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Neuronal Calcium Sensor 1 and 

Activity-Dependent Facilitation 

of P/Q-Type Calcium Currents 

at Presynaptic Nerve Terminals 
Tetsuhiro Tsujimoto,1*t Andreas Jeromin,2* Naoto Saitoh,l 

John C. Roder,2 Tomoyuki Takahashi1 

P/Q-type presynaptic calcium currents (/pCa) undergo activity-dependent fa- 
cilitation during repetitive activation at the calyx of the Held synapse. We 
investigated whether neuronal calcium sensor 1 (NCS-1) may underlie this 
phenomenon. Direct loading of NCS-1 into the nerve terminal mimicked ac- 
tivity-dependent /pCa 

facilitation by accelerating the activation time of /pCa in 
a Ca2+-dependent manner. A presynaptically loaded carboxyl-terminal peptide 
of NCS-1 abolished /pCa facilitation. These results suggest that residual Ca2+ 
activates endogenous NCS-1, thereby facilitating IpCa. Because both P/Q-type 
Ca2+ channels and NCS-1 are widely expressed in mammalian nerve terminals, 
NCS-1 may contribute to the activity-dependent synaptic facilitation at many 
synapses. 
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Neurotransmitter release is triggered by Ca2 + 
influx through presynaptic voltage-dependent 
Ca2+ channels (1). Modulation in the presyn- 
aptic calcium current (pCa) results in robust 
alteration of synaptic efficacy because of 
their nonlinear relationship (2). At the calyx 
of Held nerve terminal, repetitive activation 
of Ca2+ channels increases the amplitudes of 
IpCa (3-5). The magnitude of a facilitation 
is dependent on the extracellular Ca2+ con- 
centration and is attenuated by intraterminal 
loading of Ca2+ chelating agents (4, 5). This 
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IpCa facilitation is distinct from the voltage- 
dependent relief of Ca2+ channels from tonic 
inhibition by heterotrimeric guanine nucleo- 
tide binding (G) proteins (6, 7), because pre- 
synaptic loadings of guanine nucleotide ana- 
logs have no effect (4). A Ca2 -binding pro- 
tein may thus be involved in the activity- 
dependent pCa facilitation. 

Among neuron-specific Ca2+-binding 
proteins, frequenin was first cloned from 
Drosophila T(X;Y) V7 mutants (8). Later, the 
frequenin homolog NCS-1 was cloned from a 
variety of species (9-14). NCS-1 (frequenin) 
is widely expressed in neuronal somata, den- 
drites, and nerve terminals (14-18) through- 
out embryonic and postnatal development 
(14, 17). Overexpression (19) or intracellular 
loading of NCS-1 in motoneurons (10) en- 
hances neuromuscular transmission. We in- 
vestigated whether NCS-1 is involved in the 
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activity-dependent IpCa facilitation at the ca- 
lyx of Held synapse. 

Whole-cell voltage-clamp recordings 
were made from a calyceal nerve terminal 
(20), and IpCa was elicited by an action po- 
tential waveform command pulse at 0.1 Hz. 
The half-width and the peak amplitude of a 
prerecorded action potential were similar to 
those reported for afferent fiber-stimulated 
action potentials in 14-day-old rats (21). Af- 
ter a stable epoch of IpCa, NCS-1 was infused 
into a nerve terminal through a perfusion tube 
(Fig. 1A). After infusion, amplitudes of lp a 
gradually increased, reached a maximum in 5 
min, and then gradually declined. This de- 
cline may be caused by "adaptation" in the 
mechanism of facilitation by NCS-1, because 
pCa elicited at 0.1 Hz does not undergo run- 
down for more than 20 min (22). The mean 
magnitude of pCa facilitation 5 min after the 
onset of NCS-1 infusion was 113 + 37% 
(mean + SEM, n = 3). 

