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Release-independent depression at pyramidal inputs onto
specific cell targets: dual recordings in slices of rat cortex
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Paired intracellular recordings were performed in slices of adult rat neocortex and
hippocampus to examine presynaptic depression. A novel form of depression that occurs even
in the absence of transmitter release during conditioning activity was observed at a subset of
synaptic connections.

In each pair studied, a pyramidal neurone was presynaptic and inputs onto a range of
morphologically identified postsynaptic target cells were analysed; high probability
connections exhibiting the more traditional forms of release-dependent depression, as well as
low probability connections exhibiting facilitation, were tested (n = 35).

Connections were tested with presynaptic spike pairs and trains of spikes with a range of
interspike intervals. Sweeps in which the first action potential elicited no detectable response
(apparent failures of transmission) and sweeps in which the first action potential elicited
large EPSPs were selected. Second EPSPs that followed apparent failures were then compared
with second EPSPs that followed large first EPSPs.

Release-independent depression was apparent when second EPSPs at brief interspike
intervals (< 10—15 ms) were on average smaller than second EPSPs at longer interspike
intervals, even following apparent failures and when the second EPSP amplitude at these
short intervals was independent of the amplitude of the first EPSP.

Release-independent depression appeared selectively expressed. Depressing inputs onto some
interneurones, such as CA1 basket-like and bistratified cells, and facilitating inputs onto
others, such as some fast spiking neocortical interneurones, exhibited this phenomenon. In
contrast, depressing inputs onto 10/10 neocortical pyramids and facilitating inputs onto 7/7
oriens-lacunosum moleculare and 5/5 burst firing, sparsely spiny neocortical interneurones
did not.
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Postsynaptic target neurones somehow select the temporal
pattern of neurotransmitter release they will receive, even
though presynaptic mechanisms control these patterns.
This has been most thoroughly documented at synapses
involving presynaptic cortical pyramidal axons. Their
‘depressing connections’ onto other pyramids act as Tow-
pass’ filters. Low frequency presynaptic firing produces the
most eflicient information transfer and increasing rates
bring diminishing returns (Thomson & West, 1993;
Thomson et al. 1993a; Thomson & Deuchars, 1994, 1997;
Thomson, 1997; Markram, 1997; Markram et al. 1997,
1998; Ali et al. 1998). In contrast, ‘facilitating connections’
onto specific classes of interneurones act as ‘high-pass’
filters. High frequency burst firing maximizes transfer, slow
tonic discharge generating little or no output (Thomson et al.
19936, 1995; Markram et al. 1998; Ali & Thomson, 1998).

Strongly depressing connections display a high probability
of transmitter release at low firing rates, but release sites

appear to become refractory (Betz, 1970) after each release
and fewer remain available to contribute to the next event.
Here, the amplitude of a second EPSP is inversely
proportional to that of the first at intervals up to 30—-50 ms
(Thomson et al. 1993a; Thomson, 1997). In contrast, strongly
facilitating connections display very low release probabilities
at low firing rates (Deuchars & Thomson, 1995), but the Ca®*
that enters during the first action potential (AP) is proposed
to prime the release machinery, increasing the probability
that subsequent APs will reach release threshold (Katz &
Miledi, 1970; Stanley, 1985, 1986, 1995; Fisher et al. 1997).
The dynamic properties of synaptic connections therefore
select both the targets activated by a particular discharge
pattern and the order in which they will be recruited.

The Ca®" channels mediating transmitter release display
intriguing activity-dependent properties. Recombinant N-
type channels expressed in cell lines (McNaughton & Randall,
1997; McNaughton et al. 1998) inactivate rapidly, especially
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when activated repetitively by brief, AP-like depolarizations
at physiological temperatures. Native presynaptic P-type
channels also exhibit inactivation, but this is not immediately
apparent with brief spike trains, (Forsythe et al. 1998),
which result first in a transient Ca”"-dependent facilitation
(Cuttle et al. 1998). If P-type channels dominated release,
therefore, spike pairs and brief trains would be expected to
elicit facilitating Ca®* influx. If, on the other hand, N-type
channels dominated, these channels would be partially
inactivated following the first spike. Release in response to
a second AP could be depressed, even if the first AP had
released no transmitter. If this type of depression is indeed
expressed, it would differ strikingly from other well-
documented forms of synaptic depression in being
independent of the recent release history of the connection.

To determine, therefore, whether release-independent
depression can occur in mature brain, slices of adult rat
neocortex or hippocampus were used. To ensure that APs in
a single identifiable presynaptic cell initiated all recorded
postsynaptic responses, dual intracellular recordings from
synaptically connected pairs of neurones were performed
with biocytin-filled electrodes. In each case a pyramidal cell
was the presynaptic neurone and a range of postsynaptic
targets, including other pyramidal cells and several classes
of morphologically identified interneurones, was studied.

