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MITRAL CELL PRESYNAPTIC Ca?* INFLUX AND SYNAPTIC
TRANSMISSION IN FROG AMYGDALA

S. J. MULLIGAN,* I. DAVISON and K. R. DELANEY
Department of Biological Sciences, Simon Fraser University, Burnaby, B.C., Canada V5A 1S6

Abstract—Dextran-conjugated Ca?" indicators were injected into the accessory olfactory bulb of frogs in vivo to selectively
fill presynaptic terminals of mitral cells at their termination in the ipsilateral amygdala. After one to three days of uptake and
transport, the forebrain hemisphere anterior to the tectum was removed and maintained in vitro for simultaneous electro-
physiological and optical measurements. Ca* influx into these terminals was compared to synaptic transmission between
mitral cells and amygdala neurons under conditions of reduced Ca?* influx resulting from reduced extracellular [Ca®*],
blockade of N- and P/Q-type channels, and application of the cholinergic agonist carbachol. Reducing extracellular [Ca®"]
had a non-linear effect on release; release was proportional to Ca" influx raised to the power of =~ 3.6, as observed at
numerous other synapses. The N-type Ca?* channel blocker, w-conotoxin-GVIA (1 wM), blocked 77% of Ca?* influx and
88% of the postsynaptic field potential. The P/Q-type Ca’" channel blocker, w-agatoxin-IVA (200 nM), blocked 19% of
Ca?* influx and 25% of the postsynaptic field, while the two toxins combined to block 92% of Ca?* influx and 97% of the
postsynaptic field. The relationship between toxin blockade of Ca?* influx and synaptic transmission was therefore only
slightly non-linear; release was proportional to Ca’>" influx raised to the power = 1.4. Carbachol (100 uM) acting via
muscarinic receptors had no effect on the afferent volley, but rapidly and reversibly reduced Ca*" influx through both N- and
P/Q-type channels by 51% and postsynaptic responses by 78%, i.e. release was proportional to Ca?" raised to the power
=2.5.

The weak dependence of release on changes in Ca®* when channel toxins block channels suggests little overlap between
Ca®" microdomains from channels supporting release or substantial segregation of channel subtypes between terminals. The
proportionately greater reduction of transmission by muscarinic receptors compared to Ca>* channel toxins suggests that
they directly affect the release machinery in addition to reducing Ca?* influx. © 2001 IBRO. Published by Elsevier Science

Ltd. All rights reserved.
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Much of our understanding of the relationship between
presynaptic Ca®" influx and neurotransmitter release comes
from work on invertebrate synapses'~313:1428-32.52.68.69 4pq
vertebrate peripheral nervous system or neuromuscular
junctions, '%17:242533.3439 Thege synapses are characteristi-
cally large (greater than a few micrometers diameter or
length) and/or are situated near the surface of a muscle
or ganglion, which facilitates optical recording of
presynaptic Ca?' influx, with simultaneous electrical
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measurements of excitatory postsynaptic potentials to
monitor transmitter release. In the vertebrate CNS,
simultaneous pre- and postsynaptic electrophysiological
measurements comparing Ca’>" current to release have
been made,””?* and recently presynaptic fluorescent
Ca’" imaging has been combined with measurements
of postsynaptic responses® at the large calyx of Held
synapses.

Fluorescence-based measurements of Ca?" influx into
presynaptic terminals have been correlated with the
strength of synaptic connections in rat brain slice
preparations from the hippocampus for the CA3-CAl
and mossy fiber—CA3 synapses,*>*#475163 and at cere-
bellar parallel fiber—Purkinje cell synapses.3>*4® The
preservation of the laminar axonal projections character-
istic of these brain regions in slices facilitates the loading
of Ca?* indicators specifically into presynaptic terminals
by local perfusion or injection of membrane-permeant
acetoxymethyl derivatives into the space surrounding
axons, so that simultaneous recording of postsynaptic
field potential and spatially averaged Ca’" influx from
presynaptic terminals is possible.

Functional diversity is a hallmark of synaptic connec-
tions wherever comparative studies have been done, and
this diversity is undoubtedly fundamental to the specific
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operations of various neural circuits. We are interested in
understanding how synapses function as variable
elements in complete neural circuits and how they are
regulated by neuromodulatory inputs. Because of the
diversity of synaptic properties, it is important to extend
quantitative studies of the relationship between pre-
synaptic Ca?* and transmitter release to new synaptic
connections in vertebrate nervous systems. While brain
slices offer many advantages, they are not well suited to
maintaining long-range axonal projections such as those
originating from distant nuclei.

For this study we developed an in vitro, en bloc
preparation consisting of the frog forebrain that offers
accessibility for electrophysiological and microfluoro-
metric recording, and for pharmacological manipula-
tions, as in slice preparations, while leaving extended
neural circuits and axonal projections intact. We took
advantage of the highly specific axonal projections of
the mitral cells of the accessory olfactory bulb (AOB)
to the amygdala to selectively load presynaptic terminals
with dextran-conjugated Ca’* indicators. We have quan-
titatively investigated the relationship between Ca**
influx and transmitter release when Ca’' influx is
changed by presynaptic Ca>" channel blockers, reduced
extracellular [Ca?*] ([Ca®*],) or activation of cholinergic
presynaptic receptors. We report on the relative con-
tribution of different subtypes of presynaptic voltage-
dependent calcium channels (VDCCs) to triggering
transmitter release and characterize the pharmacology
of presynaptic acetylcholine receptors that block
voltage-dependent Ca* influx. Through our quantitative
fluorometric measurements of Ca?* influx, we have
obtained data on the apparent cooperativity between
Ca®" influx and transmitter release when influx is
reduced using these different conditions. We discuss
the differences we observed between toxin blockade
and reduced [Ca?'], in the context of the overlap of
individual Ca* channel domains for triggering release
at this synapse.

EXPERIMENTAL PROCEDURES

In vivo filling of mitral cell terminals with Ca®" indicators

Adult male Rana pipiens (N=38; Sullivan Co., Nashville, TN,
USA) were used in this study. All experimental procedures were
in accordance with Simon Fraser University Animal Care Use
Regulations, which are in turn in line with national guidelines
on the ethical use of animals. All efforts were made to minimize
the number of animals used and their suffering. Frogs were
anesthetized by immersion in a pH neutral 60 mg/100 ml solution
of tricaine methanesulfonate (Sigma).*® Frogs were removed
from solution when they did not respond to a foot pinch (an
adequate level of sedation was ensured throughout the surgical
procedure by assessing tongue and eye withdrawal reflexes). A
midline incision was made to the skin covering the hard palate
beginning near the vomeronasal organ and ending at the rostral
end of the soft palate. A craniotomy was performed with fine-
tipped rongeurs to expose a small area of the ventral surface of the
brain at the level of the AOB. The dura covering each AOB was
removed with forceps and the surface carefully dried with fine
tissue paper. The tips of broken micropipettes were filled with
concentrated solution (10% w/v in double-deionized water or
1.5% bovine serum albumin) of dextran-conjugated fluorescent
Ca®* indicators or anatomical tracers. The dyes used were Ca>*-
Green-1 (mol. wt 3000 or 10,000), Oregon Green 488 BAPTA-1,

Fluo-4, Texas Red and Rhodamine Green (all from Molecular
Probes, Eugene, OR, USA). Three to five filled micropipette
tips (=~ 15nl total volume) were carefully inserted into the
external plexiform layer of each AOB and dye was injected
using positive air pressure. After injection, the skin flaps covering
the hard palate were sutured together with No. 9-0 surgical silk.
Frogs were placed in isolation, half covered with water, while
they regained consciousness (usually within 2 h). They remained
in isolation for one to three days to allow for sufficient intra-
axonal dye transport time.

