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ABSTRACT The nature of information stemming from a
single neuron and conveyed simultaneously to several hun-
dred target neurons is not known. Triple and quadruple
neuron recordings revealed that each synaptic connection
established by neocortical pyramidal neurons is potentially
unique. Specifically, synaptic connections onto the same mor-
phological class differed in the numbers and dendritic loca-
tions of synaptic contacts, their absolute synaptic strengths,
as well as their rates of synaptic depression and recovery from
depression. The same axon of a pyramidal neuron innervating
another pyramidal neuron and an interneuron mediated
frequency-dependent depression and facilitation, respectively,
during high frequency discharges of presynaptic action po-
tentials, suggesting that the different natures of the target
neurons underlie qualitative differences in synaptic proper-
ties. Facilitating-type synaptic connections established by
three pyramidal neurons of the same class onto a single
interneuron, were all qualitatively similar with a combination
of facilitation and depression mechanisms. The time courses
of facilitation and depression, however, differed for these
convergent connections, suggesting that different pre-
postsynaptic interactions underlie quantitative differences in
synaptic properties. Mathematical analysis of the transfer
functions of frequency-dependent synapses revealed supra-
linear, linear, and sub-linear signaling regimes in which
mixtures of presynaptic rates, integrals of rates, and deriva-
tives of rates are transferred to targets depending on the
precise values of the synaptic parameters and the history of
presynaptic action potential activity. Heterogeneity of synap-
tic transfer functions therefore allows multiple synaptic rep-
resentations of the same presynaptic action potential train
and suggests that these synaptic representations are regulated
in a complex manner. It is therefore proposed that differential
signaling is a key mechanism in neocortical information
processing, which can be regulated by selective synaptic
modifications.

Neuronal signaling in the neocortex has been the subject of
extensive debate (1-3). One approach to this problem is to
determine how frequency-dependent changes in synaptic
transmission dictate which features of action potentials (APs)
trains are transmitted effectively to the postsynaptic neuron
(4-6). This characterization of the input (AP) and the output
(synaptic response) properties allows assessment of the trans-
fer function of synaptic connections. It has been reported in
several nonmammalian systems that synaptic responses via the
same axon onto different types of targets can display different
frequency-dependent properties (7-12). Dual recordings in
the neocortex have revealed that synaptic connections from
pyramidal neurons onto some classes of interneurons can
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display frequency-dependent facilitation whereas transmission
onto pyramidal neurons typically displays depression (13-14),
suggesting that differential transmission is also likely in mam-
malian neocortex. Differential transmission to potentially
thousands of target neurons could mean that different features
of the same AP train are transmitted to each of the targets,
which alludes to a computational complexity that has not been
considered and that could be fundamental to neocortical
information processing. It is therefore important (i) to estab-
lish the degree of heterogeneity of the synaptic properties that
characterize frequency-dependent synapses, (if) to establish a
general approach toward a potential mosaic of different types
of synaptic properties, and (iif) to assess the transfer functions
of different synapses and determine how they depend on
specific synaptic properties. To achieve these aims, we ob-
tained simultaneous triple and quadruple neuron recordings in
rat neocortex to compare responses generated in different
target neurons and to compare those synapses from the same
morphological class onto a single target neuron. The synaptic
properties were analyzed with a phenomenological model,
which then was used to derive mathematical descriptions of the
features of AP trains transmitted by these synapses.

MATERIALS AND METHODS

Slice Preparation. Sagittal slices (300 uM) were cut from the
somatosensory cortex of Wistar rats (13-15 days) (15). Exper-
iments were performed at 32-34°C with extracellular solution
(in mM): 125 NaCl, 2.5 KCl, 25 glucose, 25 NaHCO3, 1.25
NaH,PO,4, 2 mM CaCl,, and 1 mM MgCl,. Neurons were
preselected by using infrared differential interference contrast
video-microscopy on an upright microscope (Zeiss-Axioskop-
FS, fitted with a X40-W/0.75 numerical aperture objective)
(15). Somatic whole-cell recordings (10-20 M access resis-
tances) were obtained, and signals were amplified by using
Axoclamp-2B amplifiers (Axon Instruments), captured on
computer by using PULSE CONTROL (by R. Bookman, Miami
University), and analyzed using programs written in IGOR (Igor
Wavemetrics, Lake Oswego, OR). Pipette solution contained
(in mM): 100 K-gluconate, 20 KCl, 4 ATP-Mg, 10 phospho-
creatine, 0.3 GTP, 10 Hepes, and 0.5% biocytin (pH 7.3, 310
mOsm). Resting membrane potential levels for pyramidal
neurons were —62 = 2 mV and for interneurons were below
—74 mV. Input resistances for pyramidal neurons were 80-150
MQ and for interneurons were 600-1000 M(). Recording
connection probability between layer 5 pyramidal neurons was
~1:10 (as in ref. 15) and between close neighbor layer 5
pyramidal neurons and interneurons was ~1:50. Connection
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probabilities between pyramidal neurons and interneurons in
layers 2-3 and 4 were ~1:5.

