
 79:2191-2203, 1998. JN
Neil E. Schwartz and Simon Alford 
by Ionotropic Glutamate Receptors at a Plastic Synapse 
Modulation of Pre- and Postsynaptic Calcium Dynamics

 You might find this additional information useful...

57 articles, 18 of which you can access free at: This article cites 
 http://jn.physiology.org/cgi/content/full/79/4/2191#BIBL

3 other HighWire hosted articles: This article has been cited by 

  
  [Full Text]  [Abstract]

, July 1, 2000; 84 (1): 415-427. J Neurophysiol
N. E. Schwartz and S. Alford 

 Intracellular Calcium and Glutamate Release
Physiological Activation of Presynaptic Metabotropic Glutamate Receptors Increases
  

  [Full Text]  [Abstract]
, April 15, 2001; 532 (2): 323-336. J. Physiol.

M. Takahashi, R. Freed, T. Blackmer and S. Alford 
 cord synapses

Calcium influx-independent depression of transmitter release by 5-HT at lamprey spinal
  

 [PDF]  [Full Text]  [Abstract]
, January 1, 2002; 282 (1): R100-113. Am J Physiol Regulatory Integrative Comp Physiol

S. M. Barman, H. S. Orer and G. L. Gebber 
 tegmental field neurons

Differential effects of an NMDA and a non-NMDA receptor antagonist on medullary lateral

on the following topics: 
 http://highwire.stanford.edu/lists/artbytopic.dtlcan be found at Medline items on this article's topics 

Physiology .. Petromyzontiformes 
Oncology .. Calcium Signaling 
Oncology .. Glutamate Receptors 
Biophysics .. Long-Term Potentiation 
Biochemistry .. Aspartate 
Biochemistry .. Glutamate 

including high-resolution figures, can be found at: Updated information and services 
 http://jn.physiology.org/cgi/content/full/79/4/2191

 can be found at: Journal of Neurophysiologyabout Additional material and information 
 http://www.the-aps.org/publications/jn

This information is current as of February 24, 2006 . 
  

 http://www.the-aps.org/.Physiological Society. ISSN: 0022-3077, ESSN: 1522-1598. Visit our website at 
by the American Physiological Society, 9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2005 by the American 

 publishes original articles on the function of the nervous system. It is published 12 times a year (monthly)Journal of Neurophysiology

 on F
ebruary 24, 2006 

jn.physiology.org
D

ow
nloaded from

 

http://jn.physiology.org/cgi/content/full/79/4/2191#BIBL
http://ajpregu.physiology.org/cgi/content/abstract/282/1/R100
http://ajpregu.physiology.org/cgi/content/full/282/1/R100
http://ajpregu.physiology.org/cgi/reprint/282/1/R100
http://jp.physoc.org/cgi/content/abstract/532/2/323
http://jp.physoc.org/cgi/content/full/532/2/323
http://jn.physiology.org/cgi/content/abstract/84/1/415
http://jn.physiology.org/cgi/content/full/84/1/415
http://highwire.stanford.edu/lists/artbytopic.dtl
http://jn.physiology.org/cgi/content/full/79/4/2191
http://www.the-aps.org/publications/jn
http://www.the-aps.org/
http://jn.physiology.org


Modulation of Pre- and Postsynaptic Calcium Dynamics by Ionotropic
Glutamate Receptors at a Plastic Synapse

NEIL E. SCHWARTZ 1 AND SIMON ALFORD1,2

1Department of Physiology and 2Northwestern University Institute for Neuroscience, Northwestern University Medical
School, Chicago, Illinois 60611

Schwartz, Neil E. and Simon Alford. Modulation of pre- and 1993; Collingridge et al. 1983; Lynch et al. 1983; Malenka
postsynaptic calcium dynamics by ionotropic glutamate receptors and Nicoll 1993). However, a key outstanding issue is the
at a plastic synapse. J. Neurophysiol. 79: 2191–2203, 1998. This role of the presynaptic cell in plasticity; unfortunately, the
study was conducted to assess the role of ionotropic glutamate limiting size of the mammalian terminal renders it difficult
receptors in the modulation of calcium dynamics on both sides to study directly.of a vertebrate plastic synapse. Retrograde labeling of neuronal

Lamprey reticulospinal neurons of the posterior rhomben-elements with high-affinity calcium-sensitive dyes was used in
cephalic reticular nucleus (PRRN) provide descending driveconjunction with confocal imaging techniques in an in vitro lam-
to the spinal cord (Buchanan et al. 1987; Ohta and Grillnerprey brain stem preparation. A prolonged calcium transient was

measured both pre- and postsynaptically in response to a period 1989). Vestibulospinal axons from the two vestibular nuclei,
of high-frequency (‘‘tetanic’’) stimulation to the vestibulospinal- the nucleus octavomotorii intermediate (nOMI) and poste-
reticulospinal synapse. The ionotropic glutamate receptor antago- rior (nOMP) make en passant synapses (Deliagina et al.
nists 6-cyano-7-nitroquinoxaline-2,3-dione (10 mM) and D,L02- 1992a,b; Orlovsky et al. 1992; Rovainen 1979) onto the
amino-5-phosphonopentanoate (D,L-AP5; 100 mM) reduced the dendrites of reticulospinal neurons and contain a chain ofcalcium signal in both compartments of the synapse. The presynap-

presynaptic elements along their length (Rovainen 1979; seetic D,L-AP5–sensitive component was enhanced markedly by the
also Shupliakov et al. 1992). The synapse is glutamatergicremoval of Mg2/ from the superfusate. Increasing the extracellular
comprising a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-stimulus intensity progressively augmented the presynaptic cal-
onate (AMPA), NMDA, and electrical components (Alfordcium signal, suggesting the recruitment of excitatory axo-axonic

inputs onto these fibers. Further, the presence of an excitatory and Dubuc 1993). The mechanisms underlying fast excit-
amino acid-mediated presynaptic potential underlying a component atory synaptic transmission are similar to those elucidated
of the Ca2/ signal was demonstrated by electrophysiological re- in the lamprey spinal motor system (Alford and Grillner
cordings from vestibulospinal axons. Bath application of agonist, 1990; Buchanan et al. 1987; Dale and Grillner 1986) and
in the presence of tetrodotoxin (1 mM), confirmed the existence

other vertebrate synapses (Collingridge and Lester 1989).of N-methyl-D-aspartate receptors at the presynaptic element capa-
This synapse undergoes robust pathway-specific LTP inble of modulating calcium levels. The postsynaptic Ca2/ response,

response to high-frequency stimulation of vestibulospinalwhich is known to be necessary for long-term potentiation (LTP)
axons (Alford et al. 1995). Potentiation is blocked by post-induction at this synapse, was localized to areas of the dendritic

tree that correlated with the location of known synaptic inputs; synaptic Ca2/ chelation, suggesting a role for Ca2/ signaling
thus the synaptically activated rise in postsynaptic calcium may in its induction. This, however, does not preclude the
confer the synapse specificity of LTP induction previously demon- involvement of the presynaptic terminal. There is evidence
strated. In summary, we have demonstrated the existence of physio- from other vertebrate preparations that presynaptic mecha-
logically activated presynaptic ionotropic glutamate receptors that nisms may be necessary for LTP expression (e.g., Bekkersare capable of modulating levels of intracellular calcium and have

and Stevens 1990; Kullmann and Nicoll 1992; Malinow andhighlighted the importance of receptor-mediated increases in post-
Tsien 1990). In the simplest case, Ca2/ entry through volt-synaptic calcium for neuronal plasticity in the lamprey.
age-operated Ca2/ channels (VOCCs), in addition to precip-
itating exocytosis, could begin a cascade of cellular events