In vitro forebrain preparation

Tricaine methanesulfonate-anesthetized frogs were rapidly
decapitated, and the brain was removed and placed in chilled
(6°C) artificial cerebrospinal fluid (ACSF) containing (in mM)
72 NaCl, 26 NaHCO;, 2.5 NaH,PO,, 0.5 Na,HPO,, 1.5 MgSO,,
2 KCl, 2 CaCl, and 10 glucose, bubbled with carbogen gas (95%/
5% 0,/CO,) to pH 7.4.16

The forebrain and a portion of the diencephalon rostral to the
tectum were split into two halves by cutting down the middle of
the olfactory bulb and through the caudal hemispheric adhesion
of the telencephalon. One forebrain hemisphere was placed in a
Sylgard ™-lined recording dish milled from Lexan™, with a main
chamber for the brain (1.5 ml) and a narrow outflow path (1 ml).
To expose the inner (ventricular) wall of the telencephalon, a
dorsal to ventral (i.e. coronal) cut through the lateral wall of the
telencephalon was made at the level of the thalamus with fine iris
scissors. The dorsal margin of the telencephalon was then cut
along the rostrocaudal axis and a flap of tissue comprising the
dorsal two-thirds of the medial cortex was removed. The remain-
ing tissue was secured to the Sylgard™ floor with bent minuten
pins (five to 10) inserted around the tissue margin, with the ventri-
cular surface of the lateral cortex facing upwards, taking care to
avoid excessively stretching or distorting the tissue. The brain
was continually perfused with carbogen-bubbled ACSF, gravity
fed at a rate of 1-2 ml/min. Temperature was rigorously main-
tained at 16 * 0.5°C with a Peltier cooling device, monitored with
a l-mm-diameter thermistor probe (Fluke, model 51 K/J)
submerged in the bath beside the brain. For reduced Ca’* experi-
ments, Ca?" was replaced with equal amounts of Mg?* to help
maintain a constant threshold for mitral cell axon activation.

Stimulation

Bipolar stimulating electrodes were made from 75-pm enamel-
coated tungsten (California Fine Wire) wire glued together with
Krazy™ glue. These were placed on the fluorescently labeled
accessory olfactory tract (AOT) approximately 200 wm posterior
to the AOB. Stimulus pulses of 10-500 A at a constant 200- s
duration were delivered to the AOT with a pulse generator and
isolation unit (PG4000, SIU90, Neurodata Instruments). For
experiments where the effects of decreased Ca>" or drug applica-
tion were studied, the stimulation intensity was set to 20% above
the threshold for maximum evoked optical and field responses.
The standard experimental protocol consisted of either a single
pulse or short trains of pulses (100 ms interpulse interval)
delivered once every 5 min.

Electrophysiological recording

Local field potentials (LFPs) were recorded in response to
electrical stimulation with low-resistance (impedance <2 M(})
ACSF-filled glass microelectrodes. Typically, recordings were
made from the AOT, half way between the AOB and the amyg-
dala, to record the presynaptic volley, and in the amygdala to
record the evoked postsynaptic response. The electrode in the
amygdala was positioned approximately 250 um below the
ventricular surface to maximize the amplitude of the negative
phase of the synaptically evoked field potential. Using the dye
fluorescence as a guide, the electrode on the AOT was positioned
superficially to maximize the amplitude of the presynaptic volley
component of the evoked field potentials, but at the same time
minimize damage to the mitral cell axons. The amygdala LFPs
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were amplified 1000 times and bandpass filtered between 0.1 Hz
and 1kHz. The AOT field potentials were amplified 1000
times and bandpass filtered between 0.1 Hz and 10 kHz (SR590
Stanford Research Systems). Conditioned signals were digitized
at a rate of 5000 samples per second with a 12-bit A/D board
(MacADIO II) and acquired with a microcomputer (Macintosh
Quadra 800) using Superscope-II™ software (GW Instruments,
Cambridge, MA, USA). Off-line analysis was performed using
commercial software (Igor™ Wavemetrics, Eugene, OR, USA).

Whole-cell recordings from amygdala neurons were obtained
using pipettes containing 85 mM potassium gluconate, 4 mM
KCI, 4 mM NaCl, 5 mM b-glucose, 5 mM HEPES, 500 uM
glutathione, 2 mM MgCl,, | mM ATP, 300 uM GTP and 1 mM
EGTA. Access resistances were 25—-40 M() at the start of record-
ing and cells were rejected if the access exceeded 50 M) before
10 min of carbachol application. Holding potential was —60 to
—65 mV. Pipette resistances were 8—12 M(). Rhodamine Green
Dextran (Molecular Probes, Eugene, OR, USA) was applied to
the AOB in vivo 18—36 h prior to recording, to label the AOT and
terminals in the amygdala to facilitate placement of the stimulat-
ing electrode on the AOT and to guide placement of the whole-
cell and LFP recording pipettes in the amygdala. Amygdala
neurons receiving monosynaptic connections from AOT fibers
were selected on the basis of a short and constant latency to
onset of the excitatory postsynaptic current during repetitive
firing, as well as a continuously graded excitatory postsynaptic
current amplitude with increasing stimulus intensity. Forty-five
per cent (5/12) of neurons for which successful whole-cell record-
ings were obtained met all these criteria.

Microfluorimetry

High-temporal-resolution measurements of presynaptic Ca>*
transients were taken using a custom-built epifluorescence micro-
scope. Excitation light from either a stabilized 150-W xenon lamp
(OptiQuip, Highland Mills, NY, USA) or a 50-W tungsten lamp
was delivered to the specimen in the form of an aperture-limited
spot. Light from the arc lamp was attenuated 25-50% to reduce
dye fading. A filter set (Chroma Corporation, Brattleboro, VT,
USA) consisting of a dichroic beamsplitter (DCLP 505LP) and
fluorescence excitation (488 = 10 nm) and emission (535 = 25 nm)
filters was used. A X 20 or X 40 water immersion objective lens
(Olympus LUMPIlanFI) was used to image the filled terminals
and focus the fluorescence signals generated from a 200-pm-
diameter illumination spot in the center of the amygdala onto
a photomultiplier tube (Hamamatsu, model H5783). The photo-
multiplier output was filtered (d.c., 300 Hz) with a custom ampli-
fier before being digitized and acquired with a microcomputer.
When terminals were filled with Ca>"-Green—dextran or Oregon
Green 488 BAPTA-1-dextran, the large signal-to-noise ratio of
the fluorescence changes eliminated the need for digital filtering
or smoothing of data. For some measurements, fluorescence
signals were converted to AF/F, where F is the fluorescence
before the stimulus corrected by subtracting a measurement of
tissue autofluorescence taken from an identically sized illumina-
tion spot positioned over tissue adjacent to the stained terminals,
and AF is the change in fluorescence. Background autofluores-
cence was typically 20-40% of the total fluorescence with Ca?*-
Green or Oregon Green 488 BAPTA-1, whereas with Fluo-4—
dextran tissue fluorescence was several times greater than the dye
fluorescence, making it impossible to accurately estimate a AF/F
value. Because we kept our illumination intensity low, dye
bleaching was negligible, as evidenced by a constant resting
fluorescence intensity throughout the experiment.