METHODS

Preparation

Young adult male Sprague—Dawley rats (120-180g) were
anaesthetized with halothane (Fluothane), then intraperitoneal
sodium pentobarbitone (Sagatal, Rhone Merieux; 60 mg kg™) and
perfused transcardially with 50—100 ml ice-cold artificial cerebro-
spinal fluid (ACSF) with added sodium pentobarbitone (60 mg 17
containing (mm): 248 sucrose, 25-5 NaHCO,, 3:3 KCl, 1-2 KH, PO,,
1:0 MgSO,, 25 CaCl, and 15 p-glucose equilibrated with 95%
0,—5% CO,. The animals were decapitated and 450—500 ym
coronal sections of brain including neocortex and/or hippocampus
cut (Vibroslice, Camden Instruments, UK). Slices were maintained
at the interface between the sucrose-containing ACSF and warm,
humidified 95% 0,—5% CO, at 35-36°C for 1 h. The sucrose-
containing medium was then replaced with an ACSF in which
124 mm NaCl replaced the sucrose. This ACSKF was used for all
recordings, which commenced after another hour.

Electrophysiological recordings

Paired intracellular recordings were performed using conventional
sharp electrodes (80—160 M) containing 2 m potassium methyl-
sulphate and 2% biocytin (w/v) under current clamp (Axoprobe,
Axon Instruments). Sharp electrodes were used to avoid any
possibility of presynaptic ‘run-down’ during these long recordings
and because sharp electrodes are more efficient for paired
recordings in relatively thick slices of adult tissue. Presynaptic
firing was initiated by current injection at 1 spike, 1 spike pair, or
1 spike train per 3s. Since dual sharp recordings are typically
confounded by capacitance coupling artifacts, large brief current
pulses cannot be used to initiate presynaptic spikes at very
specific interspike intervals without obscuring the details of small
postsynaptic responses. A range of presynaptic interspike intervals
was therefore elicited by driving the presynaptic pyramidal cell
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with a range of square-wave and/or ramp-shaped current pulses
delivered from a range of sub-threshold membrane potentials.
Continuous analog recordings from both neurones were made on
analog tape (Racal, Store 4, Southampton, UK). For powerfully
depressing connections (e.g. Fig. 3) with few first spike failures, up
to 2000 sweeps were required for the necessary comparisons. Of 61
long paired recordings tested, 35 included enough first spike
failures and an adequate range of second spike intervals for the
required analysis.

Data analysis

Data were digitized (5—10 kHz, voltage resolution 0:005—0:01 mV)
and analysed off-line (using in-house software). Individual sweeps
were observed and the trigger points associated with the rising
phase of each presynaptic AP checked and/or edited. Sweeps
including large spontaneous events or artifacts were rejected. Data
sets that included total apparent first AP failures and data sets
including only large first EPSPs were generated. These were then
divided into subsets, each with a narrow range of second (third ...)
spike intervals (e.g. 5—8 ms, or 20—25 ms). Averaging of EPSPs
was triggered by the rising phase of single presynaptic spikes for
the average first EPSP, the rising phase of the second presynaptic
spike for the average second EPSP, and so on. Illustrated EPSPs
are therefore composite averages with single spike responses and
second (third ...) EPSPs at several specific interspike intervals
superimposed (individual averages in these composites include at
least 30 and up to 900 sweeps). Average first EPSP amplitudes were
measured as the difference between an average of the voltage
preceding the presynaptic spike and an average around the peak of
the EPSP. Where second EPSPs were well separated in time the
same procedure was used. Where second EPSPs summed with first
EPSPs, an averaged single spike EPSP was scaled to match the
peak of the first EPSP and the second EPSP was measured
between its peak and the appropriate point on the falling phase of
the first EPSP.

Data from 15 of the 35 paired recordings included here have been
published previously. However, all the analysis of events that follow
first EPSP failures is novel. Data from two pairs included in
previously published studies are illustrated here: cell 920618A1 in
Fig. 4 (Thomson et al. 1997) and 950531 A1 in Fig. 1 (Ali et al.
1998).

Data from other paired recordings included, but not illustrated,
here were reported in the following studies. Thomson et al. (1995):
three neocortical pyramid to burst firing interneurone pairs; Ali &
Thomson (1998): two CA1 pyramid to oriens-lacunosum moleculare
(OLM) cell pairs; Thomson et al. 1993b: two neocortical pyramid to
fast spiking interneurone pairs; Thomson, 1997: one neocortical
pyramid to burst firing interneurone pair; Thomson & West, 1993:
two layer 111 neocortical pyramid—pyramid pairs; Thomson et al.
1993a: three layer V neocortical pyramid—pyramid pairs.