I N T R O D U C T I O N leading to enhanced release. Such a mechanism has been
proposed at the hippocampal mossy fiber-CA3 synapse, forTransient rises in intracellular Ca2/ appear necessary for
example (Nicoll and Malenka 1995). Further, there existsthe induction of long-term potentiation (LTP), the major
a possible role for ‘‘retrograde messengers’’ in affectingexperimental paradigm for the study of mechanisms underly-
presynaptic loci (O’Dell et al. 1991; Stevens and Wanging learning and memory (Bliss and Collingridge 1993; Bliss
1993; Williams et al. 1989), or the activation of autorecep-and Lømo 1973). Although much effort is focused on the
tors.mammalian hippocampus, LTP occurs throughout the neur-

In this study, we have used microfluorimetry to investigateaxis, from cortex (Iriki et al. 1989; Kimura et al. 1989) to
the control of Ca2/ fluxes by ionotropic glutamate receptorsspinal cord (Pockett and Figurov 1993; Randic et al. 1993)
in presynaptic vestibulospinal axons and postsynaptic reticu-in a variety of species. Excitatory amino acid receptors, par-
lospinal dendrites. The large neuronal elements and the opti-ticularly those of the N-methyl-D-aspartate (NMDA) sub-
cal clarity of the tissue provides excellent resolution of Ca2/class are thought to act as Ca2/ ionophores in the LTP

induction process (Alford et al. 1993; Bliss and Collingridge signals in an intact vertebrate brain and also allows for direct
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N. E. SCHWARTZ AND S. ALFORD2192

argon ion laser as the excitor source. A fluorescein filter set waselectrophysiological recording from the presynaptic com-
used with a 120 (0.75NA) objective. Low-speed (2 Hz) imagingpartment. Portions of this material have been reported in
of axons and/or dendrites was carried out with a series of 16 imageabstract form (Schwartz et al. 1995, 1996).
frames acquired before, during, and after a stimulus. Image analysis
was performed using NIH Image (v.1.60/ppc). Identifiable axonsM E T H O D S
or dendrites were either manually outlined or selected using the

In vitro lamprey brain stem preparation thresholding or density slice features. An automated search macro
was used to analyze the identical size region in all subsequentExperiments were performed on the isolated brains of larval
image frames of the trial; the macro optimized the mean intensity(ammocœte) lampreys, Petromyzon marinus, in accordance with
within the defined region of interest within 11 pixels of the initiallocal and national guidelines. The animals were anesthetized with
location in either dimension. Increases in fluorescence intensitytricaine methanesulfonate (MS222; Sigma, St. Louis, MO), decap-
(DF) were normalized to the first three or four frames (prestimu-itated, and dissected in a cold saline solution (Ringer) of the fol-
lus) , giving a baseline value of DF /F Å 1.00. Throughout thelowing composition (in mM): 86 NaCl, 2.1 KCl, 2.6 CaCl2 , 1.8
text all levels of significance are from one-tailed Student’s t-testsMgCl2 , 4 glucose, and 26 NaHCO3; bubbled with 95% O2-5%
expressed as a probability, P , that the results are from the sameCO2 to a pH of 7.4 (modified from Wickelgren 1977). The skin,
population. Errors are expressed as standard errors of the mean,musculature, braincase, and choroid plexus were removed; the obex
which are normalized to the control (predrug) response for pharma-was opened up and the optic tectum/cerebellum removed, fully
cology experiments. A repetitive line scan (°500 Hz) over a singleexposing the basal and alar plates of the fourth ventricle. The tissue
area was used for high-speed imaging. For time series experimentswas placed dorsal surface upward in a cooled Ç500 ml chamber
(those in which agonists were washed into the bath) , images werewith a cover-slip floor that was inserted onto the stage of an in-
acquired at 0.067 Hz for the control and wash-out periods and 0.2verted Nikon Diaphot microscope. The recording chamber was
Hz during the drug application; the Kalman filter was used withcontinually superfused with cold oxygenated Ringer solution (8–
two scans per image. All images were acquired with Bio-Rad soft-107C) or solutions of pharmacological agents bath-applied at a
ware and three-dimensional reconstructions of image slices fromperfusion rate of 1 ml/min.
multiple z planes were performed with a Silicon Graphics Indigo 2
computer using Voxel View software (Vital Images) . ExtracellularRetrograde labeling of brain stem
stimulations were achieved with tungsten electrodes (impedance Å

Dye filling of the brain stem was achieved by the 16–22 h 0.5–2.0 MV) activated via a stimulus isolation unit. The location
application of the dextran-amine conjugates of calcium-sensitive within the brain stem of vestibulospinal inputs from the nOMI and
dyes (McClellan et al. 1994) or dyes used for anatomic labeling nOMP onto reticulospinal cells of the PRRN has been established
[3,000 or 10,000 molecular weight (MW) Calcium Green-1, previously using anatomic and electrophysiological techniques. Re-
10,000 MW Oregon Green 488 bis-(o-aminophenoxy)- sponses within a single PRRN cell to extracellular stimuli applied
N,N,N *,N*-tetraacetic acid (BAPTA)-1 or lysine-fixable fluo- to various loci on the basal and alar plates has been determined
rescein; Molecular Probes, Eugene, OR]. Dye (5 mM) was ap- systematically (Alford et al. 1995). Stimulus trains (tetani) were
plied by the internal perfusion of a glass pipette into which the given at 50 Hz for 1 s (1.0 ms/stimuli) except where noted.
cut end of the spinal cord (2–3 mm caudal to the obex) was
drawn via suction. The perfusion apparatus consisted of a 10 ml

Electrophysiologysyringe (Hamilton, Reno, NV) attached via thin tubing to one of
two ports of a patch pipette holder, which in turn was connected Electrophysiological recordings were from vestibulospinal
to a short segment of silica tubing drawn to a thin tip and inserted axons of the nOMI or nOMP. Recordings used sharp microelec-
within 50 mm of the distal tip of the glass pipette. Because dex- trodes filled with 3 M KCl; tip resistances were 30–50 MV.
tran-conjugated dyes are only taken up into recently cut axons, Data was observed, stored, and analyzed on a personal computer.
the dye was injected into the pipette within 1 min of the cord Recording techniques were conventional and performed in cur-
being cut (Fig. 1A ) . As both vestibulospinal and reticulospinal rent-clamp bridge mode with an Axoclamp-2A amplifier con-
axons project into the spinal cord, both pre- and postsynaptic trolled with pClamp software (v.6.0.1; Axon Instruments, Foster
elements of the vestibulospinal-reticulospinal synapse can be ret- City, CA) . For some experiments, vestibulospinal axons were
rogradely labeled. Furthermore, segregation of the tracts in the filled via pressure ejection with 0.5% dextran-conjugated fluo-
spinal cord affords a means of selectively labeling either one rescein after recordings were made. The tissue was fixed in 4%
compartment or the other of the synapse. Reticulospinal axons of formaldehyde, dehydrated with ethanol, and cleared with methyl
the PRRN run in the lateral funiculi of the spinal cord; vestibulo- salicylate. Imaging was performed as described in the previous
spinal tracts are found more medially (Rovainen 1974) . Specific section.
labeling of vestibulospinal axons was achieved by making partial
cuts through the lateral aspects of the cord and allowing the axons

