasopressin, modulation of the efficacy of miniature
EPSCs (mEPSCs) provides one mechanism through which neu-
roendocrine output can be enhanced (Kombian et al., 2000).
Conventional views postulate that presynaptic changes in
quantal signals alter the frequency of miniature events, whereas
postsynaptic changes alter the amplitude of the quantal current.
Recent studies, however, challenge this precept. For instance,
compelling evidence now indicates that changes in presynaptic
function can increase the amplitude of the postsynaptic current
(Tong and Jahr, 1994; Frerking et al., 1995; Auger et al., 1998; Liu
etal., 1999; Prange and Murphy, 1999; Llano et al., 2000; Oertner
et al., 2002; Sharma and Vijayaraghavan, 2003). Included in this
evidence is the demonstration that the release of calcium from
presynaptic stores can be extremely rapid and is capable of syn-
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chronizing the release of multiple vesicles of neurotransmitter.
This results in the appearance of large-amplitude miniatures and
has been shown to occur both endogenously (Llano et al., 2000)
and in response to nicotinic acetylcholine receptor activation
(Sharma and Vijayaraghavan, 2003). Other studies showing that
larger synaptic currents are associated with an increased gluta-
mate cleft concentration (Liu et al., 1999; Wadiche and Jahr,
2001) suggest that quantal synchronization processes may also
cause the same results.

NA may be ideally suited to initiate vesicle synchronization via
presynaptic calcium store activation in the PVN. Evidence sug-
gests that functional «;-adrenoceptors are present on glutama-
tergic terminals synapsing onto MNCs (Boudaba et al., 2003;
Gordon and Bains, 2003). Activation of these receptors elicits the
release of stored calcium through a G,-protein-linked intracellu-
lar cascade (Zhong and Minneman, 1999). At the neuromuscular
junction, NA facilitates the synchronization of evoked release
(Bukcharaeva et al., 1999) at terminals that rely on the activation
of ryanodine-sensitive intracellular calcium stores for the eleva-
tion of terminal calcium to the release of acetylcholine (Narita et
al., 1998; Narita et al., 2000). Furthermore, because the impact of
synchronization may be constrained by the saturation of postsyn-
aptic receptors (Tong and Jahr, 1994; Holmes, 1995; Clements,
1996; Frerking and Wilson, 1996; Auger et al., 1998), the fact that
NA can also promote the insertion of postsynaptic AMPA recep-
tors in MNCs (Gordon et al., 2005) provides an ideal comple-
mentary change to take full advantage of the enhanced presynap-
tic signal.

In this study, we show that NA induces a robust but transient
increase in mEPSC amplitude that cannot be blocked with
postsynaptic manipulations that affect AMPA receptor insertion.
This increase results in a skewing of the amplitude distribution
displaying putative multiple peaks, which is indicative of the syn-
chronization of vesicles. The large-amplitude mEPSCs observed
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in NA are unlikely to occur from random temporal summation
or the unveiling of a quiescent synapse or vesicle, but they are
sensitive to a high dose of ryanodine. Furthermore, large-
amplitude mEPSCs in NA are associated with an enhanced glu-
tamate cleft concentration, suggesting that these events are likely
multivesicular.

Materials and Methods

Electrophysiology

Hypothalamic coronal slices (300 wm) containing the PVN were pre-
pared from male Sprague Dawley rats (postnatal day 21-27). The care
and use of animals were in accordance with approved guidelines set forth
by the University of Calgary Animal Care and Use Committee. Animals
were anesthetized (sodium pentobarbital, 0.1 ml/100 g of body weight)
and decapitated, and the brains were placed for 3 min in ice-cold slicing
solution containing (in mm): 87 NaCl, 2.5 KCl, 25 NaHCOs, 0.5 CaCl,, 7
MgCl,, 1.25 NaH,PO,, 25 glucose, 75 sucrose; saturated with 95%
0,/5% CO,. The brain was then blocked and mounted on a vibrating
slicer (Leica, Nussloch, Germany) submerged in ice-cold slicing solution.
Slices were incubated at 32.5°C in artificial CSF containing (in mm): 126
NaCl, 2.5KCl, 26 NaHCO;, 2 CaCl,, 2 MgCl,, 1.25 NaH,PO,, 10 glucose;
saturated with 95% O,/5% CO,, for a minimum of 60 min. With an
AxioskoplI FS Plus upright microscope (Zeiss, Oberkochen, Germany)
fitted with infrared differential interference contrast, whole-cell record-
ings were obtained from magnocellular PVN neurons that were con-
firmed by their morphology and distinct electrophysiological character-
istics (Tasker and Dudek, 1991). All experimental recordings were
obtained at 32.5°C in voltage-clamp mode and were accepted barring
changes in access resistance of >15%. The intracellular solution con-
tained (in mm): 123 potassium gluconate, 2 MgCl,, 8 NaCl, 1 potassium
EGTA, 4 potassium ATP, and 0.3 sodium GTP buffered with 16 mm
KHCOj;. The perfusate always contained picrotoxin (100 um), to block
GABA,, channels, and tetrodotoxin (1 um), to block voltage-gated Na ™
channels. Cells were held at —80 mV to block the contribution of NMDA
receptors to the synaptic response.

Analysis

Gaussian fits. Amplitude histograms were plotted with 2 pA bins and
appeared multimodal. Up to four modes could be fit with Gaussian
functions, because larger currents were too infrequent to fit curves accu-
rately. Gaussian curves and a sum of Gaussian curves were fit with
GraphPad Prism software (version 3.0). The size of a single quantum, g,
was calculated from the mean separation between Gaussian curves by the
following expression: g = X, (M,/k)/n, where M equals the mean pico-
ampere value of each mode, k equals the mode number, and n equals the
total number of fitted modes in the distribution.

Interevent interval fits. The time interval between events was best fit
with a monoexponential equation, indicative of a stochastic Poisson re-
lease process underlying the mEPSCs in both control and NA conditions.
The probability of two mEPSCs temporally summing to confer a larger
amplitude mEPSC can be calculated as follows: pime interval = ) = 1 —
e "7 where t is the average event half-width, and 7 is the 1/e decay
constant. We also estimated an upper limit of event summation proba-
bility with p = t/avgAt.