Quantification of local field potential and fluorescence signals

The magnitude of the postsynaptic response was defined as the
amplitude of the negative peak of the amygdala LFP waveform.
The AOT LFP recording consisted of a characteristic presynaptic
volley waveform,'® with some contamination from delayed post-
synaptic currents. Therefore, only the size and shape of the first
positive peak amplitude from baseline were used as a measure of
AOT activation. Despite a constant amplitude for the AOT volley

and the afferent volley component of the AOB LFP, two closely
timed stimulation pulses delivered to the AOT produced fluores-
cence transients in the amygdala, the second of which was smaller
than the first, when the presynaptic terminals were loaded with
high-affinity Ca®" indicators such as Ca?*-Green-1-dextran (K,
260 nM) or Oregon Green 488 BAPTA-1-dextran (K; 340 nM;
Fig. 2A, B). However, when terminals were loaded with the low-
affinity Ca®* indicator Fluo-4—dextran (K, estimated at 3.8 pM
by Molecular Probes), a constant incremental change in fluores-
cence was seen with repeated stimulation of the AOT (Fig. 2C).
This indicates that partial saturation of the high-affinity dyes was
responsible for the AF/F decrements and enabled us to calculate
the Ca?* influx per action potential and quantify changes in intra-
cellular Ca”" influx (A[Ca?*];) using the following formula:?!

A[Ca®*]; = ([Ca*" ], + K)(1 — a)2a,

where o = (F3; — —F,)/(F, — —F,) and [Ca®"], is the resting Ca®"
concentration, which for our study we estimated to be 50 nM, K,
is the equilibrium dissociation constant of the indicator, F is the
indicator fluorescence at resting [Ca’"],, F, is the peak fluores-
cence produced by the first action potential, F; is the fluorescence
immediately before the second action potential and F3 is the peak
fluorescence produced by the second action potential. Use of this
equation to estimate A[Ca”"]; assumes that the influxes produced
by each action potential are the same and that the decay in [Ca®"];
between action potentials is small compared with the peak
[Ca*];,?! as confirmed by our Fluo-4 and AOT LFP recordings.
Statistical analysis was done using an independent group #-test
(two-tailed); significance was achieved when P < 0.01.

Anatomical characterization of dye-filled structures

AOBs were injected with the dextran-conjugated fluorescent
indicators Texas Red or Rhodamine Green (Molecular Probes)
and dissected as described above. Brains were transferred to the
cavity of a depression slide and secured in place with a Cell
Tac™ -coated microscope slide. A X 60 water immersion objec-
tive lens (Olympus LUMPIlanFI) was used to image the filled
structures. Images were made with a Zeiss LSM 410 confocal
microscope using the 568-nm laser line (96.8% attenuation), a
dichroic beamsplitter (580 nm), an emission filter (610 nm LP)
and standard acquisition software.

Drugs and their delivery

For all experiments except those in which Ca?* channel block-
ers were applied, carbogen (95%/5% O,/CO,)-bubbled ACSF
was flowed over the brain through a gravity-fed system (saline
drips; Baxter) at a rate of 1-2 ml/min. A four-way manual valve
located near the preparation was used to switch between different
solutions. Experiments with the Ca** channel blockers w-conotoxin-
GVIA (0-CTX-GVIA) and w-agatoxin-IVA (w-Aga-IVA)
(Alamone Labs, Israel) were performed in a static bath. For
these experiments, perfusion with ACSF was stopped and oxygen
and pH levels were maintained by directly bubbling the fluid in
the chamber with carbogen. The gas mixture was delivered via a
ring of plastic tubing embedded in the Sylgard™ lining the
bottom around the periphery of the main chamber of the dish.
Pinholes (10-20) in the wall of the plastic tubing created a
sprinkler-type bubbling, the rate of which was controlled by a
manual valve. It was possible to make both optical and electro-
physiological measurements during direct bubbling of the bath
using water immersion lenses. The physiological stability of
preparations in the static bath was carefully examined in several
control experiments; the evoked field and optical responses were
stable over the course of several hours. Stock solutions of the
peptide toxins w-CTX-GVIA and w-Aga-IVA were prepared in
distilled water, divided into 100-p.1 aliquots and stored at —80°C
until used. These stock solutions were added to the bath to
final concentrations of: w-CTX-GVIA, 1 pM; w-Aga-IVA,
200 nM. Aliquots (100 pl) of the other concentrated drug solu-
tions used were kept at —20°C. Aliquots were added to100 ml
ACSF superfusing the preparation. Final drug concentrations
were: nifedipine, 10-50 wM; carbachol (Sigma), 10-200 uM;
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6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 10 uM; 2-
amino-5-phosphovaleric acid (Precision Biochemicals, N.
Vancouver, Canada), 100—150 wM; nicotine, 10-50 wM; scopo-
lamine, 100 uM; MCN-A-343, 100-600 uM; 4-diphenyl-
acetoxy-N-(2-chloroethyl)-piperidine hydrochloride (RBI-Sigma),
100 uM; mibefradil (gift from Roche Pharmaceuticals), 10—
50 uM.

RESULTS

Loading terminals with Ca’* indicator and quantitative
measurements of Ca’" influx and transmitter release

The anatomy of the frog AOB is similar to the main
olfactory bulb, but is less organized and laminar.?
Unlike the main olfactory bulb, which has diffuse mitral
cell axonal projections to the telencephalon, the mitral
cells of the AOB project exclusively to the amygdala.*4
The well-defined AOT emerges from the posterior face
of the AOB and courses posteriorly for 2—3 mm along
the ventromedial wall of the lateral cortex to terminate in
the amygdala. Neuronal somata in the amygdala project-
ing back to the AOB were not observed, as reported
previously.* A lateral view of the frog brain is illustrated
in Fig. 1A, showing the injection site for the Ca’" indi-
cators into the AOB and the mitral cell projections from
the AOB to the amygdala. Application of dextran-
conjugated dyes to the AOB filled numerous somata
and their dendrites in the AOB and a large terminal
field in the amygdala (Fig. 1B). One to seven days after
the injection, all stained somata appeared healthy, with
no evidence of dye sequestration, and their dendrites
were completely filled and unblebbed (Fig. 1C).

A single, maximal stimulus of the AOT produced a
peak background corrected AF/F of 82.3%7.1%
(N=26; range: 30—180%). This transient reached a
peak 10-25 ms after onset and the recovery could be
fitted reasonably well by a single exponential with a
time constant of 0.9-2 s. Neither the rate of transient
recovery nor the peak amplitude was correlated, nor
were they significantly affected by intra-axonal dye
transport time (one to seven days), suggesting that
there were not large variations in the Ca®* buffering by
the indicator between preparations. The recovery rate of
transients for terminals filled with the low-affinity indi-
cator Fluo-4—dextran were 160 and 180 ms in two separ-
ate experiments, suggesting that loading with the high-
affinity indicator affected the apparent rate of recovery.