Drugstime to reseal (Ç30 min) . After this period, a full transection
was made more caudally, and the dye applied in the preceding All drugs were bath-applied in Ringer solution at a rate of 1 ml/
manner, ensuring that only the medial tracts would take up the min. CNQX, D,L-AP5, NMDA, and AMPA were obtained from
dye (Fig. 1B ) . Selective reticulospinal labeling was achieved by Tocris Cookson (St. Louis, MO). Tetrodotoxin (TTX) was ob-
making a partial cut through three-fourths of the spinal cord, tained from Sigma. Cyclothiazide was obtained from RBI (Na-
leaving the lateral tracts in one hemicord intact. After allowing tick, MA).
the axons time to reseal, a full transection was made more cau-
dally and the dye applied, ensuring that only the lateral tracts

R E S U L T Swould be filled (Fig. 1C ) . Preparations were superfused with cold
oxygenated Ringer solution throughout the labeling period. Dye concentration is low in retrogradely labeled neuronal

processesConfocal microscopy
Retrograde labeling of reticulospinal and vestibulospi-Imaging was accomplished with a confocal laser scanning micro-

scope (Bio-Rad MRC-600, Bio-Rad) using the 488 nm line of an nal axons, together and separately, was achieved with dex-
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PRE- AND POSTSYNAPTIC CALCIUM DYNAMICS 2193

FIG. 1. Retrograde labeling of reticulo-
spinal and vestibulospinal neurons in the
brain stem. A : schematic showing the tech-
nique used for the retrograde labeling ex-
periments. Cut spinal cord was exposed to
dextran-conjugated lysine-fixable fluores-
cein dye (5 mM) in a suction pipette and
maintained overnight in cold oxygenated
Ringer solution. Selective loading of the
postsynaptic reticulospinal neurons of the
posterior rhombencephalic reticular nu-
cleus (PRRN) was achieved by making a
cut through the spinal cord to leave only
the lateral funiculi intact. For selective
loading of the presynaptic vestibulospinal
axons and the nucleus octavomotorii inter-
mediate (nOMI), the lateral funiculi were
cut leaving only the medial tracts intact.
Bi : reconstruction from multiple z planes
of a retrograde fill of the medial tracts,
showing the vestibulospinal axons and the
nOMI (arrowhead). Bii : confocal optical
section of the region investigated in this
structure taken from within the boxed area
of Bi. Ci : reconstruction from multiple z
planes of a retrograde fill of the lateral funi-
culi, showing the reticulospinal neurons of
the PRRN and their dendritic trees. Note
that the axons seen coursing through the
dendritic region parallel to the midline are
from nonvestibular descending systems and
are not of interest to these studies; further,
these axons are in a plane of section far
more dorsal than the vestibulospinal axons.
Cii : confocal optical section of the region
investigated in this structure taken from
within the boxed area of Ci. Scale bar refers
to all the anatomic data.

tran-conjugated dyes. This allowed for the loading of a mine the approximate intracellular dye concentration ob-
tained within the axon. This technique ensured that thenumber of presynaptic (vestibulospinal ) and /or postsyn-

aptic ( reticulospinal ) elements of the synapse of interest. optical path length used to visualize the axon was very
close to that used to visualize the control dye in the elec-Control experiments were carried out to determine the

intracellular dye concentration achieved with the retro- trode. For these experiments axons were back-filled with
10,000 MW dextran-conjugated fluorescein. The axonsgrade labeling technique as well as the lack of saturation

of presynaptic Ca 2/ signals. Spatially fixed because of subsequently were identified in the confocal microscope
in unfixed live tissue. Patch electrodes containing the sametheir binding to endogenous proteins, the dextran-conju-

gated dyes are less likely to break down spatial Ca 2/ gra- dye then were positioned in the tissue and imaged in the
same plane as the labeled axon. The results of these exper-dients. Another important advantage of these dyes is that

their large size precludes their entry into intracellular or- iments demonstrate that an intracellular dye concentration
of Ç2 mM is achieved with the retrograde labeling tech-ganelles (Schlatterer et al. 1992) , giving a more accurate

representation of free cytosolic calcium concentration nique (Fig. 2 A ) .
( [Ca 2/ ]i ) . However, a limitation of the retrograde label-
ing technique is the need to separately ascertain the con- Summation of calcium responses indicates a lack of dye
centration of dye achieved in the cells. Comparison of the saturation
dextran-conjugated fluorescein signal intensity in retro-
gradely labeled preparations to the intensity achieved with Neurotransmitter release is thought to occur after a very
known quantities of the same dye in a patch electrode rapid (200 ms) Ca2/ influx that transiently raises [Ca2/]i to

high levels (perhaps 200–300 mM) in the immediate vicinityplaced adjacent to a dye-loaded axon was used to deter-
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N. E. SCHWARTZ AND S. ALFORD2194

FIG. 2. A low non-saturating dye concentration is achieved with the retrograde labeling technique. A : comparison of dye
fluorescence in a retrogradely labeled axon to a patch pipette filled with known concentrations of the same dye. Vestibulospinal
axons were retrogradely labeled with dextran-conjugated fluorescein. Fluorescence intensity was given an arbitrary value of
1.0. Serial concentrations (in mM: 1, 2, 5, and 25) of the same dye were included in a patch pipette placed within the same
tissue adjacent to the labeled axons with the same optical path. Graph suggests a dye concentration of Ç2 mM is achieved
within the cells when the retrograde labeling technique is employed. B : high-speed scan of a single vestibulospinal axon. A
high-frequency (500 Hz) line scan was made along the vertical line in the axon in C while a single stimulus (arrowhead)
was given. C : location of the scanned line on the axon ( left ; axon was retrogradely labeled with Oregon Green 488 BAPTA-
1 dextran), and the intensity of the fluorescence measured during line scanning (right) . Line scanned from bottom to top
of this trace in 2 ms (500 Hz), and the repeated scans are shown from left to right during 1 s. D : red trace is the same as
in B but scaled in the y axis. Black trace is a similar scan of the same axon shown in C but during 10 stimuli at 50 Hz
(stimulus timing shown by the arrowheads) . E : In black, the response of the same axon shown in C to 50 stimuli at 50 Hz.
Red circles plot the intensity of the response averaged over the axon when frames of data (192 1 128 pixels) were sampled
at 2 Hz. Duration of this tetanic stimulus (1 s) is shown by the horizontal bar. Frames from the numbered points in E are
shown in F . F : images of a vestibulospinal axon retrogradely-labeled with Oregon Green 488 BAPTA-1 dextran given a
tetanic stimulus (bar in E) . Intensity and timing of the axonal calcium signals corresponding to the frame numbers is shown
graphically in E . Each frame is 79 mm in width. Midline is toward the top; rostral is toward the left. All images are
pseudocolored to the scale shown in F .

