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Before action potential-evoked Ca®™ transients, basal presyn-
aptic Ca2* concentration may profoundly affect the amplitude
of subsequent neurotransmitter release. Reticulospinal axons
of the lamprey spinal cord receive glutamatergic synaptic input.
We have investigated the effect of this input on presynaptic
Ca®" concentrations and evoked release of neurotransmitter.
Paired recordings were made between reticulospinal axons and
the neurons that make axo-axonic synapses onto those axons.
Both excitatory and inhibitory paired-cell responses were re-
corded in the axons. Excitatory synaptic inputs were blocked
by the AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX; 10 um) and by the NMDA receptor antagonist
2-amino-5-phosphonopentanoate (AP-5; 50 um). Application of
NMDA evoked an increase in presynaptic Ca2™* in reticulospinal
axons. Extracellular stimulation evoked Ca®" transients in ax-
ons when applied either directly over the axon or lateral to the
axons. Transients evoked by the two types of stimulation dif-

fered in magnitude and sensitivity to AP-5. Simultaneous mi-
croelectrode recordings from the axons during Ca®* imaging
revealed that stimulation of synaptic inputs directed to the
axons evoked Ca®* entry. By the use of paired-cell recordings
between reticulospinal axons and their postsynaptic targets,
NMDA receptor activation was shown to enhance evoked re-
lease of transmitter from the axons that received axoaxonic
inputs. When the synaptic input to the axon was stimulated
before eliciting an action potential in the axon, transmitter
release from the axon was enhanced. We conclude that NMDA
receptor-mediated input to reticulospinal axons increases basal
Ca?®" within the axons and that this Ca®" is sufficient to en-
hance release from the axons.
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Presynaptic modulation is a widespread phenomenon in the CNS
that occurs on many different time frames, from milliseconds
(Swandulla et al., 1991; Smith et al., 1993; Tank et al., 1995) to
days (Bliss and Lomo, 1973; Ekerot and Kano, 1985; Ito, 1989;
Bliss and Collingridge, 1993). A leading model for presynaptic
facilitation of neurotransmitter release is that elevated residual
Ca?" remains bound to release sites between action potentials
(Katz and Miledi, 1968; Kamiya and Zucker, 1994; Bertram,
1997). Short-term enhancement of synaptic transmission involv-
ing sustained presynaptic Ca®" concentrations may also be Na*
dependent (Mulkey and Zucker, 1992; Delaney and Tank, 1994).
Alternatively, at many synapses, including the Xenopus neuro-
muscular junction (Fu and Huang, 1994) and synapses in the rat
amygdala (Huang et al., 1996), cerebellum (Sabatini and Regehr,
1995), and hippocampus (Sabria et al., 1995), presynaptic en-
hancement of release is mediated by increased presynaptic Ca®*
conductance. Release of Ca2" from intracellular stores has also
been implicated in presynaptic facilitation in goldfish retina
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(Kobayashi et al., 1995) and lamprey spinal cord (Cochilla and
Alford, 1998).

In the lamprey, reticulospinal axons make glutamatergic syn-
apses with spinal neurons. These synapses comprise mixed elec-
trical and chemical contacts with dendrites throughout the spinal
cord (Rovainen, 1974; Brodin et al., 1988). Consequently, record-
ing from these axons is electrotonically equivalent to recording
within the terminal (Ringham, 1975). At the lamprey reticulospi-
nal axon—motoneuron synapse, facilitation of release occurs when
metabotropic glutamate receptors activate Ca®"-dependent
Ca”" release from internal stores (Cochilla and Alford, 1998).
These reticulospinal axons also receive excitatory synaptic input
(Cochilla and Alford, 1997) mediated by glutamate acting at
AMPA and NMDA receptors.

Tonotropic receptors located at the presynaptic terminal may
alter transmission from the terminal by altering the Ca®" con-
centration before action potential invasion. This mechanism of
enhancement of neurotransmitter release has been proposed for
nicotinic receptors in mossy fiber terminals of the hippocampus
(Gray et al., 1996). Ionotropic glutamate receptors, including
kainate receptors (Agrawal and Evans, 1986; Dev et al., 1996;
Clarke et al., 1997; Kamiya and Ozua, 1998), NMDA receptors
(Berretta and Jones, 1996; Aoki et al., 1997; Conti et al., 1997; Liu
et al., 1997; Carlton et al., 1998; Chen et al., 1998; Robert et al.,
1998), NMDA-like receptors (Smirnova et al., 1993), and AMPA
receptors (Barnes et al., 1994; Farb et al., 1995; Bureau and
Mulle, 1998) have now been identified at presynaptic terminals
throughout the vertebrate neuroaxis. Their actions in locations as
diverse as the entorhinal cortex and the spinal dorsal horn may be
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critical in damping neuronal excitability involved in epilepsy and
the regulation of pain pathways. These receptors might also
modulate release by altering presynaptic Ca®* concentrations.
This alteration could be either direct, by activating NMDA re-
ceptors or Ca?*-permeable AMPA or KA receptors, or indirect,
by depolarizing the terminal to activate presynaptic voltage-
operated Ca** channels (VOCCs).

We have investigated the role of presynaptic glutamate recep-
tors in modulating transmitter release from lamprey reticulospi-
nal axons. We conclude that axo-axonic activation of presynaptic
NMDA receptors enhances release from these axons by a Ca**-
dependent mechanism.

Parts of this paper have been published previously (Holt et al.,
1996).

