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Abstract The monosynaptic field excitatory postsynap- 
tic potentials (EPSPs) evoked in the optic tectum of the 
frog (Rana remporaria) in vitro by different patterns of 
stimulation of the contralateral optic nerve were studied 
using extracellular recording. Pulse trains at frequencies 
of less than or equal to 0.033 Hz elicited field potentials 
of stable amplitude, whereas in the range 0.33 1.0 Hz 
EPSPs showed a depression in the first few responses 
subsequent to the first one, followed by a partial recov- 
ery and a final decline to a steady level. When the inter- 
pulse interval was less than 200ms, paired-pulse 
monosynaptic facilitation was found. Decrease in the 
external Ca 2§ concentration, or in the stimulation in- 
tensity or application of picrotoxin reversibly produced 
a monotonically decreasing EPSP amplitude, suggest- 
ing that a local neuronal circuit was controlling the de- 
velopment of synaptic fatigue. A simple model based on 
the combined effects of depletion of excitatory transmit- 
ter stores plus activation of a local inhibitory circuit was 
found to provide a simulation which closely resembled 
the experimentally observed pattern of synaptic fatigue. 
The present study suggests that an inhibitory synaptic 
process contributed to the non-monotonic decay of ex- 
citatory transmission in the frog optic tectum, following 
repetitive stimulation of the optic nerve. 
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Introduction 

Short-term changes in synaptic transmission following 
repetitive stimulation have been extensively studied at 
the vertebrate neuromuscular junction, in which the 
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purely monosynaptic innervation by a motor axon to 
muscle fibres simplifies these investigations. Facilita- 
tion, depression, potentiation and related phenomena 
can therefore be separately observed, taking into ac- 
count the possible overlapping of their time course (for 
a review see, for instance, Magleby 1987). Similar pro- 
cesses in the central nervous system are comparatively 
less well understood, because of a variety of factors. For 
instance, in visual areas of mammals, habituation of 
cortical neurones to sensory inputs is partially due to a 
decreased efficiency in synaptic transmission (intrinsic 
synaptic fatigue) as well as to the influence of a local 
network (Maddess et al. 1988; Vidysagar 1990). Like- 
wise, in the frog brain, adaptation of primary visual neu- 
rones of the optic tectum (OT) to retinal inputs develops 
quickly, although the underlying mechanism remains 
unclear (Maturana et al. 1960). The present investiga- 
tion focused on the process of synaptic fatigue in the 
frog OT, since the visual system of this animal presents 
some rather interesting characteristics. In particular, it 
contains different types of retinal ganglion cells supply- 
ing brain neurones with visual signals segregated into 
four main classes of optic nerve axons (Maturana et al. 
1960). When a recording microelectrode is advanced 
through the amphibian OT, it will pick up discrete re- 
sponses comprising the signal from distinct optic nerve 
afferents and from the excitatory synapses established 
by these fibres in separate layers of the OT. Such an 
anatomical arrangement will ensure that pure monosy- 
naptic excitatory responses can be selectively recorded 
from different layers of the OT. This situation was amply 
investigated by Chung et al. (1974), who observed four 
monosynaptic excitatory potentials uncontaminated by 
local network signals when single pulses of varying 
strength and duration were delivered to the optic nerve. 
Chung et al. (1974) also provided a systematic classifica- 
tion of these monosynaptic potentials on the basis of 
their origin due to activation of either fast (myelinated) 
or slow (unmyelinated) fibres. According to this study 
monosynaptic potentials are conventionally referred to 
as ml and m2 or ul and u2, depending on the myelinated 
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or unmyelinated nature of their presynaptic fibres (sub- 
script 1 or 2 indicates the latency from the stimulus 
artefact). In addit ion to the pr imary relay neurones the 
OT also contains many other  cell types. For  instance, 
immunohistochemical  studies show a highly developed 
GABAergic  system (Antal 1991), which may provide an 
inhibitory control,  particularly when repetitive activity 
is elicited by relatively high frequency impulses of the 
optic nerve. The frog OT is therefore a preparat ion suit- 
able for investigations into the effects of a local inhibito- 
ry network on fatigue of excitatory transmission, which 
is thought  to be mediated mainly by glutamate (Nistri et 
al. 1990). Experimental  advantages in using a frog OT 
preparat ion include: (a) the anatomically homogeneous  
sensory input by the optic nerve (without efferent fibers) 
establishing monosynapt ic  contacts with tectal neu- 
rones (Chung 1974); (b) the nearly complete crossover of 
the optic nerve tectal afferents at the chiasma and the 
distinct laminar organization of the OT with layer- 
specific distribution of the optic nerve afferents (Lfizfir 
1984); (c) long survival in vitro with fully maintained 
synaptic transmission. Of course, like any preparat ion 
of central nervous system in which its architecture is left 
intact in order  to study synaptic transmission, experi- 
mental  problems arise from the multisynaptic arrange- 
ment  of sensory inputs which can hardly be regarded 
similar to the simple situation found, for instance, at the 
frog neuromuscular  junction. Nevertheless, if relatively 
simple, basic properties of synaptic transmission at pe- 
ripheral junctions can be applied to central synapses, 
even integrated responses such as those displayed by 
visual neurones may be interpreted in the light of these 
findings. For  this purpose, the present study sought:  (1) 
to examine some general properties of synaptic fatigue 
produced by repeated stimulation of the optic nerve, (2) 
to compare  them with other forms of short- term 
changes in synaptic transmission and (3) to a t tempt  the 
construct ion of a model reproducing the experimental 
observations on the basis of the possible involvement of 
a local inhibitory network. 