By using the putative multimodal amplitude distribution and assum-
ing that every event in a given mode is actually the sum of individual
events (equal to the mode number), we approximated the total number
of individual events in a given amplitude distribution by deconstructing
the modes (see Fig. 6 D). After deconstruction, the number of observa-
tions in a mode (X) was multiplied by the mode number, k. The number
of quanta in each mode was then summed to achieve the maximum
number of quantal events (X,,,) that could occur over the time period in
which the original data were collected by the following: X, .= 3
[(X,)(k)]. This produces an avgAt value that is as small as possible and a
summation probability that is as high as possible.

Data collection and statistics
Signals were amplified with the Multiclamp 700A amplifier (Molecular
Devices, Union City, CA), low-pass filtered at 1 kHz, and digitized at 10
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Figure1. Noradrenaline induces a robust increase in mEPSC amplitude. 4, Running average

of mEPSC amplitude in 2 min bins during control and in response to a 3—5 min, 200 m bath
application of NAinasingle cell. The area demarcated in gray represents the time during the NA
response that is compared with control values. The long-lasting increase in mEPSC amplitude
caused by NA can also be observed 20 min after NA application. B, Cumulative fraction plot of
mEPSCamplitudes taken from control and during NA ( p << 0.01); same cell as A. €, Raw mEPSCs
(light gray) and average mEPSC traces (solid black) from control and NA; same cell as A. D,
Summary data depicting the change in mEPSC amplitude in response to NA (1.55 = 0.11;
**p <0.01 compared with control; n = 20), the c;-adrenoceptor agonist phenylephrine (PE)
(200 pum) (1.44 == 0.08; **p << 0.01 compared with control; n = 7), and NA in the presence of
the a;-adrenoceptor antagonist prazosin (praz) (10 wm) (1.03 = 0.06; p > 0.05;n = 8).

kHz with the Digidata 1322 (Molecular Devices). Data were collected
(pClamp; Molecular Devices) and stored on a computer for off-line anal-
ysis with software designed to detect miniature synaptic events with a
variable threshold (MiniAnalysis; Synaptosoft,Decatur, GA). Experi-
mental values are presented as the mean = SEM, and statistical analyses
were performed with Student’s ¢ test when comparing two groups and
with ANOVA with a post hoc Newman—Keuls test for comparisons across
multiple groups. p < 0.05 was accepted as statistically significant (*p <
0.05; **p < 0.01).

Drugs
NA/arterenol, (R)-(—)-1-(3-hydroxyphenyl)-2-methylaminoethanol
hydrochloride, prazosin, 6,7-dinitroquinoxaline-2,3(1 H,4 H)-dione

(DNQX), GDPBs, PMA, sucrose, 1,2-bis(2-aminophenoxy)ethane-
N,N,N',N'-tetra-acetic acid tetrakis(acetoxymethyl) ester (BAPTA-
AM), EGTA-tetra(acetoxymethyl) ester (EGTA-AM), and ryanodine
were purchased from Sigma (Oakville, Ontario, Canada). Tetrodotoxin
was purchased from Alomone Labs (Jerusalem, Israel). Botulinum toxin
C was purchased from Calbiochem (La Jolla, CA); y-p-glutamylglycine
(yDGG) was purchased from Tocris Cookson (Ballwin, MO). Caffeine
was a gift from Dr. Ray Turner (Hotchkiss Brain Institute, University of
Calgary, Calgary, Alberta, Canada). Picrotoxin was dissolved in DMSO
(final concentration, <0.1%). Prazosin was dissolved in methanol (final
bath concentration, <0.05%).

Results

Noradrenaline robustly increases quantal strength

Bath application of NA (200 uM; 3-5 min) elicited a robust in-
crease in mEPSC amplitude (1.55 + 0.11; p < 0.01; n = 20) (Fig.
1A-D), which was accompanied by an increase in frequency that
we have characterized previously (Gordon and Bains, 2003). This
is a saturating effect, and although we have observed increases in
mEPSC amplitude in response to NA at 25 um (1.22 = 0.07; p <
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Figure 2.

0.05; n = 6), we have used a maximal dose to delineate the un-
derlying mechanism. The robust increase in mEPSC amplitude is
transient. It ranges from 10 to 20 min in length and then relaxes to
anew but elevated mean ~20% greater than baseline. This long-
lasting enhancement of mEPSC amplitude results from the re-
lease of glial-derived ATP and the subsequent insertion of
postsynaptic AMPA receptors (Gordon et al., 2005). The
postsynaptic effect displays a monophasic “plateau-like” increase
in responsiveness to an exogenous AMPA puff and therefore is un-
like the biphasic increase in mEPSC amplitude (Gordon et al., 2005).
The experiments described here will focus almost exclusively on the
transient increase in mEPSC amplitude caused by NA.

Consistent with previously characterized o,-adrenoceptor-
mediated excitatory effects of NA on MNCs (Day et al., 1985;
Armstrong et al., 1986; Randle et al., 1986a,b; Daftary et al., 1998;
Boudaba et al., 2003; Gordon and Bains, 2003), we were able to
mimic the observed increase in mEPSC amplitude with bath ap-
plication of the a;-adrenoceptor agonist phenylephrine (200 wm;
5 min) (1.44 = 0.08; p < 0.01; n = 7) (Fig. 1D) and block the
effect with the «,-adrenoceptor antagonist prazosin (10 um)
(1.03 = 0.06; p > 0.05; n = 8) (Fig. 1 D). The transient increase in
mEPSC amplitude is composed entirely of currents that arise
from the activation of AMPA channels, because no synaptic
events were observed during NA in the presence of the glutamate
receptor antagonist DNQX (1 = 5; data not shown). Collectively,
these data suggest that activation of «,-adrenoceptors elicits a
transient and robust increase in quantal glutamate signaling.