MATERIALS AND METHODS

The preparation. Lamprey ammoceotes (Petromyzon marinus) were anes-
thetized with tricaine methyl sulfonic acid (MS222; 100 mg/l), and
sections of the spinal cord were removed in accordance with institutional
guidelines. After removal, the tissue was maintained at 10°C in Ringer’s
solution containing (concentration in mm): NaCl, 100; KCl, 2.1; CaCl,,
2.6; MgCl,, 1.8; glucose, 4; and NaHC O3, 26 (adapted from Wickelgren,
1977). The Ringer’s solution was bubbled with 95% O,/5% CO, to a pH
of 7.4. Whole-cell patch-clamp recordings were achieved using the blind
technique (Blanton et al., 1989; Alford and Dubuc, 1993) with pipettes
pulled to a DC tip resistance of 5-10 MQ and filled with patch solution
containing (concentration in mM): cesium methane sulfonate, 102.5;
NaCl, 1; MgCl,, 1; EGTA, 5; and HEPES, 5. For sharp microelectrode
intracellular recordings, electrodes were pulled to a DC tip resistance of
20-30 M£Q when filled with 3 M potassium methylsulfate. Drugs were
administered by bath application. For experiments in which only elec-
trophysiological measurements were made, the tissue was pinned ventral
side up in a cooled Sylgard-floored chamber to expose the ventromedial
Reticulospinal axons for intracellular and patch recording. The flow rate
in the bath was ~1 ul/min, and the total volume of the chamber and
access tubing was 1.1 ml.

Imaging experiments. The dextran amine-conjugated form of the Ca®"
indicator dye Oregon green 488 BAPTA-1 (OGB-1; Molecular Probes,
Eugene, OR) was used to label the axons retrogradely. This labeling was
accomplished by fitting a suction electrode filled with dye over a cut end
of the spinal cord immediately after cutting the spinal cord. The tissue
was then allowed to incubate overnight, during which time the dye was
transported throughout the large reticulospinal axons in the spinal cord.
Imaging experiments were performed with a confocal microscope
(MRC600; Bio-Rad, Hercules, CA). Images were obtained using a 20X,
0.75 numerical aperture Fluor lens (Nikon). The 488 nm line of an argon
ion laser was used as an excitor source through a neutral density filter.
Imaging of evoked events was then performed by sampling two-
dimensional arrays of data (192 X 128 pixels) at 2 Hz. Images for data
from wash-in of agonist were sampled at 10 sec intervals. Higher speed
microfluometric recording was achieved by scanning repetitively the
excitor laser over the same line location at 500 Hz.

Analysis of the imaging data was performed on a Macintosh computer
using NIH Image software. NIH Image was used to calculate the
brightness value (range, 0-255 per 8 bit) for each pixel in the field of
view. For each individual axon of interest, the average brightness value
within the axon was measured, and background brightness (mode of the
entire field of view) was subtracted. The data were then normalized to
the baseline fluorescence to give AF/F values, where 1 is the baseline
value. Statistical analysis was performed using either Microsoft Excel or
IgorPro (WaveMetrics).

RESULTS

Reticulospinal axons have synaptic NMDA receptors

Previously, we have demonstrated that lamprey reticulospinal
axons receive glutamatergic synaptic input from other neurons in
the spinal cord (Cochilla and Alford, 1997). This input is medi-
ated by NMDA and AMPA receptors. Paired axonal recordings
between reticulospinal axons and their presynaptic inputs were
made to demonstrate the nature of the synaptic input directly
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Figure 1. Reticulospinal axons receive glutamatergic synaptic inputs that
act on AMPA and NMDA receptors. Paired recordings were made
between presynaptic neurons and postsynaptic axons. Postsynaptic axons
were held under voltage clamp with a patch electrode, and presynaptic
neurons were held under current clamp with a microelectrode. A, A spike
induced in a presynaptic neuron by depolarizing current injection (lower
trace) evoked an EPSC in the postsynaptic axon (upper trace). Application
of CNOX (10 um) reduced the amplitude of the postsynaptic axonal
EPSC. The remaining component of the EPSC was abolished by the
addition of AP-5 (100 uM; recording was in Ringer’s solution with no
added Mg?"). B, Recordings from the same postsynaptic axon as in.4 and
a different presynaptic neuron are shown. In this case, stimulation of the
presynaptic neuron evoked an IPSC in the postsynaptic axon. C, In
another postsynaptic axon, the spinal cord was stimulated to evoke a
compound EPSC (the tissue was superfused with Ringer’s solution con-
taining 2.6 mm MgCl, and 10 uMm bicuculline). Addition of CNQOX (10 uM)
reduced the amplitude of the response. D, The CNQOX-insensitive com-
ponent of the EPSC was larger when recorded at —50 mV than when
recorded at —70 mV. E, This component was reduced by the addition of
AP-5 (50 um) to the Ringer’s solution (recorded at a holding potential of
—40 mV). F, Voltage—current plot of the peak amplitude of the evoked
EPSC between holding potentials of —40 and —70 mV in normal Ringer’s
solution is shown. Note that the amplitude of the synaptic response
increases with decreasing holding potentials, indicating that Mg2" block
of the channel is being relieved at depolarized potentials.

(Fig. 1). An axon was held under voltage clamp with a patch
electrode, and a presynaptic neuron was recorded under current
clamp with a microelectrode. Both inward and outward synaptic
currents were recorded at holding potentials of —70 mV in the
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voltage-clamped axons in response to stimulation of different
presynaptic axons. Responses recorded in one axon in response to
action potentials evoked in two different presynaptic axons are
demonstrated (Fig. 14,B). For the excitatory input, application of
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 uM) signifi-
cantly reduced the amplitude of the evoked paired EPSC (re-
duced to 58.6 = 6.7% of control; p < 0.001; n = 7 pairs; Fig. 14).
In two of the pairs in which CNQX was applied the NMDA
receptor antagonist 2-amino-5-phosphonopentanoate (AP-5) was
subsequently added to the superfusate. This further reduced the
amplitude of the remaining response (reduced to 11% of control
amplitude).