Anatomical Analysis. Biocytin-filled neurons were drawn by
using a camera lucida (Olympus, Diisseldorf, Germany) and
were computer reconstructed by using Neurolucida (Micro-
BrightField, Colchester, VT). Morphological analysis was per-
formed by using MORPH (Neurolucida) on an Olympus micro-
scope (BX-50). Dendritic locations were grouped into apical
dendrites, tuft dendrites, 1st to nth order basal dendrites, or
apical oblique dendrites.

Bipolar-like interneuron morphology is readily distinguish-
able from other neurons and was confirmed by subsequent
reconstructions of dendritic and axonal arbors, but without
knowledge of the location of their postsynaptic synapses, a
definitive classification is not possible. Potential synapses were
identified by apposition of a bouton [identified as an axonal
swelling twice (=10%) the normal axonal diameter]| and a
dendrite in the same focal plane by using a 1.25 numerical
aperture, X63, oil immersion lens. An electron microscopically
derived error margin of 80% was established previously for
layer 5 pyramidal neurons (15). An estimated 20-25% of the
dendritic tree is cut in these slices (neurons, 60—80 wm below
surface; average dendritic length, ~150 wm).

Steady-state electrotonic distances (X) were computed ac-
cording to: X = %4 and VR, - r/2R; where L is the geometric
length, r the mean dendritic radius, R;, the internal resistivity
(155 Q cm), and R,, the membrane resistance (70 000  cm?).
The sum of X for all dendritic segments from the soma to the
synaptic location was determined.

Phenomenological Model of Frequency-Dependent Syn-
apses. Our previous model of synaptic depression (6) was
formulated with three parameters [absolute synaptic efficacy
(A); utilization of synaptic efficacy (U) and recovery from
depression (Trec)]. The model is based on earlier concepts of
the refractoriness of the release process (16—19), which can be
rephrased by stating that the fraction (U) of the synaptic
efficacy used by an AP becomes instantaneously unavailable
for subsequent use and recovers with a time constant of 7.
The fraction of available synaptic efficacy is termed “R.” A
facilitating mechanism is included in the model as a pulsed
increase in U by each AP. The running value of U is referred
to as u and U remains a parameter that applies to the first AP
in a train. u decays with a single exponential, 7¢,ci, to its resting
value U. Biophysical models of synaptic transmission, in which
facilitation may have several time constants with different
amplitudes (19-21), were further simplified by assigning the
amplitude of the pulsed change in u the value U (1-u), which
also ensures that u < 1.

From a resting state of the synapse, all of the synaptic
efficacy is available, and the fraction that remains immediately
after the first AP in a train is

R =1-U (1]

During the AP train, each presynaptic AP uses further frac-
tions of R at the time of its arrival. R therefore constantly
changes because of subsequent use by APs, recovery of the
unavailable synaptic efficacy with a time constant of 7., and
the pulsed increase in u caused by each AP. R for consecutive
APs in the train is then

—At —At
Rn+1 = Rn(l - un+1)exp +1- exXp [2]

Trec TI'CC

where At is the time interval between nth and (r + 1)th AP and

where
—At —At
U, = U,EXP + U\ 1 —u,exp [3]

Tfacil Tfacil
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The synaptic response that is generated by any AP in a train
is therefore given by

EPSP, = A-R,u, [4]

Synaptic connections displaying depression are characterized
by negligible values of 7,1 and hence u, = U.