Materials and methods 

Thirty-one adult frogs (Rana temporaria) were anaesthetized in a 
0.1% tricaine solution and decapitated. The brain was removed, 
the telencephalon destroyed and the remaining mid-brain prepa- 
ration was superfused in a recording chamber with frog Ringer 
solution containing NaC1 l l l  mM, KC1 2.5mM, NaHCO3 
17 mM, NaHzPO4 0.1 mM, CaC12 2.5 mM and glucose 4 mM. 
"Low Ca 2+'' solution consisted of 1.75 mM CaC12 plus 0.75 mM 
MgC12. Picrotoxin (75 gM) was used to block chloride-mediated 
inhibitory processes (Sivilotti and Nistri 1991). The solution was 
oxygenated with a mixture of 95% 02 and 5% CO2 (pH 7.3); the 
bath temperature was kept between 9 and 10~ One millisecond- 
long stimuli were applied to the contralateral optic nerve through 
a low-resistance suction electrode. The recording electrode, filled 
with 3 M NaCI, had a resistance of 2-10 Mf~ and was placed at a 
depth of 100 gm from the outer surface of the OT. Evoked excita- 
tory postsynaptic potentials (EPSPs; 0.3-3.0 mV) were amplified 
with an Axoclamp 2A unit and further 200-fold amplified before 
being digitized at 4 kHz by a Labmaster interface connected to an 

IBM-PC computer. Both acquisition and signal analysis were per- 
formed using pCLAMP software (version 5.5) in the pulse mode. 
Optic nerve stimulation elicited a signal consisting of one or more 
of three waveforms at different latencies, named m2, u 1 and u 2 
(Chung et al. 1974). Because of their possible overlap, the ampli- 
tude of the peak m2 and ul responses and the response of the u 2 at 
about 150 ms from the stimulus artefact were measured (with re- 
spect to the baseline taken as the voltage level 50 ms before the 
stimulus artefact) rather than their integrals. In fact, the integral 
method would be much less reliable, as each one of the overlap- 
ping waves would have to be subtracted from the others after the 
estimation of its isolated shape. It was therefore more accurate to 
measure the peak value of the waves because of negligible overlap 
in the peak regions. The data are given as means __+ SEM. Statis- 
tical analysis of related samples was done using Student's t-test for 
the differences for numerical values and the Wilcoxon test for the 
differences in ranked measures (Colquhoun 1971). Only differ- 
ences with P<0.05 were accepted as significant. Experimental 
data were fitted with a linear least-squares routine implemented 
with a Pascal program. The goodness of fit was evaluated with the 
Chi-square test. All calculations were performed with an IBM-PC. 

Results 

General  characteristics of responses evoked by 
the optic nerve 

Following stimulation of the contralateral  optic nerve, 
m2, ul and u2 waves were detected with latencies of 
9 . 9 + l . 0 m s ,  41.9_+2.5 ms and more than 120ms, re- 
spectively (Fig. la-c) ;  whereas the ml wave was not  ob- 
served. The identification of these field potentials as the 
pure monosynapt ic  excitatory responses previously de- 
scribed was based on their current density analysis and 
their level of polari ty reversal, which was the same as 
reported by Chung et al. (1974). While all preparat ions 
displayed reliably recorded m2 and ul waves, the u2 wave 
was detected less frequently under the present experi- 
mental  conditions of recording depth and stimulus 
strength (Chung et al. 1974). 

The reproducibili ty of measurements was tested at 
the beginning of each experiment by stimulating at very 
low frequencies (0.033 Hz), which consistently induced 
stable waveforms. A minimum of 60 s was consequently 
chosen as a safe interval to obtain recovery from any 
modifications produced by higher frequency pulses. Un- 
der these circumstances the amplitude of the synaptic 
waveforms showed minimal variability and, in particu- 
lar, no appreciable change in the time to peak. These 
observations indicate that the stimulation parameters  
were adequate to provide reliable, stable activation of 
the optic nerve fibres. Input /output  curves were con- 
structed by measuring the response amplitude to small 
increments in the stimulation intensity and were used 
for determining the stimulation threshold and the mini- 
mum stimulation intensity to induce a maximal re- 
sponse for each wave. Maximal stimulations were usual- 
ly in the 10 to 40 V range, that is, at least 10 times larger 
than the threshold value for stimulation, al though in- 
tensities up to 65 V were occasionally applied. Submax- 
imal stimulations were defined as those eliciting 50- 



