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Mechanisms of target-cell specific short-term plasticity at
Schaffer collateral synapses onto interneurones versus

pyramidal cells in juvenile rats
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Although it is presynaptic, short-term plasticity has been shown at some synapses to depend
upon the postsynaptic cell type. Previous studies have reported conflicting results as to whether
Schaffer collateral axons have target-cell specific short-term plasticity. Here we investigate in
detail the short-term dynamics of Schaffer collateral excitatory synapses onto CAl stratum
radiatum interneurones versus pyramidal cells in acute hippocampal slices from juvenile rats. In
response to three stimulus protocols that invoke different forms of short-term plasticity, we find
differences in some but not all forms of presynaptic short-term plasticity, and heterogeneity in
the short term plasticity of synapses onto interneurones. Excitatory synapses onto the majority of
interneurones had less paired-pulse facilitation than synapses onto pyramidal cells across a range
of interpulse intervals (20-200 ms). Unlike synapses onto pyramidal cells, synapses onto most
interneurones had very little facilitation in response to short high-frequency trains of five pulses
at 5,10 and 20 Hz, and depressed during trains at 50 Hz. However, the amount of high-frequency
depression was not different between synapses onto pyramidal cells versus the majority of
interneurones at steady state during 2—10 Hz trains. In addition, a small subset of interneurones
(approximately 15%) had paired-pulse depression rather than paired-pulse facilitation, showed
only depression in response to the high-frequency five pulse trains, and had more steady-state
high-frequency depression than synapses onto pyramidal cells or the majority of interneurones.
To investigate possible mechanisms for these differences in short-term plasticity, we developed
a mechanistic mathematical model of neurotransmitter release that explicitly explores the
contributions to different forms of short-term plasticity of the readily releasable vesicle pool size,
release probability per vesicle, calcium-dependent facilitation, synapse inactivation following
release, and calcium-dependent recovery from inactivation. Our model fits the responses of each
of the three cell groups to the three different stimulus protocols with only two parameters that
differ with cell group. The model predicts that the differences in short-term plasticity between
synapses onto CAl pyramidal cells and stratum radiatum interneurones are due to a higher
initial release probability per vesicle and larger readily releasable vesicle pool size at synapses
onto interneurones, resulting in a higher initial release probability. By measuring the rate of block
of NMDA receptors by the open channel blocker MK-801, we confirmed that the initial release
probability is greater at synapses onto interneurones versus pyramidal cells. This provides a
mechanism by which both the initial strength and the short-term dynamics of Schaffer collateral
excitatory synapses are regulated by their postsynaptic target cell.
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The strength of an excitatory synapse in the brain is
dynamically modulated by the pattern of activation it
receives. Input patterns are transformed by presynaptic
mechanisms of short-term plasticity, enabling information
processing to occur (Zador & Dobrunz, 1997). As a result,
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synapses can act as frequency filters, novelty detectors
and/or pattern detectors (Thomson, 2000). Variations in
presynaptic properties enable synapses to be differentially
‘tuned’ depending upon their particular roles in the
overall circuit. Synapses that are dynamically tuned by
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their patterns of prior activation have considerable power
to process information (Liaw & Berger, 1996; Maass &
Zador, 1999).

Although it is mediated by presynaptic mechanisms,
short-term plasticity at synapses made by axons from the
same cell type onto target neurones of different types
can exhibit markedly different properties of short-term
plasticity. This has been observed at the neuromuscular
junction, synapses in invertebrates, synapses onto motor
neurones, and some synapses in the mammalian neocortex
(reviewed in Toth & McBain, 2000). This indicates that
there must be a retrograde signal to the presynaptic
terminal, although the nature of the signal has not yet
been determined (Fitzsimonds & Poo, 1998). Because
the properties of excitatory synapses can be both target
specificand input specific, understanding the behaviour of
aneural circuit such as the hippocampus requires a detailed
description of the properties of each type of synapse in the
circuit (Toth & McBain, 2000; Craig & Boudin, 2001).

At excitatory synapses onto hippocampal CAl
pyramidal cells, short-term plasticity causes synaptic
strength to be modulated over a wide range in response
to irregular stimulus patterns such as they receive in vivo
(Dobrunz & Stevens, 1999). Much less is known, however,
about short-term plasticity and frequency dependence of
synaptic transmission at excitatory synapses onto CAl
interneurones. Like CAl pyramidal cells, stratum (s.)
radiatum interneurones in CA1 receive inputs from CA3
pyramidal cells via Schaffer collateral axons. However, the
role of these interneurones in the hippocampal circuit is
quite different, in that they provide critical feed-forward
inhibition that can synchronize the firing of pyramidal
cells (Cobb et al. 1995). Because each s. radiatum
interneurone forms inhibitory synapses onto a very large
number of CA1 pyramidal cells (Freund & Buzsaki, 1996),
the short-term dynamics of their excitatory inputs will
be fundamental in determining the overall balance of
excitation and inhibition in the hippocampal circuit.

Previous studies have reported conflicting results as
to whether Schaffer collateral axons show target-cell
specificity of short-term plasticity onto CA1 pyramidal
cells versus interneurones. Differences in paired-pulse
plasticity were observed between Schaffer collateral inputs
onto pyramidal cells versus s. oriens interneurones in CA1
(Scanziani et al. 1998). In contrast, another study reported
no difference between Schaffer collateral inputs to CAl
pyramidal cells versus interneurones in either the amount
of paired-pulse facilitation or in the plateau levels reached
during short trains of stimuli (Wierenga & Wadman,
2003).

We investigated in detail the short-term dynamics
of Schaffer collateral excitatory synapses onto
CAls.radiatum interneurones versus pyramidal cells
using acute hippocampal slices from juvenile rats. Using
three different stimulus protocols, we show that there
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are differences in some but not all forms of presynaptic
short-term plasticity, and that significant heterogeneity
exists in the short-term plasticity of synapses onto
interneurones. To investigate possible mechanisms for
these differences in short-term plasticity, we developed
a mathematical analysis of neurotransmitter release
that fits the results of all three stimulus protocols. Our
model incorporates features of several previous models
(Tsodyks et al. 1998; Dittman et al. 2000), but extends
these models to explicitly explore the contributions
of changes in synaptic vesicle number and in calcium
dynamics to different forms of short-term plasticity
(Dobrunz & Stevens, 1997; Dobrunz, 2002). Results of
our model suggest that the differences in short-term
plasticity between synapses onto CAl pyramidal cells
and s. radiatum interneurones can be accounted for
by a higher initial release probability per vesicle and
larger readily releasable vesicle pool size at synapses onto
interneurones. This results in a higher initial release
probability at synapses onto interneurones versus
pyramidal cells, which we confirmed using the MK-801
method (Huang & Stevens, 1997). By modulating the
readily releasable vesicle pool and release probability
per vesicle, both the initial strength and the short-term
dynamics of Schaffer collateral excitatory synapses can be
regulated by the postsynaptic target cell.

Methods
Slice preparation

Coronal slices 400 um thick were cut using an oscillating
tissue slicer (EMS-4000, Electron Microscopy Sciences,
Fort Washington, PA, USA) from dorsal hippocampus
of 11- to 15-day-old Long Evans rats (Dobrunz &
Stevens, 1997, 1999). Animals were deeply anaesthetized
by inhalation of the volatile anaesthetic halothane
(2-bromo-2-chloro-1,1,1-trifluoroethane, 0.2—0.4 ml in a
21 container) and then decapitated using a guillotine.
Slicing and dissection of the hippocampi were done in
ice-cold dissecting solution containing (mm): NaCl, 120;
KCl, 3.5; CaCl,, 0.7; MgCl,, 4.0; NaH,PO,, 1.25; NaHCOs,
26; and glucose, 10, bubbled with 95% O,-5% CO,, with
pH 7.35-7.45. Slices were stored at room temperature
in a holding chamber containing the dissecting solution
and bubbled with 95% O,-5% CO, for > 0.5h prior
to recording. During the experiment, slices were held in
a submersion recording chamber perfused with external
recording solution composed of (mm): NaCl, 120; KCl,
3.5; CaCl2, 25, MgClz, 13; NaH2P04, 125, NaHCO3,
26; and glucose, 10. The solution was bubbled with 95%
0,-5% CO,, with pH 7.35-7.45. Picrotoxin (100 um)
was added to the external solution to block inhibitory
synaptic responses mediated by GABA, receptors; the
CA3 region of the hippocampus was removed to
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prevent recurrent excitation. The solution also contained
100 M APV ([+]-2-amino-5-phosphonopentanoic acid)
to block NMDA receptor-mediated currents and
prevent postsynaptic short-term plasticity, as well as to
prevent long-term potentiation and long-term depression
(LTP and LTD). Experiments were performed at room
temperature (approximately 24°C). APV was obtained
from Tocris Cookson, and all other chemicals were
obtained from Fisher Scientific or Sigma. All experiments
were performed in accordance with the regulations of
the University of Alabama at Birmingham Institutional
Animal Care and Use Committee.

Electrophysiology

Pyramidal cells in CAl s. pyramidale and interneurones
in CA1s. radiatum were identified visually using infrared
differential inference contrast (IR-DIC) optics on a Nikon
E600FN upright microscope (Nikon Inc.). Targeted
neurones were patched in the voltage-clamp configuration
and recorded at a holding potential of —60 mV using
an Axopatch 200B amplifier (Axon Instruments). Patch
electrodes (3—4.5 MQ2) were filled with internal solution
composed of (mm): caesium gluconate, 100; EGTA, 0.6;
MgCl,, 5.0; Hepes, 10. pH was adjusted to 7.2 with
CsOH. The internal solution also contained 10 mm
BAPTA to block interneurone LTP and LTD (Laezza et al.
1999), and to inhibit Ca’*-mediated G-proteins on the
postsynaptic membrane and prevent postsynaptic
short-term plasticity; QX-314 (5mm) to improve
space clamp and reduce non-linear effects caused by
voltage-gated channels in dendrites while recording
from the soma; 10mMm ATP to chelate intracellular
polyamines and prevent possible postsynaptic short-term
plasticity at calcium-permeable AMPA receptors (Bahring
et al. 1997; McBain, 1998; Rozov & Burnashev, 1999;
Toth et al. 2000); and 0.5% biocytin to enable post
hoc morphological analysis of neurones recorded. The
access resistance and holding current (< 200 pA) were
monitored continuously. Recordings were rejected if
either access resistance or holding current increased more
than 20% during the experiment.