We next examined the effect of NCS-1 on 

IpCa elicited by a 5-ms depolarizing pulse. 
When NCS-1 was included in the presynaptic 
pipette solution, the rise time of IpCa was 
significantly faster than rise times in the pres- 
ence of heat-inactivated (H.I.) NCS-1 or in 
the absence of NCS-1 [Fig. 1, B (inset) and 
C]. The current-voltage (I-V) relationship of 
pCa measured at 1 ms after the onset of the 
command pulse had a peak at -10 mV in the 
presence of NCS-1, whereas the peaks were 
at 0 mV in the presence of H.I. NCS-1 or in 
the absence of NCS-1 (Fig. 1B). Similarly, in 
the presence of NCS-1, the half-activation 
voltage (V1/2) calculated from the modified 
Boltzmann equation (20) was significantly 
more negative than those in the presence of 
H.I. NCS-1 or in the absence of NCS-1 (Fig. 
1D). However, NCS-1 had no effect on the 
magnitude of plateau Ca2+ currents (Fig. 
1E). 

NCS-1 has four helix-to-helix Ca2 +-binding 
architectures (EF-hands) and binds three 
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Ca2+ ions (12). To examine whether the 
facilitatory effect of NCS-1 on IpCa is Ca2+- 
dependent, we loaded the Ca2+ chelator 1,2- 
bis(o-aminophenoxy)ethane-N,N,N',N'-tet- 
raacetic acid (BAPTA) into calyces together 
with NCS-1. In the presence of BAPTA, 
NCS-1 no longer shortened the rise time of 

IpCa (Fig. 1C), nor did it cause the negative 
shift in V1/2 (Fig. 1, B and D). 

The effect of NCS-1 on IpCa mimics the 
activity-dependent facilitation induced by re- 
petitive stimulation (3-5) with respect to (i) the 
shortened rise time of pCa, (ii) the negative shift 
in V1/2, and (iii) its Ca2+ dependency. To fur- 
ther examine whether the NCS-l-induced fa- 

2.0- 

cilitation and the activity-dependent i 
of pCa share a common mechanism, 
out an occlusion experiment. When N 
included in the presynaptic pipette, tl 
tude of IpCa facilitation induced by 
brief depolarizations was significant 
than those in the presence of heat-i 
NCS-1 or in the absence of NCS-1 
these findings indicate that NCS-1 pa 
cluded the activity-dependent IpCa fa 

Although mRNAs encoding NCS 
pressed in the rodent brainstem (14, 1 
known whether NCS-1 is expressed 
minal. Immunocytochemical examin 
ing antibody to NCS-1 (20) reveal 
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facilitation immunoreactivity both in the medial nucleus of 
we carried the trapezoid body (MNTB) cell somata and in 
ICS-1 was the calyceal terminal, the latter being colocal- 
he magni- ized with the immunoreactivity of the presyn- 
a pair of aptic marker syntaxin (Fig. 3A). The specificity 

ly smaller of the NCS-1 immunofluorescence was con- 
nactivated firmed by absorption experiments (Fig. 3B). 

(Fig. 2); The immunocytochemical resolution distin- 
Irtially oc- guishing the pre- and postsynaptic signals was 
cilitation. confirmed by a separation in the signal of the 
l-1 are ex- postsynaptic cell body marker microtubule-as- 
8), it is not sociated protein 2B (MAP2B) from that of 
at this ter- syntaxin (Fig. 3C). 
lations us- A unique feature of NCS-1 is the large 
ed NCS-1 conformational shift of its COOH-terminal 

region, creating a wide hydrophobic crevice 
for the target recognition (13). Thus, a 
COOH-terminal fragment peptide (20) might 
inhibit the interactions between NCS-1 and 