The AP-5-sensitive component of the EPSC that remains in
CNQX was investigated using recordings from 17 reticulospinal
axons. Recordings were made in the presence of bicuculline (10
uM) to block GABAergic input to the axons. Stimulation of the
spinal cord lateral to the axon tracts (1 msec stimuli at <15 pA)
evokes the excitatory synaptic input to the axon (Cochilla and
Alford, 1997). This response is sensitive to CNQX (10 um; n =
17 out of 17; Fig. 1C). If the remaining component were NMDA
receptor-mediated, then the current—voltage relationship in the
presence of extracellular Mg2" should have a negative slope at
membrane potentials negative to —40 mV, indicating that Mg?*
block of the NMDA channel is relieved as the membrane is
depolarized. To test this hypothesis, we stepped the membrane
potential of the axon in 10 mV increments from —70 to —40 mV,
and an EPSC was evoked at each holding potential (Fig. 1D). The
amplitude of the EPSC increased as the membrane potential was
depolarized (n = 6 out of 11). This region of negative slope in the
voltage—current relationship (Fig. 1F) indicates that the response
is voltage dependent in a manner equated with NMDA receptor-
mediated synaptic transmission in neuronal dendrites and so-
mata. This voltage-dependent component of the response is re-
duced by the NMDA receptor antagonist AP-5 (50 um; n = 4 out
of 4; reduced to 55.5 = 3.7% of control; Fig. 1E), and the
response was invariably enhanced after the removal of Mg?*
from the superfusate (n = 7 out of 7) (see also Cochilla and
Alford, 1997). At holding potentials more depolarized than —40
mV, a steady-state voltage-activated outward current was re-
corded in the axons. This current was not blocked by intracellular
Cs™*, intracellular QX-314 (1 mm), or intracellular 4-AP (1 mm).
This current impeded voltage clamp of the axons, obscured the
synaptic response at depolarized potentials, and prevented the
acquisition of a voltage—current relationship for the response at
potentials more depolarized than —40 mV. Nonetheless the sen-
sitivity to AP-5 and the negative slope of the current-voltage
relationship between —70 and —40 mV indicate that this compo-
nent of the EPSC is mediated by glutamate acting at NMDA
receptors on the reticulospinal axon.

Presynaptic NMDA receptors cause presynaptic

Ca?* entry

Because NMDA receptors are permeable to Ca®" (MacDermott
et al., 1986), activation of these receptors in axons has the poten-
tial to alter presynaptic Ca>* levels within the axons. To test this
hypothesis directly, we retrogradely labeled axons with the fluo-
rescent Ca*" indicator dye OGB-1, and fluorescence levels were
monitored during NMDA wash-in and wash-out (Fig. 2). These
experiments were performed in the presence of TTX (1 um) to
block Na™ action potentials. All of the axons in the field of view
(n = 7; Fig. 2B) increased in brightness during NMDA wash-in
(500 pm; brightness increased by 30%). Brightness levels de-
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Figure 2. NMDA evokes a Ca>" transient. Axons were loaded with the
Ca?" indicator dye OGB-1. NMDA (500 M) was washed into the bath in
the presence of TTX (1 uMm), causing an increase in fluorescence in the
axons. A, Normalized fluorescence of one axon was recorded before,
during, and after wash-in of NMDA. B, Normalized fluorescence of seven
axons is shown before, during, and after NMDA wash-in. C, NMDA
wash-in will depolarize the axons by ~2-3 mV, which is not a substantial
enough depolarization to allow Ca>" entry through VOCCs. A repre-
sentative axon recorded using a sharp microelectrode (recording made in
1 uM) TTX) is shown. Bath application of NMDA led to a small depo-
larization (3 mV) in this example, followed by an afterhyperpolarization.

creased to baseline after wash-out of NMDA. The effect of
wash-in of NMDA was also tested for effect against depolariza-
tion of the axons. Axons were recorded in the presence of TTX (1
uM) using sharp microelectrodes containing cesium methylsulfate
(3 m). All of the axons demonstrated a depolarization on appli-
cation of NMDA (500 wMm; largest depolarization, 9 mV; mean,
5.7 = 1.4 mV from a mean resting membrane potential of 76.3 *
0.9 mV; n = 4; Fig. 2C). This depolarization is insufficient to
activate VOCCs in these axons because the axons do not show
any macroscopic Ca®* channel activation at membrane potentials
negative to —40 mV (Cochilla and Alford, 1998). We conclude
that Ca®" may enter presynaptic elements through NMDA re-
ceptor ion channels.

Stimulus-evoked presynaptic Ca2* transients have an
NMDA receptor-mediated component

Experiments were then performed to determine whether
stimulus-induced Ca?* transients in the axons were mediated
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Figure 3. Ca?* transients recorded in axons are sensitive to Mg>" and A P-5. A, An axon was filled with OGB-1 dye, and we recorded the response to
a train of stimuli (50 Hz stimulation for 0.5 sec) applied to the spinal cord. Left, The baseline fluorescence. Middle, The peak fluorescence. Right, The
fluorescence 5 sec after stimulation (stim.). The field is 53 X 80 wm in size. B, The normalized brightness within the axon is graphed at 0.5 sec intervals.
The stimulus was delivered at the time indicated by the horizontal bar. Responses in normal superfusate, in Mg?*-free superfusate, after addition of 4 P-5
(50 M) to the Mg?*-free superfusate, and after wash-out of 4 P-5 are shown. The images in A were taken at the times indicated in the graph ( pre, peak,
and post). C, The normalized brightness for a group of axons is shown. The stimulus was delivered at the time indicated by the horizontal bar. Responses
in normal Ringer’s solution (n = 12), in Mg?*-free Ringer’s solution (n = 12), after addition of A P-5 (50 uM; n = 6) to the Mg?>"-free Ringer’s solution,
and after wash-out of AP-5 (n = 3) are shown. Graph data are mean = SE. There is a significant difference in the peak brightness between responses
measured in control versus Mg?*-free (p < 0.05) and in Mg?>*-free versus AP-5 (p < 0.02).

directly by Ca®*-permeable NMDA receptors. Axons were filled
with OGB-1, and the spinal cord was stimulated lateral to the
axon tracts (1 msec stimuli at 50 Hz for 0.5 sec) to activate
synaptic inputs to the axons. This stimulation elicits a Ca*"
transient in the axons that is sensitive to external Mg>". In the
axon shown (Fig. 34,B) the amplitude of the Ca®* transient in
Mg?*-free Ringer’s solution was 176.2% of control. The further
addition of AP-5 (50 uM) to the Mg?*-free superfusate decreased
the response amplitude to 31.5% of the amplitude in Mg?>"-free
saline (Fig. 3B). For a group of axons, wash-out of Mg>* from the
control Ringer’s solution increased the response to 166.4% of the
amplitude in that control solution (p < 0.05; n = 12; Fig. 3C).
Addition of AP-5 (50 um) to the Mg?"-free Ringer’s solution
decreased the response to 60.3% of the amplitude recorded in
Mg?"-free saline (p < 0.02; n = 6). The reduction induced by
AP-5 was reversible; wash-out of AP-5 into Mg?*-free Ringer’s
solution increased the response back to 152.4% of the control
amplitude (7 = 3; data not shown). The Mg?" sensitivity of the
response may be caused by Mg>" acting at presynaptic voltage-
operated channels or by Mg>"-dependent block of the NMDA
receptor. However, the sensitivity of the response to the applica-
tion of AP-5 clearly indicates that axonal NMDA receptors
participate in the response of the axons to a train of stimuli
applied to the spinal cord.