Excitatory postsynaptic currents (EPSCs) were recorded
in response to extracellular stimulation of Schaffer
collateral axons by a bipolar tungsten microelectrode
(FHC, Bowdoinham, ME, USA) placed in s. radiatum.
A low intensity of stimulation was used (10-50 A) so
that EPSCs recorded had only one peak. Stimulation was
generated by a Master-8-cp stimulator (A.P.I, Jerusalem,
Israel) and applied with a BSI-2 biphasic stimulus isolator
(BAK Electronics, Mount Airy, MD, USA). There were
three stimulation patterns employed in the experiments:
(1) paired-pulse stimulation with different intervals
((ms) 20, 30, 40, 50, 60, 80, 100, 150, 200, 500),
applied in a random sequence and repeated 10 times at
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0.1 Hz. The averaged paired-pulse ratio of the amplitudes
(PPR = EPSC,/EPSC,) was calculated after recording; (2)
short high-frequency trains (5 pulses) at different constant
frequencies (5, 10, 20 and 50 Hz), repeated 10 times each
at 0.033 Hz. The five-pulse ratio (ratio of the response
amplitudes of the fifth versusfirst pulse, EPSCs/EPSC, ) was
calculated after recording; and (3) continuous constant
frequency stimulation over a range of stimulus frequencies
(0.1, 1, 2, 5 and 10Hz), applied until the EPSC size
reached steady state. The steady-state response amplitude
was measured for each frequency. In each experiment
the stimulus amplitude and duration (0.1 ms) were held
constant.

For measurements of the use-dependent block of
NDMA responses by MK-801, APV was omitted from the
recording solution and 10 um DNQX was added to block
AMPA/kainate receptors. The concentrations of calcium
(2.5mm) and magnesium (1.3 mm) in the recording
solution were not changed. NMDA receptor EPSCs were
recorded at —40 mV in response to stimulation at 0.1 Hz.
After a stable baseline was obtained, 40 um MK-801 was
added and stimulation was turned off for 10 min to allow
full wash-in and equilibration of MK-801. Stimulation
was resumed at 0.1 Hz, and EPSCs were recorded for
at least 120 stimuli. Stimulation at 0.1 Hz was used to
avoid causing any short-term plasticity that would alter
the release probability. Relative EPSC size was measured
by integrating the current in a 40 ms window around the
peak (Huang & Stevens, 1997). Averages were made of
10 EPSCs from the baseline before MK-801 perfusion,
and for the first 10 EPSCS evoked after the perfusion of
MK-801. A four-state kinetic model was fitted to these
averages to obtain the fraction of open receptors that
were blocked by MK-801 (block fraction) (Huang &
Stevens, 1997), which was compared for synapses onto
interneurones versus pyramidal cells.

Analysis

Data are presented as mean =+ s.e.M. In all figures, stimulus
artifacts have been removed for clarity. Except where
noted, statistical comparisons were made using Student’s
ttest, and differences are considered significant when
P <0.05. Where noted, statistical comparisons were
made using one-way ANOVA, with P < 0.05 considered
significant.

Histology

To examine their morphological characteristics, the
neurones were labelled with biocytin during recording.
After recording, labelled neurones were visualized using
an avidin—-HRP reaction followed by a peroxidase
reaction using diaminobenzidine (DAB). In some slices
nickel ammonium sulphate (1%) was added for colour
enhancement. Slices containing labelled neurones were
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stored in a solution of 4% paraformaldehyde in 0.1 M
phosphate buffer overnight after the recording, and
transferred to the ABC complex (Elite Vectastain ABC
Kit, Vector Laboratories, Inc. Burlingame, CA, USA) the
next day. The slices were incubated in ABC complex for
4h, rinsed, and then transferred to the DAB reaction
(Peroxidase Substrate Kit, Vector Laboratories, Inc.). After
the reaction of 1-5min, the slices were washed twice
in phosphate buffer or water, dehydrated, and mounted
on microscope slides. The slices were examined under
a microscope and photographs were taken of labelled
cells.

Mathematical description

General features. In order to investigate possible
mechanisms for the differences in short-term plasticity
observed in the present study, a mechanistic mathematical
model of short-term plasticity that describes vesicle release
from single synapses was developed to incorporate features
of several previous models (Dobrunz & Stevens, 1997;
Tsodyks et al. 1998; Dittman et al. 2000; Dobrunz, 2002).
It is mechanistic in that we attempt to include only
variables with physiological counterparts (e.g. readily
releasable vesicles) and mechanisms of facilitation and
depression based on known physiological processes that
govern neurotransmitter release (e.g. depletion of readily
releasable vesicles). We therefore also refer to it as a
mathematical description of our experimental data.

The model contains three possible states for a synapse:
‘release-ready’, ‘releasing) and ‘refractory’ (Tsodyks et al.
1998; Dittman et al. 2000). Only synapses in the
release-ready state are capable of releasing a vesicle when
an action potential arrives, and release of a single
vesicle per active synapse occurs with an average release
probability P(¢). P(t) depends upon the number of readily
releasable vesicles and on the release probability per vesicle,
both of which are modified by the pattern of activity
(Dobrunz & Stevens, 1997; Dobrunz, 2002). Facilitation
occurs through a calcium-dependent increase in the
release probability per vesicle (Dobrunz & Stevens, 1997;
Dobrunz, 2002). Depression results from depletion of the
readily releasable vesicle pool (Dobrunz & Stevens, 1997;
Dobrunz, 2002) and from synapses becoming refractory
after release (Dobrunz et al. 1997; Tsodyks et al. 1998).

One basic assumption in our mathematical analysis is
that there is ‘uniquantal release’, which means that at most
a single vesicle is released per synapse per action potential
(Korn et al. 1994). This assumption has been supported
by several previous electrophysiological studies (Redman,
1990; Stevens & Wang, 1995; Dobrunz & Stevens, 1997;
Dobrunz et al. 1997; Hanse & Gustafsson, 2001; Dobrunz,
2002; Chen et al. 2004). Some morphological studies have
suggested that Schaffer collateral axons can have multiple
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release sites (active zones) per presynaptic bouton (Harris
& Sultan, 1995), although this appears to occur at only a
small fraction of synapses. In addition, a small number
of Schaffer collateral axons appear to make multiple
contacts onto CA1 pyramidal cells (Sorra & Harris, 1993;
Schikorski & Stevens, 1997). In consideration of these
previous studies, our mathematical model incorporates
the following assumptions: (1) if the input (action
potential) is delivered to multiple release sites from an
axon onto the same postsynaptic neurone, each release site
is treated as an independent synapse; (2) one bouton can
have multiple release sites (active zones), each of which is
treated as an independent single synapse; (3) each synapse
(active zone) has uniquantal release. These assumptions
work well for the simulation of our experimental
data.

Release probability and facilitation. Based on previous
studies (Dobrunz & Stevens, 1997; Dobrunz, 2002), the
average release probability per release-ready synapse P(t)
is determined by the average vesicular release probability
a(t) and the average number of readily releasable vesicles
n(t). (1 — «) is the average probability that an individual
vesicle will fail to release, and therefore (1 — «)” is the
average probability that all n vesicles will fail to release,
giving the average probability that one vesicle does release
as:

P(1)=1—(1—a()" (1)

For the first action potential at time ¢ =t,p,;, # equals the
initial (maximal) readily releasable vesicle pool size nr, and
the vesicle release probability is the initial (baseline) vesicle
release probability o, so that the initial release probability
P(t,51) = P, is given by:

P=1—(1—o)" (2)

The average readily releasable vesicle pool size n(f)
decreases upon each action potential by an amount equal
to the average amount of release (the release probability
per active synapse x the fraction of active synapses). The
empty sites in the readily releasable pool are then refilled,
increasing n(f) up to the maximum pool size of ny. For
simplicity, we assume that both nr and the refilling rate R
are constant. The readily releasable pool size can then be
determined by the following equation:

dn = —P(t)x(1)6(t
dt
where n<mnr, x(t) is the fraction of synapses in the
release-ready state, § is the Dirac delta function, defined
to have units of s~!, and tap is the time of occurrence of an
action potential.
The release probability may be enhanced on subsequent
action potentials by calcium-dependent facilitation, which

—tp) + (nr —n(®) R (3)
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increases the vesicle release probability. The enhancement
of release probability per vesicle on subsequent pulses
is assumed to be directly related to the equilibrium
occupancy of the release site by a calcium-bound molecule
CaXg with dissociation constant K, resulting in:

l—« 1

a(t) = + 1+ Kyp/CaXg (1) )

where o is the average initial vesicle release probability
of an individual synapse. To define the occupancy of the
calcium-bound molecule CaXp, it is assumed that CaXp
instantaneously rises by Ay after an action potential at
time f,, and decays to 0 exponentially with time constant
7¢ (Dittman et al. 2000), giving:

dCaXp . —CaXF (t)
dt

> + Apa([ - tap) (5)
TF

This mathematical description of facilitation (eqns (4)
and (5)) is the same as used in the model of Regehr
and colleagues (Dittman et al. 2000), except that we use
the equation relating facilitation to the calcium-bound
molecule CaXy to describe the facilitation of the
vesicular release probability a(t) (eqn (4)), while Regehr
and colleagues used it for the overall synaptic release
probability per active synapse P(t) (which in their model
was called F). In our model P(t) also depends upon
the readily releasable vesicle pool size n(f) (see above),
which is not subject to the same facilitation. As explained
in Dittman ef al. (2000), this description of facilitation
does not directly take into account the time course of
intracellular free calcium, but provides an approximation
of the magnitude and time course of the resulting
facilitation.

Equations for states of the synapse. Release-ready
synapses. All synapses are in three cycling states:
release-ready state — releasing state — refractory state —
release-ready state (Tsodyks et al. 1998). The parameters
x, y and z are the fractions of synapses in the release-ready,
releasing and refractory states, respectively. Only synapses
that are in the release-ready state, which we also refer
to as active synapses, are able to release a vesicle when
an action potential occurs. The average probability that a
vesicle is released by an active synapse is given by P(t) (eqn
(1)), and synapses that release a vesicle enter the releasing
state. The entry of a synapse into the releasing state is
assumed to be nearly instantaneous, and occupancy of the
releasing state is very brief. Releasing synapses enter into
the refractory state with a time constant 7;, of a few milli-
seconds. Refractory synapses recover into the release-ready
state with a time constant ... The rate of change of
synapses in the release-ready state is therefore equal to
the increase in synapses recovering from the refractory
state minus the decrease due to synapses entering the
releasing state. The corresponding kinetic equation for the
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release-ready state is:

dx  z(1)

i T P(t)x (1) 8(t — tap) (6)
where dx/dt is the rate of change of synapses from the
release-ready state, z(#)/T e is the velocity of recovery of
synapses to the release-ready state from the refractory state,
x(t,p) is the fraction of ready-release synapses at time t,p,
and P(t,,) is the fraction of release-ready synapses that
releases a vesicle (i.e. the release probability per active
synapse) upon activation by an action potential arriving
at time t,,.