Histological processing

Cell pairs were filled with biocytin. Slices were fixed overnight in
0-1 M phosphate buffer containing 1:25% glutaraldehyde, 2:5%
paraformaldehyde and 15% saturated picric acid, then washed in
0-1 m phosphate buffer, embedded in gelatin, sectioned at 60 gm
(Vibratome), cryoprotected in 20 % sucrose and permeabilized by
freeze thawing in liquid nitrogen. Biocytin was localized using the
Elite ABC kit (Vector) overnight and visualized using 3’,3’-tetra-
aminodiaminobenzidine (DAB; Sigma). Sections were then
dehydrated and embedded in Durcupan resin (Fluka) on slides.
Filled interneurones were fully reconstructed using a drawing tube
(x100 objective).
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RESULTS

Thirty-five paired recordings in which there was no change
in average EPSP amplitude with time and in which a
significant proportion of first spikes elicited no detectable
postsynaptic response (first spike failures, or apparent
failures of transmission) were studied in detail. These paired
recordings were first divided into two groups, those in
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which presynaptic spike trains elicited trains of steadily
increasing EPSPs (facilitating connections, n = 16) and those
in which steadily declining EPSPs were elicited (depressing
connections, n=19). Three pyramid—pyramid connections
with slight second EPSP facilitation (e.g. Fig. 4) were
included in the depressing group since the maintained
facilitation of third and fourth EPSPs typical of truly

A SP Basket Cell
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Figure 1. A depressing connection onto a CA1
stratum pyramidale basket cell exhibiting
release-independent depression SR

A, the dendrites of this basket cell are drawn in red
(partial recovery) and the axon, which ramifies
extensively within stratum pyramidale (SP) is drawn
in blue. SO, stratum oriens; SR, stratum radiatum.
B-D, averaged responses to single presynaptic spikes
and spike pairs with different interspike intervals are
superimposed, with thin and thick traces alternating.
B, averaged responses to all spike pairs at the
intervals illustrated and to spike triplets (see spike
and EPSP labelled 3). Second and third EPSPs are,
on average, depressed. Representative presynaptic
spike pairs and 1 spike triplet are shown above
(relative positions of baselines represent relative
membrane potentials, with different holding
potentials and rates of depolarization to threshold
used to elicited spike pairs/triplets with different
intervals). C, even following first spike failures,
second EPSPs are depressed. D, second EPSPs
following large first EPSPs are depressed at 3
interspike intervals relative to the average first EPSP
(grey trace), showing some time-dependent recovery.
At short intervals, depression is similar following
failures and following large EPSPs (compare ¢ with
D). However, at intervals > 20 ms, there is either
release-dependent depression (D) or facilitation (C),
depending on the size of the first EPSP. Release-
independent and release-dependent depression with
facilitation would explain these data.
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facilitating mature connections (e.g. Figs 5-8) was absent.
To distinguish synaptic failures from small first EPSPs that
might fall below the level of detection on single sweeps, all
sweeps, including apparent failures in response to the first
spike were selected and averaged. Only where there was no
detectable first spike response in that average was analysis
continued.

The resting membrane potentials for the postsynaptic
neurones ranged from —57 to —84 mV (=71:54+7-0 mV,
mean + s.0.). As a group, the neocortical pyramidal cells
had the most negative resting potentials (78:1 £+ 5:8 mV,
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range 65—84 mV) and the OLM interneurones in CA1 the
least negative (—64 + 4-8 mV, range —57 to —70 mV). The
analysis was performed for more than one membrane
potential at least 10 mV and up to 30 mV apart, in 10 pairs,
including all broad classes reported here (see Fig.5C for an
example) and similar findings were obtained at all potentials.

Release-independent depression at depressing
synapses

Six of nineteen depressing connections displayed release-
independent depression. Even following total apparent
failures of transmission, averaged second EPSPs were smaller

1
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0.33Hz
o
1st spike
failures
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Figure 2. A depressing connection onto a CA1 pyramidal cell exhibiting release-independent

depression

A-C, averaged responses to single presynaptic spikes and spike pairs with different interspike intervals are
superimposed, with thin and thick traces alternating. A, averaged responses to all spike pairs at the
intervals illustrated. Second EPSPs are on average depressed, recovering with longer intervals.
Representative presynaptic spike pairs are shown above (baselines shifted for clarity, all holding potentials
in this example similar). B, at short intervals, second EPSPs following first spike failures are depressed
relative to the average first EPSP (grey trace). C, second EPSPs are similarly depressed (relative to average
first EPSPs) at 0-33 Hz (B) and at 1 Hz (C'), when the readily releasible transmitter pool is reversibly
exhausted, or ‘fatigued’. Release-independent and release-dependent depression, with facilitation and

fatigue would explain these data.
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Figure 3. A depressing connection onto a
stratum oriens basket-like cell without release-
independent depression

