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namically interacting processes underlie synaptic plasticity in a feedback
pathway. J Neurophysiol 87: 2450–2463, 2002; 10.1152/jn.00711.2001.
Descending feedback is a common feature of sensory systems. Char-
acterizing synaptic plasticity in feedback inputs is essential for delin-
eating the role of feedback in sensory processing. In this study, we
demonstrate that multiple interacting processes underlie the dynamics
of synaptic potentiation in one such sensory feedback pathway. We
use field recording and modeling to investigate the interaction be-
tween the transient high-magnitude potentiation (200–300%) elicited
during tetanic stimulation of the feedback pathway and the lower
magnitude posttetanic potentiation (PTP; �30%) that slowly decays
on cessation of the tetanus. The amplitude of the observed transient
potentiation is graded with stimulus frequency. In contrast, the induc-
tion of PTP has a stimulus frequency threshold between 1 and 5 Hz,
and its amplitude is independent of stimulus frequency. We suggest
that the threshold for PTP induction may be linked to a minimum level
of sustained potentiation (MSP) during repetitive trains of stimuli. We
have developed a novel model that describes the interaction between
the transient plasticity observed during train stimulation and the
generation of PTP. The model combines a multiplicative, facilitation-
depression-type (FD) model that describes the transient plasticity,
with an enzymatic network that describes the dynamics of PTP. The
model links transient plasticity to PTP through an input term that
reflects MSP. The stratum fibrosum–pyramidal cell (StF-PC) synapse
investigated in this study is the terminus of a feedback pathway to the
electrosensory lateral line lobe (ELL) of a weakly electric gymnoti-
form fish. Dynamic plasticity at the StF-PC synapse may contribute to
the putative role of this feedback pathway as a sensory searchlight.

I N T R O D U C T I O N

In an ever-changing environment, the primary objective of a
sensory system is to distinguish relevant stimuli from a noisy
background. The Amazonian, brown ghost knife fish, Apter-
onotus leptorhynchus, relies on its electric sense to navigate a
complex environment of organic and inorganic matter, find
food and mates, and avoid predation. A wide variety of stimuli,
including the animal’s own movements, other electric fish, and
organic and inorganic objects, cause distortion in the fish’s
electric field. Electroreceptors on the skin surface respond
vigorously to these distortions regardless of whether they are
caused by reafferent stimuli such as tail movements or by novel
stimuli such as prey (Bastian 1981a, 1995).

Electroreceptor afferents project to the electrosensory lateral
line lobe (ELL), a hindbrain structure that serves as the first-

order processing center for the electric sense. Here they form
synapses with the basal dendrites of pyramidal cells (Maler et
al. 1974). In addition to receiving afferent input, ELL pyrami-
dal cells also receive feedback input from higher brain centers
onto their apical dendrites (Maler et al. 1981).

As the major output neurons of the ELL, the pyramidal cells
encode input from a population of electroreceptors (Chacron et
al. 2001; Ratnam and Nelson 2000) and transmit it to higher
brain centers (Bastian 1981b; Gabbiani et al. 1996). However,
unlike electroreceptors, pyramidal cells respond vigorously
only to novel electrosensory input, and these responses decay
with repeated presentation of the stimulus (Bastian 1995). Thus
pyramidal cells act as adaptive filters of predictable input.

It has been shown that this adaptive filtering is, in part,
dependent on anti-Hebbian synaptic plasticity between the
direct feedback pathway that descends from the nucleus prae-
minentialis (NPd) via the stratum fibrosum (StF), and the
proximal apical dendrites of ELL pyramidal cells (PC) (Bastian
1996a,b, 1998a). Earlier in vivo work has shown that high-
frequency (70–100 Hz) trains of stimuli delivered to the StF
predominantly result in potentiation of the StF-PC synapse
(Bastian 1996b). It has also been shown that the short-term
form of plasticity, posttetanic potentiation (PTP), can be
readily elicited at StF-PC synapses in vitro and may depend on
presynaptic CAMKII� (Wang and Maler 1997, 1998).

In the present study we identify and characterize multiple
forms of short-term plasticity including facilitation, short-term
depression, and PTP at StF-PC synapses. We also describe the
properties of PTP at these synapses including the stimulation
frequency threshold for induction of PTP and the stimulation
frequency independent amplitude of PTP. Finally, we have
developed a phenomenological model that not only describes
the observed transient dynamics of facilitation and depression
during train stimulation, but also accounts for both the dynam-
ics and threshold properties of PTP. In doing so we are able to
make some suggestions as to the potential role of short-term
synaptic plasticity in ELL sensory processing.

M E T H O D S

Transverse brain slices from the ELL of the brown ghost knife fish,
Apteronotus leptorhynchus, were prepared according to animal care
guidelines established by the University of Ottawa and as previously
described (Berman et al. 1997). Briefly, the fish were anesthetized
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with MS222 and then respirated with oxygenated water containing
MS222. The brain stem was removed, glued to a plastic stage, and
then immersed in ice-cold artificial cerebrospinal fluid [ACSF, com-
posed of (in mM) 124 NaCl, 24 NaHCO4, 10 D-glucose, 1.25
KH2PO4, 2 KCl, 2 MgSO4, and 2 CaCl2; all chemicals from Sigma
unless otherwise noted]. ELL slices (350 �m) were cut using a
Vibraslice and immediately transferred, rostral side up, to the record-
ing chamber. The slices were then maintained at room temperature
(20–22°C) in oxygenated ACSF for 1–2 h prior to recording.

The fibers of the StF are myelinated and appear opaque in relation
to the rest of the slice. Thus the StF is an easily identified landmark
for the placement of stimulating and recording electrodes. A monopo-
lar tungsten electrode (�5-�m tip diam) was positioned in the medial
segment (MS) of the ELL at the dorsal aspect of the StF to preferen-
tially stimulate the excitatory afferents that run dorsally and terminate
in the ventral molecular layer (VML) (Berman et al. 1997; Mathieson
and Maler 1988). Stimulus timing was computer controlled (Igor Pro,
Wavemetrics and Pulse Control) (Herrington et al. 1995), and deliv-
ered as 20- to 40-�s pulses of 20–35 V through a stimulus isolation
unit (Digitimer, Herts, England). Stimulation intensity was deter-
mined as that which produced maximal paired-pulse facilitation,
based on two stimulus pulses delivered 50 ms apart yet remained
subthreshold for action potential generation. This permitted measure-
ment of field excitatory postsynaptic potentials (EPSPs) during train
stimulation without contamination by action potentials or their after-
hyperpolarizations.

Baseline stimulation consisted of single or paired pulses (50 ms
apart) delivered at 0.1 Hz for �18 min. Tetanic stimulation was
delivered as 10 10-pulse trains with a 1-s intertrain interval. Train
frequency varied from 1, 5, 50, or 100 Hz. Test pulses (single or
paired) were delivered in the 1 s between the trains at 500 ms.