of the Ca2/ ionophores responsible for its entry (Augustine et Ca2/ at the membrane adjacent to putative release sites, pre-
cludes the direct measurement of this immediate Ca2/ transient.al. 1991; Llinas et al. 1992). For the experiments in this study,

laser-scanning confocal microscopic images were acquired at Hence, the dye affinities and rates of scanning used in these
experiments do not allow for the measurement of presynapticrates of 2–500 Hz. Even at the fastest scanning frequencies,

it is not possible to accurately measure Ca2/ that enters the Ca2/ transients that lead to transmitter release at the synaptic
terminal. Rather, we have used these techniques to measurecell with each action potential and is directly responsible for

transmitter exocytosis. Furthermore, the high Ca2/ affinities of the relative magnitudes of Ca2/ levels reached during and
shortly after (°5.5 s) a tetanic electrical stimulation, comparingthe dyes (Kd Å 170–540 nM) (Eberhard and Erne 1991),

which would be saturated by the large local concentrations of experimental protocols in the same tissues. As an essential
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PRE- AND POSTSYNAPTIC CALCIUM DYNAMICS 2195

control, it was necessary to determine if a true reflection of Ca2/ signals on both sides of the synapse in response to a
tetanic input. The tetanus used for these studies (50 Hz for 1[Ca2/]i is revealed by studying the fluorescence changes in

this manner with these dyes. Stimuli were delivered extracellu- s) has been demonstrated to cause LTP of this synapse (Alford
et al. 1995). Routinely, the ‘‘peak’’ response during the tetanuslarly to selectively labeled calcium-sensitive dye-filled vestibu-

lospinal axons, and fluorescence transients were measured with (which usually occurred at its termination) and the ‘‘tail’’ re-
sponse at the end of the trial were used for analysis. Thesingle high-frequency line scans (125–500 Hz). Various axo-

nal stimulation protocols (5.5–75.0 mA; 50 Hz; 1.0 ms/stimu- presynaptic tail response represents a measure of the Ca2/

signal after termination of the stimulus that will not be domi-lus) were used with the number of stimuli ranging from 1 to
50. Figure 2B shows a representative line scan of a vestibulo- nated by the high transients that result from presynaptic action

potentials. Figure 3A shows an example of a typical experimentspinal axon that was retrogradely-labeled with Oregon Green
488 BAPTA-1 dextran. The line through the axon shown in with both axons and dendrites present in the same visual field.

The vestibular axons of the nOMI are identifiable as linearFig. 2C was scanned at 500 Hz during the tetanus. Single
stimuli applied to the axons resulted in a Ca2/ transient with structures passing horizontally or diagonally across the field of

view, whereas the PRRN reticulospinal dendrites can be seena rate of rise not resolved at a 500-Hz recording frequency. Fifty
hertz stimulation caused a summation of Ca2/ concentration in as punctate or short linear segments aligned perpendicular to

the axons. A tetanic input (50 Hz for 1 s; 1.0 ms/stimulus)the axons such that 10 shocks markedly increased the amplitude
of the transient (Fig. 2, C and D). Tetanic stimuli of 50 shocks was given to the vestibular axons of the ipsilateral nOMI,

resulting in large Ca2/ transients both pre- and postsynapticallyfor 1 s routinely were used in this study to mimic conditions
in which LTP of outputs from these axons occurs. In the same (Fig. 3, A and B). In this case, a peak DF/F of 1.81 in the

axon and 2.78 in the dendrites was measured. On terminationaxons, the response to such a stimulation was larger than for
10 shocks. In all cases where this was tested, fluorescence of the tetanus, the Ca2/ level slowly returned to baseline; the

tail fluorescence (as observed 5.5 s after the stimuli ended)responses summed with progressively larger numbers of stimuli
of a given amplitude (n Å 18), suggesting a lack of saturation was 1.39 in the axon and 1.41 in the dendrites. The mean peak

value fluorescence (DF/F) obtained during the tetanus of theof the dyes. Recording of this tetanic stimulus induced rise in
Ca2/ using a sequence of 16 128 1 92 pixel frames sampled vestibulospinal axons was 2.02 { 0.11 (mean { SE; Fig. 3C;

n Å 21). After the termination of the tetanus, there was a slowat 2 Hz revealed substantially the same response (Fig. 2, E
and F). The slower frame data accurately recorded this tran- decay in the fluorescence to baseline with a mean tail

DF/F of 1.28 { 0.06 (Fig. 3C; n Å 21). Recording of PRRNsient; this technique was used in the remainder of the study
for two reasons: first, more complete spatial information could reticulospinal dendrites during tetanic stimulation revealed a

mean peak DF/F of 3.68 { 0.74 and a tail response ofbe obtained and second, the low-frequency recording technique
was found to be much less likely to bleach the fluorescent dye. 1.33 { 0.09 (Fig. 3C; n Å 13). The decay of these responses

to baseline was slightly faster than recordings from axons ofIn general, the peak response for a given number of stimuli
occurred at the termination of the tetanus, and in all cases the lamprey motoneurons after a single shock (Bacskai et al.

1995), although those recordings were not made from presyn-axonal Ca2/ transient outlasted the duration of the stimulus.
aptic elements.

Pre- and postsynaptic calcium responses to tetanic
stimulation Effect of CNQX and D,L-AP5 on calcium transients

Pharmacological agents were used in conjunction withDextran-conjugated calcium-sensitive dyes and low-fre-
quency (2 Hz) confocal imaging were used to measure the Ca2/ imaging to examine the role of ionotropic glutamate

FIG. 3. Stimulation of vestibulospinal axons affects
calcium homeostasis pre- and postsynaptically. A : pseu-
docolor confocal image of vestibulospinal axons (e.g.,
outlined in green) and reticulospinal dendrites (e.g., red
arrowheads) retrogradely labeled with Calcium Green-1
dextran. Images were acquired at 2 Hz for 8 s for a total
of 16 frames per trial. A tetanus (10 mA; 50 Hz for 1
s; 1.0 ms/stimulus) was applied to the vestibulospinal
pathway. Pre-stim, resting state (mean of frames 1 and
2) ; peak, peak response to tetanus (mean of frames 5 and
6) ; post-stim, region 5.0–5.5 s after the tetanus (mean
of frames 15 and 16) . Midline is toward the top; rostral
is toward the left. Each frame is 79 mm in width. The
256-color lookup table is shown to the right, with low
[Ca2/]i being blue and high [Ca2/]i being red. B : graphic
representation of the axonal and dendritic calcium re-
sponse shown in A . Bar represents the 1 s tetanus. C :
pooled results from axons (n Å 21) and dendrites (n Å
13). Error bars are SE; bar represents the 1-s tetanus.
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N. E. SCHWARTZ AND S. ALFORD2196

responses were reduced to 56 { 2% (P õ 0.01) and 37 {
3% (P õ 0.01) of control, respectively, by the addition
of the ionotropic glutamate receptor antagonists (Fig. 4A) .
Although the pooled data shows only partial washout of
CNQX and D,L-AP5, some individual experiments did show
complete recovery of the Ca2/ signal (e.g., Fig. 4C) .