The increase in mEPSC amplitude is not blocked with
postsynaptic manipulations

Traditionally, a change in mEPSC amplitude is thought to arise
from a postsynaptic modification. More recently, the insertion of
postsynaptic AMPA receptors has become a widely accepted
mechanism by which synapses increase their strength (Malinow
and Malenka, 2002). We tested for this possibility directly by
targeting soluble N-ethylmaleimide-sensitive factor attachment

cumulative fraction

Postsynaptic manipulations fail to abolish the increase in mEPSCamplitude in response to NA. A-C, Average mEPSC
traces on the left and cumulative fraction plots of mEPSC amplitude on the right. Inclusion of botulinum toxin C (5 g/ml) (A),
which blocks vesicular fusion and therefore AMPA receptor insertion, GDP3s (1 mm) (B), which blocks intercellular G-protein
signaling, or EGTA (10 mm) (€), which buffers intracellular calcium, in the patch pipette failed to block the increase in mEPSC
amplitude in response to NA ( p << 0.01). D, Summary data showing that the NA effect remains in the presence of postsynaptic
botulinum toxin C (1.35 == 0.04; **p << 0.01 compared with control; n = 7), GDP3s (1.45 = 0.05; **p < 0.01 compared with
control; n = 5), and elevated EGTA (1.41 == 0.09; **p << 0.01 compared with control; n = 7). Botox, Botulinum toxin C.
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protein receptor (SNARE)-dependent
vesicle exocytosis in the postsynaptic cell.
Inclusion of botulinum toxin C (5 ug/ml)
in our patch pipette, a compound that
proteolytically cleaves the tSNARE (target
membrane-associated SNARE) syntaxin
(O’Connor et al., 1997), thereby blocking
vesicular fusion, failed to block the tran-
sient increase in quantal amplitude caused
by NA (1.35 + 0.04; p < 0.01; n = 7) (Fig.
2A,D). We next tested for the involve-
ment of postsynaptic a,-adrenoceptors by
inhibiting postsynaptic G-protein signal-
ing with the inclusion of GDPBs (1 mm) in
our internal solution (Di et al., 2003; Gor-
don et al., 2005). This manipulation had
no impact on the transient increase in
mEPSC amplitude after NA treatment
(1.45 + 0.05; p < 0.01;n = 5) (Fig. 2B, D).
We also found that the transient increase
in mEPSC amplitude was not attenuated
when the concentration of EGTA was in-
creased 10-fold (from 1 to 10 mm) in our
internal solution (1.41 % 0.09; p < 0.01;
n = 7) (Fig. 2C,D), a treatment that can
block changes in postsynaptic strength in
MNCs (Gordon et al., 2005). When com-
bined, these observations argue against a role for the involvement
of postsynaptic mechanisms in mediating the transient increase
in mEPSC amplitude.

1.0
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event amplitude (pA)

NA enhances the skew of mEPSC amplitude distributions

We examined the amplitude distribution of mEPSCs in control
and during NA to test the hypothesis that NA acts presynaptically
to synchronize the release of multiple vesicles, which would be
made evident by the appearance of multiple, equidistant modes.
Because numerous caveats are associated with the use of ampli-
tude distributions in the CNS (Wahl et al., 1995; Walmsley,
1995), we used two strategies to help facilitate the detection of
multiple quanta released simultaneously. First, we analyzed cells
treated postsynaptically with botulinum toxin C, phospha-
tidylinositol-3 kinase inhibitors, or elevated EGTA to remove any
confounding effects of the NA-mediated insertion of AMPA re-
ceptors on the amplitude distributions (Gordon et al., 2005).
Although these treatments would be unlikely to interfere with or
facilitate a presynaptic mechanism, they could provide a means
for examining an isolated synchronization process. Second, we
used a stringent selection procedure to focus our analysis on cells
exhibiting a putative single population of events. Only cells ex-
hibiting a unimodal event rise-time and decay-time histogram in
control were used for analysis (Fig. 3A); cells exhibiting bimodal
or trimodal rise-time and decay-time histograms were excluded
(Fig. 3B). We reasoned that kinetically dissimilar mEPSCs might
possess dissimilar mEPSC amplitudes, giving rise to multiple
peaks in the amplitude histogram that do not result from the
synchronous release of vesicles (Wahl et al., 1995).

Under these conditions, amplitude histograms in control
were unimodal, exhibiting a characteristic rightward skew. In the
presence of NA, the skew was greatly enhanced with the emer-
gence of new equidistant modes (Fig. 4A, B): mode 1 putatively
represents the response from a single quantum, and successive
modes represent the response from summed quanta. Each mode
was fit by a Gaussian curve, where the mean separation between
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Figure 3.  MNGs possess kinetically homogenous or heterogeneous mEPSCs. A, Left, The

10-90 rise-time histogram; right, the 10—90 decay-time histogram from a single cell. The
distributions possess a single mode, suggesting that the mEPSCs are kinetically homogenous
and result from a putative single population of synapses. B, Left, The 1090 rise-time histo-
gram; right, the 10-90 decay-time histogram from a different cell. The distributions clearly
possess more than one mode, suggesting that the mEPSCs in this cell are kinetically heteroge-
neous and putatively result from different populations of synapses. Cells displaying character-
istics shown in A were chosen for analyses; cells exhibiting characteristics shown in B were
discarded.

modes equaled the quantal size, g (13.15 £ 1.26 pA; n = 10);
however, the average mode SD was 32.5% of the g value, which is
much higher than values reported previously showing unequiv-
ocal modes (Wall and Usowicz, 1998). The SD of each mode did
not increase linearly with mode number (mode 1, 4.26 * 0.41;
mode 2, 4.30 = 0.78; mode 3, 4.52 * 0.63; mode 4, 6.10 =
0.48), a result unlike that of the neuromuscular junction (Katz,
1966) but in line with several CNS observations (Edwards et al.,
1990; Larkman et al., 1991; Paulsen and Heggelund, 1994; Min
and Appenteng, 1996; Wall and Usowicz, 1998). After washout
of NA, the multipeaked amplitude distribution collapsed to
the control form (Fig. 4C). In contrast, in cells in which
postsynaptic insertion was not blocked, NA caused a right-
ward spread of the amplitude distribution without the clear
appearance of multiple modes (Fig. 4D,E). Furthermore,
when assessed 30 min after NA, the amplitude distribution
remained slightly shifted toward larger mEPSCs compared
with the control amplitude distribution (Fig. 4F), which is
indicative of the long-lasting postsynaptic enhancement
caused by NA (Gordon et al., 2005).