The steady-state value of R (Ry) for a given frequency (r) of
stimulation is given by

1- exp(_l/rTrec)

R,vt(r) = 1— (1 — ust(r))exp(_l/r'rrec)

[5]

where

U
1 -1 = Uexp(—1/r7eaci)

[6]

ust(r) =

The Quantal Model of Transmitter Release. U partly or
completely is determined by the probability of release (Pr)
depending on the mechanism of frequency dependence. The
value of the parameter A is equivalent to the product of the
quantal size, number of release sites, and an electrotonic
attenuation factor. We recorded neurons in current-clamp to
determine A in the soma, which is the functionally relevant
synaptic strength in the context of this study aimed at exam-
ining differential signaling of target neurons. For depolariza-
tions below —55 mV, the relative amplitudes of excitatory
postsynaptic potentials (EPSPs) and hence U, Trec, and 7¢,cil are
not significantly affected by activation of voltage-dependent
conductances (23). Membrane potentials of interneurons also
were held between —74 mV and —90 mV to minimize acti-
vation of voltage-dependent conductances. Even if these con-
ductances are activated, the phenomenological formulation is
advantageous because it avoids assumptions of the biophysical
mechanism(s) of frequency dependence and hence allows the
determination of the functionally relevant U parameter, time
constants of depression, and facilitation. This phenomenolog-
ical approach is based on the mean output behavior of synaptic
connections and therefore requires analyzing only averaged
responses compared with traditional quantal analysis, which
requires statistical analyses of fluctuations in responses (see
ref. 24).

Deriving Values of Model Parameters. EPSP amplitudes
were measured after correction for the decaying voltage of
previous EPSPs. The model was iterated with the average
amplitudes of EPSPs generated by 6-16 APs and a recovery
response 500 ms after the end of the AP train (20-100 sweeps),
to derive the values for 4, U, Trec, and racii. Voltage responses
were simulated in a “point neuron,” arbitrary input resistance,
and experimentally determined membrane time constant
(30-60 ms). Fitting: each EPSP in a train was weighted to
produce a contribution to an error function defined as the
percent difference in EPSPexperiment and EPSPpredicied. Total
E = \/E% +E3+..... E2, where E; to E,, represents the error
contribution of each EPSP in the train. Optimal fitting was
achieved by minimizing E. For depressing synapses, an E of
>10% could reflect a difference in U of 0.05 and 7. of 50 ms,
thus only larger differences were considered significant. Sig-
nificance levels for differences at facilitating synapses are
complex because they depend on the relative values of U, Trec,
and Teacit.

RESULTS

Differential Synaptic Innervation and Transmission onto
the Same Class of Pyramidal Neuron. We began by comparing
the properties of synaptic connections formed onto two pyra-
midal target neurons of the same morphological and electro-
physiological class by the same axon emerging from a thick
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Fic. 1. Differential synaptic innervation and transmission onto
two thick tufted layer 5 pyramidal neurons. (4) Camera lucida
anatomical reconstructions of three neurons. Putative light micro-
scopically derived contacts are marked: from red to brown cell (brown
circles) and to blue cell (blue circles). (B) Light microscopic psuedo-
color image of somatic regions. (C) Averaged (30 sweeps) EPSPs (30
Hz) recorded in two postsynaptic neurons shown in A4 and B in
response to APs in the presynaptic neuron (red cell). 5 ms, 500 pA
current pulses used to enable time-controlled depolarizations to
generate APs. Average electrotonic distances differed 3-fold. (D)
Responses shown for a different pair of targets illustrating another
example in which the mean steady-state electrotonic distances of the
contacts were equivalent.

tufted layer 5 pyramidal neuron. Anatomical reconstructions
of the dendritic and axonal arbors (Fig. 1 4 and B) revealed
that the number of putative contacts varied 1.61 * 0.3-fold
(range 1- to 5-fold; 3.3 = 1.5 putative synaptic contacts per
connection; mean *= SD; 6 triples reconstructed). The den-
dritic branch location of 40 putative contacts examined also
differed in all but one triple, where a putative contact was
located on the same order of dendritic branch as in the other
target neuron. Fig. 1 (4-C) illustrates an example in which the
dendritic locations of putative contacts were strikingly differ-
ent and in which different responses were recorded in the
somata. Electrotonic distances differed on average 1.47 =
0.77-fold (range, 1-3; mean X, 0.15 = 0.08). For 55% of
putative contacts, the same axon collateral was involved in
placing the putative contacts on different types of branches.