Fig. la-f  Synaptic field po- 
tentials recorded fi'om the frog 
optic tectum in control saline 
solution, a,b,e Representative 
recordings of the m2, Ul and 
u2, respectively, from three dif- 
ferent preparations stimulated 
at 0.033 Hz. d Consecutive 
recordings of m 2 wave demon- 
strating its decay pattern fol- 
lowing 1 Hz stimulation. 
e Plot of the changes in m 2 
amplitude versus number of 
pulses in 1 Hz train for the ex- 
periment shown in d. Data- 
points were fitted with a 
spline curve, f Schematic dia- 
gram to show method to cal- 
culate variation from linear 
decay (VLD) during the early 
part of synaptic fatigue (see 
text); the small circles repre- 
sent the experimentally ob- 
served points, the large circle 
is the interpolated response. A 
is the amplitude of first re- 
sponse, B is the largest ampli- 
tude of exponentially decaying 
responses, E is the smallest re- 
sponse before exponential de- 
cay. xA, x B and Xmi~l are the 
corresponding stimulus num- 
bers: Tis the linear interpola- 
tion (at xmi,) between values 
of A and B 
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70% of the maximal response. Preparat ions showing 
reliable responses for at least 3 h were used, al though 
the average survival of the preparat ions was much 
longer. 

Trains of pulses at low frequency 

Trains of 5-20 pulses at various frequencies (0.1 1.0 Hz) 
were applied to evoke responses which were averaged 
from four identical st imulation trains. While in 8 prepa- 
rations a monoton ic  decay of synaptic transmission fol- 
lowing train stimulation appeared, for the majori ty of 
preparat ions (23/31) the amplitude of the synaptic re- 
sponses declined during the stimulus train in a non- 
monoton ic  fashion, since the initial few responses after 
the first one were essentially smaller than later ones be- 

fore a steady state amplitude was eventually reached, 
giving the biphasic appearence shown in Fig. 2a,b. 

The amplitude of this phenomenon  was often directly 
related to the stimulation frequency, as shown in 
Fig. 2a. For  a quantitat ive estimate of the non- 
monotonic  decay of synaptic transmission, a simple 
parameter  was calculated, namely the variation from 
the linear decay (VLD). VLD was defined as the differ- 
ence between the interpolated value of the smallest re- 
sponse (assuming linear decay from the first one to the 
next largest response) and the observed amplitude of the 
same response (normalized to the first response); this is 
exemplified i n  Fig. If, where: 

= ~ - x  100 VLD 

B - - A  
with T = m ( X m i n - X A ) + A  and m -  . (1) 

x B - -  x A 
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Fig. 2a-c Development of 
synaptic fatigue at different 
stimulation frequencies in 
control saline solution. 
a,b Pattern of synaptic fatigue 
at different frequencies (0.5 or 
1.0 Hz) for the m 2 and the ul 
waves, respectively (n = 4). 
Datapoints were fitted using a 
spline curve, e Histograms of 
changes in variation from lin- 
ear decay for various stimulus 
frequencies shown at the bot- 
tom of  each bar, generating the 
m2 (left), u 1 (middle) and lg 2 

(right) synaptic waveforms 
(n = 7) 
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At 0.1 Hz the VLD values for all three waves were 
rather small (_< 10%) or even negative in the case of the 
m2 waveform (Fig. 2c). Raising the stimulation frequen- 
cy to 1 Hz gave significant VLD increases for the three 
responses, whereas intermediate frequencies (0.33 Hz or 
0.5 Hz) produced significant VLD values only for the ul 
response (Fig. 2c). Since at 1 Hz stimulation rate all the 
waves displayed the non-monotonic decay pattern (with 
full recovery after 60 s rest), experiments were carried 
out at this frequency to explore whether a local network 
might have been involved in synaptic fatigue. A polysy- 
naptic system may be expected to require a certain stim- 
ulation threshold for its activation: the intensity of the 
stimuli was therefore reduced, with consequent decre- 
ment in postsynaptic response amplitude. Figure 3a,b 
demonstrates that weaker stimuli also elicited less fa- 
tigue and smaller variations in the early part of the de- 
cay pattern (Table 1), while the amplitude of the afferent 
volley elicited by strong pulses was found essentially 
unchanged for frequencies up to 1 Hz (Fig. 3a,b). 

The dependence of synaptic fatigue on stimulation 
frequency was in keeping with the possibility that a lo- 
cal circuit played a role in this phenomenon. In this case 

the activation of an interneuronal pathway would be 
expected to add responses which are more critically de- 
pendent on [Ca2+]o than monosynaptic transmission. A 
reduction in [Ca2+]o from 2.5 to 1.75 mM should there- 
fore induce not only a decrease in the EPSP amplitude 
but also a much larger fall in the influence of any polysy- 
naptic pathway. This phenomenon was in fact observed, 
as shown in Fig. 3c,d (Table 1). 