If the action of NA on presynaptic terminals can synchronize
the release of vesicles, extended application of NA may not be
absolutely necessary, and a more subtle technique might yield a
similar result. Therefore, we hypothesized that a very brief, local-
ized application of NA might elicit short bursts of mEPSCs and
that a single burst would yield a multimodal amplitude distribu-
tion. To test this hypothesis, an electrode containing 100 um NA
was placed near the dendritic region of the magnocellular neu-
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Figure4. The mEPSCamplitude distribution in NA displays putative equidistant modes. 4,

Control mEPSCamplitude distribution displaying a characteristic rightward skew, which cannot
be fit well with a single Gaussian function. B, When postsynaptic AMPA receptor insertion is
blocked with the phosphatidylinositol-3 kinase inhibitor LY294002, NA enhances the
skew in the amplitude distribution by the appearance of putative peaks of equal ampli-
tudeincrements; same cell as A. C, Thirty minutes after NA (30 min post NA) treatment, the
amplitude distribution returns to the control state; same cell as A. D, Control mEPSC
amplitude distribution. E, In the absence of postsynaptic blockade, NA increases the am-
plitude distribution skew without the clear appearance of multiple modes; same cell as D.
F, Thirty minutes after NA treatment, the amplitude distribution remains slightly shifted
to the right, indicative of the postsynaptic enhancement caused by NA; same cell as D.

rons, and a picospritzer was used to apply a slow pressure pulse of
NA for ~2 s. With this technique, we observed bursts of mEPSCs
in 6 of 12 cells tested in this manner (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material). The bursts
were of short duration (5.37 = 1.18 s; n = 6) and showed a large
fractional increase in mEPSC frequency (18.09 = 3.9; p < 0.01,
n = 6) and amplitude (1.45 * 0.17; p < 0.01; n = 6). The control
amplitude distributions displayed a single mode that was skewed
to the right, whereas the distributions generated from mEPSCs
that comprised a burst were multimodal, with an average g value
closely resembling that calculated for the experiments with bath
application of NA (g = 15.50 = 1.63 pA; n = 6) (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
These data support the hypothesis that NA promotes the release
of multiple vesicles and suggest that a rapid, localized action of
NA can produce a result similar to that observed with bath appli-
cation of the drug.

Although these data are consistent with the release of multiple
vesicles for the transient increase in mEPSC amplitude, the en-
hanced skew in the amplitude distribution during NA may be
explained equally well by the unveiling of a new synapse (Kohara
et al., 2001) or vesicle (Bruns et al., 2000; Henze et al., 2002) that
confers large-amplitude mEPSCs. The skew may also be ex-
plained by the random temporal summation of individual events
attributable to the enhanced mEPSC frequency (Gordon and
Bains, 2003), yielding true multiple peaks that do not result from
a concerted synchronization process. We attempted to examine
each of these possibilities as explained below.
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remains unimodal in NA (right), suggesting that kinetically dissimilar events are not recruited
during NA.

The unveiling of a new synapse or vesicle does not account for
the increase in mEPSC amplitude observed in NA

To examine the possibility that NA recruits larger vesicles con-
taining more glutamate, we used an analysis based on studies
showing that the size of individual neurotransmitter vesicles at
nerve terminals is not uniform (Karunanithi et al., 2002) and that
the amplitude distribution of mEPSCs varies with the third
power of vesicle radius (Bekkers et al., 1990). If the increase in
mEPSC amplitude in response to NA is caused by the preferential
release of larger vesicles containing more glutamate, the relation-
ship between the cubed root of the individual mEPSC amplitudes
in NA and the resulting transformed distribution should be
Gaussian (Bruns et al., 2000). The cubed root transform, how-
ever, failed to collapse the highly skewed amplitude distribution
to one that was Gaussian (n = 5) (Fig. 5A-C).

If the transient increase in mEPSC amplitude observed during
NA occurs by bringing a previously quiescent synapse “on-line”
or, again, by triggering the release of a previously quiescent vesi-
cle, then the action of a secretagogue should mimic the effect of
NA. For this we used sucrose, which has been used extensively as
a hyperosmotic stimulus to trigger release (Bekkers and Stevens,
1995). Bath application of sucrose (500 mm; 3 min) did signifi-
cantly increase the amplitude of mEPSCs (1.15 * 0.02; p < 0.01;
n = 5) (Fig. 5D, E), but this effect was significantly less than that
observed during NA. Moreover, we have reported previously that
globally increasing release probability with phorbol esters also
fails to increase mEPSC amplitude to the same extent as NA
(Gordon and Bains, 2003).

Finally, if NA triggers the activation of a synapse that yields
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large, kinetically dissimilar mEPSCs compared with control, this
might be detected by the emergence of an additional mode in the
10-90 rise-time distribution. By using our selection process to
focus the analysis on a putative single population of events, we
failed to detect a distinct peak in the resulting 10-90 rise-time
distribution after NA (n = 6) (Fig. 5A). In fact, the SD of the
rise-time histogram was reduced slightly in NA (0.87 = 0.03; p <
0.05; n = 6). Collectively, these data suggest that the transient
increase in mEPSC amplitude caused by NA does not result from
the activation of a previously quiescent synapse or vesicle.

The increase in mEPSC amplitude does not occur via random
event summation

Because NA results in an enhanced mEPSC frequency (Gordon
and Bains, 2003) and a multimodal amplitude distribution, we
investigated the contribution of random temporal summation as
an explanation for the transient increase in mEPSC amplitude.
We tested for a positive correlation between fractional increases
in mEPSC frequency and fractional increases in mEPSC ampli-
tude. In 10 randomly selected cells, there was no correlation be-
tween frequency and amplitude (slope = —0.013 = 0.018; R* =
0.061) (Fig. 6A).