Axons show both spike-induced Ca?* entry and
synaptically activated Ca®* entry

During experiments involving single-stimulus locations alone, it
was not possible to determine whether extracellular stimulation
lateral to the axons evoked action potentials in the reticulospinal
axons. Consequently, stimulus-evoked Ca®* entry into the axons
may have resulted either from the activation of excitatory axo-
axonic synapses (Cochilla and Alford, 1997) or from activation of
VOCCs. Experiments were performed to determine whether the
Ca®" entry into the axon was caused by synaptic activation of
NMDA receptors at axo-axonic synapses. If so, Ca®* entry
caused by a direct axonal stimulus should differ from Ca>" entry
caused by an indirect stimulus involving the activation of an
axo-axonic synapse. Direct stimulation of the axons will evoke
action potentials in the axons and cause Ca®* entry through
VOCCs, whereas indirect stimulation of the spinal cord lateral to
the axons should activate neurons that synapse onto the axons
and cause Ca?" entry through synaptic receptors. To test this
hypothesis, we used two electrodes to stimulate the tissue both
directly over the axon tracts (direct stimulus) and lateral to the
axon tracts (indirect stimulus; see Fig. 44 for schematic of re-
cording setup). Axons were retrogradely labeled with the Ca®*
indicator dye OGB-1, and the spinal cord was stimulated to elicit
Ca?" transients in the axons. These experiments were performed
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Figure 4. Ca?" transients evoked by direct and
indirect stimulation. 4, Schematic of recording
setup showing stimulating electrodes (stim) posi-
tioned to activate reticulospinal axons directly
and indirectly. Imaging was performed from the
region within the box. B, Images of axonal Ca?*
recorded before (a, d), during (b, e), and after (c,
f) stimulation of the spinal cord. a—c, The re-
sponse to indirect stimulation. d—f, The response
to direct stimulation. Each panel is 105 X 70 um
large. The inset shown above exploded from b
shows a pseudocolor representation of the nor-
malized fluorescence change during the stimulus.
This data compares b with the prestimulus con-
dition in a Ci, Normalized fluorescence from the
bottom-most axon shown in the field in B. The
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response of the axon to indirect stimulation is
shown for images recorded in normal Ringer’s
solution and in the presence of A P-5 (50 um). Cii,
Normalized fluorescence from the same axon in
response to direct stimulation. Fluorescence
control from images recorded in normal Ringer’s solu-
AP5 tion and in the presence of AP-5 (50 uMm) are
shown. Di, In another preparation, an investiga-
tion of the response of a single axon to one
indirect stimulus. A single line was repetitively
scanned along a length of the axon at 500 Hz.
The spinal cord adjacent to the axon was stimu-
lated to evoke a Ca*" transient. Dii, The graphs
were generated by measuring the fluorescence at
each time point and normalizing this to the pre-
stimulus level to show the rise in axonal Ca®".
The addition of AP-5 (50 um) significantly re-
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in Mg?*-free Ringer’s solution and in the presence of CNQX (10
pMm). Both direct and indirect stimulation elicited Ca>* transients
in the axon (Fig. 4B,C). In nine axons tested, the amplitude of
Ca?" transients elicited by indirect stimulation was 42.5 + 3.2%
of those elicited by direct stimulation (p < 0.002; Figs. 4C, 54).
The indirectly activated Ca®" transient was decreased to 45.9 +

600 800 1000
time (ms)

duced the amplitude of the evoked transient. The
response recovered to control amplitude after
washout of AP-5.

3.8% of the control amplitude when AP-5 was added to the
superfusate (50 um; p < 0.05; n = 4; stimulus at 50 Hz, 0.2 sec;
Figs. 4C, 5B). The amplitude reduction induced by AP-5 was
reversible. On wash-out of AP-5, the amplitude of the Ca®*
transient increased to 95.3% of the amplitude recorded in control
solution. In the same four axons, the directly activated Ca>*
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Figure 5. Pooled data comparing Ca”" transients evoked by direct and
indirect stimulation. 4, Normalized fluorescence recorded in nine axons
in response to indirect and direct stimulation. B, Normalized fluorescence
from four axons in response to indirect stimulation in normal Ringer’s
solution or in the presence of A P-5 (50 uM). C, Normalized fluorescence
from the same four axons in response to direct stimulation recorded in
normal Ringer’s solution or in the presence of AP-5 (50 um). Note that
the Ca>" transient recorded in response to indirect stimulation is sensi-
tive to A P-5, whereas the transient recorded in response to direct stimu-
lation is not. Data are expressed as the mean = SE. SEs for B and C are
calculated relative to the control response.

transient was not sensitive to AP-5 (50 um; AP-5 response am-
plitude was 98.7% of control amplitude; p = 0.49; Figs. 4C, 5C).
Thus, direct stimulation evokes Ca?" entry into the axons in an
AP-5-insensitive manner, whereas indirect stimulation evokes
Ca?" entry in an AP-5-sensitive manner. Yet, with indirect
stimulation there is a response remaining in the presence of
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AP-5, indicating that at least some of the indirectly activated
Ca?" entry is through channels other than NMDA channels.