Vm (mV) P/Q-type Ca2+ channels. When the COOH- 
1 80 terminal peptide was loaded into the calyces, 

j--' the facilitation of IpCa elicited by a paired- 
pulse protocol was abolished (P < 0.001), 
whereas the scrambled peptide (20) had no 
such effect (Fig. 4A). The COOH-terminal 
peptide loaded into calyces had no apprecia- 
ble effect on IpCa with respect to current 
kinetics or I-V relationships (Fig. 4B). The 
COOH-terminal peptide also blocked the IpCa 
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Fig. 1. Facilitation of ipC, by NCS-1. (A) After stable I recordings, NCS-1 (200 FM) was injected 
into the nerve terminal via pipette perfusion during he period indicated by a bar. Because of the 
large molecular weight of NCS-1 (20 kD) and the distance between the tips of the perfusion tube 
and the pipette, final concentration in the calyx could not be assessed. Sample traces below the plot 
are six averaged I p measurements before (a) and 5 min after the infusion (b). An action potential 
waveform used for the command pulse (Vcom) was obtained from another calyceal terminal by 
means of an intracellular recording amplifier. The spike was evoked by injecting a brief depolarizing 
current pulse (0.12 ms). The action potential had an overshoot of 36 mV and half-width of 0.20 ms. 
(B) The I-V relationships of /pca measured at 1 ms after the depolarizing pulse onset, normalized to 
the current amplitudes at +10 mV. Symbols: 0, control (no NCS-1); 0, NCS-1 (10 RJM); O, 
heat-inactivated (H.I.) NCS-1 (10 ,uM); A, NCS-1 plus BAPTA (16 mM). The peak of the I-V 
relationship in the presence of NCS-1 shows the negative shift compared with the others. Inset: In 
three calyces under voltage-clamp, / c was elicited by a depolarizing command pulse (5 ms) from 
a holding potential (-80 mV) to -10 mV every 10 s. Vertical dotted lines indicate the pulse onset 
and 1 ms after the onset. I c traces in the presence of NCS-1 (top) or H.I. NCS-1 (middle) are 
normalized in peak amplitude and superimposed for comparison (bottom). (C) The 10 to 90% rise 
time of /pa in the presence of NCS-1 (1.02 ? 0.09 ms, n = 5) is significantly faster (*P < 0.01, 
analysis of variance) than in the control (1.63 ? 0.13 ms, n = 6), H.I. NCS-1 (1.43 ? 0.11 ms, n = 
6), and BAPTA + NCS-1 (1.37 ? 0.07 ms, n = 3) conditions. (D) V1/2 of /pCa in the presence of 
NCS-1 (-23.4 ? 1.5 mV, n = 4) was more negative (*P < 0.001) than in the control (-8.7 + 0.7 
mV, n = 5), H.I. NCS-1 (-11.0 + 1.4 mV, n = 4), and BAPTA + NCS-1 (-9.3 ? 0.8 mV, n = 3) 
conditions. (E) In the presence of NCS-1, H.I. NCS-1, or no NCS-1, the peak amplitudes of /pCa 
measured at 5 ms from the command pulse onset are similar (P > 0.5). 
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Fig. 2. Occlusion of activity-dependent /pca fa- 
cilitation by NCS-1. (A) In a paired-pulse pro- 
tocol, /pca was evoked every 10 s by a pair of 
1-ms square-wave command pulses to -10 mV 
at interpulse intervals of 5, 10, 20, and 50 ms 
(superimposed). Left, a calyx in the absence of 
NCS-1 (control); right, another calyx in the 
presence of NCS-1. Horizontal dotted lines in- 
dicate the amplitudes of the first /pca (*) in the 
paired-pulse protocol. (B) Summarized data of 
paired-pulse facilitation at various interpulse 
intervals in the presence of NCS-1 (n = 5, 0), 
H.I. NCS-1 (n = 7, l), and no NCS-1 (n = 5, 
0). Error bars are merged into some data 
points. 
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facilitation induced by a 100-Hz train (Fig. 
4C). Because the COOH-terminal peptide 
lacks the flanking sequence required for effi- 
cient Ca2+ binding, it cannot work by reduc- 
ing the Ca2+ concentration in calyces. Thus, 
the COOH-terminal fragment of NCS-1 is 
likely to interfere with the interaction be- 
tween NCS-1 and P/Q-type Ca2+ channels, 
thereby blocking the activity-dependent IpCa 
facilitation. 