Antagonists of NMDA and AMPA receptors also had an
effect on presynaptic Ca2/ dynamics. The application of
these compounds caused a reversible reduction in the mean
peak tetanic response to 90 { 1% of control (P õ 0.05),
and a decrease to 49{ 2% of control (Põ 0.01) in the mean
tail fluorescence transient (Fig. 4B; n Å 18). Application of
CNQX alone caused a statistically insignificant decrease in
the peak response to tetanus in the vestibulospinal axons,
whereas it reduced the mean fluorescence response in the
tail to 66 { 4% of control (n Å 4; P õ 0.05). Although
the ionotropic receptor antagonists reduced both axonal and
dendritic Ca2/ entry, their effects were seen with different
kinetics on either side of the synapse. Figure 4, insets, shows
the subtraction of the mean response in CNQX and D,L-AP5
from the mean control response for both dendrites (4A;
n Å 12) and axons (4B; n Å 18). CNQX and D,L-AP5 have

FIG. 4. Effect of the ionotropic glutamate receptor antagonists 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX) and D,L02-amino-5-phosphonopen-
tanoate (D,L-AP5) on tetanus-induced Ca2/ transients. A : summary graph
of the effect of CNQX (10 mM) and D,L-AP5 (100 mM) on the tetanus-
induced (bar; 50 Hz for 1 s; 1.0 ms/stimulus) Ca2/ response in reticulospi-
nal dendrites that have been retrogradely labeled with dextran-conjugated
calcium-sensitive dyes (n Å 12). Inset : difference between the dendritic
fluorescence response to tetanus in the control and CNQX/D,L-AP5 trials.
B : summary graph of the effect of CNQX (10 mM) and D,L-AP5 (100 mM)
on the tetanus-induced (bar) Ca2/ response in vestibulospinal axons that
have been retrogradely labeled with dextran-conjugated calcium-sensitive
dyes (n Å 18). Inset : difference between the axonal fluorescence response
to tetanus in the control and CNQX/D,L-AP5 trials. Error bars are SE.
normalized to the control response and are often smaller than the symbols.
C : example of a single experiment showing Ca2/ response in reticulospinal
dendrites. Note there is a complete washout of CNQX/D,L-AP5. D : example
of a single experiment showing Ca2/ response in vestibulospinal axons.
Note there is a complete washout of CNQX/D,L-AP5.

receptors in Ca2/ dynamics at the vestibulospinal-reticulo-
spinal synapse. The bath application of the AMPA receptor
antagonist CNQX (10 mM, a concentration that has no effect
on NMDA-mediated responses in the lamprey) (Alford and
Grillner 1990) caused a reversible reduction in the mean
peak (to 70 { 6% of control; P õ 0.05) dendritic Ca2/

transient in response to tetanus; there was also a statistically
insignificant reduction in the tail of the dendritic Ca2/ signal
(n Å 5). Addition of the NMDA receptor antagonist D,L-
AP5 (100 mM) to the superfusate caused an additional de-
crease in the fluorescence signal. In those experiments (n Å
4) where D,L-AP5 was applied in the presence of CNQX,
the mean peak Ca2/ response was reversibly reduced (from FIG. 5. Reticulospinal dendrites retrogradely labeled in isolation with
69 { 5% of control to 30 { 4% of control; P õ 0.01); dextran-conjugated calcium-sensitive dyes A : an example of a PRRN den-

dritic field selectively labeled by the application of dye (Oregon Green 488similarly, the mean tail response was decreased (from 78 {
BAPTA-1 dextran) to the spinal lateral tracts (see Fig. 1) . B : pooled data6% to 23 { 8% of control; P õ 0.01). The majority of
(n Å 4) of the control and CNQX (10 mM)/D,L-AP5 (100 mM) Ca2/

experiments were performed with the addition of a cocktail responses to tetanus (bar; 50 Hz for 1 s; 1.0 ms/stimulus) in reticulospinal
of CNQX (10 mM) and D,L-AP5 (100 mM) to the bath. In dendrites dye-filled in isolation. Error bars are SE normalized to the control

response and are often smaller than the symbols.these experiments (nÅ 12), the mean peak and tail dendritic
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the largest effect in decreasing Ca2/ entry into the dendrites (proximal) dendrites of these PRRN cells (Rovainen 1979)
(Fig. 6B) . Previous work has demonstrated that LTP ofduring and shortly after the tetanic stimulus, whereas Ca2/

entry into the axons is reduced by these antagonists through- these vestibular inputs is pathway specific (Alford et al.
1995). To see if rises in synaptically activated dendriticout the tetanus and for the entire duration of the trial (Ç5.5 s

posttetanus) . Both the pre- and postsynaptic Ca2/ responses Ca2/ correspond with the known locations of the vestibular
inputs, fluorescence transients in proximal and distal den-were completely abolished by TTX (1 mM; n Å 8).
dritic trees were compared when either ipsilateral (nOMI)
or contralateral (nOMP) tetani were given to vestibulospinalPostsynaptic responses in selectively labeled reticulospinal
axons. Figure 6C shows an example of Ca2/ responses indendrites
the distal dendrites of the PRRN to tetanic input of either
the contralateral nOMP or the ipsilateral nOMI pathways;It is possible that putative presynaptic Ca2/ transients re-
the fluorescence transient is significantly larger when thecorded from vestibulospinal axons could be ‘‘contaminated’’
tetanic input is given to the pathway that synapses locallyby postsynaptic transients from reticulospinal dendrites, and
on the imaged portion of dendrites. Similarly, a larger Ca2/

vice versa, when both pre- and postsynaptic components con-
transient is recorded in the proximal dendrites when thetribute to the fluorescence signal. The more medial course in
contralateral (nOMP) pathway is tetanized compared withthe spinal cord of the descending vestibulospinal axons com-
the ipsilateral (nOMI) one (Fig. 6A) . No significant calciumpared with the reticulospinal axons allows for the selective
signal could be seen in PRRN somata in response to tetaniclabeling of either the pre- or postsynaptic elements of the syn-
input. In summary, the mean Ca2/ transient was significantlyapse of interest. Experiments were performed in which only the
larger (peak: DF /F Å 2.23 { 0.16 compared with 1.57 {postsynaptic components of the vestibulospinal-reticulospinal
0.11; P õ 0.01; tail: DF /F Å 1.18 { 0.02 compared withsynapse, the PRRN somata and dendrites, were retrogradely
1.09 { 0.01; Põ 0.01; n Å 9) when the response to stimula-labeled (e.g., Fig. 5A). Results were similar to those experi-
tion of the different vestibulospinal pathways was matchedments in which the entire brain stem was filled. In this case,
to their regions of synaptic contact within the dendritic tree.the mean tail of the Ca2/ response was reduced to 43 { 4%

of control (Fig. 5B; n Å 4) in CNQX and D,L-AP5 versus
36 { 3% of control (n Å 8) when the dendrites were not filled Presynaptic responses in selectively labeled
in isolation; the difference in these two cases is not statistically vestibulospinal axon terminals
significant.