Images of a Ca?*-Green-1-loaded preparation visual-
ized via the ventricular surface of one telencephalic
hemisphere using a low-magnification objective lens
(X4) are presented in Fig. 1B, illustrating the fluores-
cence change resulting from 20 action potentials stimu-
lated at a rate of 10 per second. Fluorescence increases
were clearly seen in the mitral cell axons in the AOT as
well as the terminal field in the amygdala, so a more
detailed anatomical examination was undertaken to
determine the source of fluorescence signals within
the amygdala and the fiber tract. Fibers projecting into
the AOB (other than the primary sensory fibers from the
vomeronasal organ) have not been observed in the frog*’
and, as expected, retrogradely filled neuronal somata
outside the AOB were not seen after application of

dextran-conjugated dyes into the AOB. A stack of two-
photon laser scanning microscope images of somata and
dendrites of mainly mitral cells is shown in Fig. 1C, with
some granule cells within the AOB in a live preparation.
The fasciculated tract of the mitral cell axons exhibited a
few en passant, knob-like enlargements, that may or may
not be isolated synaptic boutons, as it coursed along the
inner wall of the telencephalon en route to the amygdala
(Fig. 1D). This finding is consistent with the study of
Scalia et al.,* and suggests that there is little synaptic
interaction with neurons of the lateral cortex before
reaching the amygdala. Examination of the fluorescence
within the amygdala by confocal microscopy indicated
that the majority of the signal originated from a dense
compact web of serial and terminal boutons (Fig. 1E),
with a small contribution from very thin preterminal
axons. All quantitative measurements of the fluorescence
changes from presynaptic terminals were taken from an
aperture-limited illumination spot (~200 wm) in the
center of the amygdala, where the preterminal axonal
contribution to total fluorescence was expected to be
minimal. Presynaptic terminals ranged from 1 to 3 um
in diameter, with an average size of approximately
1.5 pm (Fig. 1F). Terminals were often found in
“grape-like” clusters within the amygdala (Fig. 1G) and
as serial boutons along thin axons (Fig. IH). This average
terminal size is slightly larger than the average terminal
size (=1 pm) typically reported in other vertebrate brain
regions, with the exception of the mossy fiber terminals
in the hippocampal CA3 region, where the average ter-
minal size is 3—6 um.!2 It has been estimated that pre-
synaptic terminals make up approximately 75% of the
volume of parallel fibers in the cerebellum® and simi-
larly provide 75% of the fluorescence in the mossy fiber—
CA3 synaptic region.? Mitral cell terminals in the amyg-
dala are numerous and their diameter is large relative to
the sparse thin axons, and therefore we estimate that
terminal contribution to the fluorescent signal is at least
equal to, and probably greater than, that reported for the
cerebellum and hippocampus.

Dextran-conjugated Ca?* indicators are excellent
retrograde and anterograde tracers that do not leak out
of neurons or become sequestered in internal compart-
ments during the in vivo transport period.’® However, due
to the long intra-axonal dye transport time, there was a
small possibility that some of the dye may have been
released from the presynaptic terminals and taken up
by neurons in the amygdala through endocytotic
processes.®” Postsynaptic responses were blocked with
10 pM CNQX to verify that the fluorescence changes
observed in the amygdala were due to presynaptic and
not postsynaptic Ca?* influx. Blockade of postsynaptic
receptors had no effect on the stimulus-evoked fluores-
cence changes (Fig. 2). The addition of the N-methyl-D-
aspartate receptor antagonist 2-amino-5-phosphovaleric
acid (100-150 wM) did not produce further decrement
to the amygdala LFP (N=3; data not shown) or
the fluorescence transient. This indicates that Ca®*
influx into presynaptic, not postsynaptic, structures
was responsible for the fluorescence transients, and that
the postsynaptic current was mainly due to activation of
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Fig. 1. The projection of the AOB to the amygdala in frog. (A) Sketch of the right side of the brain of R. pipiens showing the accessory
olfactory pathway. OB, olfactory bulb; ON, olfactory nerve; VN, vomeronasal nerve. Adapted from Scalia.*® (B) A low-power (X 4)
CCD image of the mitral cell projection from the AOB to the amygdala as viewed from the ventricular surface of the lateral cortex shows
the fluorescence level of the unstimulated pathway (above) and the stimulated pathway (below). (C) A two-photon image taken near the
center of the AOB shows the dye-filled somata and dendrites of the mitral and granule cells. (D) Confocal microscope image (1.2 wm
thick) of the AOT fibers taken approximately 200 wm outside the amygdala, showing few synaptic boutons (arrows). (E) Confocal
microscope stack of three images (10 wm total thickness) taken from the center of the amygdala shows the density of the mitral cell
terminal field. (F—H) At higher magnification, a stack of 20 images (F; 22 pm total thickness) reveals the typical size of the terminals that
were commonly found in grape-like clusterings (G), but also boutons along thin axons (H). G and H are single images 1.2 wm thick.
Scale bars= 1 mm (A, B), 25 um (C, D, F), 100 pm (E), 20 pm (G), 10 pm (H).

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate-type amygdala were the result of AOT stimulation and not
glutamate receptors. stimulation of cortical associational fibers in close
To show that the measurements taken from the proximity, the stimulation electrode was moved off the
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Fig. 2. Fluorescent changes in the amygdala are the result of Ca®" influx into mitral cell presynaptic terminals. (A) A typical
experiment showing that the fluorescence changes (AF/F) and the AOT volley response remain virtually unchanged, while only the
presynaptic volley component of the amygdala LFP remains after a 20-pulse, 10-Hz stimulus train is applied to the AOT in ACSF
and 30 min in 10 wM CNQX. (Amygdala projections were loaded with the high-affinity Ca" indicator Ca?*-Green-1.) The size and
shape of the first positive peak amplitude from baseline of the AOT field was not contaminated by postsynaptic currents and was
therefore used to measure AOT activation. The asterisk on the amygdala LFP inset marks the point used to measure postsynaptic
activation strength. Fluorescence transients are individual recordings, AOT and amygdala LFPs are averages of 16 responses. (B)
The fluorescence levels used to define a = (F3 — F,)/(F) — Fy) in brains loaded with the high-affinity Ca" indicators. Single trace
(Oregon Green 488 BAPTA-1). (C) Fluorescent transients from a brain loaded with the low-affinity Ca>" indicator Fluo-4. Each
stimulus pulse produces the same incremental change in fluorescence, indicating the same change in Ca* influx per action potential.
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Fig. 3. The presynaptic Ca?" transient amplitude increases linearly with the amygdala LFP. (A, B) The Ca>" transient (A) and
amygdala LFP (B) recordings show baseline responses (arrows) to a suprathreshold stimulus applied to a site adjacent to the AOT
(<100 wm), but increased stimulation intensity applied to the AOT increases the Ca®' transient and amygdala LFP responses
(individual recordings in A and B). (C, D) The Ca®" transient increases linearly with the amplitude of the amygdala LFP, while the
ratio of the first to second Ca’" transients (AF; : AF,) remained constant (N = 3; stimulation intensity is arbitrary units).

labeled AOT approximately 100 pm

towards either the dorsal or the ventral margin and a
suprathreshold stimulus applied. Neither a Ca* transient
nor an LFP response was observed in the amygdala (Fig.
3).