The Ca2+ channel subtype expressed at the 
calyceal terminal of rats used in this study (14 
to 18 days old) is purely P/Q-type (3, 23). The 
presynaptic P/Q-type Ca2+ currents have a sin- 
gle fast activation phase (<2 ms), which can be 
shortened by a conditioning depolarization (4) 
or presynaptic loading of NCS-1 (Fig. 1, B and 
C). In contrast, currents of recombinant P/Q- 
type Ca2+ channels expressed in human em- 
bryonic kidney-293 cells show a slow activa- 
tion phase (>10 ms) after a fast activation 
phase (24). A conditioning depolarization 
makes this slow activation phase merge into the 
fast one, and this effect has been attributed to 

REPORTS 

calmodulin (24). At the calyx of Held, however, 
a calmodulin inhibitory peptide has no effect on 

IpCa (25). Thus, calmodulin does not likely play 
a role in the IpCa facilitation, at least at this 
synapse. NCS-1 mediates the facilitatory effect 
of glial cell line-derived neurotrophic factor 
(GDNF) on N-type Ca2+ currents in motoneu- 
rons and on transmitter release at the neuromus- 
cular junction (26). This phenomenon is also 
distinct from the activity-dependent IpCa facili- 
tation, because GDNF increases the peak am- 
plitude of N-type Ca2+ currents without affect- 
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Fig. 3. NCS-1 immunoreactivity at calyceal nerve terminals. (A) NCS-1 immunofluorescence signal 
(green, left) and syntaxin immunofluorescence signal (red, center) partially overlapped (yellow, 
right), indicating that NCS-1 is expressed in both the presynaptic and postsynaptic compartments. 
(B) Pretreatment of antibody to NCS-1 with exogenous NCS-1. No clear NCS-1 immunofluores- 
cence signal was observed, whereas the syntaxin signal remained unchanged. (C) Immunofluores- 
cence signal for MAP2B (green, left) and syntaxin signal (red, center) showed no overlap when 
superimposed (right). Scale bar, 10 pxm. 
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Fig. 4. COOH-terminal fragment peptide of 
NCS-1 inhibits the activity-dependent /ca facili- 
tation. (A) The facilitation ratio at various inter- 
vals in the presence of the COOH-terminal pep- 
tide (50 p,M, n = 6, *, sample traces in inset), 
scrambled peptide (50 JLM, n = 3, 1), or no 
peptide (n = 5, 0). (B) The I-V relationships of /pca 
in the presence of the COOH-terminal peptide 
(V1/2 = -6.5 + 0.7 mV, n = 3, 0, P = 0.08, 
sample trace in inset) or no. peptide (V/2 = 
-8.7 + 0.7 mV, n = 5, 0). In the presence of 
scrambled peptide, V1/2 was similar (-6.8 mV, 
n = 2, not shown). (C) Mean magnitude of /pca 
facilitation during a train of short depolarizing 
pulses (to -10 mV, 1 ms, 10 ms interval). COOH- 
terminal peptide abolished the I ca facilitation 
induced by a tetanic stimulation (100 Hz) every 
20 s. Ten consecutive data points in control (O, 
n = 4) and in the presence of the COOH-terminal 
peptide (, n = 3) are shown. 
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development (30). Given the wide distribu- 
tion of NCS-1 in the nerve terminals (14-18), 
the activity-dependent IpCa facilitation may 
be mediated by NCS-1 at various synapses, 
thereby mediating activity-dependent synap- 
tic facilitation. The residual Ca2+ hypothesis 
for the synaptic facilitation has been widely 
accepted, but its detailed mechanism is still 
unknown (31). One of the downstream ef- 
fects of residual Ca2+ is the facilitation of 