The rate of recovery of synapses to the release-ready
state from the refractory state is assumed to be calcium
dependent, and is determined by the equilibrium binding
occupancy of a calcium-bound molecule CaXp, such that

1 kmax —k
krecz_z—KO+k0 (7)
Trec + D
CaXD(t)

For CaXp =0, k. = ko, and z recovers exponentially with
time constant t.. = 1/ky. For values of CaXp > Kp,
krec = kmax» SO z recovers exponentially with 7. & 1/kpax.
For intermediate values of CaXp, z recovers with both
fast and slow kinetic components. In Dittman’s model,
the same description was used for a ‘depression factor D’
(Dittman et al. 2000).

To define the occupancy of the calcium-bound molecule
CaXp, it is assumed that CaXp instantaneously rises by
Ap after an action potential at time t,, and decays to 0
exponentially with time constant T (Dittman et al. 2000),
giving:

dCaXD . —CaXD (t)
e

> + ADS(I - tap) (8)

b

Releasing synapses. Similarly, the rate of change of
synapses in the release state is equal to the increase caused
by the activation of an action potential at time t,, minus
the decrease caused by the synapses entering the refractory
state:

dy (@)

5, = POx(0)5(r — 13,) - 9)
where, as above, P(t,,) x(t,,) is the fraction of synapses
that release due to an action potential at time t,,, and
y(t)/Tin is the rate of releasing synapses entering the
refractory state. Since the releasing state is very brief,
all releasing synapses are assumed to have entered the
refractory state before the next action potential occurs.
Thus when an action potential occurs at time t = t,p,

y(tap) = P(tap)x(tap) (10)
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Refractory synapses. Furthermore, the rate of change of
synapses in the refractory state is equal to the velocity of
releasing synapses becoming refractory minus the velocity
of recovery of refractory synapses to the readily releasable
state. Thus:

dz _y() z(1)
dt B Tin Trec

(11)

EPSC amplitude. The amplitude of the postsynaptic
current I((#) for an action potential occurring at time
t=tyis:

Is = ANsy(tap) = ANSP(tap)x(tap) (12)

where A is the amplitude of postsynaptic current induced
by one synaptic release (assume one synaptic release is
equal to release of one vesicle), N is the total number of
synapses, and y(t,,) is the fraction of synapses that release
due to the action potential at time #,;,.

Paired-pulse ratio. Before the first pulse arrives at time
tap1> all synapses are in the release-ready state, such
that x(f,51) = 1. When the first action potential arrives,
P(t,p1) = Py, where P, is the initial release probability
(eqn (2)). The fraction of synapses that release is therefore:

y(tapl) = P(tapl)x(tapl) = P.

Thus, the amplitude of synaptic current for the first pulse
is:

I :ANsy(tapl):ANsPI (13)

After first pulse, the values of x(¢), y(t) and z(t) for
t >t can be calculated by solving eqns (3)—(11).
The boundary conditions used in the solving of the
differential equations are: x(¢,p1) =1 — Py, y(tap1) = P,
2(tap1) =0, n(typ) = (ny — Pp), CaXgp(typ) = Ap, and
CaXp(tap1) = Ap. If the next pulse arrives at time t,y,,, the
fraction of synapses thatreleaseis y(¢.p2) = P (fap2) X (fap2)s
where x(t,p,) is the fraction of synapses in the release-ready
state and P(t,p,) is the fraction of release-ready synapses
activated by the second pulse, i.e. release probability per
active synapse just before the second pulse. Based on
eqn (12), when the second pulse arrives, the peak of
synaptic current is:

I, = ANSy(tapz) = ANSP(tapz)x(tapl) (14)

P(t,p,) is the average release probability of an individual
synapse for the second stimulus, which depends upon
the interpulse interval if there is facilitation. If there is
no facilitation then a(t,,) = a(t,1) and P(t.p,) ~ P.
When facilitation exists, o (#4p,) > t(f4p1) and P(t,,) can
belarger than P;.Ifthe paired-pulse interval islong enough
that all of the synapses that released on the first pulse

J Physiol 568.3

have recovered from the refractory state (x(#,5,) = 1), then
y(taPZ) = P(tap2)> otherwise y(tapz) < P(tapz)‘

The paired-pulse ratio (PPR) measured experimentally
is the amplitude of the second EPSC divided by the
amplitude of the first EPSC. This gives:

EPSCZ 12 ANSP(Zapz)X(Iapz)
PPR= —— = — =
EPSC, 1, AN, P,
_ P(tap2)x(tap2) _ (1 - (1 - O[Z)nz) x(tapZ)
P1 (1—(1-0[1)’ZT)

(15)

where o, and n, are the values of «(t) and n(t) at time
t = tup. Since both EPSC, and EPSC, depend on N,
the paired-pulse ratio is independent of the number of

synapses.

Five-pulse ratio. For regular stimulus trains given at
frequency f, eqn (5) has an analytical solution. Combining
with eqn (4), the release probability per vesicle just before
the ith stimulus can be expressed as:

Ar (1 — o) [1 — exp (%)]

oo ()] o () 1]

(16)

a;i(f)=a +

Similarly, for regular stimulus trains given at frequency f,
eqn (3) can be used to give an analytical expression for
the size of the readily releasable vesicle pool for the ith
stimulus:

ni(f) = exp <—§)

X |:exp <§) ni—1 (f) — P (f)x:(fH)U (l/f):|
(17)

where U is the unit step function defined to have units
of s7'. From eqn (1), the release probability per readily
releasable synapse just before the ith stimulus is:
P (f)=1—(1—=a(f))"" (18)
where «;(f) and #;(f) are given by eqns (16) and (17).

In addition, eqns (6)—(11) can be used to yield an
analytical expression for the fraction of release-ready
synapses for the ith stimulus for regular stimulus trains
given at frequency f:

xi(f)=1=[(1=0 =aa() ) x ()]

xexp (/) ¢i(f) (19)
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where

o (1= (7)) + a0 [ o (7]

Mechanisms of target-cell specific short-term plasticity 821

—(kmax—Fko)p

¢ (f) =

The five-pulse ratio (FPR), defined as the amplitude of fifth
EPSC divided by the first one, can be obtained by using
eqns (12) and (18)—(20):

FPR — EPSC; _ Is _ ANPs (f) x5 (f)
EPSC, I AN, P,
_ P ) -
Py

In the present study, the frequencies 5, 10, 20 and 50 Hz
were used in the five-pulse train. Again, because both
EPSC; and EPSCs depend on Nj, the five-pulse ratio is
independent of the number of synapses.

Steady-state EPSCs evoked by constant frequency
stimulation. During constant frequency stimulation, the
release probability per active synapse reaches steady state
(Ps). From eqn (1), at steady state,

Poo (f) =1—(1—ay ()= (22)

Based on eqns (4) and (5), the steady state of the vesicle
release probability can be expressed as:

Ap (1 — o)

1
At K (eXp (E) - 1) (23)

where Ay is the incremental increase in CaXp after a
stimulus.

During high-frequency stimulation, the readily
releasable vesicle pool depletes. For each stimulus
frequency, steady state will occur when the rate of vesicle
releasing equals the rate of vesicle refilling into the readily
releasable pool, resulting in a release probability per active
synapse that does not change (P, ). This gives:

Aoo(f) = a1 +

Pos ()Xo () F = (1= (1= 0 (/)" 3 (f) f
= (07 —noo (/) R (24)

Using eqns (23) and (24), numerical solutions for .. (f)
can be obtained. During constant frequency stimulation,
the number of release-ready synapses reaches a steady-state
value that can be expressed as:

1 —exp(—ko/f) ¢oo (f)

(1 = P (f)) exp(—ko/f) ¢oo ()
(25)

xoc(f)zl_
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Kp (1 —exp (;—TL)) + Ap exp (,%) [1 — exp (ﬁ)]

where

bso (f)

—(kmax—ko) ™

Kp (1 — exp (f_—;))) + Ap
Kp (1 — exp (},‘—;)) + Apexp (;—TL) (26)

Using eqns (22)—(26), the steady-state EPSC size can be
generated for each stimulus frequency as:

= ANyxoo (f) (1 = (1 — s ())"=)
(27)

As this depends upon the number of synapses stimulated,
which may differ from cell to cell, we normalize to the
initial EPSC size. Since no short-term plasticity occurs
when stimulating at 0.1 Hz, we normalize to the value
of EPSC,(0.1), the steady-state EPSC evoked by 0.1 Hz
stimulation. The normalized steady-state EPSC size is
therefore:

EPSCw (f)  ANyxos (f) Poo (f)

EPSC (0.1) AN, P,
X () (1= (1= oo (£))))
B 1—(1—ay)r (28)

which is independent of the number of synapses
stimulated.

All mathematical calculations were performed using
Mathematica software (Fourth Edition, Wolfram Media,
Inc. Champaign, IL, USA).

Results

We examined in detail the differences in several forms
of short-term plasticity between Schaffer collateral
excitatory synapses made by CA3 pyramidal cell axons
onto CAl pyramidal cells and s. radiatum inter-
neurones. CAl pyramidal cells and interneurones were
identified using IR-DIC microscopy and recorded with
whole-cell voltage clamp. To allow us to study short-term
plasticity of excitatory synapses in isolation, inhibitory
(GABAergic) responses and synaptic long-term plasticity
were pharmacologically blocked. We compared EPSCs in
response to extracellular stimulation of Schaffer collateral
axons using three different stimulation protocols that
cause different amounts of short-term facilitation versus
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depression: pairs of pulses at different interpulse intervals,
short high-frequency trains of different frequencies, and
steady-state responses to constant stimulation at different
frequencies. We then used a mechanistic mathematical
model to investigate possible mechanisms underlying
the differences in short-term plasticity observed between
Schaffer collateral inputs to pyramidal cellsand s. radiatum
interneurones.