A, postsynaptic stratum oriens (SO) basket-like cell.
The soma of this interneurone was in SO, its
dendrites (red) extended through SO and through
stratum radiatum (SR) into stratum lacunosum
moleculare (SLM). Its broad axonal arbor (blue) was
largely confined to stratum pyramidale (SP). B, the
second EPSP in this interneurone is very
powerfully depressed, with some recovery at longer
intervals (normal and thick traces alternating,
representative spike pairs shown above). Recovery
from third EPSP depression is slow (D). This
depression is not, however, independent of release.
Following first spike failures, second EPSPs are
slightly facilitated relative to average first EPSPs
(grey trace in C'). These responses can be explained
by release-dependent depression with some
facilitation.
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than averaged first EPSPs at very short interspike intervals
(Figs 1C, 2B and (). This depression recovered or, following
failures, was masked within 10—15ms by a facilitation
which decayed within 50 ms. Following larger first EPSPs,
release-dependent depression that also decayed within
50—60 ms was apparent. Release-independent depression
can therefore account for a significant component of the
paired pulse depression at very short interspike intervals. It
cannot, however, account for the depression that is related
to the amplitude of the first EPSP and apparent up to
50 ms. In Table 1, some of the characteristics of these
EPSPs are summarized. From the rate of change of second
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1 2
-69mV
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Figure 4. A depressing connection onto a layer III
pyramidal cell without release-independent depression
Although there is slight second EPSP facilitation in this
connection, third and fourth EPSPs in trains were depressed
(not illustrated). 4, facilitation of the second EPSP relative
to the average first EPSP, with recovery at longer intervals.
This depression is not, however, independent of release.
Following first spike failures second EPSPs are further
facilitated (B), but after large first EPSPs, second EPSPs are
depressed (C) relative to average first EPSPs (grey traces).
These responses can be explained by release-dependent
depression with some facilitation.
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EPSP amplitude with increasing interspike intervals, it can
be seen that an early (up to 10—12 ms), relatively rapid phase
of recovery from depression is followed by a slower phase
(10—20 ms).

All these connections involved presynaptic CA1 pyramidal
cells and 5/6 involved interneuronal targets: 3/3 classical
stratum pyramidale (SP) putative basket cells with dense
axonal arbors confined to SP (Fig. 1), 1/1 bistratified
interneurone (Buhl et al. 1996; Freund & Buzsdki, 1996;
Ali et al. 1998) with axonal ramification in stratum oriens
(SO) and proximal stratum radiatum (SR), and one fast
spiking SO interneurone with no sag in its response to
hyperpolarizing current injection. The final target was the
only postsynaptic pyramid to display this phenomenon (1/2
CA1 pyramids tested, Fig. 2).

Release-independent depression is not apparent at all
depressing synapses

Thirteen of nineteen depressing connections did not exhibit
release-independent depression. Second EPSP amplitude
was inversely related to first EPSP amplitude at all
interspike intervals below 30—60 ms, with the strongest
depression at intervals < 10 ms (Fig. 3). In eight of these
connections second EPSPs were slightly facilitated at the
shortest intervals after first spike failures. At these
connections, therefore, release-independent depression is
either absent, or is only weakly expressed and masked by
facilitation (Fig. 4).

Two of these thirteen connections were in CA1, one involving
a postsynaptic pyramid and one an atypical SO basket-like
cell sparsely innervating SP (Fig. 3). Interestingly, this
connection displayed the most profound depression in the
present study and yet there was no sign of release-
independent depression (Fig.3C). There was a strong
negative correlation between first and second EPSP
amplitude at short intervals with second EPSP amplitude
largest following failures and showing a profound depression
of the second EPSP following large first EPSPs. This
depression recovers only slowly with increasing interspike
intervals. The other 11 connections were in neocortex. Ten
of these involved all the postsynaptic neocortical pyramids
studied (Fig. 4) and one an incompletely recovered fast
spiking layer IIT interneurone. In Table 1, average second
EPSP amplitude can be seen to decrease with increasing
interspike interval up to 10—20 ms, contrasting with the
increase over this range of intervals at depressing connections
displaying release-independent depression. This probably
represents the decay of facilitation and typically reverses
between 10 and 20 ms with EPSPs recovering from release-
dependent depression over the next 30—50 ms.