IpCa (3-5). Hence, our results suggest that 
NCS-1 may be a key molecule for the activ- 
ity-dependent synaptic facilitation. 
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The Medial Frontal Cortex and 

the Rapid Processing of 

Monetary Gains and Losses 

William J. Gehring* and Adrian R. Willoughby 

We report the observation of neural processing that occurs within 265 milli- 
seconds after outcome stimuli that inform human participants about gains and 
losses in a gambling task. A negative-polarity event-related brain potential, 
probably generated by a medial-frontal region in or near the anterior cingulate 
cortex, was greater in amplitude when a participant's choice between two 
alternatives resulted in a loss than when it resulted in a gain. The sensitivity 
to losses was not simply a reflection of detecting an error; gains did not elicit 
the medial-frontal activity when the alternative choice would have yielded a 
greater gain, and losses elicited the activity even when the alternative choice 
would have yielded a greater loss. Choices made after losses were riskier and 
were associated with greater loss-related activity than choices made after gains. 
It follows that medial-frontal computations may contribute to mental states 
that participate in higher level decisions, including economic choices. 
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A fighter pilot monitoring cockpit indicators, 
a stock-exchange trader checking prices, and 
a gambler playing blackjack in a casino all 
evaluate quickly whether events are good or 
bad and make rapid decisions on the basis of 
those events. Recent research indicates that 
such evaluations can take place quickly, au- 
tomatically, and without conscious delibera- 
tion (1-3). In addition, there is growing 
knowledge about the neural systems that me- 
diate such processing, in particular those con- 
cered with reward and punishment (4-7). 
Yet there is still little direct evidence for 
neural processing in humans that is not only 
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fast enough to reflect this evaluation but also 
is directly related to choice behavior. 

Here, we report the observation of neuro- 
physiological activity with characteristics that 
are consistent with its involvement in rapidly 
evaluating the motivational impact of events 
and in guiding choice behavior. The activity 
responds to the monetary outcome signified by 
an event, operates on a short time scale, and 
covaries with the riskiness of people's choices 
in a gambling task. To investigate evaluative 
neural activity, we recorded event-related brain 
potentials (ERPs) from human participants as 
they performed a monetary gambling task (Fig. 
1). Participants' choices were followed by out- 
come events signifying both the monetary gain 
or loss that resulted from their choice and the 
gain or loss that would have resulted from 
making the other choice. 
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An important objective of our experimen- 
tal design was to separate processing related 
to monetary gains and losses from other pos- 
sible confounding factors. Our analyses com- 
pared results from conditions under which the 
physical characteristics of the stimuli were 
equivalent, ruling out the possibility that ef- 
fects arose from processing related to physi- 
cal differences between the stimuli. More- 
over, the probabilities of the outcomes were 
equivalent, making the statistical expected 
value of the monetary outcome zero on each 
trial and ruling out potential confounding in- 
fluences with the differential probability of a 
gain or loss (8). 

Twelve participants (six males and six 
females, ranging in age from 19 to 30 years 
old) completed 768 trials of this gambling 
task while the electroencephalogram (EEG) 
was recorded from 42 scalp electrodes (9). 
The experimental session for each participant 
was divided into 24 blocks of 32 trials, and 
cumulative monetary awards were given at 
the end of each block (10). ERPs were com- 
puted by averaging the EEG records associ- 
ated with each type of outcome stimulus (11). 

Figure 2 compares the ERPs from gain 
trials and loss trials. It shows a negative- 
polarity ERP, beginning at about 200 ms after 
the outcome stimulus. The potential was larg- 
er on loss trials than on gain trials (P = 

0.0098). As shown by the topographic map of 
scalp electrical activity in Fig. 2, the potential 
was largest at the medial-frontal scalp loca- 
tion Fz, (P = 0.00022) (9). We used dipole 
modeling to identify which cortical region 
was most likely to generate the pattern of 
loss-related electrical activity observed at the 
scalp. The results of the modeling were con- 
sistent with a source in the medial frontal 
cortex, in or near the anterior cingulate cortex 
(ACC) (Fig. 2) (9, 12). For convenience, we 
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