We then calculated the probability of random event overlap in
two ways as follows: by p = 1 — ¢/, where ¢ is the average event
half-width, 7is the decay time constant from the monoexponen-
tial equation fit to binned At mEPSC data, where At is the inter-
event interval (Fig. 6 B); and by p = t/avgAt, where avgAt is aver-
age interevent interval over 1 s (Table 1, Hz). These two methods
represent the lower limit of event summation probability, be-
cause each assumes that no two events have summed, making the
At values used in each calculation as large as possible (Table 1).
We then estimated an upper limit of event summation probabil-
ity. By using the putative multimodal amplitude distribution and
assuming that every event in a given mode is actually the sum of
individual events, we can approximate the total number of indi-
vidual events in a given amplitude distribution by deconstructing
the modes to achieve the smallest avgAt value possible (Fig. 6 D)
(see Materials and Methods). Regardless of the method used, our
analyses indicate that the probability of individual events ran-
domly overlapping, in either control or NA, was considerably
lower than the fraction of events lying outside the first mode of
the amplitude distribution. This is consistent with the idea that
large mEPSCs are not the result of random temporal summation.

We examined the rise-time of individual mEPSCs to deter-
mine whether large mEPSCs in NA were the result of summed
quanta. First, we used high sampling (40 kHz) and filtering (2
kHz) rates to facilitate the detection of inflections, which would
be indicative of individual quanta “stacking” on top of one an-
other (Wall and Usowicz, 1998; Williams et al., 1998). In this
analysis, however, even the largest mEPSCs displayed smooth
rising phases without visible inflections (data not shown), an
observation that is not consistent with summation. Second, we
examined mEPSCs for a positive rise-time versus amplitude re-
lationship. This has been interpreted as being consistent with a
slight asynchrony during the release of multiple vesicles (Wall
and Usowicz, 1998; Williams et al., 1998; Sharma and Vija-
yaraghavan, 2003). After ensuring that our normal filtering and
sampling rates did not produce an artificial positive rise-time
versus amplitude relationship to square current responses on a
model cell (supplemental Fig. 2, available at www.jneurosci.org
as supplemental material), we observed that the largest mEPSCs
in NA were also the slowest; however, the slope of the rise-time
versus amplitude relationship in control and NA was not signif-
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Figure 6. Theincrease in mEPSCamplitude by NA does not occur via random event summa-
tion. A, The NA-induced fractional increase in mEPSC frequency is not related to the correspond-
ing fractional increases in mEPSC amplitude (slope = —0.013 = 0.018;R? = 0.061;n = 10).
B, Schematic depicting At, the interevent interval, t, the average event half-width, and the two
formulas used to calculate the probability of random temporal summation. ¢, Time interval
between events is fit with a monoexponential equation in control (t = 874 ms) and in NA (t =
387 ms), and the probability of two mEPSCs summating was calculated With pgie interval < o) =
1 — e "Tinasingle cell (control, p = 0.0016; NA, p = 0.0037) (Table 1). D, Amplitude
histogram in NA fit with multiple Gaussian curves (top) showing the deconstruction of the raw
data into the putative modes (bottom). The number of observations in a given mode after
deconstruction is multiplied by the mode number to achieve the maximum number of quantal
events that could have occurred in that time period, making the At value as small as possible to
calculate the upper limit of event summation probability (Table 1).

icantly different (control slope = 0.80 = 0.08; R? = 0.92; NA
slope = 0.87 = 0.09; R* = 0.94), suggesting that the rate-limiting
step governing mEPSC kinetics at a given population of synapses
occurs downstream of vesicle exocytosis (Llano et al., 2000).

The control amplitude distribution skews results from the
release of larger vesicles
In addition to synapse geometry (Kruk et al., 1997) and postsyn-
aptic response variability (Faber et al., 1992), there has been
strong support for a presynaptic mechanism explaining the skew
in the control miniature amplitude distribution at central syn-
apses (Frerking et al., 1995; Forti et al., 1997; Liu et al., 1999;
McAllister and Stevens, 2000; Hanse and Gustafsson, 2001;
Franks et al., 2003). Two popular hypotheses are that the skew (1)
results from an endogenous synchronization process (Ulrich and
Luscher, 1993; Paulsen and Heggelund, 1994; Llano et al., 2000)
and it (2) results from variations in vesicle neurotransmitter con-
tent (Bruns et al., 2000; Karunanithi et al., 2002).

To examine the first hypothesis, we tested for endogenous
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ryanodine-sensitive calcium bursts from intracellular stores,
which are capable of synchronizing the release of multiple vesicles
(Llano et al., 2000). For this we analyzed the amplitude of
mEPSCs in response to the following: removal of extracellular
calcium, which should run down the calcium supply from intra-
cellular stores that are continually active (Llano et al., 2000);
application of BAPTA-AM (50 uMm), a lipid permeable calcium
chelator with fast binding kinetics; and application of a high-dose
of ryanodine (100 um) (Llano et al., 2000; Sharma and Vija-
yaraghavan, 2003), which blocks these receptor—channels,
thereby preventing calcium release from intracellular stores.
These manipulations failed to attenuate mEPSC amplitude, how-
ever, when assessed 20 min after the beginning of treatment
(pooled data; 0.96 = 0.02; p > 0.05; n = 14) (Fig. 7A-C).

To test the second hypothesis, we performed an analysis ex-
amining the amplitude distribution skew in control for a rela-
tionship to vesicle radius (Bruns et al., 2000). Taking the cubed
root of the raw control amplitudes resulted in a transformed
distribution that was fit well by a Gaussian curve (R* = 0.913 =
0.018; n = 5) (Fig. 7D). These data suggest that the skew in the
mEPSC amplitude distribution observed in control is not the
result of a store-mediated synchronization process but instead
results from larger vesicles containing more glutamate yielding
larger mEPSCs.