Selected facilitating connections may exhibit release-
independent depression

In facilitating connections, second EPSPs were on average
larger than first EPSPs at all interspike intervals of less
than 50—60 ms. However, in 5/16 facilitating connections,
second EPSPs were smaller at intervals < 10—15 ms than
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Table 1. Characteristics of EPSPs that exhibited release-independent depression and EPSPs that did not

1st EPSP 2nd EPSP at 2nd EPSP at Rate of change of  Rate of change of

amplitude, 10 msas%of 1st 10 msas%of 1st  2nd EPSP with 2nd EPSP with

all sweeps EPSP amplitude, EPSP amplitude, interval (uV ms™)  interval (uV ms™)

(mV) all sweeps after failures 4-12 ms 10—20 ms

Depressing EPSPs 145+ 1-39 61 +12 724+ 13 +43 + 16 +26 +12
with RID (n = 6) (0-55-517) (45-81) (68-92) (423 to +75) (+7 to +52)
Depressing EPSPs 0:68 + 0-56 111 £ 50 169 + 35 —43 + 50 —23+ 20
without RID (n= 8) (0-21-2-05) (71-154) (121-233) (=160 to 0) (=5 to —76)
Facilitating EPSPs 0:27 + 009 407 +£133 461 + 147 +88 + 50 —32+39
with RID (n = 5) (0-19-0-42) (244-650) (250—-650) (+36 to +110) (=97 to +38)
Facilitating EPSPs 092 + 0-67 354 + 154 396 + 145 —125 + 230 —36 + 22
without RID (n = 10) (0-12—2-64) (155-758) (244-650) (—220 to +18) (—2 to —93)
Cell 980819B1
All sweeps 2:05 20 +49 +30
1st spike failures 121 —150

EPSPs were separated into 4 broad classes: depressing EPSPs that exhibited release-independent
depression (RID); depressing EPSPs that did not exhibit RID; facilitating EPSPs that exhibited RID; and
facilitating EPSPs that did not. Average first EPSP amplitudes (+ s.p) and ranges are given. Average
second EPSP amplitudes at an interspike interval of 10—12 ms are normalized and expressed as a
percentage of average first EPSP amplitudes. Two values for normalized second EPSPs are given: for all
second EPSPs (at an interval of 10—12 ms), and for those second EPSPs that followed first spike failures.
The change in second EPSP average amplitude with increasing interspike intervals is expressed as a rate of
change in amplitude between the shortest intervals studied (4—6 ms) and 10—12 ms, and again as a rate of
change between 10 and 20 ms. All paired recordings for which second EPSP average amplitude could be
measured at short interspike intervals, at 10—12 ms, and between 10 and 20 ms, are included in the means
except for cell 980819B1 (Fig. 3), which displayed an unusually powerful depression.

between 15 and 25 ms, even following failures (Figs 5 and
6). The similarity in the time course of this reduced
facilitation to the release-independent depression described
above suggests that both paired pulse facilitation and
release-independent depression may be strongly expressed
at these connections. In Table 1, second EPSPs in these
connections can be seen to increase in average amplitude
with increasing interspike interval up to 10—-12 ms, like
those at depressing expressing
independent depression. However, after this interval, these
facilitating EPSPs decreased in amplitude as facilitation
declined.

connections release-

Two of these connections were in CA1. One was a pyramidal
input onto an unusual fast spiking SP interneurone with a
meagre axonal arbor confined to SP (Fig. 5). Facilitating
inputs onto SP basket cells are atypical (Ali et al. 1998, and
see Fig. 1 for a more typical example) indicating that this
cell may not, as its sparse axonal arbor also indicates,
belong to one of the major classes of SP basket cells. There
was little or no correlation between first and second EPSP
amplitude at the shortest interspike intervals, but a strong
correlation at intervals between 15 and 25 ms. Second EPSP
amplitude was largest following first EPSP failures, with a

gradual decline in second EPSP facilitation with increasing
interspike intervals. The other postsynaptic CA1 neurone in
this group was a partially recovered SO interneurone
(Fig.6) whose axonal arbor was too poorly filled for full
identification. The other three connections in this group
involved powerfully facilitating inputs to fast spiking aspiny
postsynaptic neocortical interneurones similar to those
described previously (Thomson et al. 1993b; Kawaguchi &
Kubota, 1993; Thomson & Deuchars, 1997), two in layer 111

and one in layer V.

Facilitating connections without release-independent
depression

In 11/16 facilitating connections, facilitation dominated at
all intervals with no evidence for release-independent
depression. The greatest facilitation was observed at the
shortest interspike intervals. Release-independent depression
was therefore absent or weakly expressed and masked by
strong facilitation. There was a weak negative correlation
between first and second EPSP amplitude at the shortest
interspike intervals and a gradual decline in second EPSP
facilitation with increasing interval. In low probability,
strongly facilitating connections, correlations between first
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and second EPSP amplitudes are often weak under control
conditions because first EPSPs typically involve only a
small proportion of the available release sites. In Table 1,
average second EPSPs can be seen to decrease relatively
rapidly in amplitude up to 10—12 ms and thereafter to
decline more gradually and in parallel with the decline over
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SLM

SP Interneurone
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these intervals at facilitating connections that did express
release-independent depression.