A polysynaptic inhibitory pathway would possibly 
utilize GABA, a major neurotransmitter in the frog 
brain (Sivilotti and Nistri 1991), for this purpose. In or- 
der to block GABA receptor systems completely, picro- 
toxin (75 gM) was added to the Ringer solution. In sep- 
arate experiments this picrotoxin concentration was 
found to be the largest one just subthreshold for induc- 
tion of convulsive activity. When tests for synaptic fa- 
tigue were performed, it was shown (Fig. 4) that after 
10 15 min exposure to picrotoxin this phenomenon for 
the m2 and the u~ waves was less dramatic than in con- 
trols (Table 1) and lacked transient recovery. These re- 
sults are thus comparable with those obtained in low- 
[Ca2+]o solution or with submaximal stimulations. 



Table 1 Change in values of 
variation from linear decay 
(VLD) during test treatments. 
Results are expressed as the 
difference between VLD data 
in control solution and those 
during one of the treatments 
listed in the first column. Val- 
ues are arithmetic and geo- 
metric mean _+ SEM. P val- 
ues were obtained with the 
Wilcoxon test on related sam- 
ples (Colquhoun 1971). Data 
for the u2 wave in picrotoxin 
solution are not included, as 
they were recorded from only 
two preparations 

Test for m 2 
Low Ca 2+ 
Submaximal 
stimulus 
picrotoxin 

Test for u~ 
L o w  C a  2+ 
submaximal 
stimulation 
picrotoxin 

Test for u 2 
Low Ca 2+ 
submaximal 
stimulus 
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Arithmetic mean Geometric mean P < Number of 
experiments 

13.4 +_ 3.5 12.0 _+ 3.8 0.05 7 

12.3 + 3.8 11.1 _+ 4.1 0.05 7 
13.0 _+ 1.4 12.7 + 1.7 0.05 7 

13.4 + 4.2 12.5 _+ 4.7 0.05 6 
20.1 _+ 6.0 17.2 __% 6.4 0.05 6 

24.9 _+ 2.3 23.7 _+ 3.4 0.05 6 

31.6 _+ 9.5 28.1 _+ 10.7 0.05 6 
18.1 _+ 4.1 14.8 +_ 4.6 0.05 6 

F i g .  3 a - d  Representative ex- 
amples of differential sensitivi- 
ty of the synaptic fatigue pro- 
cess to changes in stimulation 
intensity o r  [Ca2+]o. a ,b plot 
of changes in amplitude of the 
m 2 and u~ waves versus pulse 
number in a train following 
strong or weak stimuli always 
applied at 1 Hz. The ampli- 
tude of the afferent volley (v) 
recorded during the same ex- 
periment is also shown. Note 
that changes in amplitude are 
absent for the afferent volley, 
slight for the field potentials 
elicited by weak stimuli and 
much larger for the field po- 
tentials evoked by strong 
stimuli. All the data were fit- 
ted by a spline curve, e,d Re- 
duction and smoothing of the 
synaptic fatigue process pro- 
duced by strong stimuli at 
1 Hz in a low-[Ca2+]o solution 
(O) for the m 2 (left) and ul 
(right) waves when compared 
with similar data recorded 
from the same preparation in 
control saline (o) 
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P a i r e d - p u l s e  fac i l i t a t ion  

In  the  f rog O T  in vivo p a i r e d - p u l s e  s t i m u l a t i o n  of  the  
op t i c  nerve  at  i n t e rva l s  of  less t h a n  1 s i nduces  faci l i ta-  
t ion  for  al l  t h ree  s y n a p t i c  waves  (Chung  et  al. 1974). I t  
was  the re fo re  neces sa ry  to  check  w h e t h e r  in v i t ro  exper -  
imen t s  d e m o n s t r a t e d  the  s ame  p h e n o m e n o n  a n d  
w h e t h e r  f ac i l i t a t ion  c o u l d  p a r t l y  inf luence  the  t ime  
cour se  of  s y n a p t i c  fat igue.  In  the  p r e sen t  e x p e r i m e n t s  

the  a m o u n t  of  f ac i l i t a t ion  was  qu i te  large,  as s h o w n  in 
Fig. 5 a .  In  o r d e r  to  a v o i d  the  p r o b l e m s  caused  by  the 
o v e r l a p p i n g  of  the  different  waves  e l ic i ted  by  the  pa i r  of  
pulses,  a c o n t r o l  t race  wi th  on ly  the  first  r e s p o n s e  was  
first d ig i t ized ,  a n d  then  a s e c o n d  t race  wi th  the  two  con-  
secu t ive  r e sponses  was  o b t a i n e d  for  each  in t e rpu l se  in- 
terval .  S u b t r a c t i n g  the first  t race  f rom the  s econd  one  
gave  the  a m p l i t u d e  of  the  fac i l i t a t ed  response ,  which  
was n o r m a l i z e d  b y  d iv id ing  it by  the  first  c o n t r o l  re- 