Paired-pulse facilitation

We first investigated a simple form of short-term plasticity,
paired-pulse facilitation (PPF), at Schaffer collateral
excitatory synapses onto CA1 pyramidal cells versus CAlss.
radiatum interneurones across a range of paired-pulse
intervals. In response to pairs of pulses close together
in time (20-200 ms), synapses onto CAl pyramidal
cells show robust paired-pulse facilitation (example in
Fig. 1A). In contrast, the synapses onto s. radiatum inter-
neurones are heterogeneous with respect to paired-pulse
plasticity. The majority of interneurones have either
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modest paired-pulse facilitation (example in Fig. 1B) or
no paired-pulse plasticity (not shown). A small subset of
interneurones, however, showed pronounced paired-pulse
depression (PPD) at all intervals tested (example in
Fig. 1C). Because there appeared to be two distinct types of
responses among the different interneurones with respect
to the short-term plasticity of their inputs in response to all
three stimulus protocols studied, we divided them into two
groups based on their paired-pulse responses. One group
had paired-pulse facilitation or no plasticity, referred
to from here on as facilitation interneurones (n=57),
and the other group had clear paired-pulse depression
(depression interneurones, n=19). The depression inter-
neurones were rare, and not distinguishable by their
morphology or location within s. radiatum (see below),
and thus their sample size is relatively small. The average
paired-pulse ratios were significantly different between all
three groups for paired-pulse intervals between 20 and
200 ms (Fig. 1D, n = 32 pyramidal cells, n = 57 facilitation
interneurones, # =9 depression interneurones, one-way
ANOVA, P <0.01). For all cell types, paired-pulse
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Figure 1. Excitatory synapses onto CA1 s. radiatum inhibitory interneurones have less paired-pulse

facilitation than synapses onto CA1 pyramidal cells

Examples of EPSCS recorded in response to paired-pulse stimulation of Schaffer collateral axons in a pyramidal
cell (A), interneurone with facilitation (B) and interneurone with depression (C). Each trace is the average of 10
responses; traces are overlaid for paired-pulse intervals of 30, 50, 80, 100, 150 and 200 ms. D, group results for
paired-pulse ratios (mean =+ s.e.M.) from pyramidal cells (squares, n = 32), interneurones with facilitation (circles,
n=>57) and interneurones with depression (triangles, n = 9). There are significant differences between three

groups (one-way ANOVA, P < 0.05).
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plasticity had largely disappeared by 500 ms (P > 0.05).
We find that paired-pulse facilitation is target cell specific,
and that it is reduced at synapses onto interneurones.
Because both groups of interneurones had significantlyless
paired-pulse facilitation than the pyramidal cells, this basic
finding also holds true if all interneurones are grouped
together instead of being divided. These results show
that despite having the same presynaptic input, Schaffer
collateral excitatory synapses onto CAl pyramidal cells
and s. radiatum interneurones have different presynaptic
properties.

Facilitation during short trains

The differences between excitatory synapses onto inter-
neurones and pyramidal cells were even more pronounced
when we compared short-term plasticity in response
to five-pulse trains with different frequencies (5, 10,
20 and 50Hz). Figure2 shows examples of average
EPSCs evoked by five-pulse stimulation from a CAl
pyramidal cell (Fig.2A1-A3), a CAls. radiatum inter-
neurone with facilitation (Fig.2B1-B3), and a CAls.
radiatum interneurone with depression (Fig. 2C1-C3). At
all frequencies tested the synapses onto pyramidal cells
consistently showed large facilitation that accumulated
during the train. In contrast, synapses onto the majority
of interneurones showed little facilitation and even
had short-term depression at the highest frequency
tested (50 Hz, e.g. Fig.2-3). Once again, a subgroup
of interneurones had short-term depression, which
greatly reduced the EPSC size by the end of the trains
(Fig. 2C). We quantified short-term plasticity in response
to the five-pulse stimulation using the five-pulse ratio
(EPSCs/EPSC,). As in the previous section, interneurones
were divided into two groups depending on whether
they had PPF or PPD. Figure 2D shows the summary of
five-pulse ratios for three groups: 16 pyramidal cells, 35
facilitation interneurones and 8 depression interneurones.
Pyramidal cells had significantly higher five-pulse ratios
compared with both groups of interneurones at all
frequencies tested (one-way ANOVA, P <0.01). In
addition, the depression interneurones had significantly
lower five-pulse ratios compared with the facilitation
interneurones (one-way ANOVA, P < 0.05). These results
showed that the differences in short-term plasticity
observed with pairs of pulses continue to grow during
additional stimuli, resulting in even greater differences
between excitatory synapses onto interneurones versus
pyramidal cells during short trains of high-frequency
stimulation.

Steady-state high-frequency depression

Next we examined another form of short-term plasticity,
high-frequency depression, by comparing the steady-state
EPSC size during continuous constant-frequency
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stimulation at frequencies of 0.1, 1, 2, 5 and 10 Hz. When
stimulated with very long trains of constant-frequency
stimulation, Schaffer collateral excitatory synapses onto
all cells studied showed a depression of the steady-state
EPSC size at high frequencies. Figure 3 shows examples of
the average steady-state EPSCs in response to stimulation
at 0.1, 5 and 10 Hz for synapses onto a CAl pyramidal
cell (Fig.3A), and CALl s. radiatum interneurones with
paired-pulse facilitation (Fig.3B) and paired-pulse
depression (Fig.3C). An example of EPSC amplitudes
versus time for three different stimulus frequencies is
shown in Fig. 3D to illustrate the change in the EPSC
size and attainment of a new steady-state level upon
changing the stimulus frequency. Figure 3E shows the
summary of the steady-state response size versus stimulus
frequency for excitatory synapses onto CAl pyramidal
cells, facilitation interneurones and depression inter-
neurones. For each cell, responses were normalized to
the response obtained during 0.1 Hz stimulation, where
no short-term plasticity occurred. There is no significant
difference between the facilitation interneurones and
pyramidal cells in steady-state high-frequency depression
at 2, 5 and 10Hz (n=42 facilitation interneurones,
n=28 pyramidal cells, P> 0.5). There was a small
difference at 1 Hz, where unlike the synapses onto the
interneurones, synapses onto the pyramidal cells showed
slight steady-state facilitation (P < 0.05). However, the
amount of high-frequency depression is significantly
greater at synapses onto the depression interneurones
(n=6) compared with each of the other two groups at
all frequencies tested (ANOVA, P < 0.05). Thus, although
short-term facilitation is greatly reduced at excitatory
synapses onto s. radiatum interneurones versus pyramidal
cells, high-frequency depression after constant-frequency
stimulation is the same in the majority of interneurones,
and only slightly greater in the others, as compared
with pyramidal cells. This shows that not all forms of
presynaptic short-term plasticity are significantly
influenced by the target cell at Schaffer collateral
excitatory synapses. Using a mathematical model
of short-term plasticity, our investigation into the
mechanisms that underlie the differences in presynaptic
properties of Schaffer collateral synapses gives a possible
explanation for this result (see below).

We next considered whether desensitization of
postsynaptic receptors might contribute to the short-term
depression we observe at steady state. We have previously
shown that receptor desensitization does not contribute
to short-term depression at Schaffer collateral synapses
onto pyramidal cells (Dobrunz et al. 1997; Dobrunz &
Stevens, 1997; Dobrunz, 2002); however, it was not known
whether desensitization plays a role at synapses onto s.
radiatum interneurones. To rule this out, we compared
the amount of steady-state high-frequency depression at
synapses onto interneurones in control and in the presence
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of 50 uM cyclothiazide, which inhibits glutamate receptor
desensitization. While cyclothiazide prolonged the time
course of the EPSC, there was no change in the amount
of steady-state high-frequency depression at either 2 Hz

n and others J Physiol 568.3

(0.82 £+ 0.16 versus 0.80 = 0.017, n=5, P > 0.2) or 10 Hz
(0.34 4+ 0.14 versus 0.33 +0.08, n=4, P> 0.8). Because
cyclothiazide has been reported to have presynaptic effects
at some synapses (Bellingham et al. 1999), we also verified
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Figure 2. Facilitation during short trains is also reduced at excitatory synapses onto interneurones versus
pyramidal cells

Examples of EPSCs recorded in response to five-pulse trains in a pyramidal cell (A), interneurone with facilitation
(B) and interneurone with depression (C). Each trace is the average of 10 responses; traces are shown for stimulus
trains of 5, 20 and 50 Hz. D, group results for five-pulse ratios (EPSCs/EPSCq, mean =+ s.e.Mm.) for pyramidal cells
(squares, n = 16), facilitation interneurones (circles, n = 35) and depression interneurones (triangles, n = 8). There
are significant differences between the three groups (one-way ANOVA, P < 0.05).
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that it did not affect the paired-pulse ratio at synapses onto
interneurones at an interpulse interval of 20 ms (2.2 + 0.5
versus 2.1 0.2, n=>5, P> 0.5) or 40 ms (2.0 = 0.3 versus
2.0£0.3, n=5, P> 0.3). Similarly, there was no effect
on the five-pulse ratio at either 10 Hz (1.8 £ 0.1 versus
1.7+0.1, n=3, P> 0.6) or 50Hz (1.04 £0.19 versus
0.9540.09, n=3, P> 0.5). These experiments confirm
that at Schaffer collateral synapses onto s. radiatum inter-
neurones, receptor desensitization does not play a role in
short-term plasticity, as has previously been shown for
synapses onto CA1 pyramidal cells (Dobrunz & Stevens,
1997; Hjelmstad et al. 1999).

Heterogeneity of synapses onto interneurones

The results shown above indicate that CA1 s. radiatum
interneurones are heterogeneous with respect to the
short-term plasticity of their Schaffer collateral inputs.
For example, under paired-pulse stimulation, 54 of
66 interneurones tested had moderate facilitation,
9 had depression, and 3 had neither paired-pulse
facilitation nor paired-pulse depression. To investigate

Mechanisms of target-cell specific short-term plasticity
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whether morphological differences between interneurones
correlate with differences in short-term plasticity of
their inputs, all CA1 s. radiatum interneurones recorded
were labelled with biocytin for post hoc morphological
analysis. Figure4 shows two examples of paired-pulse
ratios obtained from two s. radiatum interneurones
in the same hippocampal slice (Fig.4A) that displayed
different morphological characteristics. However, both
interneurones displayed modest paired-pulse facilitation
(Fig. 4B), and there is no significant difference between
them in paired-pulse ratio at any paired-pulse interval
tested (P> 0.6). In addition, other cells showed very
similar morphology but markedly different paired-pulse
plasticity (data not shown). Overall, we found no
correlation between the morphological differences in CA1
s. radiatum interneurones and the short-term plasticity of
Schaffer collateral synapses onto them.

Mathematical model of short-term plasticity

To investigate possible mechanisms for the differences
between excitatory Schaffer collateral synapses onto
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Figure 3. Steady-state high-frequency depression for excitatory synapses onto CA1 pyramidal cells

versus those onto CA1 s. radiatum interneurones

Examples of EPSCs recorded at steady state during high-frequency stimulation of Schaffer collateral axon at different
frequencies in a pyramidal cell (A), facilitation interneurone (B) and depression interneurone (C). Each trace is the
average of 10 responses; traces are shown for steady-state responses to stimulation at 0.1, 5and 10 Hz. D, example
of EPSC amplitudes versus time for stimulation at 2, 5 and 10 Hz to show steady state. Data are from a pyramidal
cell; curves have been smoothed by 5 point adjacent averaging. E, group results for steady-state high-frequency
depression (mean =+ s.e.M., normalized to response size at 0.1 Hz) for pyramidal cells (squares, n = 28), facilitation
interneurones (circles, n = 42), and depression interneurones (triangles, n = 6). There is no significant difference
between pyramidal cells and facilitation interneurones except at 1 Hz (P > 0.5), but there are significant differences
between depression interneurones and the other two cell types (one-way ANOVA, P < 0.05).
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s.radiatum interneurones and pyramidal cells, we
developed a mechanistic model of presynaptic short-term
synaptic plasticity that integrates features of several
previous models (Dobrunz & Stevens, 1997; Tsodyks et al.
1998; Dittman et al. 2000; Dobrunz, 2002). Our model
assumes that the short-term plasticity we observe is
presynaptic,  resulting  from  activity-dependent
modulation of the probability of neurotransmitter
release from individual synapses. Because there is
heterogeneity even among the population of synapses
of the same type (e.g. Schaffer collateral synapses onto
pyramidal cells (Dobrunz & Stevens, 1997; Dobrunz,
2002)), our model describes the average behaviour
of a single synapse for Schaffer collateral inputs onto
pyramidal cells, facilitation interneurones and depression
interneurones.