It is possible to extract an approximate change in Ca®" con-
centration associated with the fluorescence transients observed.
Measurements from standard Ca®* concentrations using the dex-
tran conjugate of Oregon green 488 BAPTA-1 reveal a K, of
170 nM and a 10-fold increase in fluorescence between 0 mm
Ca?* bound to a saturating concentration of 40 uM (Fx/Fnin =
10). Retrogradely labeled axons were permeabilized with iono-
mycin, and the resultant fluorescence was quenched with Mn?*
or Co?". The ratio of resting fluorescence to minimum fluores-
cence (F,/F,;,) was 4.5 (M. Takahashi and S. Alford, unpub-
lished observation). It is possible to estimate the magnitude of the
resting Ca®" concentration and the value of peak Ca?" using
these parameters and the following equation:

[C 2+]—K (F_Fmin)
a d(Fmax_F).
= 10 and F,/F

Given the ratios of F, . /F.in

calculate resting [Ca®"] as:

min = 4.5, we can
(4-5Fmin - Fmin)

170 nM (10F1nin - 4~5Fmin) ’

or resting[Ca?*] is 108 nm. Similarly the maximum ratio of peak
fluorescence to resting fluorescence (Fig. 4B, inset) is 2.0. Con-
sequently peak [Ca®"] is close to saturation of the dye with a ratio
F,/F in 0of 9. This reveals a peak [Ca*"] during stimulation of 1.3
uMm, which is essentially saturating during the application of 10
stimuli. It should be emphasized that these values are approxi-
mate. The data for minimum and maximum fluorescence could
not be obtained from the axons in which the experiments were
performed. This calculation does, however, provide a justification
that the NMDA receptor-mediated elevation in Ca?™ is signifi-
cant. Each stimulus provides a presynaptic rise in [Ca?"] of 200
nM or more.

To investigate the time course of Ca®* entry under more
physiological conditions, we used a second method to record the
indirect stimulation-evoked Ca?" transient. A single line of the
image over a reticulospinal axon (Fig. 4 Di) was chosen for repet-
itive scanning at 500 Hz. The preparation was bathed in normal
saline containing 1.8 mm MgCl,. Indirect stimulation was applied
to the spinal cord adjacent to the recorded axon. A single stimulus
was applied, and the resulting Ca®" transient was recorded (Fig.
4Di). AP-5 (50 um) was applied to the superfusate and caused a
significant and reversible reduction in the amplitude of the
evoked response (amplitude was reduced to 53.2 = 10.0% of
control; n = 3; Fig. 4Dii). It was not possible to rule out that
indirect stimulation causes spiking of the imaged reticulospinal
axons, either by synaptic input raising the axonal membrane
potential to action potential threshold (Cochilla and Alford,
1997) or by current spread from the stimulating electrode causing
a direct stimulation of the axons.

To address this question, we made electrophysiological record-
ings of the membrane potential of the axons during these exper-
iments (1) to monitor when the axon was firing action potentials
versus when it was responding with EPSPs and (2) to stimulate
selectively the axon in isolation from other axons. After retro-
gradely labeling the preparation with OGB-1, a microelectrode
was used to record from an axon within the spinal cord that had
been retrogradely labeled with Ca?*-sensitive dye (see Fig. 64
for schematic of recording arrangement). To locate visually the
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Figure 6. Ca”" transients evoked by presynaptic action potentials differ from those evoked by EPSPs. 4, Schematic of recording setup showing a
microelectrode recording from an axon and a stimulating electrode positioned to activate reticulospinal axons indirectly, i.e., synaptically. Imaging was
performed from the region within the box. B, Axonal responses recorded with the microelectrode. The resting potential of the axon was approximately
=70 mV. These recordings were made simultaneously to the fluorescence recordings in C and D. Stimulus artifacts have been removed for clarity. Bi,
Action potentials recorded in the axon in response to intracellular current injection (2 msec current injections at 50 Hz for 1.0 sec). Bii, EPSPs recorded
in the axon in response to extracellular stimulation adjacent to the axon (1 msec shocks at 50 Hz for 1.0 sec). C, Images of axonal Ca?* recorded before
(pre stim.) and during ( peak) stimulation. Right, The normalized fluorescence change between the pre stim. and peak conditions. Top row, The response
to intracellular stimulation seen in Bi. Bottom row, The response to extracellular stimulation seen in Bii. The microelectrode recording is from the axon
marked by the arrowheads. This is the only axon that shows a response to intracellular stimulation as is clear in the normalized image. Each panel is 158 X
106 wm in size. Di, Normalized fluorescence for the axon recorded by the microelectrode during extracellular stimulation. The axonal fluorescence in
response to extracellular stimulation is shown for images recorded before and after addition of 4 P-5 (50 um). Dii, The normalized fluorescence recorded
from the same axon in response to intracellular stimulation shown for images recorded before and after addition of A P-5 (50 um).
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axon from which recordings were being made, we injected depo-
larizing current into the axon to elicit action potentials (Fig. 6 Bi).
The action potentials elicited a Ca" transient in the axon. The
only axon in the field of view that showed a Ca®* transient in
response to the current injection was the axon from which record-
ings were being made with the microelectrode (Fig. 6C, Dii).
Once the axon was identified, the extracellular stimulating elec-
trode was positioned, and the stimulus strength was adjusted to
elicit EPSPs in the axon without evoking action potentials (mean
peak EPSP amplitude, 4.2 = 0.5 mV; reduced to 2.9 = 0.6 mV in
AP-5; n = 8; Fig. 6Bii,C, Di). To maximize the NMDA receptor-
mediated response and eliminate other ionotropic glutamate
receptor-mediated responses, these experiments were performed
in Mg?" -free superfusate and in the presence of CNQX (10 um).
The amplitude of the Ca®" transient elicited by EPSPs was
25.4 = 4.01% of the amplitude of the Ca*" transient evoked by
action potentials (p < 0.005; n = 8). The EPSP-mediated Ca®*
transient was sensitive to AP-5. The amplitude of the Ca?*
transient evoked by extracellular stimulation in the presence of
AP-5 (50 um) was reduced to 3.0 = 1.9% of the control response
(p < 0.05; n = 4; Fig. 6Di). The action potential-mediated Ca*"
transient was not sensitive to AP-5 (50 um) and was 105.8 £ 5.7%
of the control response (p = 0.43; n = 4; Fig. 6Dii). From these
experiments we conclude that during axoaxonic EPSPs, Ca?*
enters the presynaptic element through NMDA channels in re-
sponse to an excitatory synaptic input that impinges directly on
the axon.