Presynaptic calcium stores are responsible for the transient
increase in mEPSC amplitude

Because there was no Gaussian relationship between the cubed
root of the NA and mEPSC amplitudes (Fig. 5), we asked whether
the recruitment of a store-mediated synchronization process
might account for the large increase in mEPSC amplitude ob-
served during NA. We first tested for a rise in presynaptic calcium
levels. In the presence of BAPTA-AM (50 um), the increase in
mEPSC amplitude caused by NA was abolished completely
(1.04 = 0.04; p > 0.05; n = 4) (Fig. 8A,E). We could not mimic
this effect with EGTA-AM (50 uMm) (data not shown), although
we cannot determine whether this negative outcome is the result
of slower calcium binding kinetics or unsuccessful loading of
EGTA-AM. To test for the presence of presynaptic calcium
stores, we applied caffeine (5 mm) to trigger calcium release
(Sharma and Vijayaraghavan, 2003). If the stores were present,
this treatment would result in an elevated mEPSC frequency
without necessarily mimicking rapid calcium bursts and the sub-
sequent increase in mEPSC amplitude observed with NA (Llano
et al.,, 2000). In accordance with this hypothesis, caffeine in-
creased mEPSC frequency (4.05 * 1.35; p < 0.01; n = 5) (Fig.
8B, F) but failed to increase mEPSC amplitude (1.01 = 0.06; p >
0.05; n = 5) (Fig. 8E). We then tested for the involvement of
intracellular calcium stores in the NA-induced increase in
mEPSC amplitude by blocking calcium-releasing ryanodine re-
ceptor—channels with a high dose of ryanodine (100 um) (Llano
etal., 2000; Sharma and Vijayaraghavan, 2003). In the presence of
ryanodine, the increase in mEPSC amplitude seen during NA was
attenuated (1.18 * 0.04; p < 0.01 compared with control; n = 6)
(Fig. 8C,E) ( p < 0.01 when compared with NA alone), suggesting
that calcium release from stores is critical for the NA effect. To
examine the specificity of the ryanodine block, we analyzed the
change in mEPSC frequency during NA, which occurs through a
separate «;-adrenoceptor-mediated mechanism and therefore
should not be greatly affected by this compound (Gordon and
Bains, 2003). Consistent with this idea, the increase in mEPSC
frequency observed during NA in ryanodine (6.65 * 2.00; p <
0.01; n = 6) (Fig. 8D, F) was not different ( p > 0.05) from NA



Gordon and Bains e Presynaptic Increase in mEPSC Amplitude

Table 1. Calculating the probability of random mEPSC summation in control and NA
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Figure 7.  The control distribution skew does not result from endogenous synchronization
butlikely results from the release of larger vesicles containing more glutamate. Bath application
of calcium-free extracellular solution (A), BAPTA-AM (50 wm) (B), a lipid permeable calcium
chelator with fast binding kinetics, or a high dose of ryanodine (100 wm) (€), which blocks
ryanodine receptor— channels, failed to attenuate mEPSC amplitude when assessed 20 min
after the beginning of treatment (pooled data; 0.96 = 0.02; p > 0.05; n = 14) (4-C). D, The
cubed root transform (right) of the control amplitude distribution (left) is Gaussian (n = 5),
suggesting that vesicles containing more glutamate underlie the control amplitude distribution
skew. ACSF, Artificial CSF.

alone (7.63 * 2.25; p < 0.01; n = 20). These data support the
hypothesis that a rapid release of calcium from intracellular
stores is necessary for the transient increase in mEPSC amplitude
observed during NA.

Larger mEPSCs in NA are associated with an increase in
glutamate cleft concentration

Although our experiments and the aforementioned analyses fa-
vor the fusion of multiple vesicles, they fail to show whether there
is more neurotransmitter available in the synaptic cleft to bind to
postsynaptic receptors. To determine whether activation of the
metabotropic, presynaptic a;-adrenoceptor can increase gluta-
mate in the cleft, we compared the effects of a high-affinity AMPA
receptor antagonist, DNQX, with the effects of a low-affinity an-
tagonist, yDGG. In contrast to DNQX, yDGG has a transient
receptor “bound time,” resulting in a less effective block as glu-
tamate concentration increases, as predicted by the laws of mass
action (Liuetal., 1999). A low dose of DNQX (250 nm) uniformly
blocked mEPSCs representing the median and the 95th percentile
in NA (Fig. 9A), as well as the entire amplitude distribution for
both control ( p > 0.05) and NA ( p > 0.05) (Fig. 9C). In contrast,
vDGG (500 uM) blocked smaller mEPSCs more effectively than
larger mEPSCs. This is depicted in the traces (Fig. 9B) and the
normalized cumulative graphs (control, p < 0.05; NA, p < 0.01)
(Fig. 9E), in which the greatest disparity is observed in the pres-

Discussion
From the data collected in our study, we conclude that activation
of a,-adrenoceptors elicits a rapid and robust increase in the
amplitude of mEPSCs that is consistent with the synchronous
release of multiple vesicles. This is based on several independent
observations: (1) the effect was not blocked by postsynaptic treat-
ments designed to target a;-adrenoceptors, intracellular calcium
handling, or the insertion of AMPA receptors; (2) the modes in
the mEPSC amplitude distributions exhibited putative equidis-
tant modes in the presence of NA; (3) large-amplitude mEPSCs
do not result from the unveiling of a previously quiescent vesicle
or synapse because the amplitude distributions could not be col-
lapsed by a cubed root transform, the effects of NA were not
mimicked by a secretagogue, and the emergence of a kinetically
dissimilar population of events in NA was not observed; (4) large-
amplitude mEPSCs were sensitive to fast lipid permeable calcium
buffering, as well as a high dose of ryanodine; and (5) the block of
large mEPSCs by yDGG was less effective in the presence of NA.