Field potentials were recorded using 3- to 10-M� borosilicate glass
electrodes (Brown-Flaming P-87, Sutter Instruments), filled with
ACSF and positioned in the VML of the centromedial segment
(CMS). After a stable baseline was obtained, tetanic stimulation was
applied, and the transient long-term effect of the tetanus on EPSP
amplitude was assessed by test pulses delivered every 10 s for 15 min
starting 5 s after the last train.

Data analysis

Field potentials were amplified and low-pass filtered (3 kHz; Axo-
clamp 2A, Axon Instruments, Burlingame CA), digitized (Instrutech,
Greatneck, NY), and stored for analysis (Igor Pro and Pulse Control).
Analysis was done with IgorPro. Statistical significance was assessed
by ANOVA. All results are reported as means � SE unless otherwise
stated.

Model description

In this paper, we discuss two qualitatively distinct forms of short
term synaptic enhancement (transient facilitation- and depression-like
processes, on the order of milliseconds and seconds, and a posttetanic
potentiation, PTP, on the order of minutes). In this light, our model
follows two distinct formalisms. Facilitation and depression are mod-
eled by a previously described formalism for short-term synaptic
plasticity (Dittman et al. 2000; Fischer et al. 1997; Magleby and
Zengel 1975; Varela et al. 1997). We refer to this as the FD model,
and summarize it briefly below. This type of model is sufficient for
describing the short-term facilitation and depression in both the direct
and indirect feedback pathways to ELL (Lewis et al. 2000). However,
FD models are not capable of explaining the combination of short-
term and longer term plasticity described in the present study because
the long time constants required for the slow decay (of PTP for
example) would result in synaptic enhancement under control stimu-
lation conditions (i.e., in the absence of a tetanus). Therefore a
different formalism must be used to explain synaptic enhancement on

the longer time scales. We build on the traditional FD model by
describing PTP with two additional variables, XP and YP, whose
dynamics are given by a set of coupled ordinary differential equations
similar to those described in enzymatic networks (for example, see
Matsushita et al. 1995).

In the FD model, a postsynaptic potential (PSP) due to a brief
stimulus pulse is given by the combination of a number of processes
that can either increase (F processes) or decrease (D processes) the
PSP relative to its control value (Ao). In preliminary analyses we
found that four different processes (F1, F2, D1, and D2) were required
to adequately fit the FD model to the PSPs during the stimulus trains.
After each stimulus arrives, the values of Fi and Di change by a
discrete amount, the update magnitude (Eq. 1)

F13 f1 � F1

F23 f2 � F2

D13 �1 � d1�F1 � 1�� � D1

D23 d2 � D2 (1)

The update magnitude for the D1 process is related to F1, similar to
previous studies (Dittman et al. 2000; Hempel et al. 2000). This was
required to account for the range of responses that were observed
across the different frequencies tested. Between stimuli, Fi and Di

decay exponentially to a value of one with their respective time
constants (Eq. 2)

�Fi

dFi

dt
� 1 � Fi

�Di

dDi

dt
� 1 � Di (2)

The posttrain dynamics of PTP were described by a qualitatively
different process, FPTP. The variables XP and YP, whose dynamics are
described in Eq. 3, dictate the dynamics of FPTP (Eq. 4)

�x

dXP

dt
�

�w1XP � YP�
2

k2 � �w1XP � YP�
2 � XP

�Y

dYP

dt
� w2XP � YP (3)

FPTP � 1 � w3YP (4)

At each stimulus, XP is perturbed by an amount S (Eq. 5). The process
described by S shows dynamics similar to those of F2 in the current
formulation (Eq. 6)

XP3 S � XP (5)

S3 so � S

�S

dS

dt
� 	S (6)

The overall responses of the model to stimulation are given by a
combination of five different processes (Eq. 7), as in previous studies
(Fischer et al. 1997)

PSP � A0 � �F1 � F2� � D1 � D2 � FPTP (7)

Initially the model was fit to mean 5- and 50-Hz data sequentially, and
Table 1 shows the list of model parameters and the values that fit these
stimulus protocols. An asterisk next to the parameter indicates that the
parameter was fitted by least-squares, otherwise parameter values
were fixed at constant values. The data from 1 and 100 Hz were not
used for this initial fit. With these parameter values (Table 1), the
root-mean-squared (RMS) errors for each of the four frequencies
(1, 5, 50, and 100 Hz) were 5.4, 6.1, 5.4, and 17.2%, respectively. In
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addition to fitting the mean data, we also performed least-squares fits
of the model to data from individual slices where both 50- and 100-Hz
stimulation were performed (see RESULTS). In these fits, most param-
eters were constrained to the values shown in Table 1. Initially, the
50-Hz data were fit with the free parameters being f1, f2, d1, d2, and
w3. From these fits, it was apparent that the values of f1 and d1 had the
highest variability; the coefficients of variation for each of the five
parameters were 0.46, 0.35, 0.54, 0.002, and 0.29, respectively. We
then tested whether the 100-Hz data could be explained by changes in
only f1 and d1 by fitting the data from both 50- and 100-Hz stimulation
with only these two parameters free to vary, and the remaining three
parameters fixed to the values found in the 50-Hz fits. In six of eight
cases, varying the values of these two parameters could explain a large
part of the differences between the 50- and 100-Hz data (RMS error
�15%). Table 2 shows how these parameters changed between the fits
to the 50- and 100-Hz data (also see RESULTS).

R E S U L T S

The direct feedback pathway connects the ELL and the nucleus
praeminentialis (Pd; Fig. 1). Briefly, pyramidal cells project axons
to the Pd, activating stellate cells (glutamatergic) and bipolar cells
(GABAergic). The stellate cells and bipolar cells then project
back to the ELL via the stratum fibrosum (StF) and synapse on the
spines of the proximal apical dendrites of pyramidal cells and the
soma, respectively. In addition, local ELL interneurons, namely
stellate cells and VML cells, receive direct excitatory input from
StF fibers resulting in disynaptic inhibition through interneuron-
pyramidal cell synapses.

Stimulation of the StF evoked field potentials similar to

those previously described (Berman et al. 1997; Wang and
Maler 1997). The biphasic field potential had a brief positivity
that was often obscured by the fiber volley, followed by a
larger negativity with an amplitude of 0.4–1.5 mV depending
on stimulus intensity; the latency to peak of this negativity was
�5.5 ms (5.45 � 1.01 ms, mean � SD; Fig. 2A). Previous
studies using current source density (CSD), intracellular re-
cording, and pharmacological analysis have demonstrated that
this negativity represents StF-evoked compound EPSPs (Ber-
man et al. 1997). As in previous studies (Varela et al. 1997), we
utilize field recordings to reduce the damage caused by intra-
cellular impalement, which allows long-term recording at the
same site enabling us to compare different stimulation frequen-
cies. We have confirmed our results with a small number of
intracellular recordings (n 
 5, data not shown).