Activation of presynaptic NMDA receptors changes
axonal failure rate

NMDA receptor-mediated Ca®* entry might have the ability to
alter transmitter release from reticulospinal axons at their syn-
apses onto motoneurons. However, it was not possible to test
directly the effect of NMDA application on the amplitude of
neurotransmitter release from those axons because the postsyn-
aptic targets also possess NMDA receptors and activation of
these receptors leads to complex activity in the spinal cord (Bro-
din et al., 1985). Synaptically activated inputs to the axons could
provide a transient input to the axons leading to Ca®" entry via
NMDA receptors. This Ca*" transient can last for seconds after
the stimulus (see Fig. 3). We wished to test the hypothesis that
axo-axonic synaptically mediated Ca" entry into the axons was
able to modulate glutamate release from these axons. To test this
hypothesis it was necessary to activate the synaptic input to the
axon while monitoring the synaptic efficacy of the output synapses
of the axons. To perform these experiments we made paired
recordings from a presynaptic axon and a synaptically coupled
postsynaptic motoneuron. The axon was held under current
clamp with a microelectrode. This allowed us both to monitor the
membrane potential during extracellular stimulation to ensure
that the axons did not spike and to generate spikes in the axon
directly by current injection. The motoneuron was held under
voltage clamp with a patch electrode. The recording arrangement
is illustrated schematically in Figure 74.

The presynaptic axon was stimulated by passing brief depolar-
izing current pulses to evoke action potentials. EPSCs were then
recorded in the postsynaptic neuron (Fig. 7B). The extracellular
stimulating electrode was then used to apply a prepulse stimulus
to the spinal cord 100 msec before the direct stimulation of the
axon through the recording microelectrode. The prepulse stimu-
lus amplitude was always set low enough to ensure that it did not
evoke an action potential in the presynaptic axon. The amplitude
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Figure 7. Activation of synaptic input to reticulospinal axon facilitates
transmission from reticulospinal axon to motoneuron. A paired recording
was made between a presynaptic reticulospinal axon and a postsynaptic
motoneuron. The axon was held under current clamp with a microelec-
trode, and the motoneuron was held under voltage clamp with a patch
electrode. A, Schematic to describe the recording arrangement. The
prestimulus was provided via an extracellular stimulating electrode placed
lateral to the recorded pair. B, The firing of an action potential by an axon
in response to a brief (2 msec) depolarizing current injection (fop). This
evoked an EPSC in the postsynaptic motoneuron (bottom). C, Recordings
from the same pair of neurons shown in B. Before current was injected to
elicit an action potential in the axon, the spinal cord was stimulated to
elicit an EPSP in the axon ( prestim). This stimulation also elicited EPSCs
in the postsynaptic neuron. After the prestimulus, current was injected
into the axon to elicit an action potential and a resulting EPSC in the
postsynaptic neuron. D, Enlargement of the postsynaptic response to the
presynaptic action potential before and after the application of a pre-
stimulus. The response is clearly enhanced by the prestimulus. All traces
are averages of four sequential responses.

of postsynaptic EPSCs evoked by direct stimulation of the axon in
the absence of a prestimulus was compared with the amplitude of
EPSCs that were evoked in the presence of an extracellular
prestimulus. In seven pairs tested, the amplitude of the postsyn-
aptic EPSC was augmented when the presynaptic prestimulus
was given (amplitude increased to 133.1 * 13.5% of control;
p < 0.05).

It is reasonable to hypothesize that the enhancement of the
synaptic response was mediated by a presynaptic action of the
prestimulus. It was difficult, however, to determine this directly
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ticulospinal axon facilitates transmission from
reticulospinal axon to motoneuron. A, A paired
recording made between a presynaptic reticu-
lospinal axon and a postsynaptic motoneuron
(as in Fig. 7). The axon was held under current
clamp with a microelectrode, and the motoneu-
ron was held under voltage clamp with a patch
electrode. Ai, Action potential evoked in the
axon in response to current injection (fop). The
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motoneuron responds to the presynaptic action
potential with a mixed chemical and electrical
EPSC (bottom). Aii, Enlargement of the re-
sponses of the postsynaptic neuron to the pre-
synaptic action potentials. Individual fraces are
shown in gray, and the average of the four traces
is shown in black. There is a failure rate of 63%
for the chemical component. Bi, Recordings
from the same pair of neurons shown in A.
Before current was injected to elicit an action
potential in the axon (intracellular stimulus),
the spinal cord was stimulated to elicit an EPSP
in the axon (extracellular prestimulus). This
stimulation also elicited EPSCs in the postsyn-
aptic neuron. After the prestimulus, current
was injected into the axon to elicit an action
potential in the axon and a resulting EPSC in
the postsynaptic neuron as described for Figure
7. Bii, Enlargement of the responses of the
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from the amplitude of the postsynaptic response. Failure rates of
chemical synaptic transmission were, therefore, analyzed in two
of the recorded pairs in which the failure rate of the chemical
component of the synaptic response was >30%. Presynaptic ac-
tion potentials elicited mixed chemical and electrical EPSCs in
the postsynaptic neurons (Fig. 84, Aii). The chemical component
of the EPSCs showed variations in amplitude to sequential stim-
uli; however, the amplitude of the electrical component remained
constant (Fig. 8A4if). Monitoring the amplitude of the electrical
component of the postsynaptic response during stimulation
served as a good measure of presynaptic action potential propa-
gation. If the electrical component was not recorded, then the
presynaptic action potential was not consistently propagating to
the synaptic contact between the axon and the motoneuron, and

postsynaptic neuron to the presynaptic action
potentials. The failure rate of the EPSCs elic-
ited after the prestimulus is now 38%. Ci, The
same protocol described in Bi performed in the
presence of AP-5 (50 uMm). Cii, Enlargement of
the responses of the postsynaptic neuron to the
presynaptic action potentials. The failure rate
of the EPSCs elicited after the prestimulus in
the presence of AP-5 is increased to 54%.