292 

m 2 

1.0 

no rma l i zed  
ampl i tude  

- W  

�9 V - - - V  - - - W  - - - V  - - - ~ '  - - - W  - - - V  

�9 U . . . t .  . 0 - - _ � 9  - � 9  - - � 9  

Table 2 Paired-pulse facilitation values. T m . . . .  per the intervals 
giving the maximal facilitation observed experimentally, % . . . . .  per 
the experimental maximum facilitation of each waveform ex- 
pressed as percentage of the first control response, f, x meaning 
given in the text, Eq. 4 

m 2  U l  U 2  

Zm . . . .  per (ms) 38 + 15 74 + 41 50 
% . . . . .  p e r  120 + 59 52 + 18 59 

f ( % )  304 -t- 165 59 + 26 492 
v(ms) 49 _+ 19 131 _ 61 35 
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Fig. 4 Effect of 75 I~M picrotoxin on synaptic fatigue pattern. A 
representative experiment showing the time course of rn 2 and ul 
waveforms (produced by strong stimuli at 1 Hz). Picrotoxin was 
added to control saline after recording drug-free responses (e). 
Datapoints (joined by straight lines) in picrotoxin solution (v) 
were obtained after 20-30 � 9  exposure to this agent 

sponse. Graphs showing facilitation as a function of the 
interpulse interval are reported in Fig. 5b-d. Both max- 
imal and submaximal responses were found to be facili- 
tated for pulses closer than 200 ms, but a different be- 
haviour occurred at interpulse delfiys longer than 300- 
500 ms (Fig. 5e), since submaximal responses showed 
neither facilitation nor depression, while maximal re- 
sponses replaced their facilitation with depression. 

In order to provide a mathematical fit for the experi- 
mental data, we tested whether the model described for 
the frog neuromuscular junction could be applied to the 
frog OT. This approach seemed permissible in view of 
the spatial segregation of various synapses responsible 
for generating the different tectal field potentials. In line 
with this assumption facilitation (F) was defined as (Ma- 
gleby 1987): 

f = A 2 / A  1 - 1 (2) 

where A1 and A2 are the amplitudes of the same wave 
elicited by the first and second pulse, respectively. To 
evaluate its time course, the following expression (Ma- 
gleby 1987) was used: 

dF 
~ [ = J ( t f - r f  (3) 

in which J, is the delta function corresponding to the 
pulses,f is the amount of facilitation per pulse and r = 1/ 
z is the rate constant for the removal of F. Other pro- 
cesses such as augmentation, potentiation or depression 
have not been included. Solution of eq. 3 for paired 
pulses is 

F =fe t/~ (4) 

were t is the interval between pulses. 
Facilitation peaked at less than 100 ms and was very 

small after 500 ms. Table 2 provides numerical values 
obtained for the fit. Although the limited accuracy of the 
field potential analysis does not allow to distinguish 
various components of the signal enhancement process, 
the present results confirm that it was essentially correct 
to use a stimulation frequency of up to 1 Hz for studying 
synaptic fatigue apparently uncontaminated by facilita- 
tion. The closeness of fit derived from Magleby's model 
with the experimental observations of paired-pulse facil- 
itation suggested that the adopted minimal model ade- 
quately described the process without the requirement 
of introducing any more complex treatment. 

A model for inhibition 

In order to provide a simple description of synaptic fa- 
tigue observed following 1 Hz stimulation, various 
models were tested for their ability to simulate the ex- 
perimental observations. To start with, we checked 
whether the simple process of depletion of a presynaptic 
immediately available store (IAS) of neurotransmitter 
(Llin~s et al. 1981) refilled from a long-term store (LTS) 
of infinite capacity (following first-order kinetics) could 
adequately describe synaptic fatigue of the OT. In this 
case the value of the rate constant (ZNT) representing the 
kinetics of transfer between the two stores was set be- 
tween 4 and 10 s. The simulated synaptic response de- 
clined with a single exponential pattern, which, al- 
though similar to the late time course of the fatigue, was 
unable to reproduce the initial non-monotonic decay. It 
was therefore necessary to devise more complex models. 
One of them considered that the refilling of the depleted 
store began with a variable delay ranging from values of 
less than or equal to interpulse frequency to twice Z~T. 
With a suitable choice of refilling delay (4-8 s) and of 