Baseline StF stimulation, consisting of single or paired pulses
delivered every 10 s for �18 min did not result in potentiation of
field EPSPs (99.11 � 2.44%, mean � SE). As previously reported
(Wang and Maler 1997, 1998), fiber volleys at all stimulation
frequencies, either transiently decreased (�10%) or did not
change during the trains. Following the trains, volleys changed
slightly (�5 � 2%) or did not change at all. Since the potentiation
of EPSP amplitudes is consistent regardless of the small positive
or negative changes in fiber volley, it is unlikely that a change in
fiber volley contributes significantly to the 20% to �300%
changes in EPSP amplitude. In a few slices (n 
 4) the fiber

TABLE 2. Summary of 50-Hz/100-Hz comparison

Parameter Mean Value

50 Hz f1 1.8 � 0.83
50 Hz d1 0.057 � 0.031

Parameter
Mean % Difference from

50-Hz Value

100 Hz f1 37 � 41
100 Hz

d1 290 � 212

Values are means � SD.

TABLE 1. Model parameters

Parameter Value LS Fit

f1 1.814 *
�F1 0.0211 *
f2 0.435 *
�F2 0.903 *
d1 0.0567 *
�D1 1.35 *
d2 0.995 *
�D2 8.85 *
k 0.5
w1 1.2
w2 0.25
w3 2.00 *
�x 10
�y 130
so 0.004
�s 1.2

LS, “least squares” fit. *, fitted parameters.

FIG. 1. Circuitry of the direct feedback pathway. The direct feedback circuit is
part of a closed loop between the nucleus praeminentialis (Pd) and the electrosen-
sory lateral line lobe (ELL). Pyramidal cell (PC) axons contact Pd stellate cells (St)
and bipolar cells (B). The axons of the stellate and bipolar cells form the excitatory
and inhibitory tracts, respectively, of the stratum fibrosum (StF). The StF then
closes the feedback loop by making excitatory (Glu	, glutatmate) and inhibitory
(GABAergic) connections on the apical dendrites and soma of the PCs. In
addition, excitatory fibers also synapse with local ELL interneurons, ventral
molecular layer (VML) cells (V) and stellate cells (s), which make inhibitory
contacts with PCs. In the slice preparation, the StF was stimulated in the medial
segment of the ELL, and field recordings were taken in the ventral molecular layer
(shaded) of the centromedial segment.
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volleys increased �20% following train stimulation. In these
cases, the EPSP was fused to the fiber volley, and these measure-
ments were likely contaminated. Consequently, these slices were
not included in the present analysis.

Potentiation in response to train stimulation at
varying frequencies

A total of 28 slices was studied. Of these slices, 25 demon-
strated short-term synaptic potentiation in response to tetanic

stimulation without significant change in fiber volley, and 3
were excluded from analysis due to depression during and
following train stimulation. Of the 25 slices that potentiated, 19
showed a sustained (�5 min) potentiation following cessation
of the tetanus.

Tetanic stimulation consisted of 10 10-pulse trains of vary-
ing frequencies with 1 s between trains. This burst type pro-
tocol mimics the in vivo firing pattern of the Pd stellate cells
that give rise to the StF fibers. On excitation, the normally quiet
satellite cells produce short bursts of activity that have an
average frequency of 80 Hz over a 100-ms period (Bratton and
Bastian 1990). However, as will be shown in this paper, higher
frequencies of train stimulation lead to increasingly variable
responses during stimulation; thus our standard frequency of
stimulation during the trains was 50 Hz.

Tetanic stimulation of the StF with 50-Hz trains resulted in a
large mean transient increase in EPSP amplitudes during train
stimulation (328 � 24%; Fig. 2B). This transient potentiation
decayed to 151 � 5% within 5 s of train cessation. Following this,
EPSP amplitudes plateaued for �2 min around 124 � 3%. The
EPSPs remained significantly potentiated over baseline values for
4.3 min (P � 0.01) after train cessation (Fig. 2B). The decay from
5 s posttetanus to baseline was fit with a single exponential with
a � value of 6.19 min. This � value is suggestive of PTP as seen
in other systems (see Fischer et al. 1997 for review).

In six experiments, single test pulses were replaced with
paired pulses, 50 ms apart, to ascertain the possible locus of the
potentiation. During baseline stimulation, there was an average
paired-pulse facilitation (PPF) of 176 � 10%. During train
stimulation PPF was reduced to 125 � 4%. Following the
trains, there was a significant sustained reduction in PPF
(153 � 8%, 5 min; P � 0.01). All PPF values were then
normalized to the mean baseline PPF value (Fig. 2C). Follow-
ing the trains, the reduction in PPF returned to baseline levels
with a similar time course to PTP (Fig. 2C). These reductions
in PPF suggest that the likely source of both transient poten-
tiation and PTP is a presynaptic increase in synaptic efficacy
(for review see Zucker 1989).

In trials where train stimulation was changed to 1, 5, or 100
Hz, tetanic stimulation of the StF resulted in graded degrees of
potentiation during the trains of stimuli that was dependent on
stimulation frequency (Fig. 3). The mean transient potentiation
during the trains had maximum amplitudes of 136 � 8% (1 Hz,
n 
 6, Fig. 3A) and 200 � 20% (5 Hz, n 
 7, Fig. 3B).
Interestingly, during the 100-Hz trains, the mean maximum
potentiation is less (231 � 36%, n 
 8) than that during 50 Hz
(compare Fig. 2B and Fig. 3C).

In contrast to the transient potentiation during the trains that
were stimulation frequency dependent, 5- and 100-Hz stimu-
lation resulted in a level of PTP comparable with that seen at
50 Hz, suggesting that the amplitude of PTP is stimulation
frequency independent. The maximum posttrain amplitudes (at
5 s) were 152 � 6% (5 Hz) and 151 � 5% (100 Hz). The
amplitudes of the plateau potentiations were 133 � 6% (5 Hz)
and 126 � 4% (100 Hz; Fig. 3, B and C). These amplitudes
were not significantly different from those seen with 50-Hz
stimulation. The �-values of PTP decay were 6.81 min (5 Hz)
and 5.49 min (100 Hz). Like the results seen at 50 Hz, both 5-
and 100-Hz stimulation resulted in decreased PPF during the
trains as well as sustained reduction in PPF following the trains
(data not shown).