Although both the transient and long-lasting increases in
mEPSC amplitude depend on «;-adrenoceptor activation, appli-
cation of the «; antagonist prazosin in the presence of NA
blocked only the transient effect, suggesting that synchronization
relies on continual activation of the adrenergic receptor but in-
sertion requires only brief activation. In contrast, the long-lasting
postsynaptic change, once induced by adrenoceptor activation, is
impervious to subsequent pharmacological block (Gordon et al.,
2005). We currently have little evidence that these presynaptic
and postsynaptic processes interact, and only that they occur
simultaneously. Without postsynaptic treatment, the transient
increase in mEPSC amplitude appears to be the sum of both the
presynaptic and postsynaptic effects of NA. This idea is supported
by the observation that the average fractional increase in mEPSC
amplitude of the transient effect (~1.55) is the sum of a long-
lasting effect (~1.20) and the transient effect when the long-
lasting effect is blocked (~1.35).

Although the release of multiple quanta at the neuromuscular
junction is thought to be responsible for the rightward skew in the
amplitude distributions (Del Castillo and Katz, 1954), it has been
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difficult to determine whether this princi- A
ple is valid at central synapses. Additional
factors such as nonuniform postsynaptic
responses attributable to intersite (Forti et
al., 1997) or intrasite variance (Bekkers et
al., 1990; Frerking et al., 1995) may also
contribute to amplitude distributions that
are skewed or exhibit multiple peaks. Be-
cause we detected kinetically disparate
populations of mEPSCs in control, we
could minimize intersite sources of vari-
ability with kinetic selection to examine
cells exhibiting unimodal rise-time and
decay-time histograms. Under these pa-
rameters, the amplitude distributions in
control were still skewed, which was not
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tion process. This was shown by the inabil-
ity to affect mEPSC amplitude with extra-
cellular calcium removal, BAPTA-AM, or \ ||
a high dose of ryanodine. When we exam- k |
ined the control amplitude distribution
for a relationship to vesicle radius (Bek-
kers et al., 1990; Bruns et al., 2000; Karu-
nanithi et al., 2002), we found that the
control histogram, when subjected to a
cubed root transformation, could be col-
lapsed to a single Gaussian curve, consis-
tent with larger vesicles containing more
glutamate being responsible for this ob-
servation. Although obviously not an ex-
haustive search for an explanation of
the control amplitude histogram skew, the
cubed root data are also supported by the
small but significant shift in the normalized cumulative fraction
plot observed when control mEPSCs were treated with yDGG
(Fig. 9E, right). This suggests that larger mEPSCs in control can
also possess a greater glutamate cleft concentration.

Both precautions against (Wahl et al., 1995; Walmsley, 1995)
and validations of (Larkman et al., 1997; Stratford et al., 1997) the
use of amplitude histograms for detecting the release of multiple
quanta have been reported. There may be several reasons why
putative equidistant modes were detected in our preparation.
MNC:s in the PVN and supraoptic nucleus possess simple den-
dritic trees (Van Den Pol, 1982) and a high input resistance (1
GQ) (Tasker and Dudek, 1991; Bains and Ferguson, 1997), which
minimize intersite variability by lessening the effects of neuronal
filtering on event amplitude. We also found that blocking
postsynaptic AMPA receptor insertion helped reduce the blur-
ring of amplitude histograms. Our data show that large-
amplitude mEPSCs rely on rapid calcium release from presynap-
tic ryanodine-sensitive receptor—channels, a process shown
previously to synchronize vesicular fusion (Llano et al., 2000).
Furthermore, we observed that the percentage block of mEPSC in
NA by yDGG is less than the percentage block of mEPSCs during
control, indicating that larger mEPSCs are associated with a
greater concentration of cleft glutamate (Liu et al., 1999; Wadiche
and Jahr, 2001). Collectively, these results support the observa-
tion of multimodal histograms and are consistent with the expla-
nation that large mEPSCs triggered by NA are the result of mul-
tivesicular release.

Experimental manipulations that increase the probability of
release directly can also increase the concentration of cleft gluta-

Figure 8.
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Presynaptic calcium stores mediate NA-induced vesicle synchronization. A, An incubation period of >20 min with
BAPTA-AM (50 M) completely blocked the increase in mEPSCamplitude observed in NA, shown by average mEPSC traces (right)
and an amplitude cumulative fraction plot (left). B, Caffeine treatment (5 mm) increases the frequency of mEPSCs as shown by
representative voltage-clamp traces (left) and an interevent interval cumulative fraction plot (right). C, A high dose of ryanodine
(100 ) significantly reduces the amplitude increase of mEPSCs in response to NA shown by average mEPSC traces (left) and an
amplitude cumulative fraction plot (right). D, Ryanodine does not block the increase in mEPSC frequency caused by NA, shown by
representative voltage-clamp traces (left) and an interevent interval cumulative faction plot (right). £, Summary data showing the
effects of BAPTA-AM plus NA (1.04 == 0.04; p > 0.05; n = 4), caffeine (1.01 == 0.06; p > 0.05; n = 5), and ryanodine plus NA
(1.18 == 0.04; **p << 0.01 versus control; n = 6) on mEPSCamplitude. F, Summary data showing the effects of caffeine (4.05 ==
1.35; **p << 0.01 versus control; n = 5), ryanodine plus NA (6.65 == 2.00; **p << 0.01 versus control; n = 6), and NA alone
(7.63 = 2.25; **p << 0.01 versus control; n = 20) on mEPSC frequency.

mate (Wadiche and Jahr, 2001). This classic experiment, which
entails altering the Ca®"/Mg>" ratio, is not well suited for our
preparation because mEPSCs in MNCs are insensitive to changes
in extracellular calcium concentration (Inenaga et al., 1998). This
is supported further by our data showing that mEPSC amplitude
remains unaltered 20 min after extracellular calcium removal or
in the presence of BAPTA-AM. We attempted to circumvent this
limitation by globally increasing release probability with hyper-
tonic sucrose, a commonly used secretagogue (Bekkers and
Stevens, 1995); however, this manipulation failed to increase the
amplitude of mEPSCs to the same extent as NA, suggesting that
merely increasing the probability of a single release event has no
impact on the probability of synchronizing minis, and that the
unveiling of a previously quiescent synapse or the preferential
release of vesicles conferring large-amplitude mEPSCs are also
unlikely possibilities. The increase in mEPSC amplitude observed
with sucrose treatment may reflect the fusion of postsynaptic
vesicles containing AMPA receptors, because the degree of the
sucrose-induced enhancement is consistent with this process in
MNCs (Gordon et al., 2005). The NA-triggered insertion of new
AMPA receptors was also reflected in our inability to completely
block the transient increase in mEPSC amplitude caused by NA
in the presence of a high dose of ryanodine. This is because ryan-
odine should have little effect on the long-lasting enhancement of
mEPSC amplitude that requires calcium influx through ATP-
gated P2X receptors postsynaptically (Gordon et al., 2005).