The model contains three possible states for a synapse:
‘release-ready’, ‘releasing’ and ‘refractory. The basic
assumptions of the model are: (1) synapses are initially
all in the release-ready state. Only synapses in the release
ready-state (active synapses) are capable of releasing a
vesicle when an action potential arrives; (2) upon a single
stimulus, a fraction of the release-ready synapses (P)
release one vesicle; (3) a synapse is in the releasing state for
avery short time (a few milliseconds), less than the shortest
interstimulus interval that is to be considered (20 ms);
(4) synapses that release become refractory or inactive;
(5) recovery from the refractory state back to the
release-ready state is calcium dependent; (6) the fraction
of release-ready synapses that release a vesicle depends
on the number of readily releasable vesicles (readily
releasable pool size, n) and the release probability per
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vesicle (), both of which are dynamic; (7) with each
stimulus calcium-dependent facilitation increases the
release probability per vesicle, which can result in an
increase in P on subsequent pulses that occur at shortinter-
vals; (8) the readily releasable vesicle pool size decreases
when vesicles release and refills up to a maximal size (n1).

Synaptic short-term plasticity depends on the balance
between factors causing facilitation and depression. In
our model, the overall synaptic release probability for
each stimulus is determined by the number of synaptic
vesicles available for release, by the release probability per
vesicle, and by the fraction of synapses in the release-ready
state. All of these factors are in turn dependent upon
the release probability, as well as on other model
parameters. Facilitation comes from an activity-dependent
enhancement of the release probability per vesicle «(#).
a(t) increases from its initial value or; due to the binding of
a calcium-bound molecule CaX¢g, which has a dissociation
constant Ky. CaXr increases by an amount Ay after an
action potential and decays back to zero with a time
constant 7¢ (Dittman et al. 2000). Depression is caused by
synapses entering a refractory state after they release and
by the depletion of the readily releasable vesicle pool. The
fraction of synapses that become inactivated (refractory)
depends upon the release probability P(¢). In addition, the
rate of recovery from refractory depression is accelerated
by calcium; this is modelled by having the recovery rate
increase from its initial value (ko) up to a maximal
value (kpyq) depending upon the equilibrium occupancy
of a calcium-bound molecule CaXp with a dissociation
constant Kp (Dittman et al. 2000). Similar to CaXg,
the calcium-bound molecule that governs facilitation,
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Figure 4. Morphology of interneurones does not correlate with the short-term plasticity of their inputs
Paired-pulse ratios obtained from two CAT1 s. radiatum interneurones showing different morphological
characteristics. A, two biocytin-filled s. radiatum interneurones (interneurones 1 and 2) recorded in the same slice
show different morphological characteristics. S. pyramidale is out of the field of view, off the top of the picture.
Scale bar, 100 um. B, paired-pulse ratios are not different at synapses onto interneurone 1 (m) and interneurone 2

©) (P> 0.6).
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Table 1. Parameters held constant in the model simulations for all cell types and stimulus

protocols

Symbol Definition Value Unit
Kmax Maximum recovery rate from the refractory state 302 s~

ko Baseline recovery rate from the refractory state 2@ s

Kp Dissociation constant of CaXp 22 N.A.

Tin Time constant for entry into refractory state 3 ms

Kg Dissociation constant of CaXF 4 N.A.

™ Decay time constant of CaXp after an action potential 50° ms

Af Incremental increase in CaXg after a stimulus 4 (normalized)
Ap Incremental increase in CaXp after a stimulus 12 (normalized)
R Refilling rate of readily releasable vesicle pool 0.1 s

aParameters are the same of those used by Dittman et al. (2000).

Table 2. Values of the variables that were adjusted to fit the experimental data

Initial release Initial readily Initial Decay
probability releasable release constant
per vesicle pool size probability  of CaXg

Simulation object o nr P4 e (s)
Pyramidal cells
Paired-pulse ratio vs interval 0.055 4.8 0.24 0.12
Five-pulse ratio versus frequency 0.055 4.8 0.24 0.16
Steady-state EPSC versus frequency 0.055 4.8 0.24 0.60
Facilitation interneurones
Paired-pulse ratio vs interval 0.060 7.5 0.37 0.12
Five-pulse ratio vs frequency 0.060 7.5 0.37 0.16
Steady-state EPSC vs frequency 0.060 7.5 0.37 0.60
Depression interneurones
Paired-pulse ratio vs interval 0.090 10.0 0.61 0.12
Five-pulse ratio vs frequency 0.090 10.0 0.61 0.16
Steady-state EPSC vs frequency 0.090 10.0 0.61 0.60

The initial release probability P4 was not an independent variable but was calculated from the

values of o1 and nr (egn (2) in Methods).

CaXp increases by an amount Ap after each action
potential and decays back to zero with a time constant
7p. The depletion of the readily releasable vesicle pool
is determined by the initial releasable pool size () and
the refilling rate (R), as well as by the release probability
P(1).

There are a total of 12 independent parameters in the
equations (see Tables 1 and 2). We fitted all of the data
with 9 of the parameters held constant for all cell types
and for all forms of short-term plasticity evoked by using
the different stimulation protocols (Table 1). Among them,
the values of k. ko» Kp, Tp and Ap are the same
as those used in the study of Dittman et al. (2000).
However, the value of A that we used is 4 times higher
than that used in the previous study (Dittman et al. 2000).
This is due to the difference in the model formulations
of facilitation, where facilitation in our model increases
the release probability per vesicle rather than the
overall release probability. Only two parameters were
adjusted as variables for data obtained from the different
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cell groups, and one additional parameter was a variable
for the different stimulus protocols but held the same for
all cell groups (Table 2).

Differences in initial release probability cause
changes in short-term plasticity

Figure 5 shows the model fits (lines) to the data
(symbols) for pyramidal cells, facilitation interneurones
and depression interneurones to each of the three stimulus
protocols: paired-pulse ratio versus interval (Fig.5A),
five-pulse ratio versus stimulus frequency (Fig. 5B), and
steady-state response size versus stimulus frequency
(Fig. 5C). All of the differences in short-term plasticity
between the three cell groups for all three stimulus
protocols could be accounted for by changing only two
parameters: the initial release probability per vesicle (o)
and the initial pool size of releasable vesicles (n7) (Table 2).
This results in a difference in the initial release probability
Py;since P; isdecided by o) and nritisnotan independent
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variable. The model simulations therefore indicate that
differences in short-term plasticity between cell groups
are due to differences in initial release probability that is
determined by the initial release probability per vesicle and
the initial releasable pool size. From Table 2, the synapses
onto interneurones have a larger initial vesicle pool size
(ny =7.5-10.0) than do pyramidal cells (ny =4.8), and
the initial probability per vesicle is different between
synapses onto interneurones that facilitate and ones that
depress. The heterogeneity in the initial release probability
per vesicle accounts for the difference in short-term
plasticity between the two groups of interneurones: alarger
release probability per vesicle (0.090) leads to short-term
depression, while a smaller release probability per vesicle
(0.060) leads to short-term facilitation. However, this
facilitation is still smaller than that in pyramidal cells
because pyramidal cells have a smaller initial readily
releasable vesicle pool size, and thus a smaller initial release
probability.

The amount of paired-pulse facilitation is inversely
related to the initial release probability, such that P,
is lowest in the pyramidal cells (0.24), intermediate in
the facilitation interneurones (0.37), and highest in the
depression interneurones (0.61). With only a difference in
initial release probability between the three cell groups,
the model provides excellent fits to the paired-pulse ratios
across the range of interpulse intervals measured (Fig. 5A).
In addition, the same values of «; and nr (Table2) fit
the data to the five-pulse stimulus protocol for all three
cell groups across the range of stimulus frequencies tested
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(5-50 Hz) (Fig. 5B), with only one other change. To fit the
five-pulse data, the variable 7, which is the decay time
constant after an action potential of the calcium-bound
molecule responsible for facilitation (CaXg), needed to
be adjusted to be longer (0.16 versus 0.12). This could
be indicative of the saturation of a calcium buffer or of
calcium extrusion from the presynaptic terminal during
the longer trains, resulting in a slower decay of free
intracellular calcium. However, since 7y was kept the
same for the three cell groups (Table2), all of the
differences between the three groups were determined
only by the changes in «; and ny. Again, the initial
release probability is inversely related to the five-pulse
ratio. The highest initial release probability (depression
interneurones) results in depression of the fifth EPSC in
the train, the lowest initial probability (pyramidal cells)
results in large facilitation, and the intermediate value of
release probability (facilitation interneurones) results in
moderate facilitation for some frequencies (5-20 Hz) and
depression for the highest frequency tested (50 Hz).

The comparison of the steady-state responses to
continuous high-frequency stimulation was more
complex. There was no difference in the amount of
high-frequency depression of the steady-state responses
between the pyramidal cells and the facilitation
interneurones, except at 1Hz where the pyramidal
cell responses were slightly facilitated instead of
depressed. However, the depression interneurones
showed significantly more high-frequency depression
than the other two groups at all frequencies tested. As

A Paired Pulse B Five Pulse
2 25 50
& o 25
9 2.01 E 20-
& 157 %n K, 15
& h o) 8 1.0- g O~ _ Figure 5. Model predicts that differences in
g 1.0 AB. i — O .5 i - T i -0 initial release probability cause the observed
E ﬁ' e w * - changes in short-term plasticity
0.5 —r—— T T T T 0.0+ T T T T Mathematical simulations (lines) of experimental
0 100 200 300 400 500 0 10 20 40 50 data (symbols) provide excellent fits to paired-pulse
Interval (ms) Frequency (Hz) ratios (A), five-pulse ratios (B), and steady-state
high-frequency depression (C) obtained from CA1
Data pyramidal cells (squares), s. radiatum interneurones
G —. F’yramidal Cells with facilitation (circles), and with depression

Steady State

Model

Steady-State EPSC Amplitude
(normalized)

Frequency (Hz)

¢ Facilitation Interneurons
4 Depression Interneurons

Pyramidal Cells
- = -Facilitation Interneurons
-+« ++ Depression Interneurons

(triangles). For each panel continuous curves are
from model fits to pyramidal cell data, dashed lines
are from model fits to facilitation interneurone
data, and dotted lines are from model fits to
depression interneurone data. All curves were
calculated using equations from Methods with
parameters values given in Table 1 and Table 2.
Only the values of the initial vesicular release
probability @1 and the initial readily releasable pool
size nt are different between the three cell groups;
for each cell group, values of a1 and nr are the
same for all three stimulus protocols.
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shown in Fig. 5C, the model is able to capture all of these
features of the experimental data, using the same values
of «; and ny as used for the paired-pulse and five-pulse
data, with a further increase in 7 (0.60). Once again,
since Tr was kept the same for the three cell groups,
all of the differences between the three groups were
determined only by the changes in «; and ny. Thus the
parameters that govern initial release probability, &; and
nr, are kept the same for each cell group in the simulation
of short-term plasticity evoked by the three different
stimulation protocols (Table 2).