FIG. 2. Short-term synaptic plasticity in StF-PC synapses. Stimulation of
the StF with 10 50-Hz trains (delivered at arrow) resulted in a large transient
potentiation during the trains followed by a smaller slowly decaying potenti-
ation on train cessation. A: field excitatory postsynaptic potentials (EPSPs)
taken from the VML in response to StF stimulation. Pretetanus trace: thick
black line, average of 10 baseline pulses (0.01 Hz). Posttetanus traces: thin
black line, single trace taken 15.5 s after trains cessation; thick gray trace,
average of 5 traces (10 s apart) during stable phase of posttetanic potentiation
(PTP) decay, 105–165 s posttetanus. B: mean response (n 
 19 slices) to
50-Hz train stimulation. EPSP amplitudes (E) are reported as a percentage of
pretrain baseline values, error bars SE. EPSP amplitudes remain significantly
different from baseline values (}) for �260 s following train cessation (* P �
0.01). C: paired-pulse facilitation (PPF) in response to same protocol in B. PPF
values are presented as a percentage of pretrain baseline values. Reduction in
PPF is maximal during train stimulation, and PPF values return to baseline
with a time course similar to PTP.
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It is important to note that 1-Hz train stimulation did not
produce PTP as neither the maximum amplitude (112 � 5%)
nor the average amplitude (105 � 3%) following the trains was
significantly different from baseline values (maximum: 105 �
5%, average 98 � 3%; Fig. 3A). Nor was there a significant
reduction in PPF following train cessation (pretrain: 165 �
5%; posttrain: 159 � 5%).

Determining the PTP data set

In a small number of slices (6), train stimulation at 50 Hz
resulted in transient potentiation during the trains but failed to
produce long-lasting PTP (Fig. 4A). The mean maximum am-
plitude at 5-s posttrain was 112 � 7%, and the mean plateau
amplitude was 108 � 5%. PPF decreased by 30% during the
trains but only demonstrated a significant reduction in PPF at
5 s posttetanus (P � 0.01; Fig. 4B).

These results, in conjunction with the 1-Hz data set, suggest

that quantitative criteria are required to distinguish slices in
which PTP is elicited from those where it is not. We developed
a procedure to quantify PTP following the trains; a similar
method has been described previously (Jensen et al. 1999).
This procedure takes into account both the duration and am-
plitude of PTP. The first step was to establish a point when the
potentiation would be considered recovered. The baseline
EPSP amplitudes are normalized to 100% and vary with a SD
of 9%. Thus we set 109% as our “recovery amplitude.” We
then found the first point at which the smoothed decay curve
crossed 109% and set that time point as “recovered.” We then

FIG. 4. Comparison of PTP trials vs. no PTP trials. A: in 6 slices, 50-Hz
stimulation did not yield PTP (‚). Dotted line represents mean PTP in response
to 50-Hz stimulation. B: PPF following the trains in non-PTP trials was not
significantly different from baseline values. C: areas under the decay curves
following train cessation were assessed in all trials. Briefly, the decay curves
were smoothed from 5-s posttrains to 720 s. The area was then measured to the
point where the decay curve 1st crossed 109% (established by baseline vari-
ation). A bimodal distribution of the data set is evident with trials that
demonstrated PTP (most 5- and 50-Hz data; filled bars, areas �1,000) and
trials (a few trials at 5 and 50 Hz, as well as all 1-Hz data) that did not
demonstrate PTP, no-PTP (shaded bars, areas �100).

FIG. 3. Frequency-dependent changes in short-term synaptic plasticity at
StF-PC synapses. Mean responses to 10 10-pulse trains of 1, 5, and 100 Hz
during tetanic stimulation. EPSP amplitudes (E, mean � SE) for all frequen-
cies are reported as percentage of pretrain baseline values. A: during 1-Hz
trains, there is minimal transient potentiation (�140%) and no demonstrable
PTP following the trains. B and C: 5- and 100-Hz train stimulation resulted in
200–250% transient potentiation, followed by PTP with amplitude and decay
characteristics similar to that reported following 50-Hz trains (Fig. 2B).
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took the area under the decay curve from 5 s posttrain to the
recovered time point. This resulted in a bimodal data set of
“PTP” versus “no-PTP” trials, where PTP trials had areas of
1,000 or greater and no-PTP trials had areas �100 (Fig. 4C).
Only slices that had areas that met the PTP criteria were used
for analysis and modeling.

Minimum sustained potentiation

In comparing the two data sets PTP and no-PTP, as defined
by our assessment of area under the decay curve (Fig. 4C),
there appears to be a minimum level of potentiation sustained
during train stimulation in the PTP set that is not sustained in
the no-PTP set. To determine a value for this minimum sus-
tained potentiation (MSP), the sustained potentiation in each
trial was quantified and the MSP for the PTP data set was
ascertained. Briefly, the EPSP amplitude at the first pulse of
each train (with the exception of the 1st train) is the remaining
potentiation from the previous train summed with the current
stimulus. This serves to estimate the level of potentiation
sustained between trains. Thus for each individual trial the
amplitude of first pulse of each train (excluding the 1st train)
was measured as a percentage of the mean baseline stimulation
value. These amplitudes were then averaged, and the mean
value represents the sustained potentiation for that trial. In all
cases that demonstrate PTP (trains of 5 to 100 Hz) the sus-
tained potentiation during train stimulation is �150 � 6%
(determined as the mean sustained potentiation during 5-Hz
trains). It is possible that this level may indicate a threshold for
PTP generation since the sustained potentiation during 1-Hz
trains (no PTP) is 122 � 4%, and only 127 � 3% in non-PTP
trials of higher frequencies. Both of these values are signifi-
cantly different from sustained potentiation at 5 Hz (P � 0.05)
and 50 Hz (MSP 
 170 � 4%; P � 0.01; Fig. 5A). We suggest
that it is the minimum sustained potentiation during the trains
that must surpass a threshold for PTP rather than the maximum
potentiation (measured as the mean of the peak amplitudes of
each train) for two reasons. First, the mean maximum poten-
tiation at 5 Hz (200 � 20%) is significantly less (P � 0.01)
than 50 Hz (328 � 24%), but 5-Hz stimulation still elicits PTP.
Second the mean maximum potentiation of the 5-Hz set is not
significantly different from that of the no-PTP set (179 �
13%), yet 5-Hz stimulation yields PTP while the latter does not
(Fig. 5B). When sustained potentiation is plotted against the
area under the PTP decay curve, there is a distinct clustering of
points for the PTP and no-PTP trials (Fig. 5C). These results
suggest that the MSP is related to the threshold for the induc-
tion of PTP.

Modeling short-term enhancement in the ELL

In looking at the EPSP amplitudes attained during 50-Hz
train stimulation, it is evident that multiple processes contrib-
ute to StF-pyramidal cell (PC) plasticity (shown schematically
in Fig. 6). During train stimulation, two facilitation processes
are apparent. The first (line 1) has a fast onset that rapidly
increases EPSP amplitude within the first two or three stimuli
of each individual train. The second (line 2) process builds
slowly and seems to plateau by the third train. There also
appear to be two depression processes; a fast depression that
reduces EPSP amplitudes during the last few stimuli of indi-

vidual trains (line 3), and a slower one that becomes apparent
during the later trains of the tetanus (line 4). Following train
stimulation, at least one more process, PTP is evident.