The belief that changes in the amplitude of synaptic events are
determined by changes in postsynaptic efficacy alone is based on
the assumption that the neurotransmitter released by one vesicle
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thermore, no reported kinetic changes occur
in mEPSCs when reuptake is blocked at ex-
citatory synapses onto MNCs in the su-
praoptic nucleus (Oliet et al., 2001).

The cellular mechanisms responsible
for vesicle synchronization may involve
the production of IP; in response to a;-
adrenoceptor activation and the subse-
quent liberation of calcium from
ryanodine-sensitive intracellular stores.
Immunolocalization of IP; receptors in
the deep cerebellar nuclei and the retina
(Nakanishi et al., 1991; Peng et al., 1991),
as well as ryanodine receptors within bas-
ket cell terminals in the cerebellum (Llano
et al., 2000), both support a role for pre-
synaptic calcium stores at central syn-
apses. Their functional role in terminals
has been shown by observing elevations in
presynaptic calcium levels in photorecep-
tors (Krizaj et al., 1999) and in autonomic
ganglia (Peng, 1996; Smith and Cunnane,
1996) in response to caffeine and/or ryan-
odine treatment, whereas similar manipu-
lations have shown an increase in the fre-
quency (Savic and Sciancalepore, 1998)
and amplitude (Sharma and Vijayaragha-
van, 2003) of miniatures in hippocampal
pyramidal cells. Furthermore, the release
of calcium from intracellular stores can be
extremely fast, resulting in the synchroni-
zation of up to 15 vesicles of neurotrans-
mitter in a few milliseconds (Llano et al.,
2000). The dose of ryanodine used here to
block ryanodine receptor—channels is

Figure 9.

(alibration: 20 pA, 5 ms.

is sufficient to saturate completely a single postsynaptic receptor field
(Frerking and Wilson, 1996; Atwood and Karunanithi, 2002). Re-
centresults, however, dispute this precept (Liu etal., 1999; Oertner et
al.,, 2002) and suggest that the amplitude of postsynaptic currents at
a given site can be regulated by altering the amount of neurotrans-
mitter released (Tong and Jahr, 1994; Wall and Usowicz, 1998;
Prange and Murphy, 1999; Wadiche and Jahr, 2001; Sharma and
Vijayaraghavan, 2003). Our data cannot distinguish whether the re-
lease of multiple vesicles of glutamate onto MNCs occurs at a single
release site (Tong and Jahr, 1994; Auger et al., 1998; Wadiche and
Jahr, 2001; Oertner et al., 2002) or involves the synchronization of
release at multiple sites (Auger and Marty, 2000; Sharma and Vija-
yaraghavan, 2003) with accompanying spillover and pooling of
transmitter at adjacent sites. In either case, the concentration of glu-
tamate at a single postsynaptic receptor field will be elevated. Fur-

The increase in mEPSC amplitude is accompanied by a greater concentration of glutamate in the synaptic cleft. 4,
Voltage-clamp traces from the median and 95th percentile of amplitude distributions in NA and NA plus DNQX (250 nw), a
high-affinity AMPA receptor antagonist. DNQX uniformly attenuates mEPSCs from these percentiles. B, Same as A for NA plus
yDGG (500 um), a low-affinity AMPA receptor antagonist. yDGG attenuates the median mEPSCs more effectively. €, Cumulative
amplitude distribution normalized to the largest mEPSC for NA and NA plus DNQX (left), as well as control and control plus DNQX
(right). DNQX uniformly attenuates all mEPSC amplitudes ( p > 0.05). D, In DNQX, the fractional mEPSC amplitude was the same
inNA (0.77 = 0.03; n = 5) and control (0.85 = 0.03; p > 0.05; n = 5). E, Cumulative amplitude distribution normalized to the
largest mEPSC for NA and NA plus yDGG (left) as well as control and control plus yDGG (right). yDGG preferentially attenuated
small mEPSCs ( p << 0.01), with the greatest disparity seen in NA. F, In yDGG, the fractional mEPSC amplitude was larger during
NA (0.81 = 0.03; n = 6) than either control (0.65 = 0.03; p < 0.01; n = 5) or after NA (0.62 = 0.02; p < 0.01; n = 5).

high but consistent with that used for pre-
vious studies examining store-mediated
vesicle synchronization (Llano et al., 2000;
Sharma and Vijayaraghavan, 2003). This
may be necessitated by a lower affinity of
ryanodine for high molecular weight iso-
forms in the presynaptic terminal in-
volved in mediating the synchronization
process (Llano et al., 2000).

In response to numerous physiological
challenges including dehydration, hemor-
rhage, stress, lactation, and parturition,
NA is released in the PVN (Pacak et al.,
1995) to increase neuroendocrine and autonomic output (Day et
al., 1984; Pacak et al., 1995; Cole and Sawchenko, 2002). High-
frequency stimulation of glutamatergic fibers onto MNCs in the
supraoptic nucleus has also been shown to increase the amplitude
of mEPSCs and increase postsynaptic spiking (Kombian et al.,
2000). Our data offer a physiological context for the rapid ampli-
fication of hormone output from the posterior pituitary during
periods of high demand. Such a mechanism would work in con-
junction with changes in the gating of postsynaptic osmosensitive
channels (Oliet and Bourque, 1993) or membrane depolariza-
tions resulting from the direct actions of neuromodulators such
as angiotensin II on postsynaptic ion channels (Li and Ferguson,
1996), such that large-amplitude quantal events would be more
successful at generating postsynaptic firing when MNCs idle
closer to sodium spike threshold.
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