Six of these connections were in CA1 and one at the CA1/3
border (Fig. 7) and included all of the postsynaptic OLM
interneurones studied (7/7). These cells were identified by

971210A1

CA1 Pyramid to SP Interneurone

2nd EPSPs after 1st spike failures

°
1st spike
failures

971210A1
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\ IstEPSP ,

mV
2nd EPSPs after

large 1st EPSPs

=70

2

& o
1st spike 1st spike
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Figure 5. A facilitating connection onto a stratum pyramidale interneurone exhibiting reduced

facilitation at short interspike intervals

A, postsynaptic stratum pyramidale (SP) interneurone. This SP interneurone had an unusually sparse
axonal arbor (blue), despite intense staining (facilitating EPSPs are also not typical of classical CA1 SP
basket cells; Ali et al. 1998, and see Fig. 1). B, average third EPSPs are also strongly facilitated (see
averaged EPSPs labelled 3). C'and D, average second EPSPs, although larger than average first EPSPs (grey
traces) are of similar amplitude at the shortest intervals, whether they follow large first EPSPs (D) or first
spike failures (C'). At slightly longer intervals, however, larger second EPSPs follow failures (C') than follow
large first EPSPs (D). The reduced facilitation at short intervals following failures can be seen at several
membrane potentials (C). Strong facilitation with release-dependent and release-independent depression

would explain these data.
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their typical pronounced sag in response to hyperpolarizing
current injection, their thorny, horizontally oriented
dendrites in SO (and in SR in CA3 OLM cells) and by their
axonal arbor, which innervated SLM almost exclusively
(Lacaille & Williams, 1990; McBain et al. 1994; Blasco-
Ibanez & Freund, 1995; Freund & Buzsdki, 1996; Ali &
Thomson, 1998). The five postsynaptic cells in neocortex
were all burst firing, sparsely spiny (n=4 recovered
morphologically) interneurones (Kawaguchi & Kubota,
1993; Deuchars & Thomson, 1995) (Fig. 8).

DISCUSSION

We report a novel type of presynaptic synaptic depression
that is selectively expressed at pyramidal axon terminals
onto different classes of postsynaptic target. Certain readily
identifiable classes of connections consistently displayed this
phenomenon (e.g. inputs onto classical SP CA1 basket-like
cells) while some consistently did not (inputs onto
neocortical pyramidal cells, OLM cells and burst firing,
sparsely spiny neocortical interneurones). Unlike previously
well-documented forms of presynaptic depression, this

/
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depression is independent of the transmitter release
probability and of the recent release history of the
connections.

Traditional forms of presynaptic depression and
facilitation

Several previous studies document forms of short term
synaptic plasticity whose selective expression at different
terminals of pyramidal axons correlates with postsynaptic
target cell class (Thomson, 1997; Markram et al. 1998).
However, all these traditional forms are directly related to
the probability of transmitter release and to the recent
release history of the synapse. Moreover, they were described
many years ago at the neuromuscular junction, or at
invertebrate synapses (e.g. Betz, 1970; and see McLachlin,
1978 for review). In brief, where release probability is high,
many of the available release sites are used in the response
to the first AP and appear refractory for tens of milliseconds
afterwards. Fewer are available to respond to a second AP
and second EPSP amplitude is inversely related to first
EPSP amplitude. Facilitation is not absent. It is seen
following first spike failures or if probability is reduced by

50
mV

2nd EPSPs after
4 4 {5t spike failures

50msec

Figure 6. A facilitating connection onto a regular spiking CA1 interneurone (soma in proximal
stratum oriens) exhibiting reduced facilitation at short interspike intervals

Following all first EPSPs (4) and following first spike failures (B), second EPSPs at the shortest intervals
are less facilitated than at slightly longer intervals. With these summing EPSPs the peak amplitude
attained during the train is independent of frequency or of first/second EPSP amplitude. Release-
dependent depression may thus be limiting peak responses. Facilitation with release-dependent and
release-independent depression would therefore explain these data.
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lowering external [Ca’], but is typically masked by
depression. In contrast, where release probability is very
low, facilitation dominates. Ca®* entering during the first
AP primes the release machinery, lowering the threshold for

24 . . .
Ca™ entering during subsequent spikes to cause release.

Since few of the available release sites were utilized by the

first AP, most remain available for subsequent spikes.