Numerous en passant synaptic contacts are made onto As demonstrated above for the dendrites, the presynaptic
axons were selectively labeled. The time course, magnitude,lateral (distal) dendrites of reticulospinal neurons of the

PRRN by ipsilateral descending vestibulospinal axons of and sensitivity to applied pharmacological agents of the flu-
orescence responses in selectively labeled axons (e.g., Fig.the nOMI. Conversely, synapses are made by contralateral

descending fibers from the more caudal nOMP onto medial 7A) were similar to those found in the experiments using

FIG. 6. Rises in postsynaptic Ca2/ correspond with the locations of synaptic inputs within the dendritic tree of reticulospi-
nal cells. Experiments were performed in preparations where reticulospinal dendrites of PRRN cells were retrogradely labeled
in isolation (see METHODS and Fig. 1) with Oregon Green 488 BAPTA-1 dextran. Experimental setup is shown in B . Tetanic
stimulations were to vestibulospinal axons of either the contralateral nucleus octavomotorii posterior (nOMP; Stim electrode
on left) or the ipsilateral nOMI (Stim electrode on right) . Images were taken from either the proximal dendrites (A) or the
distal dendrites (C) of the reticulospinal cells of the PRRN. Note that the contralateral nOMP axons make synapses on
dendrites below (ventral) and lateral to the PRRN somata. a : example of an experiment in which the same field of proximal
dendrites was imaged during tetanic stimulation (bar; 15.0 mA; 50 Hz for 1 s; 1.0 ms/stimulus) of the contralateral nOMP
pathway and the ipsilateral nOMI pathway. C : example of an experiment (same cell as used in A) in which the same field
of distal dendrites was imaged during tetanic stimulation (bar) of the contralateral nOMP pathway and the ipsilateral nOMI
pathway. Locations of the stimulating electrode are the same as in A .
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The mean data hide a variability in the response of the
axonal Ca2/ transients that was quite marked. An example
is given from a single field of data in Fig. 8, B and C. Tetanic
stimulation led to Ca2/ transients in two axons in this field.
In one axon (Fig. 8Bi) , the application of CNQX (10 mM)
caused little or no change in amplitude of the transient,
whereas removal of Mg2/ enhanced the response only
slightly (Fig. 8Bii) . In the second axon, the small transient
was abolished by the application of CNQX in normal saline
(Fig. 8Ci) . Subsequent wash-out of Mg2/ revealed a large
component that was eliminated by the addition of D,L-AP5
(100 mM); restoring the superfusate to normal Ringer al-
lowed recovery of the response to the small control ampli-
tude (Fig. 8Cii) .

FIG. 7. Response of axons dye-loaded in isolation to tetanic stimulation
and the application of ionotropic glutamate receptor antagonists I. A : exam-
ple of 2 axons selectively labeled by the application of dye (Oregon Green
488 BAPTA-1 dextran) to the spinal medial tracts (see Fig. 1) . Midline is
toward the bottom; rostral is toward the right. B : pooled data (n Å 7) of
the control and CNQX (10 mM)/D,L-AP5 (100 mM) Ca2/ responses to
tetanus (50 Hz for 1 s; 1.0 ms/stimulus) in vestibulospinal axons retro-
gradely labeled in isolation. Bar represents the 1 s tetanus applied to the
vestibulospinal axons.

whole brain stem dye-loading. The ionotropic glutamate re-
ceptor antagonists CNQX and D,L-AP5 caused a decrease in
mean fluorescence to 47 { 4% of control as measured at
the tail of the transient in response to tetanic stimulation
(Fig. 7B; n Å 7), similar to the decrease (52 { 1% of
control; n Å 11) for preparations where the entire brain stem
was dye-loaded.

The selective labeling technique therefore was used to
investigate the receptor mechanisms underlying part of the
presynaptic signal in more detail. Tetanus-evoked Ca2/ tran-
sients were recorded in individually labeled vestibulospinal
axons. CNQX (10 mM) reduced the mean tetanus-evoked
calcium response at the peak to 80 { 7% and at the tail to

FIG. 8. Response of axons dye-loaded in isolation to tetanic stimulation61 { 4% of the control amplitude (Fig. 8Ai; n Å 7). In the and the application of ionotropic glutamate receptor antagonists II. A :
continued presence of CNQX, Mg2/ was washed from the pooled data from all experiments done with Mg2/-free protocol (n Å 7).

Ai : axonal Ca2/ transient evoked by tetanus before (s) and after (●) thesuperfusate to alleviate its voltage-dependent blockade of
addition of CNQX. Aii : same response after wash-out of Mg2/ (h) fromNMDA receptors. Tetanic stimulation caused a fluorescence
the saline and then the addition of 100 mM D,L-AP5 (j) . B : example oftransient that exceeded the amplitude of the control response;
an axon in which neither CNQX (10 mM; Bi) nor the wash-out of extracellu-

the mean response at peak and tail was increased to lar Mg2/ had a substantial effect on presynaptic Ca2/ entry. Symbols same
134 { 9% and 150 { 4% of control, respectively. Subse- as in A . C : in the same sequence of antagonist applications and stimuli a

different axon in the same field demonstrates a markedly different response,quent application of D,L-AP5 (100 mM) eliminated the en-
whereby CNQX eliminated the response in normal saline (Ci) and D,L-hancement seen in Mg2/-free Ringer, causing a reduction
AP5 eliminated a large response that was evoked after wash-out of Mg2/

in the mean amplitude of the response to 82 { 6% of the from the superfusate (Cii) . All symbols are the same as A but wash to
peak control response and to 58 { 5% of the tail control control conditions (n) also is shown in Cii . In all experiments, a tetanus

(bar) of 50 Hz for 1 s (1.0 ms/stimulus) was given.response (Fig. 8Aii) .
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Ca2/ signals was ruled out, as the fluorescence signal always
was eliminated by TTX (1 mM). An example of such an
experiment (n Å 5) is shown in Fig. 9.

Electrophysiology of presynaptic vestibulospinal axons

To confirm whether axo-axonic inputs to the vestibulospi-
nal axons may have been responsible for the CNQX- and
D,L-AP5–sensitive components of the presynaptic Ca2/ tran-
sient, microelectrode recordings were made from vestibulo-
spinal axons at the level of the PRRN dendrites. Stimuli
were applied to the vestibular pathways as for the imaging
experiments. Axons were identified as vestibulospinal by
two means: 1) extracellular stimulation of the vestibulospi-
nal tracts in the brain stem led to short latency (less than
discernible from the stimulus artifact; õ2 ms) action poten-
tials in the recorded axon (Fig. 10A) and 2) axons were
filled by pressure ejection through the recording pipette with
dextran-conjugated fluorescein. Subsequent imaging re-
vealed axons passing through the region of the PRRN to the
spinal cord in one direction and to the location of the ipsilat-
eral nOMI in the other. In all cases (n Å 4), reducing the
single stimulus intensity to subthreshold for action potential
initiation revealed a depolarizing event; this was largely
blocked by application of CNQX (10 mM; n Å 2; Fig. 10A,

FIG. 9. Recruitment of excitatory inputs onto the presynaptic element. inset) . Suprathreshold tetanic stimulation of these axons re-
Representative Ca2/ signals from an experiment in which the extracellular

vealed a train of action potentials (1 per stimulus) superim-stimulus intensity of the tetanic input (50 Hz for 1 s; 1.0 ms/stimulus)
posed on a plateau potential with an amplitude that rangedwas progressively increased. Bar represents the 1 s tetanus given to the

vestibulospinal axons. Inset : graph of the peak Ca2/ (DF /F) vs. stimulus from 3 to 10 mV (n Å 4; Fig. 10B) .
intensity for the single axon shown in the main graph.