With the stimulation electrode placed on the AOT and
the stimulation intensity increased incrementally, the
presynaptic Ca’* transient amplitude increased linearly
with the increase in the amygdala LFP response, while
the ratio of the first to second Ca?" transients remained

constant (Fig. 3C, D). The constancy of the F, : F, ratio
indicated that increasing stimulus strength recruited more
presynaptic fibers, but did not increase the amount of
Ca?* influx per action potential. It also confirmed the
results of the ionotropic glutamate blocking experiments,
which indicated that there was no postsynaptic contribu-
tion to the fluorescence transients.

Repeated suprathreshold stimulation of the AOT in
preparations loaded with high-affinity Ca" indicators
(Ca®*-Green-1 and Oregon Green 483 BAPTA-1)
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produced a build-up in fluorescence, during which each
subsequent fluorescence transient was smaller than that
of the previous one (Fig. 2A, B). The qualitative char-
acteristics of the build-up of fluorescence are similar to
those measured from presynaptic terminals in other
preparations.?#>% Both the axonal volley recorded
from the AOT and the presynaptic volley component of
the LFP in the amygdala indicated that the number of
stimulated axons did not change during action potential
trains. In preparations where the presynaptic terminals
were loaded with the low-affinity Ca?* indicator Fluo-4
(Fig. 2C), decrements in AF/F with each successive
stimulus in a short train were not seen. These two find-
ings indicate that it is reasonable to conclude that the
influx of Ca?" induced by each of a pair of action poten-
tials was the same, so the decrement in AF/F to succes-
sive action potentials that was seen with high-affinity
Ca®* is proportional to the degree of saturation of the
indicator. This saturation phenomenon enabled us to
estimate the Ca?' influx per action potential as
62.0 4.0 nM (26 preparations) and quantify changes
in Ca?" influx using the paired-pulse dye saturation
methodology developed by Feller e al.?' (see Experi-
mental Procedures). There are two major advantages
of this method for estimating A[Ca*]. First, unlike
methods based on calculating AF/F, dye fading or
changes in axonal excitability during the experiment
will not affect the ratio of AF,; to AF,. Fewer stimulated
boutons will decrease the magnitude of AF equally for
the first and second pulses, leaving the AF; : AF, ratio
unchanged (Fig. 3C, D), whereas a reduction in influx
will reduce the [Ca®*] reached by the first stimulus and
hence result in a proportionately larger AF/F to the
second pulse, i.e. the ratio will be closer to 1. This is
important under conditions such as those of this study,
where a decrease in AF/F in response to a stimulus
delivered to the AOT could be due to either less Ca?*
influx per presynaptic bouton or fewer boutons exhibiting
any influx. Also, although changes in background tissue
fluorescence resulting from production, depletion or
fading of fluorescent metabolites, e.g. FAD/FADH and
NAD/NADH, will change total fluorescence, they will
not affect the AF, : AF ratio.

The quantitative estimate of A[Ca®"] from each action
potential depends upon assumptions regarding the resting
[Ca®"] and the K. Errors in estimating the absolute value
of resting [Ca®"] will not affect the relative comparison
of A[Ca?*] between two times or treatments, but changes
in resting [Ca%"] during the experiment will lead to errors.
Fortunately, the effect of changes in resting [Ca®*] to the
estimate of A[Ca®"] are small if K; > resting [Ca"], which
is probably the case here, since the Ky of Ca*"-Green-1—
dextran used in this study was around 260 nM in 100 mM
KCl and for Oregon Green 488 BAPTA-1 the K; was
around 380 nM, values that are hundreds of nanomoles
greater than typical estimates of resting [Ca®*] in verte-
brate neurons in situ. Furthermore, in our experiments,
including those in which toxins or carbachol were applied,
there was little evidence for changes in resting [Ca’'],
since background subtracted values of F were stable to
within 5-10% over the course of many hours.

Reduced calcium influx and transmitter release

Having established that we could estimate the change
in [Ca®"]; resulting from an action potential invading the
terminals, we set about using our techniques to measure
the relationship between Ca’" influx and release under
various conditions. Our aim was to compare the Ca’*-
release function when Ca’" influx was varied by (i)
decreasing the flux per channel with a constant number
of open channels and (ii) decreasing the number of open
channels while maintaining a constant flux per channel.
Specifically, we were interested in whether different
VDCC subtypes were present, whether all subtypes
contributed to transmitter release equally and whether
there was evidence for cooperativity, i.e. domain overlap,
between VDCCs in stimulating release. Once these rela-
tionships had been established, we examined the effects
of carbachol on Ca?" influx and transmission in an
attempt to determine to what extent regulation of Ca?*
influx was responsible for its actions.

We first reduced influx by lowering [Ca?*],. This
manipulation reduces the total influx into the terminal
by reducing the flux per open channel in a manner that
does not discriminate between different types of Ca’"
channels. At numerous vertebrate CNS synapses, a
highly non-linear relationship (2.5-4) between Ca’*
influx and transmitter release has been seen when
[Ca?"], is reduced.?2!44455583 Typical fluorescence tran-
sients and amygdala LFP responses from an experiment
where the terminals were bathed in 2, 1.5, 1 and 0.5 mM
[Ca?"], are shown in Fig. 4A and B, respectively. Reduc-
ing [Ca®"], decreased the evoked Ca’' transients and
amygdala LFP responses, but did not change the ampli-
tude or shape of the AOT volley recorded in either the
AOT or the amygdala (see asterisk in Fig. 4B). The rela-
tionship between Ca?" influx and [Ca?*], was approxi-
mately linear (Fig. 4C), showing only a little saturation at
higher [Ca?*]. As has been observed at numerous
synapses, the relationship between the amygdala LFP
and presynaptic Ca?" influx was found to be highly
non-linear when [Ca?*] was low (Fig. 4B), and can be
described by the equation: LFP = k([Ca®*];)", where LFP
is the amygdala LFP response, [Ca®"]; is the spatially
averaged Ca®" influx, n is the order for dependence of
the amygdala LFP upon Ca’" influx and k is a scaling
constant. Fitting a linear regression to the values obtained
for log LFP amplitude vs log change in Ca influx over
the range 0.5-1.5mM [Ca®*'],, a strong non-linearity
between Ca’" influx and release was evident (n=
3.67 = 0.43; six experiments), while between 1.5 and
2 mM, synaptic strength release was less sensitive to
changes in Ca?" influx. This low sensitivity to changes
in Ca®" influx has been seen at other synapses measured
in this way, and probably represents saturation of trans-
mitter release or postsynaptic receptors.?>-%66

Presynaptic  Ca®’"  channel — pharmacology — and
neurotransmitter release

Numerous studies with many different kinds of
synapses from both vertebrate and invertebrate prepara-
tions have confirmed variability in presynaptic VDCC
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Fig. 4. Reduced [Ca®"], and the relationship between presynaptic
Ca’" influx and amygdala LFP. The fluorescence (A) and the amyg-
dala LFP (B) changes recorded during an experiment in 2, 1.5, 1 and
0.5 mM [Ca?*],. Each trace in is the average of three or four record-
ings after a stable baseline was reached at each concentration (asterisk
indicates the unchanging presynaptic volley component of the amyg-
dala LFP). The dependence of the Ca" transient on [Ca®*], is linear
(C), while the relationship between the amygdala LFP and presynap-
tic Ca®" influx is highly non-linear (D). Points on graphs C and D
represent the mean + S.EM. (N=06).