A
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Again, release site refractoriness is not absent. It is revealed
by raising release probability (e.g.Thomson et al. 1995).
Simple models of release could therefore be built using time-
dependent decays for facilitation and depression and modified
to generate facilitating or depressing connections by altering
probability (Markram et al. 1998). Postsynaptic receptor
desensitization, non-linear summation, or presynaptic
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Figure 7. A facilitating connection onto a thorny oriens-lacunosum moleculare interneurone at
the CA1/CA3 border exhibits only enhanced facilitation at short interspike intervals

A, the postsynaptic thorny oriens-lacunosum moleculare (OLM) cell at the CA1/CA3 border is
morphologically intermediate between OLM cells typical of CA1 and CA3 (Freund & Buzséki, 1996), since
its dendrites (red) extend horizontally in both subfields, but also extend into stratum radiatum in CA3. Its
axons (blue) descend to stratum lacunosum moleculare (SLM) but were cut in this slice. Strong facilitation of
second and subsequent EPSPs in trains is apparent following all first EPSPs (B) and following first spike
failures (C). This facilitation is greatest at the shortest interspike intervals. Under these conditions,

therefore, facilitation alone accounts for these data.



J. Physiol.519.1

autoreceptor activation can be treated similarly as they also
rely on the preceding release history. The mechanism
described here is unusual in being independent of release
history.

Depressing connections that display release-
independent depression

Here release-independent depression accounts for a
significant component of paired pulse depression at intervals
up to 10—15 ms, but not the depression that is related to
first EPSP amplitude and apparent up to 50—60 ms. These
connections therefore have two independent ‘low-pass’
filters, release-dependent depression (or refractoriness) and
release-independent depression. Facilitation is only apparent
within a narrow range of intervals as release-independent
depression decays and only following small first spike
responses.

Depressing connections apparently devoid of release-
independent depression

Here second EPSP amplitude was inversely related to first
EPSP amplitude at all intervals <30-50 ms. Release-
independent depression is either absent, therefore, or only
weakly expressed and masked by facilitation. A single ‘low-
pass’ filter (release site refractoriness) is therefore functionally
expressed at most neocortical pyramid—pyramid connections.

Facilitating connections that appear devoid of release-
independent depression

Two major classes of interneurones received facilitating
inputs that also consistently lacked this phenomenon. These
were the OLM cells in CA1 (7/7) and the sparsely spiny,
burst firing interneurones in neocortex (5/5). Interestingly,
both are classes of interneurones that inhibit relatively
distal dendrites of pyramidal cells. With brief presynaptic
spike trains, therefore, only ‘high-pass’ filtering is apparent
at these connections. This filter is, however, dynamic, its
range increasing during repetitive firing (Thomson, 1997).

Facilitating connections that appear to display
release-independent depression

At the very low probability, strongly facilitating inputs onto
other classes of interneurones, facilitation was reduced at
very short interspike intervals. The similarity in the time
course of this reduced facilitation to the release-independent
depression seen at some depressing connections suggests
that both facilitation and release-independent depression
are strongly expressed. With a low release probability at low
frequencies and this depression at very high frequencies,
these synapses would act as ‘band-pass’ filters.

Spike propagation failure as a mechanism underlying
release-independent depression

The reduced facilitation at short intervals cannot be
ascribed to first presynaptic spike propagation failure. First
spikes preceding short interval second spikes were no more
likely to fail than those preceding longer intervals. A
contribution to second EPSP depression at short intervals,
cannot, however, be ruled out. However, most connections
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exhibited some facilitation, suggesting that both spikes had
propagated successfully through most of the axonal arbor. If
propagation failure does contribute to release-independent
depression, it would be necessary to propose that APs fail
only in certain, selected regions of the axonal arbor. Most
pyramidal axon terminals are made en passage and there is
no evidence to date to suggest that distinct axonal branches
innervate different classes of targets. We therefore have no
anatomical substrate for selective AP failure. However,
fluctuation analysis of EPSPs elicited in fast spiking
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Figure 8. A facilitating connection onto a sparsely
spiny, burst firing neocortical interneurone without
release-independent depression

The postsynaptic interneurone was similar to those described
previously (Thomson et al. 1995; Deuchars & Thomson,
1995). In this pyramid—interneurone connection, facilitation
is maintained throughout a 5 spike train (4). B, facilitation of
the average second EPSP relative to the average first EPSP
(grey traces) is greatest at the shortest interspike intervals.
However, larger first EPSPs are followed by less facilitated
second EPSPs (D) than are first spike failures (C'). Both
facilitation and release-dependent depression are therefore
involved.
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neocortical interneurones has provided some evidence for
spike propagation failure (Thomson et al. 1993b). Activation
of K™ channels may likewise play a role here if the properties
of these channels are different at different terminals.