To describe the rapid kinetics of the transient potentiation
during train stimulation as well as the more complex dynamics

FIG. 5. Minimum sustained potentiation (MSP) during train stimulation.
A: the sustained potentiation (%) during train stimulation measured as the
mean of the amplitudes of the 1st EPSP of each train (except the 1st train). The
sustained potentiation in the no-PTP trials (gray bars, 1 Hz, 5 Hz/50 Hz “no
PTP”) was significantly less than PTP trials (black bars, 5 Hz and 50 Hz
“PTP”; error bars: SE). The sustained potentiation during 50-Hz stimulation
was significantly less than 5 Hz (P � 0.05) and the no PTP trials (** P �
0.01). The sustained potentiation during the 5-Hz PTP trials was significantly
greater than the no-PTP trials (* P � 0.05), suggesting the MSP for PTP
induction is �150%. B: maximum potentiation (%; mean of the peak EPSP
amplitudes of each train). Only 50-Hz stimulation during the PTP trials
demonstrated maximum potentiation that was significantly different from the
other trials (** P � 0.01). C: sustained potentiation (%) plotted against the
areas under the decay curves for PTP (●) and no-PTP (E) trials. There is a
distinct clustering of points for the PTP and no-PTP cases.
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of PTP, we developed a phenomenological model that com-
bines two approaches: we used the previously proposed facil-
itation and depression (FD) models (Dittman et al. 2000; Lewis
et al. 2000; Magleby and Zengel 1975; Varela et al. 1997)
together with coupled differential equations that describe en-
zymatic networks (Matsushita et al. 1995). The model com-
prises five processes and is summarized in the following equa-
tion (for model details see METHODS)

PSP � A0 � �F1 � F2� � D1 � D2 � FPTP

In this model, the amplitude (PSP) of the EPSP due to a
stimulus is the product of processes that either increase EPSP
amplitude (F1 � F2, FPTP) or decrease the EPSP amplitude
(D1, D2). A	 refers to the baseline EPSP amplitude prior to
tetanic stimulation and, up until now, has been presented as
100%. However, in further discussion of the model, all EPSP
data will be normalized to a baseline value of 1, thus this term
(A	) can be omitted.

Generally, the contribution of each process in an FD model
(F1, F2, D1, D2) to the PSP is dependent on the timing of the
stimuli, the decay constant for each process as well as the
incremental increase/decrease of each process with stimulation
(referred to here as the update magnitude; Eq. 1, METHODS).
However, in the case of D1, the incremental decrease is linked
to the F1 process. A number of FD models link fast depression
terms to fast facilitation (Dittman et al. 2000; Hempel et al.
2000). In these cases, fast depression is due to vesicle deple-
tion, which can be accelerated by facilitation depending on the
probability of release at the synapse. While the probability of
release at the StF synapse is unknown, we have found that the
frequency dependent potentiation during the trains is also best
fit by linking D1 to F1 (Eqs. 1 and 2, METHODS).

Since the 5- and 50-Hz data sets were more consistent than
the 100-Hz data, the model was initially fit to mean 5- and
50-Hz data sequentially to yield parameter values for each
plasticity process. All values resulting from this fit are pre-
sented in Table 1. The � values of the fit to mean 5- and 50-Hz
data were then fixed and the update magnitudes were allowed
to vary while model was refit to all individual data sets at all
stimulation frequencies. Although all simulations include all
five plasticity processes, the following summary presents

model simulation results in two sections: transient potentiation
during train stimulation and PTP during and following train
stimulation.

Transient potentiation during train stimulation

Simulations of pyramidal cell responses to train input sug-
gest that the majority of the potentiation could be attributed to
the contributions of the first four processes. Figure 7 shows the
model performance compared with the mean train data at all
frequencies tested (parameter values in Table 1). For the 1-Hz
data, the model adequately simulated the nominal increases in
EPSP amplitudes (Fig. 7A). At 5 and 50 Hz, the model nearly
perfectly simulated the mean EPSP amplitudes obtained ex-
perimentally (Fig. 7, B and C). However, the model overesti-
mates the average amount of potentiation in response to
100-Hz train stimulation (Fig. 7D). It is possible that the
variability seen in the 100-Hz data set could bias the mean and
could thus affect the interpretation of this comparison. In the
next section, we investigate this possibility further.

HIGHER FREQUENCY STIMULATION PRODUCES VARIABLE RESULTS

DURING TRAIN STIMULATION. To better assess the variable
levels of potentiation observed during 100-Hz stimulation, we
analyzed experiments that directly compare 50- and 100-Hz
stimulation in the same slice (n 
 8). In comparing the mean
EPSP amplitudes during 50- and 100-Hz stimulation (Fig. 8A),
it is apparent that on average, 100-Hz stimulation results in less
potentiation than 50-Hz stimulation (R, Fig. 8B). When the
maximum potentiation (mean of the peak potentiations in each
of the 10 trains) during tetanus was measured in individual
experiments, it was found that in five of eight slices, potenti-
ation during 100-Hz tetanic stimulation was less than that seen
with 50 Hz (Fig. 8B, —). Of the remaining three slices, two
showed potentiation with 100-Hz trains slightly greater than
that seen at 50 Hz, while one slice demonstrated far greater
potentiation during 100-Hz stimulation than 50-Hz stimulation
(Fig. 8B, � � �).

The variable and unpredictable results observed with 100-Hz
stimulation provided an interesting challenge to the model. As
seen in Fig. 7, the model poorly simulates the mean 100-Hz
data set. However, by fixing the � values of F1, F2, D1, and D2

FIG. 6. Schematic of plasticity at the StF-PC synapse with 50-Hz stimulation. EPSP amplitude vs. stimulus number for the mean
50-Hz data set. Five trends are apparent and shown schematically. During the trains, there appear to be 2 potentiating trends; one
that is maximal within the 1st few pulses of each train (1) and another that builds more slowly and is sustained across the trains
(2). There also appear to be 2 trends that decrease potentiation: one that decreases EPSP amplitudes during individual trains (3)
and a 2nd that builds during later trains (4). Finally a 5th trend (PTP) decays slowly on cessation of train stimulation.
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and leaving the update magnitudes (f1, f2, d1, and d2) free, the
model was able to fit the individual data sets for both 50 and
100 Hz. In comparing the values of the increments, it was
found that in the 100-Hz data sets, f1 and d1 departed the most
from mean 50-Hz values (Table 2). To test whether the vari-
ation in the f1 and d1 values was sufficient to explain the
variation in the 100-Hz data set, we fixed all �-values (Table 1),
we set f2 and d2 to mean values for both frequencies, and we
left f1 and d1 free. We then refit the individual 50- and 100-Hz
data sets (see METHODS). Figure 9 shows the experimental
results of two slices illustrating the qualitatively different re-
sponses to 50- and 100-Hz stimulation. In both slices, as well
as in four of the remaining six slices, the model was able to
adequately describe the experimental results (RMS error
�15%). This suggests that the variation seen at 100 Hz can be
explained by a change in the gain of the underlying mecha-
nisms of F1 and D1. However, further work will be required to
determine the source of this variation.