Paired pyramidal targets also displayed different degrees of
synaptic depression (Fig. 1D). To compare frequency-
dependent synaptic connections quantitatively, we determined
the values of three synaptic parameters from averaged exper-
imental traces by using a model of synaptic depression (6; see
Materials and Methods). The absolute synaptic efficacy (A4) of
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a connection represents the maximum potential synaptic re-
sponse (frequency-independent) that can be produced by an
AP in the soma (i.e., if Pr were 1 at all contacts). The utilization
of synaptic efficacy parameter, U, represents the average
fraction of synaptic efficacy used by an AP (analogous to Pr).
The third parameter is the time constant for recovery from
depression Trec.

For divergent connections, A varied 5.72 = 7.27-fold (range,
1.06-21.03; A4, 2.71 = 1.72 mV; 6 triples), U varied 1.28 =
0.15-fold (range 1.08-1.45; U, 0.59 = 0.16), and Ty varied
1.63 = 0.79-fold (range 1.13-3.01; Tree, 813 = 240 ms), indi-
cating that the values for all three parameters are heteroge-
neous for synapses formed by the same axon onto the same
class of target neuron. A was weakly correlated with the
number of putative contacts per connection (r = 0.48; 10
connections), which was only slightly improved after normal-
ization for differences in steady-state electrotonic distances
(r = 0.52), perhaps alluding to a heterogeneity in quantal size,
but this could also be partly due to the difficulty of determining
the precise number of synaptic contacts and accurately deter-
mining A4.

Differential Synaptic Transmission onto Pyramidal Neu-
rons and Interneurons. In contrast to responses generated in
homogeneous pairs of pyramidal targets, divergent connec-
tions onto a neighboring pyramidal neuron and a bipolar
interneuron displayed synaptic depression onto the pyramidal
neuron and facilitation onto the interneuron (4 triples in layer
5; Fig. 2). Responses facilitated to discharge the interneuron
in 2 of 4 triples indicating that these synapses in layer 5 can be
powerful (4 was 20 mV and 34 mV; the largest EPSP recorded
in a single trial was 18.3 mV). This result is consistent with
frequent recordings of polysynaptic excitation or inhibition
produced by these layer 5 neurons (25), which is not the case
in the upper neocortical layers 2-3 and 4 (A. Gupta & H.M.,
unpublished data). It is not presently feasible to examine the
heterogeneity of facilitating synaptic connections onto the
same class of interneurons because an unambiguous classifi-
cation of interneurons is not possible.

A B P
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right
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left
| pyramidal
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Fic. 2. Differential synaptic facilitation and depression via the
same axon innervating two different targets. (4) A light microscopic
psuedocolor image of three biocytin-filled neurons. The pyramidal
neuron on the left innervated the pyramidal neuron on the right and
the bipolar interneuron on the right. (B) Single trial responses (30 Hz)
to same AP train. Failure rate for first EPSP: interneurons, 24%;
pyramidal neuron, 0% (60 sweeps). Coefficient of variation (CV; as in
ref. 15) for first EPSP: interneuron, 1.12; pyramidal neuron, 0.15. CV
for 6th EPSP: interneuron, 0.32; pyramidal neuron, 0.68.
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Heterogeneity in Synaptic Properties of Convergent Con-
nections from the Same Class of Neuron. Heterogeneity of
synaptic properties could be determined by using only paired
recordings (6, 13-15), but it is not clear whether this hetero-
geneity could reflect an underlying potential for plasticity
because it is not known how strongly the various postsynaptic
targets dictate these synaptic properties. Similarly, although
the data from the triple recordings indicate heterogeneity in
the values of synaptic parameters formed by the same axon, it
is still possible that subtypes of target neurons or specific
dendritic branches dictate these values. To determine the
extent to which the postsynaptic neuron dictates synaptic
properties, we examined the properties of synaptic connections
from the same morphological class of neuron onto a single
target neuron. Two or three presynaptic pyramidal neurons
and one postsynaptic target interneuron were recorded in
layers 2-3 and 4 where such convergence appears common
(Fig. 34). These experiments showed that all responses facil-
itated, but the time courses of facilitation were different (Fig.
3B). An average of 64 + 37.8% of the putative synapses of one
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F1G. 3. Convergent input to an interneuron from the same class of
pyramidal neuron. (4) A Neurolucida computerized reconstruction of
three pyramidal neurons presynaptic to one interneuron in layer 2-3.
The light-microscopically identified putative contacts are marked as
white stars. (B) The average (30 sweeps) synaptic response produced
by each synaptic connection. For cell 1, 4 was 2.5 mV, U was 0.1, Trec
was 30 ms, and Tgacii was 1,700 ms. The number of putative contacts
established was 3. For cell 2, the value of these parameters were, 10
mV, 0.03, 600 ms, and 3,000 ms, respectively, and the number of
putative contacts was 6. For cell 3, the values were 3.2 mV, 0.12, 30 ms,
and 3,900 ms, and the number of putative contacts was 5.
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connection was on the same dendritic branch as those formed
by the other convergent input (71 putative synapses examined).