Comparing the two groups of interneurones suggests
that when the initial readily releasable pool size is
similar, an increase in the vesicular release probability
results in greater steady-state high-frequency depression.
Furthermore, there is no difference in the model
prediction of steady-state high-frequency depression
between pyramidal cells and paired-pulse facilitation
interneurones except at 1 Hz, even though the differences
in the initial release probability and the initial vesicle
pool size are still there (Table 2). Thus the same values of
«; and nr that result in the differences in paired-pulse
facilitation and five-pulse facilitation also predict no
difference in steady-state high-frequency depression. Even
though the initial release probability of the synapses onto
the facilitation interneurones is greater than that onto the
pyramidal cells (P; = 0.37 versus P; = 0.24), it is caused
by increases in both «; and #ny. While increasing o, alone
increases high-frequency depression, increasing nr alone
should decrease high-frequency depression. The effects
on high-frequency depression due to increasing both
«; and nr in facilitating interneurones versus pyramidal
cells offset each other, except at the stimulus frequency
of 1Hz. This suggests that it is not only the overall
initial release probability that is important, but that the
relative contributions of the readily releasable pool size
and the release probability per vesicle to the initial release
probability are also critical for determining short-term
plasticity.

Release probability is higher at synapses
onto interneurones

Our model predicts that the differences in short-term
plasticity between synapses onto interneurones versus
pyramidal cells are due to a difference in their initial
release probability. We tested this experimentally by
comparing the rate of block of NMDA receptors by the
use-dependent blocker MK-801 (Huang & Stevens, 1997).
This is an established method to test for differences in
release probability (e.g. Castro-Alamancos & Connors,
1997). Because MK-801 is an irreversible open-channel
blocker of NMDA receptors, the rate of block is faster
at synapses with a higher average release probability
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(Huang & Stevens, 1997). We isolated NMDA currents
by using DNQX to block AMPA responses and omitting
APV from the recording solution. We depolarized the
postsynaptic cell to —40mV to relieve the magnesium
block of the NMDA receptors, and left the concentrations
of calcium and magnesium unchanged. Figure 6 shows
the progressive decrease in the size of the NMDA EPSC
in response to 0.1 Hz stimulation in 40 um MK-801.
As predicted, the rate of block was significantly faster
at Schaffer collateral synapses onto s. radiatum inter-
neurones (O, T = 22.5 &+ 3.6, n=>5) ascompared with CA1
pyramidal cells (W, T =42.7 + 11.9, n=5, P < 0.005). As
the depression interneurones are relatively rare, there were
none observed in these experiments and thus we have only
two cell groups. We also compared the fraction of open
NMDA receptors blocked by MK-801 (block fraction) at
synapses onto interneurones versus pyramidal cells. We
estimated the block fraction by fitting a four-state kinetic
model to the average EPSC measured in the absence and
presence of MK-801, as described in Huang & Stevens
(1997). The block fraction was not different at synapses
onto interneurones versus pyramidal cells (0.35 4 0.05,
n=>5 interneurones versus 0.35 £ 0.05, n=5 pyramidal
cells, P> 0.9). The faster rate of block observed at
synapses onto interneurones therefore demonstrates that
the average release probability is indeed higher at synapses
onto interneurones versus pyramidal cells, consistent with
our model results and with the lower PPF observed at these
synapses.

= Pyramidal Cells
o Interneurons

EPSC Amplitude (normalized)

u-ﬂ T T T T T T
0 20 40 60 80 100 12C

Stimulus number

Figure 6. Synapses onto interneurones have higher initial
release probability as shown by a faster MK-801 blocking rate
Decrease in the NMDA-receptor-mediated EPSC amplitude versus
stimulus number in 40 um MK-801. Rate of block by MK-801 is faster
for synapses onto interneurones (O, mean = s.e.M., n = 5) versus
pyramidal cells (m, mean £ s.e.m., n =5, P < 0.005). Inset: examples
of average EPSCs in the absence (black line, average of 10 EPSCs from
baseline) and presence (grey line, average of first 10 EPSCs in MK-801)
of MK-801 for an interneurone. EPSCs have been scaled so their initial
peaks match to show the faster decay in the presence of MK-801.
Scale bars: 20 ms, 10 pA for control, 5.3 pA in MK-801.
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Mathematical model predicts differences
in the dynamics of synaptic parameters

Using our model, we further investigated the dynamics
of the readily releasable vesicle pool size (n), release
probability per vesicle (), and release probability per
active (release-ready) synapse (P), as well as the fraction of
synapses that are in the release-ready state (x) during the
different stimulus protocols. Figure 7 illustrates the model
predictions for these factors that determine the overall
neurotransmitter release probability during short-term
plasticity for Schaffer collateral synapses onto the three
groups of cells: pyramidal cells (continuous lines),
interneurones with paired-pulse facilitation (dashed lines)
and interneurones with paired-pulse depression (dotted
lines). Figure 7A shows the changes in these variables
according to time after the first stimulus of a pair. The
first stimulus occurs at ¢ =0, and baseline values of the
parameters that determine release on the first stimulus
are shown at t < 0. As a result of facilitation, the release
probability per vesicle «(#) jumps from its initial value o
up to a value of «; at time ¢ =0, and then decays back to
its initial value o; (Fig. 7A1). As there is no difference in
the calcium binding parameters governing facilitation (t¥,
K%), a(f) increases to a similar degree for synapses onto
all three cell groups, and decreases at a similar rate. The
differences between these curves are due to the differences
in their initial values. Figure 7A2 shows the dynamics
of the readily releasable vesicle pool size n(t) after the
first stimulus of a pair. Upon the first stimulation, the
readily releasable pool size decreases by an amount P;.
The refilling rate is quite slow, such that over the time
scale shown in Fig. 7A2, n(t) appears to be almost constant
for t > 0. In fact, n is not refilled entirely even 1s after
release. Thus, in the case of paired-pulse stimulation, the
readily releasable pool has not completely refilled prior to
the arrival of the second pulse. However, the decrease in n
is very small compared with the initial pool size (n7), and
therefore it is likely to play a negligible role in paired-pulse
plasticity.

Figure 7A3 shows changes of the release probability of
active synapses (not including synapses in the refractory
period) according to time after the first stimulus. Even
for the interneurones that have paired-pulse depression,
the release probability of active synapses, P(t), increases
following the first stimulus, then decays back to its initial
value P;. Comparing Fig.7A1 and 7A3, the differences
between the interneurones and pyramidal cells in release
probability per active synapse, P(t), are much greater
than the differences in release probability per vesicle,
a(t), because of the effect of the differences in the
releasable vesicle pool size, n(t). Figure 7A4 demonstrates
the dynamics of synapses in the release-ready state after the
first stimulus (x(#)). The fraction of release-ready (active)
synapses decreases at time ¢ = 0 due to synapses entering
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the releasing state upon the first stimulation. x(¢) then
increases back towards 1, indicating the recovery to the
release ready-state from the refractory state. The initial
decrease in release-ready synapses equals the initial release
probability, and is therefore largest for the high probability
synapses of the paired-pulse depression interneurones. At
these high probability synapses, paired-pulse depression
is caused by the decrease in the fraction of synapses that
are release ready for the second stimulation (x,), due to
synapses that have released on the first pulse and are still
inactive when the second pulse arrives. The fraction of
synapses that releases on the second pulse is y, = (P; x;).
So although P, increases as a result of the increase in a5,
(P, x,) is still less than P;. and therefore the paired-pulse
ratio is less than 1. While there is also a decrease in the
fraction of release-ready synapses (x,) in pyramidal cells
and facilitation interneurones, it is smaller and is offset
by the larger relative increase of the release probability
per active synapse, resulting in net facilitation. In all three
cases the fraction of release-ready synapses recovers with
a double exponential time course, with time constants of
44 and 511 ms, due to calcium-dependent recovery from
inactivation (Dittman et al. 2000).

Figure 7B shows the values of these factors that
determine neurotransmitter release probability at the time
of the fifth stimulation as a function of stimulus frequency.
For all three cell types, the model predicts that release
probability per vesicle increases rapidly as a function of
frequency between 0.1 and 20 Hz, and increases only a
little more at higher frequencies (Fig.7B1). Figure 7B2
shows that the readily releasable vesicle pool is only
slightly depleted at low stimulus frequencies, and that the
amount of depletion does notincrease any further at higher
frequencies. Therefore depletion appears to play only a
small role in short-term plasticity for all three cell groups
even during five-pulse trains. The combination of large
facilitation of the vesicular release probability and only
minor depletion of the readily releasable pool results in a
very high release probability per release-ready synapse, Ps,
at frequencies above 10 Hz (Fig. 7B3). The value of Ps is
highest for the synapses onto the depression interneurones,
where it approaches 1. However, this leads to a decrease
in the number of release-ready synapses, as shown in
Fig. 7B4. Again, it is the decrease in release-ready synapses
due to refractory depression that causes the short-term
depression during five-pulse trains in synapses onto the
depression interneurones, not a depletion of the readily
releasable vesicle pool.