Activity-dependent inactivation of N-type Ca®*
channels

An interesting possibility is that ‘release-independent
depression’ is due to rapid inactivation of Ca®* channels
which are differentially expressed at the axon terminals of
mature pyramidal cells. This mechanism would modulate
the degree of presynaptic facilitation and determine optimal
activation frequencies in an energy-efficient manner. It
would help to maintain longer-term repetitive transmission
at connections where other forms of depression are powerfully
expressed. Human N-type channels (encoded by a5 ., Bips
&,,0) stably expressed in a cell line and activated by trains
of AP-like waveforms depressed in a frequency, pulse-width,
Ca”" and temperature dependent manner (McNaughton et al.
1998). Although the degree of inactivation depends on
subunit composition, inactivation of N- and P/Q-type
channels occurs preferentially from a closed state so that
brief, AP-like activations are effective (Patil et al. 1998).
McNaughton et al. (1998) predicted that a single preceding
AP at an interval of 10 ms could suppress release by > 20 %
(at 22 °C, if a 4th power relation between Ca’* influx and
release is assumed). This depression would, moreover, be
cumulative, and could achieve almost total depression of
release at 36 °C with eight APs at 100 Hz. The present data
suggest that release-independent depression declines rapidly,
contributing little to paired pulse depression at intervals >
10—15 ms. In contrast, significant depression of recombinant
channel currents occurred at 0-3 Hz (pulse half-width,
1-7 ms). However, the subunit compositions of N-type
channels at pyramidal axon terminals are unknown and
channel kinetics might be affected by the g-subunits (Stea et
al. 1993). The channel density at the active zone and
therefore the localized change in [Ca®]; would be an
important factor in determining the efficacy of a Ca®*-
dependent inactivation process, as would localized Ca™*
buffering affinity and capacity.

In contrast, repetitive activation of P/Q-type channels results
in a transient facilitation. Relief of G-protein-mediated
suppression of P/Q-type Ca’" channels expressed in
HEK 293 cells (Brody et al. 1997) was achieved with AP-
shaped depolarizations (2—4 times longer than APs in the
calyx of Held; Borst & Sakmann, 1995). In the presence of
modulators that suppress P/Q-type channels via G-proteins,
therefore, repetitive firing could facilitate Ca’" influx.
Without G-protein activation, these Ca’" currents remained
stable during brief AP bursts at 100 Hz. In contrast, native
P-type channels in the calyx of Held facilitated in a
G-protein-independent manner. Brief, 1 ms depolarizing
steps facilitated currents in a Ca’"-dependent manner
(Cuttle et al. 1998) maximally at intervals <5-10 ms and
significantly up to 50—100 ms. Again differences between

J. Physiol. 519.1

reconstituted and native channels might result from subunit
composition, associated cellular proteins and/or intra-
cellular milieu. With more prolonged repetitive stimulation,
however, these channels expressed accumulating inactivation
(Forsythe et al. 1998), which might contribute to the more
slowly developing frequency-dependent synaptic depression
(Fig. 2 and Thomson et al. 1993a). Whether the kinetics of
P/Q-type channels at identified cortical synaptic sites display
G-protein dependent or independent facilitation remains to
be determined. P/Q-type channels might, however,
contribute to facilitation and post-tetanic potentiation at
intervals up to 50—100 ms (at 24—26 °C).

To determine whether N-type channel inactivation does
indeed underlie this form of depression requires
pharmacological investigation. N- and P-type Ca®* channels
are differentially expressed at the terminals of different
interneurones in hippocampal slice cultures (Poncer et al.
1997). Whether differential expression of channels at
different terminals of a single axon occurs remains
unknown, but some other presynaptic proteins have been
shown to be selectively expressed, e.g. metabotropic
glutamate receptors (Shigemoto et al. 1996).

Functional implications

If N-type Ca®* channels are responsible, they must
dominate only at specific synapses and require subcellular
compartmentalization (Doughty et al. 1998). Calcium
ideal target for selective synaptic
modification. With a 3rd—4th power relation between Ca’*
entry and transmitter release probability, small changes in
Ca®* influx exert a dramatic influence on release (Dodge &
Rahamimoff, 1967; Augustine & Charlton, 1986; Stanley,
1985, 1986, 1995). This novel mechanism will filter only
very high frequency transmission and only at synapses onto
selected targets. Moreover, ‘slow transmitters’ have selective
actions on Ca®" channels. N-type channels are modulated by
muscarinic and metabotropic glutamate receptor (mGluR)
agonists and by adenosine (Vazquez et al. 1995; Qian &
Saggau, 1997; Vazquez & Sanchez-Prieto, 1997), R-type by
mGluR and GABA}; agonists (Wu et al. 1998) and P-type
(2’ channels by noradrenergic agonists (Huang et al. 1998).
Slow transmitters may therefore also affect the frequency-
filtering properties of specific synaptic connections.
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