Fig. 5a-e Paired-pulse facili- 
tation of excitatory transmis- 
sion in the frog optic tectum. 
a Example of facilitation of 
the m 2 wave; compare re- 
sponse produced by 50 ms in- 
terpulse delay (**) with the 
one (*) obtained without pre- 
pulse; arrows show the stimu- 
lus artefact, b-d Facilitation of 
m2, u 1 and u2, respectively. 
Quantitative data for this phe- 
nomenon are reported in 
Table 2. Dashed lines represent 
the best-fit exponential for fa- 
cilitation (see Eq. 4), while 
filled circles indicate experi- 
mental data. Intervals between 
pulses were chosen to be ap- 
proximately 5-10 ms up to 
100 ms intervals and 20- 
100 ms for larger intervals (up 
to 900 ms). Experimental 
points at smaller intervals 
than the one producing maxi- 
mal facilitation were not used 
for the fit. e Spline curve plot 
of percentage facilitation of ul 
wave by strong (o) or weak 
(o) pulses versus interpulse 
delay. Note that after 500 ms 
synaptic depression occurred 
with strong pulses. All data 
were recorded in control sa- 
line 
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"[NT (4 or 8 s), a biphasic response with an initial decay 
and a subsequent rise to a steady state level was generat- 
ed, without  the characteristic dip interrupting the em- 
pirically produced synaptic fatigue. A variat ion of this 
model was then int roduced in the at tempt  to mimic the 
experimental  observations:  in such a case an intermedi- 
ate neurotransmit ter  store was postulated to operate 
between IAS and LTS, with first-order kinetics govern- 
ing the transfer between the three stores. This model  
improved the fit of the experimental  data  but  complete- 
ly failed to reproduce impor tan t  experimental  observa- 
tions, for instance that  the VLD values were strongly 
related to the stimulus strength. These results p rompted  
the need to add to each response a decrementing factor 
propor t ional  to the amplitude of the preceding one. In 
practice this amounted  to combining the first model  
(neurotransmit ter  released from IAS and refilled from 
LTS) with an inhibitory component  generated by the 
preceding response and propor t ional  to it. 

Using these assumptions a set of equations (Eqs. A 1 -  

A3; see Appendix) was employed to fit the time course 
of synaptic signals elicited during a train of stimuli. Fig- 
ure 6 shows results of this type of fit and provides some 
parameters  relevant for the description of the theoreti- 
cal model. As indicated in Table 3, these were: ZNT, i.e. 
the time constant  for refilling of IAS by LTS;  ~, i.e. a 
dimensionless constant  propor t ional  to the amount  of 
inhibition elicited by each stimulus; and Zinh, i.e. the time 
constant  of the decay of the inhibitory process evoked 
by each stimulus. Table 3A gives the mean _ SEM of 
three fits obtained from four averaged responses of three 
preparations.  A Chi-square test with n-5 degrees of free- 
dom (n is the total number  of points and 5 is the number  
of the fitting parameters  plus the normalizat ion condi- 
tion) gave values acceptable within at least a 5% confi- 
dence level. For  the least-squares minimization proce- 
dure the two trains of responses at maximal and sub- 
maximal stimulation were simultaneously used. Table 3 
reports the results obtained by fitting the same data  
separately for supramaximal  and submaximal stimula- 
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Table 3 Parameters obtained from the best fit of the experimental 
data. Mean _+ SEM of the parameters obtained from the best fit 
from three preparations for each of the waves. The residuals are 
expressed as: R = l/{Zk_l N[Aexper(k)-Atheor(k)]2/N} where Aexper(k ) 
and Atheor(k ) a re  experimental and calculated normalized values, 
respectively (see Fig. 6 legend) with N = number of points, rwv 
time constant for neurotransmitter transfer from the LTS to the 
IAS, ~ (0 _< ~z_< 1) is proportional to the inhibition elicited by each 
stimulation, "Cin h time constant for the decay of inhibition, Simulta- 
neous values from simultaneous fit for supramaximal and submax- 
imal stimulations, Supramaximal, Submaximal values from sepa- 
rate fit for supramaximal and submaximal stimulations, respec- 
tively 

TNT (S) (~ "[in h (S) R 

Simultaneous 
m2 3.6 _+ 1.7 0.70 + 0.20 1.1 + 0.6 0.051 
u~ 2.9 _+ 0.8 0.74 _+ 0.13 0.8 + 0.4 0.035 
u2 8.8 _+ 2.2 0.89 + 0.05 2.0 _+ 0.2 0.032 

Supramaximal 
m2 3.7 _+ 1.1 0.78 _+ 0.17 0.90 _+ 0.35 0.034 
ul 4.0 _+ 0.5 0.94 __ 0.05 0.79 _+ 0.20 0.029 
u 2 8.4 _+ 2.1 0.90 _+ 0.06 3.34 -{- 0.90 0.027 

Submaximal 
m2 3.4 + 1.0 0.67 _+ 0.10 0.72 _+ 0.28 0.039 
ul 2.6 _+ 0.8 0.18 _+ 0.04 0.76 -t- 0.27 0.033 
u 2 4.2 + 0.8 0.81 _+ 0.10 2.3 _+ 0.5 0.030 