Figure 7C shows the model predictions for the
steady-state values as a function of frequency during
continuous stimulation. Again, thereisaverylarge increase
in the vesicular release probability with stimulus frequency
for all three cell groups (Fig.7Cl1). For example, for
pyramidal cell synapses the steady-state value of & during
10 Hz stimulation is more than 10-fold greater than
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Figure 7. Dynamics of model parameters that govern short-term plasticity for different stimulus patterns
Dynamics of «, the release probability per vesicle (A1-C1); n, the readily releasable vesicle pool size (A2—-C2); P,
the release probability per active (release-ready) synapse (A3-C3); and x, the fraction of synapses in release-ready
state (A4-C4) for different cell types. For each panel continuous curves are from model fits to pyramidal cell data,
dashed lines are from model fits to facilitation interneurone data, and dotted lines are from model fits to depression
interneurone data. A shows parameter values for the second pulse of paired-pulse stimulation given at different
time intervals after the first pulse, which occurs just prior to t = 0. The initial values of the parameters (which
govern release on pulse 1) are shown at t < 0. B shows parameter values for the fifth pulse as a function of the
frequency of the five-pulse train. C shows parameter values at steady state during constant frequency stimulation
at different frequencies. All curves were calculated using equations from Methods with parameter values given in

Table 1 and Table 2.
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its initial value. However, the readily releasable vesicle
pool becomes significantly depleted during continuous
high-frequency stimulation; at steady state the pool is less
than 20% full for frequencies above about 2 Hz (Fig. 7C2).
Since the vesicle pool is so depleted, the steady-state
values of release probability per active synapse, Poo(f),
decline at high frequencies (Fig. 7C3), even though release
probability per vesicle is greatly facilitated. For depression
interneurones P, (f) decreases for all frequencies above
0.1 Hz; however, for pyramidal cells and facilitation
interneurones Py (f) increases slightly to a peak at
about 1 Hz, after which it declines. While the decrease
in Py (f) due to vesicle depletion is one major cause of
high-frequency depression of release at steady state, a
decrease in the number of active (release-ready) synapses
due to inactivation also contributes (Fig. 7C4). The model
predicts that although pyramidal cells and facilitation
interneurones have almost identical amounts of
high-frequency depression at frequencies above 1 Hz, the
relative contributions of synapse inactivation (Fig. 7C4)
and the decrease in release probability per active synapse
(Fig. 7C3) are different. For pyramidal cells steady-state
high-frequency depression results almost equally from the
decrease in release probability per active synapse and from
synapse inactivation, while for facilitation interneurones
there is a larger contribution from synapse inactivation,
with a smaller effect of the decrease in release probability
per active synapse.

In summary, our results demonstrate that Schaffer
collateral synapses have target-cell specific short-term
plasticity onto neurones in CA1. Compared with excitatory
synapses onto pyramidal cells, synapses onto s. radiatum
interneurones have less facilitation after paired-pulse
stimulation and during short high-frequency trains.
Furthermore, excitatory synapses onto interneurones are
heterogeneous in their short-term plasticity, unlike those
onto pyramidal cells. All synapses onto pyramidal cells
showed robust short-term facilitation, while synapses onto
most interneurones showed moderate facilitation, but a
subset of interneurones had synapses with short-term
depression instead. However, when very long trains
of stimuli were given at different frequencies, the
amount of steady-state high-frequency depression was
not significantly different between the synapses onto
pyramidal cells versus the majority of interneurones. A
theoretical study based on the simulation of experimental
data using a mechanistic model of neurotransmitter
release predicts that the differences in short-term plasticity
are due to differences in the initial release probability.
Our model predicts that excitatory synapses onto inter-
neurones have a higher initial release probability, which
we confirm experimentally. Our model also predicts that
this difference in initial release probability is due to
a larger initial vesicle pool size and a higher release
probability per vesicle at synapses onto interneurones,
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and that the variations in short-term plasticity detected
from interneurones are primarily due to the variations in
the initial release probability per vesicle. A higher release
probability per vesicle results in short-term depression,
while a lower release probability per vesicle allows for
short-term facilitation. However, this facilitation is still
smaller than those seen at synapses onto pyramidal
cells because synapses onto interneurones have a larger
initial readily releasable vesicle pool size, resulting in a
larger initial release probability overall. In addition, our
model predicts that paired-pulse depression is caused by
a large fraction of synapses becoming refractory/inactive
following release at high probability synapses, and not by
depletion of the readily releasable vesicle pool.

Discussion
Target-cell specificity of short-term plasticity

Our results indicate that synapses made by CA3 pyramidal
cell Schaffer collateral axons onto CA1 pyramidal cells and
s. radiatum interneurones have target-specific short-term
plasticity, and that excitatory synapses onto interneurones
have less facilitation in response to both paired-pulse
and short train stimulation compared with synapses onto
pyramidal cells. Target-cell specificity in paired-pulse
plasticity of Schaffer collateral axons was observed in
one previous study; however, that study showed that
paired-pulse facilitation at Schaffer collateral excitatory
synapses onto CAl interneurones in s. oriens is higher
than those onto pyramidal cells (Scanziani et al. 1998).
This difference between Schaffer collateral synapses onto
CA1 interneurones in s. oriens versus our observations in
s. radiatum further emphasizes that short-term plasticity
of Schaffer collateral synapses is target-cell specific even
for interneurones. This is also shown by the heterogeneity
we observe in the properties of inputs to interneurones
within s. radiatum.

Another study reported no difference in the synaptic
dynamics of excitatory Schaffer collateral inputs onto
CA1 pyramidal cells versus CAl interneurones (Wierenga
& Wadman, 2003), specifically in the plateau values
of the EPSCs during constant frequency trains. This
is in agreement with our result showing no difference
in the steady-state responses versus frequency (Fig.3).
However, they also reported that both types of synapses
showed similar amounts of paired-pulse facilitation
(Wierenga & Wadman, 2003), in contrast to what we
report here (Fig.1). One possible explanation is that
they were recording interneurones in s. pyramidale and
s. oriens in addition to s. radiatum. Since Schaffer
collateral synapses onto s. oriens interneurones have more
facilitation than those onto pyramidal cells (Scanziani et al.
1998), while we show that Schaffer collateral synapses
onto s. radiatum interneurones have less facilitation,
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the two effects might average out. Furthermore, in
our experiments we attempted to block known forms
of postsynaptic short-term plasticity in order to study
presynaptic mechanisms in isolation, whereas both pre-
and postsynaptic mechanisms may have contributed
in their experiments. For example, activity-dependent
relief of polyamine block has been shown to post-
synaptically cause paired-pulse facilitation at synapses
onto interneurones in neocortex that would otherwise
show paired-pulse depression (Rozov & Burnashev, 1999).
If this also occurs at synapses onto interneurones in
CA1, this would suggest the interesting possibility that
this postsynaptic mechanism of facilitation is functioning
to compensate for the decreased presynaptic short-term
facilitation that is a consequence of having high probability
synapses driving s. radiatum interneurones.

We found that short-term plasticity recorded from
excitatory synapses onto interneurones was heterogeneous
in response to all of the stimulus patterns we used.
These differences in short-term plasticity did not correlate
with any observable morphological differences between
the cells. To date, numerous attempts to correlate
differences in hippocampal interneurone physiology with
morphology have revealed that functional subgroups
often do not correspond to distinct morphological types
(e.g. McMahon & Kauer, 1997; McMahon et al. 1998;
Parra et al. 1998). It has been proposed that interneurones
form functional subgroups based on their differential
expression of calcium-binding proteins and neuropeptides
(Freund & Buzsaki, 1996). For example, in cortex, bitufted
interneurones, many of which contain somatostatin,
have excitatory inputs that show strong paired-pulse
facilitation, in contrast to multipolar interneurones, some
of which contain parvalbumin, that show paired-pulse
depression (Reyes et al. 1998). However, a recent study
of hippocampal interneurones in s. oriens did not find
clear correlations between short-term plasticity and the
presence of neuropeptides, calcium-binding proteins, or
metabotropic glutamate receptors (Losonczy ef al. 2002).

A difference in presynaptic properties between synapses
onto pyramidal cells versus interneurones could arise in
several ways. A subset of CA3 neurones could innervate
only pyramidal cells while another subset with different
presynaptic properties innervates only interneurones.
Alternatively, terminals from the same CA3 cell axon could
have different properties when the target cell is an inter-
neurone versus a pyramidal cell. While our experiments
do not directly address this question for interneurones
in s. radiatum, there is strong evidence for the latter
view for Schaffer collateral synapses onto CA1 pyramidal
cells versus s. oriens interneurones in organotypic slices
(Scanziani et al. 1998). In either case, the dependence
of a presynaptic property on the postsynaptic target cell
implies the need for a retrograde signal. Possible signals
include both secreted factors such as neurotrophins and
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membrane-bound factors such as cell adhesion molecules
(Fitzsimonds & Poo, 1998). Further work will be needed
to determine the nature of such a signal, and whether it is
present at synaptogenesis or occurs during activity-
dependent synaptic maturation.

Mathematical model of presynaptic
short-term plasticity

To investigate the biological mechanisms underlying
the differences in short-term plasticity, we developed a
mechanistic model incorporating features from several
existing models that explicitly describes biological factors
that govern release probability, such as the number of
readily releasable vesicles and the release probability
per vesicle. Our model is based on the mechanistic
model of Regehr and colleagues in which synaptic
facilitation and depression are linked with non-linear
Ca?* binding processes in presynaptic terminals that
are related to residual presynaptic calcium (Dittman &
Regehr, 1998; Dittman et al. 2000). The basic concepts
of this model were employed in our model, as were the
equations for the calcium-bound molecules governing
facilitation (CaXr) and calcium-dependent recovery from
inactivation (CaXp) (eqns (5) and (8) in Methods). We
extended their model, however, by directly linking release
probability with the readily releasable vesicle pool size and
the release probability per vesicle (Dobrunz & Stevens,
1997; Dobrunz, 2002). Furthermore, we modified the
mathematical description of facilitation from Dittman
et al. (2000) so that it is the vesicular release probability
a(t) that is facilitated in a calcium-dependent manner
(eqn (4) in Methods), rather than the overall synaptic
release probability per active synapse P(¢) (which
corresponds to the facilitation factor F(t) in their model).
In our model P(t) also depends upon the readily releasable
vesicle pool size n(f) (see Methods), which is not
subject to the same facilitation, but instead can deplete.
While we were able to fit the experimental data for the
paired-pulse and five-pulse stimulus protocols without
making these modifications to their model, they were
necessary to enable the model to fit the experimental results
for steady-state high-frequency depression. We therefore
used the model with these modifications to analyse all
of our experimental data. Consistent with this, further
analysis of the model as shown in Fig.7 suggests that
depletion of the readily releasable vesicle pool plays very
little role during paired-pulse stimulation (Fig. 7A2) and
only a minor role during five-pulse stimulation (Fig. 7B2),
but is a major source of depression during steady-state
high-frequency stimulation (Fig. 7C2).

All of our experimental data for the three different
cell groups, each in response to three different stimulus
protocols, can be simulated by changing only the values
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of a;, nr and tp. The best fit of the model to all of the
data occurs when all parameters except o) and nr are kept
the same for the three different cell groups. This suggests
that there are many identical properties between excitatory
synapses onto interneurones and those onto pyramidal
cells, and that the differences in short-term plasticity
between these two cell types are not due to differences in
the mechanisms of facilitation or depression. For each cell
group, o1 and nr are kept the same to fit all data obtained
for the three different stimulation protocols. Because these
parameters reflect the initial state of the synapses, they
should be independent of the stimulus protocol.