To compare facilitating synaptic connections quantitatively,
the model for synaptic depression was extended. An incorpo-
ration of a pulse-like increase in U by APs (the running value
of U is referred to as u) and an exponential decay with a time
constant Tpq between APs allowed the simulation of both
depressing (not shown) and facilitating synaptic connections
for all frequencies (Fig. 441, A2, and B). A comparison of pairs
of convergent inputs onto a single postsynaptic neuron re-
vealed a 1.97 = 1.12-fold difference in A (range, 1.12-4; A,
11.4 = 7.2 mV; 7 paired convergent inputs), a 2.38 = 1.16-fold
difference in U (range, 1-4; U, 0.049 = 0.037),a 9.5 = 9.8-fold
difference in 7yc (range, 1-20; Trec, 399 = 295 ms), and a 2.23 *
0.79-fold difference in g (range, 1.3-3; Teacit, 1797 = 1247
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FiG. 4. Frequency dependence, signaling regimes, and synaptic
transfer functions of facilitating synapses. (41) Average EPSPs (4
sweeps) recorded in interneuron (30 Hz). Membrane potential, —89
mV. (42) Simulated synaptic response (30 Hz). Postsynaptic potential
is computed by using a passive membrane mechanism TmemdV/dt =
=V + (Rin'Lsyn(t)) with Rin of 1 GQ and Tnem = 60 ms (V' = voltage,
Iyn = synaptic current). (B) Steady-state EPSP amplitudes vs. pre-
synaptic AP frequency. Each point represents average of 20-30
EPSPy. Solid line, model prediction (membrane nonlinearity not
accounted for). Same synaptic connection as in 4. Dashed line, inverse
relationship with frequency. Peak frequency marked as 6, limiting
frequency as A. A is determined when the model fit of the experimental
data deviates 10% from the 1/f curve. (C) Net depolarization as a
function of presynaptic frequency (product of EPSPy;, presynaptic
frequency and membrane time constant, 60 ms) illustrating the
continuum of signaling regimes from supra-linear to sub-linear. (D)
Simulated postsynaptic current (Im) generated by Poisson AP trains
with a sequence of instantaneous transitions from 0 to 80 Hz. Model
parameters, Az = 1,540 pA, U = 0.03, 7rec = 130 mS, Tgacit = 530 ms.
The trace represents the average of 500 “sweeps.”
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ms), indicating large heterogeneity in the values of all of these
synaptic parameters. One consequence of this heterogeneity is
illustrated in Fig. 3B, where cell 2 generates a deceptively small
response for the test frequency because of a low value of U and
a high value of 7. A was actually more than three times
greater than for the other two connections.

Frequency Dependence of Facilitating Synaptic Connec-
tions. The heterogeneity of synaptic properties subserves
heterogeneity in frequency-dependent transmission character-
istics. Frequency-dependent characteristics of connections
therefore were quantified. When facilitating synapses are
stimulated at progressively higher frequencies, the steady-state
amplitude of EPSPs for a given frequency (termed “EPSPy”)
first increases and then decreases, resulting in a bell-shaped
curve (Fig. 4B). This behavior differs from the frequency
dependence of depressing synapses [where EPSP; decreases as
the frequency increases (6)] because of simultaneous facilita-
tion of u and growing depression at higher values of u (see Egs.
5 and 6). The peak of the bell-shaped curve is a characteristic
feature of a particular facilitating synapse and can be derived
from the model equations by finding the frequency where the
product of the steady-state values of # and R is at a maximum
(see Egs. 5 and 6). A general description of the dependence of
this frequency (defined here as the “peak frequency,” 6) on the
model parameters also can be used to approximate this
characteristic frequency for any facilitating synapse