FIG. 7. Experimental and simulated transient potentiation during train stimu-
lation. Experimental EPSP amplitudes (mean data, open symbols) during 1-Hz (A),
5-Hz (B), 50-Hz (C), and 100-Hz (D) trains, plotted against stimulus number and
normalized to the 1st EPSP of the 1st train. Solid lines represent the simulated
EPSP amplitudes based on the (F1 � F2)D1D2FPTP model. Note that, although the
responses are discrete, a continuous line is used for clarity (a similar convention is used
for all other figures showing model simulations). The �-values and update magnitudes
for each frequency are reported in Table 1. root-mean-squared (RMS) errors for each
frequency are 5.4% (1 Hz), 6.1% (5 Hz), 5.4% (50 Hz), and 17.2% (100 Hz).

FIG. 8. A slice-by-slice comparison of 50-Hz vs. 100-Hz train stimulation.
A: the mean EPSP amplitude (% baseline) during 50-Hz trains (●) and 100-Hz
trains ({) are plotted against stimulus number. B: a comparison of the maxi-
mum amplitude (% baseline) obtained during 50-Hz (●) and 100-Hz ({) train
stimulation in the same slice. In 5 slices, 100-Hz stimulation resulted in a
higher maximum amplitude than 50 Hz (—), and in 3 slices 100-Hz potenti-
ation resulted in lower maximum amplitude (� � �). The mean values are also
plotted (R) and, as seen in A, the mean maximum for 100 Hz is �50 Hz. Note
the broader range of values obtained during 100-Hz stimulation.
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PTP during and following train stimulation

The long time constant required to describe the decay of PTP
observed (� � 6 min), prohibits its description by an FD
model-type process because it would result in synaptic en-
hancement with baseline stimulation. This is not seen experi-
mentally (baseline: 99.11 � 2.44%), and further, PTP is not
elicited by 1-Hz trains but maximally elicited by trains above
5 Hz. Hence the model should account for both the frequency
threshold of PTP induction during train stimulation as well as
the frequency independence of the amplitude of PTP following
train cessation.

Both requirements for describing the dynamics of PTP can
be achieved using a set of coupled differential equations that
are similar to those used to describe enzymatic networks (see
METHODS). The network is driven by a stimulus term, S, which
links the induction of PTP to the amount of enhancement
sustained during train stimulation (MSP). These coupled first-
order differential equations represent the simplest class of

model capable of accounting for both the threshold and con-
stant amplitude of PTP.

Previous studies have localized calcium-calmodulin ki-
nase II� (CAMKII�) to StF fibers and verified that StF-
evoked PTP can be blocked by the CAMKII� inhibitor, KN-
62 (Maler and Hincke 1999; Wang and Maler 1998).
CAMKII� is a multimeric enzyme that is able to autophos-
phorylate its individual subunits and remain active follow-
ing the decay of a calcium signal (Hanson and Schulman
1992). Autophosphorylation is a cooperative, frequency-
dependent process. Calcium pulses must initially arrive
close enough together for the cooperative binding of cal-
cium calmodulin to the kinase to occur and for autophos-
phorylation to occur in excess of dephosphorylation by
phosphatases (Hanson et al. 1994). Our simplified enzy-
matic network is based on an interactive activation (XP) and
deactivation (YP) relationship that would be suggested by
the interaction between CAMKII� and a phosphatase. We

FIG. 9. The variable results of individual slices in response to 100-Hz stimulation. EPSP amplitudes during 50-Hz (E) and
100-Hz ({) train stimulation in 2 different slices are plotted against stimulus number. The solid lines represent model simulations.
To achieve the fits, the �-values were fixed and the update magnitudes were allowed to vary. A: 50-Hz stimulation resulted in greater
potentiation than 100-Hz stimulation. Fits: �-values: Table 1, f2 
 0.281, d2 
 0.9956, w3 
 1.985 for both 50 Hz and 100 Hz and
f1 
 1.55, d1 
 0.0439 (50 Hz) and f1 
 0.212, d1 
 0.221 (100 Hz). RMS errors are 6.6 and 8.0% for 50 and 100 Hz, respectively.
B: 100-Hz stimulation resulted in greater potentiation than 50 Hz. Fits: �-values: Table 1, f2 
 0.292, d2 
 0.9968, w3 
 1.638
for both 50 and 100 Hz and f1 
 1.74, d1 
 0.054 (50 Hz) and f1 
 0.95, d1 
 0.0488 (100 Hz). RMS errors are 5.7 and 9.7%
for 50 and 100 Hz, respectively.
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have added the assumption that XP is able to autoactivate in
a manner similar to CAMKII� autophosphorylation. When
XP receives the stimulus-related signal (S) from an external
source, the activation of XP results in the autoactivation of
XP as well as the forward activation of YP. Once activated,
YP negatively feeds back to deactivate XP. The dynamics of
XP and YP were modeled using coupled differential equa-
tions (see Eqs. 3 and 4 and METHODS for details).

Characteristics of S: the link between transient potentiation
and PTP

The requirements for MSP during the trains have already
been described. It is possible that at least one of the transient
potentiation processes, F1 or F2, is responsible for producing
MSP that surpasses the threshold for PTP induction. It has been
shown that a minimum level of potentiation must be sustained
between trains for the induction of PTP. Since the �-decay for
F1 is extremely short (21 ms), the incremental increase in
EPSP amplitude due to F1 decays completely during the 1-s
intervals between the trains; thus F1 cannot be a source of

sustained potentiation. However, F2 has a much longer �
(903 ms), and could therefore contribute significantly to sus-
tained potentiation between test pulses. However, although F2

may be correlated with PTP, we do not have any direct evi-
dence that F2 is a causal factor in producing PTP. Therefore S
is described by an FD-type process with dynamics comparable
with those of F2 (Eqs. 5 and 6 and METHODS).

The model adequately describes PTP at all frequencies
(1–100 Hz) except for the first few points following the trains,
which are underestimated (Fig. 10). During this time, there is
a dip in simulated amplitudes due to the fast offset of F1 and F2
compounded with the longer lasting effects of D2. However,
this underestimation is carried on somewhat longer at 5 Hz
(Fig. 10B). This may be because the experimental EPSP am-
plitudes during PTP following 5-Hz stimulation were slightly
higher than following 50- or 100-Hz stimulation, whereas the
model shows a PTP amplitude that is slightly less following
5-Hz stimulation. Alternatively, a fourth short-term, postte-
tanic enhancement process, augmentation, might be required to
explain these data. Augmentation typically has a decay con-
stant in the 10-s to 1-min range and has also been attributed to

FIG. 10. Experimental and simulated PTP following train cessation. Experimental EPSP amplitudes during the decay of PTP
following 1-Hz (A), 5-Hz (B), 50-Hz (C), and 100-Hz (D) trains, plotted against stimulus number and normalized to the pretrain
baseline values. Solid lines are the simulated EPSP amplitudes based on the (F1 � F2)D1D2FPTP model (see Table 1 for �-values
and update magnitudes). The model adequately describes the amplitude and time course of PTP following all frequencies of
stimulation with the exception of the 1st few points on train cessation.
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residual calcium (Fischer et al. 1997). The 170% decay that
occurs over the course of the first 15 s following a 50-Hz
tetanus is in direct contrast to the rapid decay predicted by
model simulations. This suggests that incorporating an aug-
mentation process, with a � value intermediary of F2 and FPTP,
into the model may account for the underestimation of poten-
tiation directly following the trains. Our protocol, which de-
livers test pulses 10 s apart following train stimulation, does
not enable us to adequately assess the fast decay of a putative
augmentation process following the tetanus. We therefore, in
the interest of simplicity, did not include an augmentation
process into our model.