05 j,~'" "~ "1 ~-~--; - ~ -~--~ ~--'~ 

0.0 i 

1 10 

p u l s e  n u m b e r  

[] o fitted values 

�9 - experimental values 

Fig. 6 Plot of experimental (A, v) and simulated ([], o; see Ap- 
pendix) fatigue process for m2, ul and u a waves. Theoretical fitting 
of datapoints was provided by Eqs. A1-A3. Note close correlation 
between experimental data and computer simulation of fatigue 
process. Abscissa, number of pulses in the 1 Hz train; ordinate, 
amplitude of each response (An) normalized to the first one elicited 
by supramaximal stimulation. In each panel the top curve repre- 
sents responses evoked by supramaximal stimuli while the bottom 
curve shows responses induced by weak pulses (n=4). The 
parameters derived from the best fit were: for the m2, ZNX = 4.0 S, 
~=0.94, "[in h =0.77 S; for the u ,  ZNT=3.1 S, ~=0.78, "Cinh=0.52 S; 
for the u2, rNT= 10.5 S, Ct=0.88, "Cinh=2.1 S 

tions, respectively. A g o o d  ag reement  was found  for all 
pa ramete r s  except  ~ for the Ul wave and  ZN~r for the u2 
wave. 

Wi th in  the cons t ra in ts  imposed  by the choice of  the 
present  model ,  the da t a  of  Table  3 al low some quantif i-  
ca t ion  of  the var ious  processes involved in synapt ic  fa- 
tigue. For  example  it m a y  be suggested tha t :  

1. Refilling I A S  f rom L T S  is vir tually comple ted  in 
a b o u t  9 -12  s for the m 2 and  Ul waves and  a b o u t  25 30 s 

for the u 2 wave, which  are intervals three- to fourfold 
longer  t han  the respective ~NT values. 

2. The  values of  c~ derived f rom the best  fit are near  
unity,  showing  tha t  inhibi t ion m a y  prov ide  an  impor -  
t an t  con t r ibu t ion  to fatigue of  synapt ic  t ransmission.  

3. The  m e a n  value of  Zinh is a b o u t  1-2 s for all waves, 
indicat ing the invo lvement  of  a process  faster than  neu- 
ro t r ansmi t t e r  s tore deple t ion as the m e c h a n i s m  respon-  
sible for the observed  depress ion of  early responses.  

D i s c u s s i o n  

The pr incipal  f inding of  the present  s tudy  was tha t  fa- 
t igue of  the exc i ta tory  m o n o s y n a p t i c  t ransmiss ion  f rom 
opt ic  nerve fibres to tectal neurones  displayed a com-  
plex t ime course,  since a s t rong reduc t ion  in the ampli-  
tude of  the early responses  in a t rain was fol lowed by a 
t e m p o r a r y  recovery  and  then a final decline to a s teady 
level. This pa t t e rn  was no t  an  invar iable  p h e n o m e n o n ,  
since exper imenta l  man ipu la t ions  such as lowering the 
s t imulus intensity, reducing  [Ca2+]o or  add ing  the 
G A B A  a receptor  an tagon i s t  p ic ro toxin  t r ans fo rmed  
such a complex  p h e n o m e n o n  into a s m o o t h  decay  of  
synapt ic  t ransmiss ion  to a s teady plateau.  

Whi le  the isolated frog O T  offered par t icu lar ly  ad- 
van tageous  condi t ions  in terms of  his tological  o rganiza-  
t ion and  exper imenta l  reliability, it should  be no ted  tha t  
e lec t rophysio logica l  responses  were recorded  with ex- 
tracellular  electrodes loca ted  in a mul t i synapt ic  net- 
work.  Thus,  the present  da t a  seem m o r e  relevant  to un-  
ders tand ing  the funct ion of  the synapt ic  circuits ra ther  
than  the molecu la r  processes under ly ing  them. At  low 



frequencies of optic nerve stimulation there was no 
decrement in excitatory transmission, but at the 1 Hz 
rate there was a sharp, early decline (seen as a dip in 
Figs. 1 and 2), particularly evident when strong presy- 
naptic stimuli were used. These observations suggest 
that the early dip in synaptic transmission was not 
caused by lack of synchrony in the activation of presy- 
naptic fibres or temporal failure of the afferent volley 
(which remained unchanged). The frequency and inten- 
sity dependence of the dip phenomenon suggested the 
possible involvement of an inhibitory circuit. This view 
was confirmed by the smoother development of fatigue 
when extracellular Ca 2+ was lowered and Mg 2-- was 
raised (a smaller concentration of Ca 2§ could not be 
used without strong block of synaptic transmission). A 
clue to the possible identity of the inhibitory system was 
provided by the block of the dip in transmission by 
picrotoxin, an antagonist of GABAA receptor mediated 
responses (Sivilotti and Nistri 1991). Since in an 
anatomical study of the frog OT (Hughes 1990) less than 
20% of the tectal nerve terminals are reported to belong 
to retinal afferents, it is likely that part of the remaining 
nerve endings make up an intrinsic network. Several 
kinds of GABAergic terminal and dendrite identified in 
an immunohistochemical study (Antal 1991) provide 
histological evidence for the inhibitory component in a 
local interneuronal circuitry. 