1
0= —F— 7
AY U”Tfacil'Trec [ ]

Peak frequencies for convergent pairs varied 2.3 = 1.48-fold
(range, 1.1-5.4; 6, 11.6 = 6.6 Hz with a range from 3.9 to 21.5
Hz). Another characteristic property, previously found for
depressing synapses (6), that also applies to facilitating syn-
apses is the limiting frequency (A). The limiting frequency is
the frequency of stimulation where EPSP begin to decrease
inversely proportional to the frequency (Fig. 4B). A is a
characteristic property of synapses because it reflects a specific
relationship between U and recovery from depression and, if
present, facilitation. A typically ranges from 5 to 30 Hz for
depressing synaptic connections (6), and for those synaptic
contacts formed by the same axon onto two pyramidal targets,
A differed 1.77 = 0.68-fold (range, 1.2-3; average A, 20 * 16
Hb). A values for facilitating synapses are considerably higher
and also range as much as 2-fold (70-130 Hz).
Heterogeneity of Synaptic Transfer Functions. The model
was used to examine mathematically which features of presyn-
aptic APs are transmitted to the postsynaptic neuron to assess
the transfer functions of the synaptic connections. The fre-
quency dependence of EPSPy illustrated in Fig. 4B indicates
that the transmission properties of neocortical synapses are
very different depending on the rate of presynaptic AP dis-
charge. When the net steady-state postsynaptic membrane
potential was plotted against the presynaptic frequency (by
using Eqs. 5 and 6), a sigmoidal relationship was revealed that
points to three frequency regimes defined as supra-linear,
linear, and sub-linear signaling regimes (Fig. 4C). To charac-
terize the features of the presynaptic AP train transmitted
within these signaling regimes, the model was used to compute
the average postsynaptic response at various times after arbi-
trary changes in presynaptic discharge rates of a Poisson AP
train (by using Eqs. 2-4) and the linearity of the response with
respect to the increment in discharge rate was assessed. Fig. 4D
illustrates a particular example of responses generated by
instantaneous frequency transitions. This analysis revealed
that, in the sub-linear regime (at rates near and above A), the
steady-state response is insensitive to the presynaptic fre-
quency because of synaptic depression (see also refs. 4-6).
More precisely, the product of EPSPy; and frequency saturates.
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The main feature that is transmitted to the postsynaptic neuron
in this signaling regime is changes in frequencies (derivatives
of discharge rates) (see Fig. 4D, sub).

The linear signaling regime begins below A, where the
postsynaptic response reflects a progressively higher contri-
bution of the absolute discharge rate of the presynaptic neuron
as the frequency decreases toward 6. Near 6, the postsynaptic
response is proportional to the discharge rate (see Fig. 4D,
linear). Both the sub-linear and linear signaling regimes exist
as well for depressing synapses (4-6), but their linear regime
is in a narrow range of low frequencies.

The novel supra-linear regime for facilitating synapses be-
gins below 6 and extends toward 0 Hz. In this regime, the
postsynaptic response reflects not only the presynaptic dis-
charge rate but also the total number of APs. More precisely,
the presynaptic rate is amplified by a facilitating factor equiv-
alent to the integral of rates weighted with a decaying kernel
of time constant, 7. In this signaling regime therefore, the
postsynaptic response is proportional to:

! t—t'
r(t)J' r(t') exp( T '1) [81

which can be approximated by multiplying the discharge rate
with the number of APs emitted during the preceding time
window of 7, (see Fig. 4D, supra).

These analyses demonstrate that the values of 6 and A, which
are dependent on the values of the synaptic parameters U, Trec,
and T, determine the frequency ranges within which the
basic signaling regimes exist and hence underlie the transmis-
sion properties of synapses, defined as synaptic transfer func-
tions. Heterogeneity of synaptic transfer functions indicates
that each synaptic connection can transmit different features
of the presynaptic AP activity depending on the prior history
of activation, and hence a unique melange of features (rates,
rate-integrals, and rate-derivatives) are transmitted to each
target neuron by an irregular presynaptic AP train—hereby
defined as “differential signaling.”