Figure 11 summarizes the model for both STP and PTP as
compared with mean experimental results from 5- and 50-Hz
stimulation. It also shows the relative contribution of each
plasticity process modeled (F1, F2, D1, D2, FPTP) at each
stimulus (Fig. 11B). Note that F1 and D1 contribute relatively
little to the amplitudes observed during the trains at 5 Hz, but
make significant contributions at 50 Hz. The recruitment of
these processes at different frequencies may have implications
for the function of feedback over the short-duration bursts of
activity produced by the stellate cells. However, also note the

slow onset of PTP during the trains and that the contribution of
FPTP remains relatively constant regardless of frequency
(above 5 Hz).

D I S C U S S I O N

This study demonstrates that tetanic stimulation of the StF
results in a large, transient potentiation of EPSP amplitudes
during train stimulation. The amplitude of this potentiation was
frequency dependent between 1 and 100 Hz, and increased
EPSP amplitudes up to threefold at the optimal frequency
tested (50 Hz). Following the trains, a smaller, slowly decaying
potentiation was observed and referred to as PTP because its
decay constant (�6 min) is comparable with those reported for
PTP in other systems (Fischer et al. 1997). The induction of
PTP has a frequency threshold between 1 and 5 Hz but the
amplitude of PTP is frequency independent. Experimental ev-
idence suggests that surpassing the threshold for PTP induction
depends on the MSP during the trains. Paired-pulse analysis
suggests that the locus of both transient potentiation and PTP
is presynaptic.

We have developed a model that describes both the transient

FIG. 11. Summary of experimental and simulated results for 5- and 50-Hz train stimulation. A: mean experimental EPSP
amplitudes (open symbols) to 5- and 50-Hz stimulation plotted against stimulus number. Simulated fits (solid lines) adequately
account for both the frequency-dependent, high-amplitude transient potentiation during trains as well as the frequency-independent,
low-amplitude decay of PTP following the trains. B: the relative contributions of each variable in the (F1 � F2)D1D2 FPTP model
to the EPSP amplitude at each point. Note that F1 and D1 contribute little during 5-Hz trains but significantly at 50 Hz. Also note
that F2 is the main contributor to EPSP amplitudes during train stimulation.
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potentiation during the trains and the slowly decaying PTP
following the trains. Based on the results obtained both exper-
imentally and through simulations, we suggest that at least five
overlapping processes contribute to synaptic plasticity at the
StF-PC synapse.

Short-term processes during train stimulation

FACILITATION. The high-amplitude transient potentiation dur-
ing the trains is frequency dependent and can be primarily
attributed to short-term facilitation (F1, F2). The � values for F1
(21 ms) and F2 (903 ms) are comparable with values for fast
decaying facilitation (F1) and slow decaying facilitation (F2) in
other systems (Fischer et al. 1997). Therefore given the puta-
tive presynaptic locus, the enhancement of EPSP amplitudes
during F1 and F2 facilitation is most likely due to residual
calcium in the presynaptic terminal (Delaney and Tank 1994;
Zucker 1989).

DEPRESSION. There are also two depression-like processes ap-
parent during train stimulation, D1 and D2. The fast depression
described by D1 could be due to vesicle depletion, which, in a
number of systems, is a source of short-term depression with a
decay constant of 1–2 s (Dittman and Regher 1998; Varela et
al. 1999). The extent of vesicle depletion depends on the
probability of release at a given synapse, and often, the inter-
play between depletion, short-term facilitation, and/or the de-
cay of residual calcium in the nerve terminal. Although these
parameters have not been established in the ELL, vesicle
depletion remains a possible mechanism for D1.

Alternatively, D1 may be due to disynaptic GABAergic
inhibition. StF fibers make direct excitatory feedback connec-
tions onto GABAergic interneurons that synapse onto the api-
cal dendrites and bodies of pyramidal cells. The StF-interneu-
ron synapse could be potentiated in a manner similar to StF-PC
synapses resulting in enhanced inhibition through the interneu-
ron-PC synapses (Berman and Maler 1998b; Maler et al. 1981).

The longer time constant of D2 suggests two other possibil-
ities. Previous studies have demonstrated frequency-depen-
dent, direct inhibitory feedback through the StF to pyramidal
cells. These GABAB IPSPs last �800 ms and reach peak
amplitudes following 100-Hz train stimulation (Berman and
Maler 1998a). Alternatively, in in vivo experiments where ELL
pyramidal cells are loaded with a calcium chelator, train stim-
ulation of the StF results in significantly greater potentiation
than that seen in unloaded cells (Bastian 1998b, 1999). This
suggests that there may be calcium-dependent, postsynaptic
depression at this synapse, similar to that which has been
demonstrated in the mormyrid ELL (Han et al. 2000).

Short-term enhancement: PTP

Following train stimulation, PTP decays over a 6- to 7-min
period and is of much lower amplitude (20–30% enhancement)
than the transient potentiation. The amplitude of PTP is similar
to the amplitude of potentiation reported in previous in vitro
(Wang and Maler 1997, 1998) and in vivo experiments (Bas-
tian 1998a). The induction of PTP has a frequency threshold
between 1 and 5 Hz. However, the lack of frequency depen-
dence in the amplitude and decay constant of PTP is distinct
from other systems, such as the neuromuscular junction, where

these values increase with the frequency and duration of the
stimulus (Fischer et al. 1997; Magleby and Zengel 1975).

In cultured hippocampal neurons, the amplitude of PTP of
GABAergic inhibitory postsynaptic currents (IPSCs) has been
shown to be frequency independent above 5 Hz (Jensen et al.
1999). Furthermore, similar to our results, this study demon-
strated a frequency threshold for the induction of PTP between
2.5 and 5 Hz. These results suggest that the characteristics of
PTP in the ELL (frequency threshold, and frequency indepen-
dent amplitude) may be found in other brain regions.

Threshold for PTP: a possible role for CAMKII�

The mechanism of the frequency threshold is unknown.
According to PPF analysis, PTP has a presynaptic locus. It has
been shown that PTP is linearly correlated with the decay of
presynaptic residual calcium but cannot be explained solely by
this decay, suggesting that calcium may be acting at a second-
ary locus (Delaney et al. 1989). We propose that presynaptic
residual calcium may be activating an enzyme such as
CAMKII�.