Synaptic fatigue may not be the only short-term 
change in transmission following repetitive stimulation 
of retinal afferents. In fact, it is generally accepted that 
chemical synapses exhibit paired-pulse facilitation when 
two closely spaced stimuli are applied to presynaptic 
fibres (Katz and Miledi 1968). In the frog OT a prepulse 
facilitated the response to a test pulse when the interval 
was 20-200 ms (this observation applied both to weak 
and strong pulses). Nevertheless, when the interval ex- 
tended beyond 500 ms, facilitation was replaced by de- 
pression for responses induced by strong pulses, or by 
little change in amplitude following weak stimuli. These 
results confirm the presence of paired-pulse facilitation 
in this preparation and indicate that such a phe- 
nomenon did not interfere with synaptic fatigue which 
was present over a longer time span. 

A model was constructed to fit the time course of 
synaptic fatigue in the frog OT in order to describe this 
process rather than providing a mechanistic interpreta- 
tion of it. The present model combines a term account- 
ing for synaptic fatigue as slow refilling of a presynaptic 
store of excitatory neurotransmitter with a term for an 
inhibitory process (supposed to be similar to lateral in- 
hibition observed in the Limulus eye; Hartline and 
Ratliff 1972). Presumably, the lag between emptying an 
immediately available store and its refilling from a long- 
term store underlies the monotonic reduction in the am- 
plitude of excitatory responses to a steady level, which is 
determined by the rate of transmitter transfer between 
the two stores. Using these assumptions, experimentally 
derived parameters were found to produce a good fit of 
the observed pattern of fatigue. Simpler models based 
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only on gradual depletion of presynaptic stores of neu- 
rotransmitter were found insufficient to describe experi- 
mental data. Notwithstanding the closeness between 
observed and fitted results, other more complicated 
models might have been used: for instance, a model 
which introduced a threshold value at which the in- 
hibitory process became operative and/or which con- 
tained a factor related to intrinsic fatigue of the inhibito- 
ry system. Computations based on these additional (al- 
beit realistic) assumptions would have required the in- 
troduction of other degrees of freedom, leaving in turn 
the system underdetermined. The simplicity of the 
present model in simulating rather accurately the devel- 
opment of synaptic fatigue is an obvious advantage, al- 
though it cannot entirely explain the observed data. For 
example, the existence of a threshold for the activation 
of inhibition, which was left out from the present model, 
might account for the discrepancy between cz values for 
supramaximal and submaximal stimulations eliciting 
the ul wave. The difference between ZNT after supramax- 
imal or submaximal stimulation might also indicate an 
additional mechanism causing more severe fatigue elic- 
ited by the stronger stimuli. Furthermore, while the 
model suggests a role for an inhibitory synaptic circuit 
in shaping fatigue of excitatory transmission, it does not 
allow a distinction to be made between various types of 
inhibition (for instance feed-forward or feed-back, or 
even pre-synaptic). 
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Appendix 

Assuming that synaptic fatigue was produced by a com- 
bination of the slow refilling of presynaptic stores simul- 
taneously with the onset of local inhibition, the follow- 
ing iterative equation was used to describe the time 
course of synaptic fatigue: 

An = k c n -  ~I~ (A1) 

were An, the amplitude of the n th waveform normalized 
to the first supramaximal response, is the difference be- 
tween two terms, the first one accounting for the reple- 
tion of IAS from LTS, and the second one representing 
the inhibitory process, k (proportional to the amplitude 
of the first response) is the constant fraction of neuro- 
transmitter concentration released by each pulse, and 
( 0 < ~ < 1 )  is a constant which accounts for the total 
amount of inhibition, c, is the (variable) neurotransmit- 
ter concentration in the IAS just before the n th stimula- 
tion and is given by: 

Cn=Cn_ , +(Co--C,~_l)(1--e (a~/~) (A2) 

where Co is the asymptotic value for the neurotransmit- 
ter concentration in the IAS, Zyv is the time constant for 
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refilling IAS from LTS, and fit is the interpulse delay. I n 

is the fraction of inhibition acting on the n th response 
and is given by the following expression: 

I n = I n _  1 e-(ftlvinh) + A , _  1(1 - I , _  1)e-(~t/~"~) (A3) 

where Xinh is the time constant for intrinsic decay (sup- 
posed to be exponential) of the inhibitory neurotrans- 
mission. In Eq. A3 the first term corresponds to the 
cumulative inhibition present immediately before the n th 

pulse, whereas the second term is the inhibition brought 
about by the n th stimulus itself. Each time the IAS neu- 
rotransmitter concentration is suddenly depleted by a 
pulse, its refilling from the LTS follows a first-order ki- 
netic given by the value of c, from eq. A2. 

The initial condition for the iterative equation is 
given by: Io = 0, A 0 = 0, corresponding to absence of in- 
hibition at the first response. 
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