Effect of bath applications of the agonists NMDA, AMPA,
Consistent with the finding that presynaptic Ca2/ dynam- and kainate

ics are affected by ionotropic glutamate receptors, transients
within a given individual axon were increased progressively Bath applications of ionotropic glutamate receptor ago-

nists were carried out in combination with Ca2/ imagingwith greater stimulus intensities. These experiments were
performed in preparations where progressively larger stimu- to confirm the presence of these receptors presynaptically.

Perfusions of NMDA (100 mM), AMPA (10 mM), andlus intensities (between 5.0 and 18.0 mA; 50 Hz for 1 s; 1.0
ms/stimulus) were applied to the presynaptic fibers. The kainate (10 mM) were performed on preparations in which

the vestibulospinal axons were retrogradely labeled in isola-possibility that direct electrotonic depolarization of the axons
by the electrode was responsible for the effect on presynaptic tion. Agonists were added in the presence of 1 mM TTX. A

FIG. 10. Electrophysiological recording from a vestibulospinal axon. A : vestibular axon is stimulated (arrowhead) to
evoke an action potential by a single stimulus (12 mA, 1.0 ms) to the vestibular pathway. Top inset : response to stimulation
at the same location but at a lower intensity (6 mA). Responses to 4 such stimuli at 10 s intervals are overlaid. Bottom inset :
responses to a stimulus of the same intensity in the presence of CNQX (10 mM). Again the responses to four sequential
stimuli are overlaid. B : response in the axon to a tetanus of 50 stimuli in 1 s (1.0 ms/stimulus) at the higher stimulus
intensity (12 mA). A spike is evoked at each stimulus (arrowheads) . Note that the response is raised on a plateau of
depolarization.
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FIG. 11. Bath applications of the iono-
tropic glutamate receptor agonists NMDA
and a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid (AMPA). Vestibulospi-
nal axons were retrogradely labeled in iso-
lation (see Fig. 1) with Oregon Green 488
BAPTA-1 dextran. Bar represents the ago-
nist wash-in period. A : example of the pre-
synaptic calcium response to a wash-in of
100 mM NMDA in the presence of 1 mM
tetrodotoxin (TTX). B : pooled data (n Å
13 axons) of experiments where NMDA
(100 mM) and TTX (1 mM) were bath-
applied. C : pooled data (n Å 10 axons) of
experiments where AMPA (10 mM) and
TTX (1 mM) were bath-applied.

representative example of an NMDA wash-in from a single Neurotransmitter release follows Ca2/ binding to presynap-
tic proteins with low affinities (Augustine and Neher 1992;vestibulospinal axon is shown in Fig. 11A. Presynaptic Ca2/

levels rise abruptly at the start of NMDA wash-in and fall Augustine et al. 1991), such that Ca2/ concentrations of at
least tens of micromolar are required for triggering releaseoff toward baseline with a slower time course during agonist

wash-out. Figure 11B shows the mean response of 13 axons (Llinas et al. 1992). High-affinity dyes will compromise
these mechanisms should the dye concentration rise to com-(gathered from 2 identical trials) to the wash-in of NMDA

in TTX. In all cases (n Å 22 axons) , NMDA caused a pete with endogenous intracellular Ca2/ buffers. In these
studies, the dye loaded into the presynaptic terminals didrapid and reversible increase in axonal fluorescence. Bath-

application of AMPA (in the presence of 1 mM TTX) caused not prevent release; a robust transmitter-dependent response
always was recorded in the postsynaptic dendrites whetherno discernible rise in presynaptic Ca2/ (Fig. 11C; n Å 10

axons) . Concomitant addition of cyclothiazide (100 mM), or not the presynaptic elements were loaded with dye. Addi-
tionally, we have demonstrated that dye concentration in thea compound that prevents AMPA receptor desensitization

in other vertebrate preparations (Patneau et al. 1993; Ya- axon terminal is low (Ç2 mM). This concentration of Fura-
2 (a dye with similar affinity to those used here) would notmada and Tang 1993), and AMPA had no effect on increas-

ing the presynaptic fluorescence transient (n Å 8 axons) . compete effectively with endogenous buffers involved in
release (Neher and Augustine 1992). The use of dextran-Likewise, kainate was ineffective in increasing presynaptic

[Ca2/]i (n Å 6 axons) . conjugated dyes has the further advantage of immobilizing
the dye by binding to cellular proteins and thus will not
break down spatial calcium gradients.D I S C U S S I O N

The small size of most vertebrate presynaptic terminals
This study demonstrates that presynaptic activation of io- precludes the use of high-affinity dyes for recording the

notropic glutamate receptors occurs after stimulation of the events readily observed in this study. Optical resolution of
vestibulospinal axons in the lamprey, and this activation structures much less than 0.5-mm apart is not feasible. This
leads to Ca2/ entry in addition to that evoked by action inability to resolve diffusional distances has the consequence
potential invasion of the terminal. Such receptor activation that saturating concentrations of Ca2/ are recorded through-
on presynaptic elements has been reported in several prepa- out the structure (Tank et al. 1995). This is less of a problem
rations. Lamprey spinal cord reticulospinal axon terminals in invertebrate giant synapses (Augustine et al. 1991; Dela-
receive excitatory glutamatergic inputs impinging on presyn- ney et al. 1989) and in large axons of the vertebrate lamprey.
aptic receptors (Cochilla and Alford 1997). NMDA recep- We have used 500 Hz sampling to show that the axonal
tors have been shown to be present on presynaptic terminals Ca2/ response measured from individual vestibulospinal ax-in the mammalian hippocampus (Smirnova et al. 1993), ons sums with repetitive stimulation. Thus the dye is notamygdala (Farb et al. 1995), and the bed nucleus of the saturated by Ca2/ entry at the presynaptic element. Althoughstria terminalis (Gracy and Pickel 1995). There is also evi-

it is not possible to quantitate Ca2/ concentrations with thedence for presynaptic AMPA (Barnes et al. 1994; Ginsberg
dyes and protocols used in these experiments, changes inet al. 1995) and kainate (Dev et al. 1996) receptors in a
fluorescence provide a powerful comparative tool for thevariety of preparations. In this study, the function of pre-
study of Ca2/ dynamics.and postsynaptic ionotropic glutamate receptors was studied