expression in presynaptic terminals, both between
species and from different regions within the same
species.”*® We performed experiments using selective
Ca?" channel blockers to identify the particular channel
subtypes that mediate Ca?" influx and to specifically
identify how different channel subtypes contribute to
the release process. The fluorescence transients, amyg-
dala LFP responses and the time course from typical
experiments before and after the addition of toxins are
shown in Fig. 5. Application of the N-type channel
blocker, w-CTX-GVIA (1 uM), caused a substantial
decrement in the Ca’>" influx and amygdala LFP, while
the presynaptic volley remained unchanged (Fig. 5A).
The evoked Ca?* influx was reduced by 77.2 + 3% and
the amygdala LFP by 88.2 +3.4% (N=15) of control
(Fig. 6A, B). Treatment with 200 nM w-Aga-IVA
reduced the evoked Ca’" influx by 18.8 + 2.4% and the
amygdala LFP by 25.2 £3.1% (N=35) of control (Fig.
6A, B). The L-type Ca?* channel blocker nifedipine (10—
50 uM) did not affect the Ca?* transient (99.5 = 3.3%,

mean = S.EM.; N=4) or the amygdala LFP (101.6 =
4%; N=4). In the presence of the T-type blocker mibe-
fradil (10—50 uM), the Ca®" transient was 100 + 0.3%
(N=3) and the amygdala LFP remained unchanged
(102 £ 4%; N=3).

It was not possible to use a range of toxin concentra-
tions in a single experiment to determine a dose depen-
dence for presynaptic Ca®* channel block by w-CTX-
GVIA or o-Aga-IVA because the block of Ca’" influx
was slow in onset and required up to an hour to reach
steady state with 1 wM toxin. Some of this delay is likely
to reflect poor access of the toxins to presynaptic chan-
nels, either because some of these structures are deep in
the tissue® and/or because channels are sequestered
within narrow synaptic clefts. At a lower concentration
of w-CTX-GVIA (500 nM), the block of presynaptic
Ca?* influx was even slower; nevertheless, an equivalent
level of block was reached after more than an hour,
confirming that 1 uM w-CTX-GVIA was a saturating
concentration (data not shown). Doubling the concentra-
tion of w-Aga-IVA had no additional effect, confirming
that a 200 nM concentration produced a saturating block
of the Ca®" channels. Prolonged washing, up to 1 h, with
ACSF did not relieve the block by w-CTX-GVIA or w-
Aga-IVA.

Data comparing the decrease in Ca* influx and corre-
sponding decrease in LFP for all manipulations (toxins,
reduced [Ca®"], and carbachol application) are summar-
ized in Fig. 6C. When the Ca”" channels were blocked by
o-Aga-IVA, the relationship between Ca?* influx and
release was moderate and only slightly non-linear,
i.e. n=149 £0.28, in the convention of Release =
k([Ca?*])". Since the block of Ca?' influx by w-Aga
IVA was small enough that it mostly occurred in the
range where transmission appeared to be partially satur-
ated, i.e. equivalent to decreasing [Ca®"], by 20%, we
regard this as a minimum estimate of the cooperativity
between w-Aga IVA sensitive Ca”" influx and release.

»-CTX GVIA blocks a large proportion of the Ca”*
influx relative to its effect on transmission. On the basis
of reducing total Ca’" influx, it appears to be signifi-
cantly less effective at reducing synaptic strength
compared to a reduction in Ca?* influx achieved by
reducing [Ca?"],. The order for the dependence of
release on Ca?" influx was calculated to be n=
1.44 = 0.11 (five experiments), normalizing to transmis-
sion in the presence of 100% [Ca>*], or about 1.5 if one
calculates the relationship between reduced [Ca®*], and
release normalizing to release with 75% [Ca®*], (Fig.
6C).

This observation of an only slightly non-linear rela-
tionship between w-CTX-GVIA-dependent Ca?* influx
and release (i.e. n < 2) is in agreement with observations
at the frog retinotectal synapse?' and the mammalian
calyx synapse,® but not as reported at hippocampal or
cerebellar synapses.3>%*

The Ca’" channel toxins w-CTX-GVIA and w-Aga-
IVA were co-applied to determine whether they targeted
separate populations of presynaptic Ca?* channels. The
co-applied toxins greatly reduced the evoked fluores-
cence transient and amygdala LFP, while the presynaptic
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amygdala LFP before and after application of toxins, and the time course of the block by the toxins. Transients are individual

recordings, amygdala LFPs are averages of 12. For quantitative comparison between experiments, Ca" influx and amygdala LFP

measurements were derived from the average of all recordings before application of the toxins (=30 min) and all recordings after a
stable baseline had been reached in the toxins. Scale bars for 20AF/F =2 mV and 0.02 s.

volley remained unchanged (Fig. 5). The evoked Ca**
influx was reduced by 92.2 £2.4% (N=15) and the
amygdala LFP by 97.0 = 0.8% (N=15) of control (Fig.
6A, B). The reduction of Ca*" influx by co-application of
the toxins was comparable to the sum of the reduction
produced by each of the toxins applied separately
(96.1 = 5.4%), which suggests that w-CTX-GVIA and
w-Aga-IVA targeted separate populations of presynaptic
Ca?" channels. The reduction of the amygdala LFP by
co-application of the toxins is less than the sum of the
reduction produced by each of the toxins applied separ-
ately (113.3 *6.5%; P <0.05, two-tailed t-test), sug-
gesting that the channels are co-localized near release
sites on the same presynaptic terminals,% and that
release is driven comparably by influx through either
channel type and is proportional to [Ca’"] raised to the
power 1.5 or less.

Because there may be some saturation of transmis-
sion with the influx associated with 2 mM [Ca?*],, and
also because there is nearly 100% block of influx and
transmission with the co-applied toxins, it is difficult to
assess whether the apparent low cooperativity between

o-Aga-IVA-dependent Ca®" influx and release is an arti-
fact of the small effect on Ca?" influx or whether 7 is
actually greater than 1.5, as has been observed at other
synapses.*>666 One way to approach this question is to
reduce release with a combination of w-CTX-GVIA that
greatly reduces [Ca®"] influx and w-Aga-IVA. If »-Aga-
IVA actually has a strongly non-linear effect on transmis-
sion that is masked by saturation of release when Ca’"
influx is near normal, then in combination with w-CTX-
GVIA a more non-linear Ca’>" influx—release relation-
ship should emerge. We did not see any hint that the
apparent cooperativity for the combined toxin applica-
tion was greater than for w-CTX-GVIA alone. That is,
the apparent cooperativity was 1.4—1.5 throughout the
wash-in period of the two toxins, even through the
range where release was reduced sufficiently that trans-
mission was clearly not saturated.