Time (ms)
Failures — 54%

the data were subsequently excluded from analysis. In the exam-
ple shown in Figure 8, the number of failures was decreased when
the extracellular prestimulus was activated (63% failure rate
without the prestimulus; 38% failure rate with the prestimulus).
The decrease in failure rate was blocked by AP-5 (50 um; 54%
failure rate with the prestimulus in AP-5).

The data for this cell are summarized in Figure 9. The panels
follow the same sequence as those of Figure 8. Amplitude histo-
grams are displayed showing the marked reduction in failures of
chemical transmission after the application of a prestimulus. The
amplitude histogram of the electrical component of the synaptic
response demonstrates that the presynaptic action potential al-
ways invaded the terminal. In the two axons analyzed for failures,
an electrical component of the synaptic response was always
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Figure 9.  Amplitude histograms of paired synaptic responses between a
reticulospinal axon and a postsynaptic neuron. This data are from the pair
of neurons illustrated in Figure 8. 4, The EPSC amplitudes recorded after
stimulation of only the presynaptic reticulospinal neuron. Left, A histo-
gram of all event amplitudes. Those events marked in white were consid-
ered failures. Events marked gray were amplitudes of individual electrical
events, in which the amplitude histogram showed a similar distribution to
the recording noise. The black events were identified as chemical events.
No event was included (either electrical or chemical) if there was no
preceding electrical event. Right, Comparison of the rate of failures with
the existence of a chemical response regardless of the amplitude of the
chemical response. B, The EPSC amplitudes recorded on stimulation of
the reticulospinal axon 100 msec after the application of a prepulse to the
spinal cord. The panels are as described for A. The application of a
prepulse markedly reduced the number of recorded failures. Note that the
mean amplitude of the electrical component was slightly reduced. This
effect reflects the synaptic drive from the prepulse on the postsynaptic
neuron. C, EPSC amplitudes recorded similarly to B but after the addition
of AP-5 (100 um).

present. The reduction of failure frequency by the prestimulus in
an AP-5-dependent manner is consistent with the presynaptic
activation of NMDA receptors that enhance the probability of
neurotransmitter release.

DISCUSSION

Whole-cell patch recordings in giant axons of the lamprey have
revealed individual synaptic inputs to the axons. Functionally,
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such recordings are electrically equivalent to recording from the
presynaptic terminal. These axons possess no arborization and
are known to form en passant glutamatergic synapses with mo-
toneurons and interneurons along the entire length of the spinal
cord (Rovainen, 1974; Shupliakov et al., 1992). Stimulation of the
spinal cord lateral to the ventromedial tracts where the reticu-
lospinal axons are located evokes a depolarization in the axons
that is mediated by excitatory synapses impinging on the axon
(see Fig. 1). The depolarization is mediated by glutamate acting
at both AMPA and NMDA receptors (Cochilla and Alford,
1997). It has become clear that ionotropic glutamate receptors are
present in mammalian presynaptic terminals (Agrawal and Evans,
1986; Barnes et al., 1994; Farb et al., 1995; Smirnova et al., 1993;
Berretta and Jones, 1996; Dev et al., 1996; Aoki et al., 1997;
Clarke et al., 1997; Conti et al., 1997; Liu et al., 1997). Yet, very
little is understood of the effect of activation of these receptors on
release of transmitter. Our goal was to determine whether Ca®*
entered the axons through the NMDA receptors and, if so,
whether the Ca*" entry could alter neurotransmitter release from
the axon.

After wash-in of NMDA into the preparation, a Ca®" transient
is visible in the axons (see Fig. 2). This Ca*" entry is not
attributable to Ca*" entry through voltage-operated Ca*" chan-
nels. Application of NMDA to the preparation after blockade of
Na ™ channels with TTX does not cause significant depolarization
of the axons (see Fig. 3) (Cochilla and Alford, 1997). We have
shown previously (Cochilla and Alford, 1998) that these axons do
not possess any low voltage-activated Ca?" channels; voltage-
operated Ca®* channels are not activated until the membrane is
stepped to potentials more positive than —40 mV. Because the
superfusion of NMDA will only depolarize the membrane by ~5
mV and because there are no low voltage-activated voltage-
operated Ca®" channels on these axons, we can conclude that
Ca?" transients elicited by NMDA wash-in in the presence of
TTX are attributable to Ca*" entry through NMDA channels
located on the axonal membrane.

Ca?" entry into the axons can also be evoked by stimulating
the spinal cord lateral to the axon tracts (see Fig. 3). The sensi-
tivity of this transient to both Mg®" and AP-5 is indicative of
NMDA receptor-mediated responses (Mayer et al., 1984; Nowak
et al., 1984). Ca*" transients are also initiated by direct axonal
stimulation (see Fig. 4). However, these Ca®* transients are
qualitatively different from the transients evoked by indirect stim-
ulation. Transients evoked by indirect stimulation are sensitive to
AP-5 and are smaller in amplitude than Ca*®" transients evoked
by direct axonal stimulation. Direct electrophysiological record-
ings from axons during Ca®*-imaging experiments allowed us to
show definitively that Ca®* enters the presynaptic element dur-
ing EPSPs evoked in the axon that are subthreshold to the
activation of voltage-operated Ca>* channels (see Fig. 6). Similar
to Ca®" entry mediated by application of NMDA to the prepa-
ration, the depolarizations activated by synaptic inputs onto the
axons (~5 mV from a resting membrane potential of —70 mV;
see Fig. 6Bi) are not large enough to activate VOCCs.