Electrical stimulation and spiking of the axon leads tousing calcium-sensitive dyes; some discussion of the efficacy
Ca2/ entry through VOCCs responsible for transmitter re-of the Ca2/ imaging technique follows.
lease. The Ca2/ concentration in the vicinity of the channel
is extreme (as high as 300 mM) (Llinas et al. 1992). If low-Use of calcium-sensitive dyes affinity binding proteins of the release machinery are located
close to the channels, their requirement for high [Ca2/]iCalcium-sensitive dyes are buffers with a limited dynamic
may be met readily. Two factors preclude the measurementrange defined by their Ca2/ affinity. Our goal was to record
of Ca2/ transients directly responsible for release in thistransients in subsynaptic elements while not interfering sig-

nificantly with calcium-dependent physiological processes. study. The time course of these transients is rapid compared
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with the sampling rates attainable here. Even at 500 Hz, D,L-AP5–sensitive component of this response is highly
magnesium dependent. Although it is possible that activationinitial fluorescence changes cannot be resolved. Second, the

Ca2/ affinities of the dyes used here are too high to detect of postsynaptic excitatory amino acid receptors could lead
to a buildup of extracellular K/ , which in turn could causeCa2/ concentrations in the tens to hundreds of micromolar

range. Calcium entering the axon from the extracellular voltage-dependent Ca2/ entry into presynaptic axons via the
indirect depolarization of these processes, the rapid timespace diffuses from the plasmalemma along a steep concen-

tration gradient; further, the local [Ca2/]i falls as Ca2/ is course of the ionotropic glutamate receptor-modulated elec-
trophysiological response (Fig. 10A) weighs against this asbuffered by endogenous proteins. In addition to VOCC-acti-

vated Ca2/ entry, presynaptic receptor-mediated events af- a likely mechanism. As these axons have been shown to
receive excitatory axo-axonic inputs, the indirect effectsfect Ca2/ dynamics. These processes occur over various time

scales such that [Ca2/]i often takes seconds to return to would have to take place within micro- to milliseconds to
account for the antagonist sensitivity of the excitatory post-baseline after stimulation (Bacskai et al. 1995). It is the

dynamics of this residual Ca2/ that is reflected by the signals synaptic potentials. Furthermore, there is only a slight depo-
larization in these axons (plateau) in response to the tetanicrecorded in these experiments. The goal of these studies was

to investigate various sources and pharmacological proper- input (Fig. 10B) . Other work in our laboratory has indicated
that there are no low-voltage–activated (T-type) VOCCsties of these transients on both sides of the synapse.
present on lamprey axons (A. J. Cochilla and S. Alford,
unpublished observation).Presynaptic calcium transients and ionotropic glutamate

Some vestibulospinal-reticulospinal synapses comprise anreceptors
electrical component in addition to fast glutamatergic chemi-
cal components (Alford and Dubuc 1993). The possibilityTetanic stimulation evokes a Ca2/ transient in presynaptic

vestibulospinal axons which far outlasts the tetanus. During exists that depolarization of postsynaptic reticulospinal cells
could result in the depolarization of presynaptic vestibulospi-stimulation of the axon, Ca2/ will enter through VOCCs

after the passage of each action potential through the presyn- nal axons via these gap junctions; this in turn could lead
to Ca2/ entry through VOCCs. The existence of such aaptic element of the en passant synapse. The maintained

fluorescence signal may have a number of sources: calcium, phenomenon might suggest that the pharmacological sensi-
tivity of the presynaptic calcium signals could be mediatedfrom voltage-gated ionophores, may diffuse from the plasma

membrane into the axon; it may be released from internal through an indirect (postsynaptic) mechanism. Paired re-
cordings obtained from vestibulospinal axons and reticulo-stores themselves activated by this voltage-gated Ca2/ entry

or by presynaptic autoreceptors. Interestingly, a further spinal dendrites have demonstrated that the electrical compo-
nents of excitatory postsynaptic currents in PRRN cells, insource of Ca2/ contributes to the recorded signal in these

studies. Increasing the stimulus intensity of the tetanus, with- response to the spiking of a single presynaptic vestibulospi-
nal axon, are on the order of 50 pA (Schwartz and Alfordout altering the frequency, duration, or number of applied

stimuli, leads to a graded increase in the fluorescence signal 1997). Given an average action potential amplitude of 120
mV, a gap junction conductance of Ç400 pS can be calcu-in single identified axons. The stimulus-induced response

was eliminated by the application of TTX to the preparation, lated. Assuming a large postsynaptic depolarization of 20
mV, one that is consistent with either the depolarizationimplying that the response was not due to a direct depolariza-

tion of the axon from the stimulating electrode. The most seen in response to tetanus (Alford et al. 1995) or the bath-
application of NMDA (N. E. Schwartz and S. Alford, unpub-parsimonious conclusion is that stimulation of the vestibulo-

spinal pathway activates axo-axonic synaptic inputs, which lished observation) and an axonal input impedance of 100
MV, a presynaptic gap junction-mediated depolarization ofcan lead either directly to Ca2/ entry or that may enhance

action potential-induced Ca2/ entry. The variability of tetan- 0.8 mV can be calculated. This would not be expected to
contribute significantly to calcium entry through VOCCs inically induced presynaptic calcium transients, and their sen-

sitivity to glutamate receptor antagonists and Mg2/-free this preparation. A similar analysis has been performed on
reticulospinal neurons in the lamprey spinal cord (CochillaRinger (e.g., Fig. 8) , supports this conclusion. The exact

placement of the extracellular stimulating electrode, in con- and Alford 1997).
It also was demonstrated that bath-application of NMDAjunction with the specific location along the axon that is

chosen for imaging, will have a profound effect on the mea- (in TTX) leads to a rapid and reversible increase in axonal
Ca2/ , providing strong evidence for the existence of NMDAsured signals. For instance, if only a single vestibulospinal

axon is stimulated and this particular axon is imaged, the receptors capable of modulating presynaptic calcium. The
absence of an effect of exogenous AMPA is more difficulttransient will be dominated by Ca2/ entry through VOCCs

and thus will be insensitive to CNQX and D,L-AP5. The to interpret. Although calcium-permeable AMPA receptors
are present in mammals (Hollmann et al. 1991), most sub-more likely case that occurred in these experiments is that

the stimulating electrode activates multiple vestibulospinal types of AMPA receptors are calcium impermeant. The ef-
fect of CNQX on presynaptic Ca2/ entry with tetanus mayfibers, some of which make excitatory axo-axonic synapses

onto the imaged axon, and the resulting signal is due in part indicate that AMPA receptor-mediated effects augment volt-
age-dependent Ca2/ entry. As such, insufficient depolariza-to glutamate receptor activation.

Evidence for presynaptic ionotropic glutamate receptors tion during the AMPA/TTX wash-ins may have precluded
the entry of calcium—and any modulation by AMPA recep-in the brain stem also is provided by the observation that

CNQX and D,L-AP5 significantly reduce the tetanus-induced tor activation—through VOCCs. Furthermore, AMPA re-
ceptors rapidly desensitize in the presence of agonist (Trus-Ca 2/ entry into the presynaptic element and that the
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