Presynaptic neuromodulation

Nothing is known about the reduction or enhance-
ment of neurotransmitter release from frog mitral cell
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terminals within the amygdala by any neuromodulatory
substances. We found that the non-specific cholinergic
agonist carbachol rapidly and reversibly inhibited the
evoked Ca’" transient and amygdala LFP (Fig. 7A, B).
On average, carbachol (100 wM) reduced the Ca*" influx
to 51.8 22.8% (N=15) of control and the amygdala
LFP to 22.1 = 1.9% (N=15) of control, without chang-
ing the threshold for AOT activation. The saturating
concentration appeared to be 100 uM, since 50 uM
carbachol reduced the Ca?" influx to 53 *+ 6.1% (N=23)
of control and the amygdala LFP to 26 = 4.9% (N =3) of
control, and 200 uM carbachol reduced Ca?* influx to
55%£4.8% (N=3) of control and the amygdala LFP to
23 £5.6% (N=13) of control (data not shown). Rinsing
with ACSF returned the Ca?* influx and the amygdala
LFP to control levels within 10—15 min (101 * 1.1% and
97.8 = 1.4%, respectively; N=14).

Since we had derived relationships between suppres-
sion of Ca®* influx and transmission under conditions of
Ca?" channel blockade by toxins and reduced flux per
channel by lowered [Ca?*],, we compared these to the
effect of carbachol. The effect of carbachol seems to be
consistent with a reduction in Ca?* influx when com-
pared to the data from experiments where [Ca’*], is
reduced, i.e. where the flux per channel is reduced.
However, carbachol’s effect was significantly more
non-linear, i.e. n=2.54 = 0.25 (15 experiments), than

the block by w-CTX-GVIA (+=4.07, P<0.001),
which had a comparable effect on Ca?* influx (Fig. 6C).

To directly test whether additional postsynaptic effects
on amygdala neuron excitability or input impedance
were contributing to the suppression of the LFP,
whole-cell recordings were made from amygdala
neurons receiving monosynaptic excitatory synaptic
currents from stimulation of the AOT (Fig. 7C). Biocytin
filling of three recorded neurons revealed cells with
sparsely branched, smooth dendrites, extending rostrally
in a generally dorsolateral plane towards the telencepha-
lon (Fig. 7). Carbachol suppressed the excitatory post-
synaptic current to 25 +9.4% of control (N=5 cells,
four animals). This is the same as the suppression of
the LFP in our Ca?" imaging experiments (23% of
control). Two of the cells studied with voltage clamp
were also recorded in current-clamp mode and showed
no consistent evidence for a change in resting input
impedance or membrane potential, all of which indicates
a presynaptic effect of carbachol on transmitter release.

Experiments were conducted to determine whether
activation of muscarinic or nicotinic acetylcholine recep-
tors was causing the inhibition of synaptic transmission.
Scopolamine (100 wM) completely blocked the inhibi-
tion of both Ca" influx and the LFP by 100 uM car-
bachol in a reversible manner (Fig. 7C). Ca’* influx
remained at 1024 £5.5% and the amygdala LFP at
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99.5+ 1.6% (N=23) of control conditions after the
co-application of carbachol and scopolamine. Nicotine
(10-50 wM) had no effect on the Ca®" influx (100.6 +
1.2% of control) or on the amygdala LFP (99.2 =
3.8%; N=3) of control conditions (data not shown).
The M1 agonist, MCN-A-343, at concentrations up to
200 uM had no effect on the Ca®" influx (99.4 = 0.7%
of control) or the amygdala LFP (97.8 = 1.5% of control;
N=4). 4-Diphenylacetoxy-N-(2-chloroethyl)-piperidine

hydrochloride (irreversible M3 antagonist; 100 uM) was
able to block the effects of 100 wM carbachol when co-
applied (Ca’*=100.5+ 15%, LFP=98.7*22 of
control; N=2). These data suggest that the receptors
are more similar to mammalian type M3 than Ml
receptors.

The muscarinic block of Ca?' influx was directed
towards both channel subtypes. This was tested by first
applying ®-CTX-GVIA or w-Aga-IVA followed by
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carbachol. In one experiment, after a steady-state block
of 70% of the Ca’" influx was achieved with o-CTX-
GVIA, the addition of carbachol further reduced the Ca?*
influx to 18% of control, corresponding to a 40% block of
the remaining, mostly P/Q-type, influx. In another
experiment, Ca’" influx was first reduced by 15% from
control levels with w-Aga-IVA. Addition of carbachol
reduced the remaining Ca?* influx to 34% of control,
corresponding to a 60% block of the largely N-type
Ca?" influx that remained after application of w-Aga
IVA. Further experiments will be required to determine
whether there is any evidence for differential effects of
presynaptic inhibition on the N versus P/Q subtypes, but
these initial experiments indicate that activation of
muscarinic receptors targets both Ca?* channel subtypes.

DISCUSSION
A model system for studying synaptic transmission

The small size of most presynaptic terminals in the
vertebrate brain prevents the use of electrodes to directly
record presynaptic currents, except in the special case of
the calyx of Held.?? Therefore, selective loading of Ca?*
indicators into nerve terminals has become an important
tool for the study of Ca?' in synaptic transmis-
sion. 2133436366 I this study, we selectively loaded mitral
cell presynaptic terminals in the frog amygdala with
dextran-conjugated fluorescent Ca?* indicators and
measured changes in free [Ca®'] in terminals in the
amygdala in en bloc preparations.

Our preparation, consisting of a telencephalic hemi-
sphere (which can also include more rostral portions of
the brain, including the brainstem), is particularly well
suited for investigating physiological functioning of an
intact synapse, within the context of its function in a
larger circuit. All the ipsilateral fiber pathways from
the accessory olfactory nerves to the diencephalon are
intact and the preparation can be maintained in vitro
for several hours at temperatures equal to those found
in vivo, which is important considering that many
processes involved in synaptic transmission are strongly
temperature dependent.

Dextran-conjugated Ca’* indicator dyes avoid many
problems associated with acetoxymethyl loading, such as
incomplete de-esterification, dye leakage or internal
organelle sequestration and non-specific effects of deter-
gents needed for solubilization. Particularly important
for the present study is the fact that we can load a well-
defined set of presynaptic terminals by transport along
axons distant from the site of a local application of indi-
cator. As a result, all of our fluorescence changes origin-
ate from identified presynaptic terminals from one class
of projection neurons, which probably minimizes the
heterogeneity of the population of terminals studied.
Confocal imaging of dye-filled structures in the amyg-
dala following injection of dye into the AOB indicated
that presynaptic terminals rather than preterminal axons
were the source of almost all the stimulus-evoked fluor-
escent transients. Although the exact process whereby
dextran-conjugated dyes are taken up into neurons is

not known, several studies have confirmed the efficacy
of this technique and the minimal and/or temporary
damage that is associated with loading.'®?%?" The separa-
tion of several millimeters between the loading site and
the terminals further supports the argument that the ter-
minals are electrophysiologically and metabolically
normal.

Characterization of presynaptic voltage-dependent Ca**
channels

We were interested in the quantitative relationship
between Ca’" influx and release when toxins block
channels compared to when the flux per channel is
reduced, as is the case with reduced [Ca®"],. Such data
may provide information about Ca>* channel cooperativ-
ity in release, as well as providing information about the
mechanism of action of neuromodulatory substances at
presynaptic terminals.

Our estimate of the A[Ca®*] resulting from a single
action potential is that average cytoplasmic [Ca’"] is
elevated approximately 60 nM, which is within the 50—
150 nM range estimated for the retinotectal synapse in
the frog.?! At the large mossy fiber synapse in rat hippo-
campal slices, a single action potential produced an
increase in [Ca2™] of 10-50 nM,** while at the CAl
synapse an estimate of approximately 60 nM has been
reported.5 In the small cerebellar presynaptic terminals,
estimates of the A[Ca’"] produced by single action
potentials have been as high as 300 nM,* and for the
large calyx of Held synapse in the rat brainstem
400 nM has been reported.?