DISCUSSION

The present experiments indicate that synaptic connections
established by pyramidal neurons differ in numbers and den-
dritic locations of synapses, in their absolute synaptic efficacies
and values of U, T, and Teciie A mathematical analysis
provides a generalized approach to frequency-dependent syn-
aptic transmission. The possible mechanisms, driving condi-
tions, and functional significance of synaptic heterogeneity are
discussed.

Biophysical and Anatomical Basis for Heterogeneity in
Properties of Synaptic Transmission. Differential facilitation
and depression of synaptic transmission via the same axon has
been observed in crayfish, lobster, crustacean, locust, and
crickets (7-12). The prevailing hypothesis for the mechanism
is that the critical events are initiated upon pre-postsynaptic
contact during development leading to distinct presynaptic
biophysical, biochemical, and perhaps structural characteris-
tics (7-12, 26-28), but differential axonal conduction failure
also may occur (8, 29). In the present study, axonal conduction
failure is an unlikely mechanism because the same axon
collateral was found to mediate either different depressing
synaptic responses or both facilitating and depressing synaptic
responses.

Differential facilitation and depression could simply reflect
different values of Pr; however, for depressing synaptic con-
nections between layer 5 pyramidal neurons, depression is
observed at all synapses even though U varies from 0.1 to 0.95
(6). Lowering [Ca®" oy also can result in >90% failures (from
~5%), can unmask slight facilitation (in two of four cases
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tested), but cannot convert responses into the types of re-
sponses recorded between pyramidal neurons and interneu-
rons (not shown). Incorporating facilitation into the model
also does not improve the fit to experimental traces even when
U is very low. The depressing and facilitating synapses re-
corded in this study therefore appear to belong to distinct
classes.

The biophysical basis for heterogeneity in 7yec and T, are
not clear. The heterogeneity in U could reflect heterogeneity
in Pr as previously reported for central mammalian synapses
and for some of the synapses presently studied (6, 15, 30-32).
Indeed, the application of cyclothiazide, a blocker of L-a-
amino-3-hydroxy-5-methyl-4-isoxazole-propionate receptor
desensitization, could not block synaptic depression between
layer 5 pyramidal neurons (23). It did speed up recovery from
depression, but this effect could have been caused by a
presynaptic action (33). The blockade of N-methyl-D-aspartate
receptors, which contributes significantly to the depolarization
at —50 mV (15), also did not affect the rate of depression or
recovery from depression (n = 2; not shown), and the kinetics
of depression are not voltage-dependent (23), suggesting a
presynaptic mechanism for depression. For facilitating syn-
apses, however, the possible involvement of postsynaptic re-
ceptor desensitization during high frequency stimulation (see
ref. 34) remains to be established.

Driving Conditions for Generating Heterogeneity in Prop-
erties of Synaptic Transmission. Previous reports suggested
that the postsynaptic target neuron dictates frequency depen-
dence of transmission at a connection (26-28). The present
study also suggests that, in the neocortex, the postsynaptic
target neuron dictates the qualitative differences between
synaptic connections. The results further suggest that the
quantitative differences in synaptic parameters are determined
by the unique events that may occur between any two neurons.
Indeed, the precise relative timing of presynaptic APs and
EPSPs determines U for the connection between layer 5
pyramidal neurons (6, 35, 36). Furthermore, a recent study
showed heterogeneity in Pr values for multiple autapses on
different parts of the neuron by using imaging techniques,
suggesting that even individual synapses within a connection
may be differentially regulated according to their unique
histories of postsynaptic dendritic and presynaptic AP activity
(26). The driving conditions to change U at other neocortical
connections and to change A, Trec, Tracil, and potentially the
various sub-components of depression and facilitation remain
open.

Functional Significance of Heterogeneity in Properties of
Synaptic Transmission. The present study predicts that neural
networks process information not only according to multiple
combinations of rate and temporal codes or synaptic repre-
sentations but also according to integrated activity patterns.
Furthermore, AP activity patterns can change the form of the
synaptic transfer function by switching from one regime to
another and hence synaptic representations of AP activity.
This would itself influence subsequent AP activity patterns,
making iterations of synaptic transfer functions and AP activity
patterns likely. Differential signaling therefore is proposed as
the basis for iterative information processing within networks
of neurons.
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