In the ELL, CAMKII� has been localized to StF fibers
(Maler and Hincke 1999), and StF-induced PTP is blocked by
the bath application CAMKII� inhibitor, KN-62 (Wang and
Maler 1998). Previous in vitro experiments demonstrate
CAMKII� autophosphorylation in response to calcium pulses
delivered at frequencies as low as 4 Hz, leading to nearly
maximal autonomous levels of kinase activity (De Koninck
and Schulman 1998). Interestingly, 1-Hz pulses did not result
in significant amounts of autophosphorylation or autonomous
activity. These results attractively parallel the frequency de-
pendence for PTP induction observed in this study.

Autophosphorylation of CAMKII� is a calcium-dependent
cooperative process (Hanson and Schulman 1992); this sug-
gests that a minimum level of calcium must be sustained during
tetanic stimulation to induce autonomous activity and, by ex-
tension, changes in synaptic efficacy. Although the calcium
dynamics of ELL synapses are unknown, the level of transient
enhancement during the trains, which can be mainly attributed
to residual calcium, might serve as an indirect indicator of the
calcium level in the presynaptic boutons.

MSP, the link between transient potentiation and PTP

The results of this paper suggest that a MSP during train
stimulation is required for PTP induction. This is based on
three observations. First, trials that demonstrate PTP sustain a
minimum level of potentiation during the trains that is greater
than trials that do not demonstrate PTP. Second, the maximum
level of potentiation during the trains does not differentiate
PTP and non-PTP trials below 50 Hz. Third, a number of trials
reach maximum levels of potentiation during individual trains
that surpass the minimum levels predicted for PTP induction;
however, this potentiation is not sustained between the trains,
and these trials do not demonstrate PTP.

Our results suggest that the minimum level of potentiation is
sustained between the trains spaced 1 s apart. Only F2, with a
decay constant of nearly 1 s, can carry the “memory” of one
train to the next. However, we cannot be sure of a direct
dependence of PTP on the level of potentiation due to F2.
Consequently, for modeling purposes we have defined another
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term, S, with the dynamics and time constant similar to F2. We
hypothesize that either F2 is identical to S, or that both terms
are initiated by a common underlying process. In this way, S is
able to act as an indicator of MSP during transient potentiation
and drive the induction of PTP in our model.

Modeling short-term plasticity in the ELL

In this study, we have taken a novel approach to describe the
five processes (F1, F2, PTP, D1, and D2) underlying the dy-
namics of short-term plasticity at the StF-PC synapse. F1, F2,
D1, and D2 have been modeled as exponentially decaying
FD-type processes (Varela et al. 1997). The more complex
dynamics of PTP were modeled by an enzymatic network
interaction between an autoactivatable kinase, such as
CAMKII�, and a phosphatase. Most importantly, the threshold
PTP induction was linked to MSP during train stimulation,
through S, an F2-like process.

The completed model exhibits both the modest potentiation
seen during the 1-Hz trains, and the frequency-dependent tran-
sient potentiation observed at 5–100 Hz. The model also shows
the observed threshold between 1 and 5 Hz for PTP induction,
and the frequency-independent amplitudes of PTP demon-
strated above 5 Hz. This novel combination of modeling ap-
proaches has enabled us to describe the synaptic dynamics of
the StF-PC synapse and provide a quantitative description of
the relative contribution each synaptic process at various stim-
ulation frequencies. These constraints will be useful in deter-
mining the underlying causes of plasticity and enable the
investigation of potential functions of synaptic plasticity in
network models involving closed loop feedback to the ELL.

Functional significance of short-term synaptic plasticity in
ELL processing

It has been proposed that the direct feedback pathway acts as
a sensory searchlight that enhances the detection of weak
signals. The differences in amplitude and duration of potenti-
ation attained during transient potentiation versus PTP suggest
that these forms of plasticity may have different roles in this
type of ELL processing.

A closely related species of knife-fish, Apteronotus albi-
frons, is able to capture prey in �1 s after detection (Nelson
and MacIver 1999). Depending on the speed the fish is swim-
ming, the transdermal voltage change across an individual
electroreceptor lasts �200 ms, corresponding to a change in
peak firing rate of electroreceptor afferents of 1 or 2 spikes in
60 (Ratnam and Nelson 2000). However, the ability of the fish
to detect and capture prey suggests that pyramidal cells must be
able to encode such minute changes in firing rate.

It has been suggested that synaptic plasticity of the direct
feedback pathway could function as part of a sensory search-
light that could enhance pyramidal cell function (Bratton and
Bastian 1990). The searchlight hypothesis was first proposed
by Crick (1984), in relation to the visual system. This theory
has been updated and described in reference to ELL (Berman
et al. 1997). One requirement of the theory is reciprocal exci-
tatory connectivity. This is fulfilled by the reciprocal and
topographic positive feedback loop between the ELL pyrami-
dal cells and the Pd stellate cells. A second requirement,
nonlinearity in the responsiveness of the pyramidal cells, could

be fulfilled by the voltage dependence of pyramidal cell
EPSPs, which is likely due to the activation of persistent Na�

channels on pyramidal cell somata and dendrites (Berman et al.
2001). This voltage-dependent, nonlinearity could result in a
supralinear summation of EPSPs.

In their paper, Berman et al. (1997) hypothesized that “when
electroreceptor and StF input arrive concurrently at a pyrami-
dal cell, the StF input is enhanced greatly and therefore is very
effective at bringing the cell above spike threshold.” In the
current study, we have shown that trains of 50 Hz or greater
delivered to the StF are able to transiently enhance pyramidal
cell EPSP amplitudes up to threefold in 100–200 ms. Further-
more, the most significant changes in EPSP amplitude occur
within the first 20–100 ms of train stimulation. In the intact
animal, the feedback through the StF has a delay of �20–30
ms (Berman et al. 1997; J. Bastian, personal communication).
These time frames suggest that in addition to the voltage
dependence of EPSPs (Berman et al. 1997, 2001), transient
potentiation (F1 and F2 facilitation specifically) of the direct
feedback pathway could rapidly and dramatically potentiate the
sensory searchlight. The combination of synaptic enhancement
and EPSP voltage dependence might conservatively be ex-
pected to produce �400% increases in StF EPSP amplitudes;
this would be expected to greatly enhance electroreceptor input
as the fish advances toward its prey. The topographic nature of
the StF feedback pathway implies that this enhancement is
confined to pyramidal cells adjoining those activated by elec-
troreceptor input; thus the transient potentiation demonstrated
in this paper is likely to contribute to the detection of the weak
signals caused by prey objects.

Conversely, the duration of PTP extends longer than ex-
pected for prey capture. However, in a more complex environ-
ment, such as the tangled root masses of the flooded Amazon
River basin (Crampton 1998), a more persistent up-regulation
of the sensory searchlight may be necessary during scanning
and foraging behavior (Lannoo and Lannoo 1992).
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