The location of the NMDA receptor-mediated Ca* transient
in reticulospinal axons is important in the determination of
whether the elevated Ca®* concentration will alter evoked-
transmitter release from the axons. For the NMDA receptor-
dependent axonal Ca®* transients demonstrated in the reticu-
lospinal neurons to alter evoked-transmitter release from the
axons, it is clear that the elevated Ca>" must be present at or near
the presynaptic specializations of the reticulospinal axons. Re-
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Figure 10. Model explaining the mechanism of presynaptic NMDA receptor enhancement of transmitter release. 4, Schematic demonstrating the
relationship between reticulospinal neurons and their postsynaptic targets. The electrodes shown represent the approximate placement of electrodes used
to fill the neurons for the image in C. B, The axoaxonic input to the reticulospinal neuron activating ionotropic glutamate receptors, including NMDA
receptors, on the presynaptic reticulospinal axon (blue). This causes a wide diffusion of Ca®* in the axon (red). The extent of the Ca?" signal can be
>500 um along the axon (as demonstrated in Fig. 6). This Ca®" transient will alter the basal Ca®* concentration at numerous synaptic terminals. In
the schematic, the region of elevated calcium encompasses glutamatergic vesicles and Ca®" channels, and there is an enhancement of transmission onto
postsynaptic neurons. C, Three-dimensional reconstruction of a synaptically coupled reticulospinal axon (dark vertical structure) and postsynaptic
premotor interneuron. The pair was identified electrophysiologically using paired-microelectrode recording between the two cells as shown in the
schematic in 4. Both cells were filled with fluorescent dye (Lucifer yellow) by pressure ejection through the microelectrodes. Images were obtained using
a confocal microscope. The boxed region of the top is enlarged and rotated 90° on the bottom left, to view along the long axis of the axon. On the bottom
right, two individual synaptic contacts (boxed region of the bottom left) are shown rotated at high magnification for improved visualization. This image
demonstrates the relationship between the structure of the axons and the location of the en passant synaptic terminals. Each axon makes many
overlapping synaptic contacts similar to the contact shown. Thus, an axoaxonically evoked Ca>" rise that diffuses hundreds of micrometers along the

axon will affect Ca®" concentrations at numerous presynaptic terminals in the reticulospinal axon.

ticulospinal axons of the lamprey spinal cord show numerous en
passant synaptic connections at all segmental levels in the spinal
cord (Rovainen, 1974), such that motoneuronal dendrites sur-
round the axons (see Fig. 10).

To illustrate the relationship between synaptically evoked pre-
synaptic Ca2" entry, the presynaptic axon, and the location of the
output synapses from that axon, we made paired-cell recordings
to label and image reticulospinal axons and their postsynaptic
target neurons. The recording arrangement is shown in the sche-
matic of Figure 104. To affect release from the axon, Ca®*
entering the axon through synaptic NMDA receptors must be
within close proximity to the release sites of the axon. The
hypothesis is illustrated in the schematic in Figure 10B. That this
scheme is possible is illustrated by the reconstruction of the
reticulospinal axon and its postsynaptic target in Figure 10C. The
Ca?" transients illustrated in Figures 4 and 6 clearly encompass
a volume of axon that would contain numerous presynaptic sites
(for the axon shown in Fig. 4, ~75 um of axon is affected by the
stimulus). Additionally, the Ca®" transients recorded in response
to action potential initiation in the axon and to synaptic stimula-
tion of inputs to the axon show considerable overlap (see Fig. 6).

Activation of excitatory axo-axonic synapses onto reticulospi-

nal axons enhances release from the axons. The mixed electrical
and chemical synapse between reticulospinal axons and motoneu-
rons provides a built-in control for determining whether the
action potential has propagated to the synapse. The electrical
component of the response was not blocked by previous activation
of the axoaxonic synaptic input. Neither did application of AP-5
affect the electrical component. However, the chemical compo-
nent was markedly enhanced by previous activation of the extra-
cellular prestimulus and subsequently depressed by application of
AP-5 (see Fig. 7). This enhancement is a presynaptic phenome-
non. Failure of the axon to release neurotransmitter causes fail-
ures in the chemical component of a synaptic response. The
failure rate of the reticulospinal axon was reduced when the
axoaxonic synapse impinging on the axon was stimulated (see
Figs. 8, 9). When NMDA receptors were blocked by AP-5, the
depression of the failure rate was blocked.

A number of mechanisms may account for the stimulus- and
NMDA receptor-dependent enhancement seen in this study. (1)
Evoked axonal NMDA receptor activation will depolarize the
presynaptic axon. This may lead to a greater activation of Ca?"
channels when action potentials are evoked in the presynaptic
axon. (2) Alternatively, activation of presynaptic NMDA recep-
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tors may lead to a presynaptic second messenger cascade after
Ca?" entry via these NMDA receptors. (3) Finally, this effect
may be caused by Ca®" entry into the presynaptic element
through synaptic NMDA channels acting at the presynaptic re-
lease sites.

We propose that the simplest explanation is found in the third
mechanism. Activation of the axo-axonic synapse elicits EPSPs in
the axon that stimulate NMDA receptors and cause Ca?" entry
into the presynaptic element. After only one stimulus, axonal
Ca?" levels had not returned to baseline levels after 1 sec (see
Fig. 4). Thus, a localized area of elevated baseline Ca** would
exist within the axon for seconds after activation of the synaptic
input to the axon. Any output synapse within that localized area
would be affected by the elevated Ca>" that reaches at least
hundreds of nanomolar above resting levels with just one stimu-
lus. Activation of synaptic inputs to these axons thereby facilitates
release from the axon. Ca®" enters the presynaptic element
through synaptic NMDA receptors located on the axon and
diffuses to nearby output synapses where it enhances neurotrans-
mitter release from those synapses. This enhancement occurs in a
manner similar to one mechanism that is proposed to underlie
paired-pulse facilitation (Katz and Miledi, 1968; Kamiya and
Zucker, 1994; Bertram, 1997). If the axon fires an action potential
within a short time after receiving the synaptic input or if the
synaptic input drives the axon to fire an action potential (Cochilla
and Alford, 1997), neurotransmitter release from the axon would
be enhanced at output synapses near the input synapse. In prin-
ciple, the same mechanism of presynaptic Ca**-induced facilita-
tion of transmitter release would occur if the NMDA receptors
were also positioned as autoreceptors at the reticulospinal synap-
tic terminal. We are not, at this time, able to test this hypothesis
directly. However, NMDA receptors thus far identified in mam-
malian synaptic terminals have been proposed to be
autoreceptors.
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