Studies from various vertebrate brain regions indicate
that multiple Ca?* channel types support presynaptic
Ca’" influx and control neurotransmitter release. The
proportions of the co-localized channels, as well as
their relative contribution to neurotransmitter release,
has been shown to vary significantly between different
synapses. For example, at cerebellar parallel fiber—
Purkinje cell synapses and at hippocampal CA3-CAl
synapses, there are at least three pharmacologically
distinct presynaptic Ca?" channels: w-CTX-GVIA-
sensitive N type, w-Aga-IVA-sensitive P/Q type and a
toxin-resistant R type. At hippocampal CA3-CAl
synapses, about 40% of the total Ca’" transient is -
CTX-GVIA sensitive, 20% w-Aga-IVA sensitive and
40% toxin resistant.®® The pharmacologically identified
N- and P/Q-type channels have about equal efficacy in
triggering transmitter release. At cerebellar parallel
fiber—Purkinje cell synapses, 25% of the total Ca®* tran-
sient is w-CTX-GVIA sensitive, 45% w-Aga-IVA sensi-
tive and 30% toxin resistant.?

From our steady-state toxin block experiments
(measurements made approximately 60 min after toxin
application), we observed that, while w-CTX GVIA
blocks 77% of the action potential-mediated Ca?* influx,
it was clearly less effective in blocking transmitter
release compared to reducing Ca’" influx by reducing
[Ca®*],. Our data indicating a nearly linear relationship
between block of Ca’" influx and transmitter release by
o-CTX-GVIA are quantitatively similar to those of
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Feller et al.?' for frog retinotectal synapses, as well as
those of Wu et al.® at single calyx synapses. These data
stand in contrast to our observations that reducing Ca**
influx by reducing the flux per channel (reduced [Ca’"],)
reduces transmitter release in a strongly non-linear
fashion (n=3.6), as observed at fast transmitting syn-
apses throughout vertebrate and invertebrate nervous
systems.

In several mammalian synapses, it appears that w-Aga-
IV A blockade has a highly non-linear effect on the block-
ade of transmission.>>%3% At frog mitral cell-amygdala
synapses, however, w-Aga-IVA blocks a small propor-
tion of Ca’* influx, about 19%, causing a rather modest
25% reduction in transmission.?' One should be a little
cautious in interpreting from these data alone that w-
Aga-IVA block of Ca' influx is only slightly non-
linearly related to block of transmission, since the Ca?t
block is within the range where the extent of non-linearity
could be masked by saturation of transmission. In order
to properly determine whether w-Aga-IVA has a non-
linear effect on transmission, similar to reducing
[Ca**],, o-Aga-IVA should be applied under conditions
where transmission will not be partially saturated. This
condition was met during the wash-in of the mixture of
w-Aga-IVA and o-CTX-GVIA at times when release
was blocked by greater than 20%, and we noted through-
out the wash-in period that the relationship between the
block of Ca?* influx and transmission was described by a
power relationship of approximately 1.5. If w-Aga-IVA-
sensitive Ca?" was related to transmitter release in a
strongly non-linear fashion, we would have expected a
more pronounced block of transmission during wash-in
of the combined toxins, which we did not see.

Since the channels blocked by the combined toxins
account for >95% of Ca2" influx, we do not need to
assume that there is another channel subtype that is
primarily responsible for release. Furthermore, although
pharmacologically defined N-type channels are respon-
sible for a larger proportion of the Ca* influx and trans-
mission, both the N and P/Q subtypes appear to have a
similar efficacy for supporting release, as defined by the
only slightly non-linear relationship between block of
Ca’" influx and transmission. Supporting the assumption
that these terminals might be homogeneous in their
expression of channel subtypes is the fact that they are
derived from one cell type from one well-defined brain
region (mitral cells from the AOB). However, even
single calyx preterminals express multiple Ca?* channels
that are coupled to release,® and evidence supports both
segregation and co-localization of N and P/Q channels at
autaptic terminals in culture.® In the absence of direct
immunological data that show both subtypes are in fact
co-localized to the same boutons, and that channel
subtypes within a single terminal are not segregated so
that each subtype is not coupled to a separate population
of vesicles, we cannot exclude the possibility that the
nearly linear relationship between blockade and release
simply reflects complete block of Ca?* influx at a
portion of the terminal (or active zones within terminals)
by each toxin. However, if the relationship between
influx and release were highly non-linear, then we

would expect the non-linearity to be revealed when
only a portion of the channels on the terminals were
blocked during wash-in of the toxin. Again, our observa-
tions during wash-in of each toxin, or the combined
toxins, as cited above argue against substantial segrega-
tion of channels, since the relationship between the
amount of transmission block and the Ca?* block
appeared constant.

We favor the interpretation that there is minimal over-
lap between Ca’" microdomains for the generation of
high [Ca®"] necessary for release® to explain our data
that show a highly non-linear relationship between
Ca’" influx and release for reduced extracellular Ca?*,
but an only slightly non-linear relationship for toxin
blockade. This idea is not without precedent, since direct
evidence that release can be driven by Ca?' influx
through a single channel has been obtained at another
vertebrate synapse.>? Also, Wu et al.% report similarly
low cooperativity for »-CTX-GVIA block of Ca’* influx
at the calyx of Held, although they favor an alternative
explanation for the phenomenon at this synapse. Further
studies are needed to address this issue, including
comparison of the [Ca?'],—release dose—response
curve with and without toxin block, particularly for
Aga-IVA toxin,® and imaging Ca* influx into single
terminals during toxin application.

Presynaptic inhibition by muscarinic receptor activation

Presynaptic modulation of glutamatergic synapses by
muscarinic receptor activation is widespread in the verte-
brate brain *>4041505461.62 Our data indicate that pre-
synaptic muscarinic receptor activation at mitral—
amygdala synapses causes a rapid and reversible reduc-
tion in the evoked presynaptic Ca’* influx and amygdala
LFP, without affecting the AOT volley. Whole-cell
recordings confirm that the suppression of transmission
is primarily or wholly presynaptic.

The effect of carbachol at first seems to be consistent
with simply a reduction in Ca" influx, if one compares it
to experiments in which influx is reduced by lowering
[Ca®"], (Fig. 6). However, carbachol probably reduces
presynaptic Ca?* influx analogous to w-CTX-GVIA by
reducing the number of open channels rather than by
changing the single channel conductance.?® Therefore,
it should have effects comparable to w-Aga-IVA and
o-CTX-GVIA, which reduce the number of open
channels, i.e. a weak effect on transmitter release relative
to its block of Ca%" influx. This is not what is observed.
Instead, carbachol blocks significantly more transmission
than expected based on a block of Ca?* influx caused by
fewer open channels. While it is also possible that a
change in the kinetics of channel opening caused by
carbachol could have a more non-linear effect on trans-
mitter release relative to Ca®" influx than blockade by
toxins, it has been shown at other synapses that changing
the duration of action potentials, and thus the number of
open channels and the average time of their opening, has
a small effect on release relative to the change in Ca®*
influx.!>3070 We therefore conclude that muscarinic
receptor activation reduces transmission by reducing
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