The third variable Ty changes for the different stimulus
protocols, but it is the same for all cells recorded whether
they were pyramidal cells or interneurones. This variable
determines the decay rate after an action potential of the
calcium-bound molecule CaXp that governs facilitation.
As described in Dittman et al. (2000), this will be
dependent upon residual calcium in the presynaptic
terminal, although it does not directly reflect the time
course of the decay of free calcium. The increases in T with
increasing numbers of stimuli may be due to the saturation
of calcium buffers in presynaptic terminals, which could
decrease the removal of calcium from the active zone
in presynaptic terminals and result in a slower decay of
residual calcium and of facilitation. Alternatively, a more
complex version of the model that provides a more detailed
description of presynaptic calcium dynamics and actually
describes the time course of residual free calcium during
different stimulation patterns could be developed. Since
our model provides a good fit for all of the data if we allow
7f to depend upon the stimulus pattern, we chose to use
the model in its current, more simplified form. However,
since 7§ is held constant for all three cell groups simulated,
the model therefore predicts that differences in short-term
plasticity between cell types are only determined by the two
parameters that determine the initial release probability of
the synapse, o, and nr.

Difference in initial release probability underlies
target-cell specific short-term plasticity

Our model therefore predicts that all of the differences in
short-term plasticity between Schaffer collateral synapses
onto s. radiatum interneurones versus pyramidal cells
result from a difference in initial release probability
per vesicle and the initial vesicle pool size. They are
both larger at synapses onto interneurones, resulting in
a larger synaptic release probability. This is consistent
with the observation that the initial release probability
per vesicle and the initial vesicle pool size also scale
together at individual Schaffer collateral synapses onto
CA1l pyramidal cells, contributing to the observed
heterogeneity of the overall release probability (Dobrunz,
2002). The values we estimate for «; (0.055-0.090) for
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the three cell groups are in the range of what has been
previously reported for synapses onto hippocampal
neurones in culture (Murthy et al. 1997; Junge et al.
2004) and in hippocampal slices (Dobrunz & Stevens,
1997; Dobrunz, 2002). In particular, the value of
a; = 0.055 we obtain for Schaffer collateral synapses onto
pyramidal cells is very close to the value of o} =0.044
estimated by Wesseling & Lo (2002) for Schaffer collateral
synapses. Similarly, the values of nr (4.8-10.0) are also
comparable to the size of the readily releasable vesicle pool
measured electrophysiologically (Stevens & Tsujimoto,
1995; Dobrunz & Stevens, 1997; Dobrunz, 2002) or
optically (Murthy et al. 2001) for excitatory synapses onto
hippocampal neurones.

Thus the model predicts that the initial release
probability is low for inputs to pyramidal cells (P; = 0.24),
higher for inputs to the facilitation interneurones
(P =0.37), and even higher for inputs to the depression
interneurones (P; =0.61). For the pyramidal cells, the
value of P; predicted is in close agreement with previous
experimental studies that suggested that the average P,
of their inputs is 0.2-0.3 (Allen & Stevens, 1994; Huang
& Stevens, 1997). The release probability of excitatory
inputs onto CA1 interneurones has not yet been measured
directly, so the values of 0.37-0.61 that the model
predicts will need to be confirmed by future experiments.
Previous studies have suggested that synaptic connections
from CA3 pyramidal cells onto CA3 interneurones are very
strong (Miles, 1990) and show only modest paired-pulse
facilitation (Miles & Wong, 1986), indicating that they
are likely to also be high probability synapses. However,
Schaffer collateral synapses onto s. oriens interneurones
have large paired-pulse facilitation and thus are likely
to be low probability synapses (Scanziani et al. 1998),
indicating this is not a feature of all inputs to hippocampal
interneurones.

The amount of PPF is a widely used indicator of
presynaptic function, and a change in the paired-pulse
ratiois often interpreted as indicating a change in the initial
release probability in the opposite direction (reviewed
in Zucker, 1989, 1999). Manipulations that decrease P,
such as lowering the extracellular calcium concentration
or activation of presynaptic adenosine receptors, increase
the paired-pulse ratio, and vice versa (e.g. Dumas & Foster,
1998). When directly measured at individual synapses of
the same type, PPF is inversely proportional to P; across
the population of synapses (Debanne et al. 1996; Dobrunz
& Stevens, 1997). Differences in PPF at different types of
synapses have been shown to correlate with differences
in average P; (Castro-Alamancos & Connors, 1997). In
addition, manipulations that reduce P; at depressing
synapses can unmask PPF (Mennerick & Zorumski, 1995).

Our model results suggest that the lower paired-pulse
ratio at excitatory synapses onto CAl interneurones results
from a higher initial release probability at these synapses
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compared with synapses onto pyramidal cells. It was
important to directly test this prediction, because the
paired-pulse ratio does not always directly correlate with
P,. For example, synapses between layer 5 pyramidal cells
all show PPD despite having P; ranging from 0.1 to 0.95
(Markram et al. 1997; Tsodyks & Markram, 1997). At those
synapses, lowering P; by lowering extracellular calcium
does not reveal PPFE, suggesting they lack the capacity for
facilitation (Markram et al. 1998). Similarly, mice deficient
for neurotrophins show reduced PPF with no change in
average P; (Kokaia et al. 1998), and over-expression of the
protein neuronal calcium sensor 1 in hippocampal cultures
causes an increase in PPF with no change in P (Sippy et al.
2003).

We confirmed that synapses onto interneurones have
a higher initial release probability by showing a faster
rate of block of NMDA EPSCs by the open channel
blocker MK-801. While this method does not give a direct
measurement of the average P, (Huang & Stevens, 1997),
it is a sensitive indicator for differences in the average
Py, provided that there is no difference in the fraction
of participating receptors that gets blocked by MK-801.
This depends upon the fraction of open NMDA receptors
blocked by MK-801 (block fraction) and the fraction of
receptors that participate in the current when transmitter
is released (Huang & Stevens, 1997). Since the fraction of
participating receptors depends upon the NMDA receptor
subunit composition (Erreger et al. 2005), it is possible
that this fraction could be different at synapses onto inter-
neurones versus pyramidal cells. If so, this could either
contribute to or reduce the observed difference in the
rate of block by MK-801. However, the time course of
NMDA-mediated EPSCS is similar in interneurones and
pyramidal cells (Morin et al. 1996), suggesting that their
subunit composition is similar and that this is not likely
to be a large effect. As the block fraction is not different
between synapses onto interneurones and pyramidal cells,
the faster rate of block by MK-801 of synapses onto inter-
neurones provides strong support of our model finding
that synapses onto interneurones have a higher release
probability.

Previous experiments have shown that an increase in
Py can result in an increase in steady-state depression
(Markram, 1997), yet for the majority of inter-
neurones we studied (the facilitation interneurones),
their inputs had the same amount of steady-state
high-frequency depression as pyramidal cell inputs for
stimulus frequencies above 1 Hz. However, in that study
P; was raised acutely by increasing extracellular calcium,
which our model predicts will result in an increase in
the amount of steady-state high-frequency depression
due to an increase in «;. Our model also predicts that
an increase in P; due to an increase in the initial
readily releasable pool size would decrease high-frequency
depression. This is consistent with experiments that have
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shown that brain-derived neurotrophic factor (BDNF),
which increases the number of docked vesicles (Tyler
& Pozzo-Miller, 2001) (and presumably also the readily
releasable pool size), causes a decrease in high-frequency
depression (Gottschalk et al. 1998). Our model suggests
that both nr and «; are greater in synapses onto inter-
neurones as compared with pyramidal cells, and for the
facilitation interneurones the effects on high-frequency
depression offset each other except at 1Hz. Both nr
and o; are greater at inputs to the depression inter-
neurones versus the facilitation interneurones, but in
this case the increase in «; has the greater effect,
resulting in more high-frequency depression. Therefore,
it is not only the initial release probability that determines
short-term plasticity; the relative contributions of the
readily releasable pool size and release probability per
vesicle are also important. Because these two parameters
can be modulated independently, this enables differential
regulation of the initial synaptic strength and of short-term
synaptic dynamics.

Several possible mechanisms could account for the
difference in the vesicular release probability «; between
synapses onto interneurones versus pyramidal cells. These
include differences in presynaptic calcium influx caused by
either variations in the density of calcium channels (Rozov
etal.2001a) or in channel properties (Scheuber et al. 2004),
differences in the proximity of calcium channels to vesicles
(Bennett et al. 2000; Rozov et al. 2001a; Scheuber et al.
2004), or the differences in effects of presynaptic calcium
buffering. In cortex, differences in the density of calcium
channels and/or the distance between channels and
vesicles are thought to contribute to observed differences
in release probability between excitatory synapses onto
bitufted versus multipolar interneurones (Rozov et al.
2001a). Thus, this may be a common mechanism
governing the target cell specificity of release probability
per vesicle at excitatory synapses in neocortex and
hippocampus.

Our model also predicts that the initial readily releasable
poolsize, nr, islarger at synapses onto interneurones. Since
the readily releasable pool is the subset of vesicles docked
at the active zone that are primed (Sudhof, 2004), this
could result from an increase in the number of docked
vesicles and/or the fraction of docked vesicles that is
primed. At synapses onto pyramidal cells, the number
of docked vesicles can be regulated by the neurotrophic
factor BDNF (Lu & Chow, 1999; Tyler & Pozzo-Miller,
2001). Similarly, the readily releasable pool size has
been shown to be modulated by the second messenger
diacylglycerol (Rhee et al. 2002) and by calmodulin (Junge
et al. 2004) through interactions with the vesicle priming
factor Munc 13 (Augustin et al. 1999; Betz et al. 2001;
Rosenmund et al. 2002). The readily releasable vesicle pool
size may also be regulated by protein kinase A-dependent
phosphorylation of the SNARE protein SNAP-25 (Nagy
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et al. 2004). However, in cultured hippocampal synapses
the readily releasable pool size measured physiologically
corresponds closely to the number of anatomically docked
vesicles measured with electron microscopy, suggesting
that all docked vesicles are normally primed (Murthy
et al. 2001; Schikorski & Stevens, 2001). It remains to
be determined what mechanisms cause the increases in
the readily releasable pool size at excitatory synapses onto
interneurones.

Model assumptions

It has been reported that the refilling rate of the readily
releasable vesicle pool can be increased by accumulation
of intracellular calcium (Caj") during high-frequency
stimuli (Neher, 1998; Stevens & Wesseling, 1998; Wang &
Kaczmarek, 1998), or by the saturation of calcium buffers
at the release site. In our mathematical model the refilling
rate of the readily releasable pool was treated as a constant
during stimulation and for all of the different cell types.
This simplification suggests that there is no difference
between different cell types in the refilling rate, rather than
requiring no effect of Ca;™ on the refilling rate. A more
complex version of the model could include a dependence
of the refilling rate, but this simplification worked well for
the simulation of our data. Since depletion of the readily
releasable vesicle pool appears to play little role in the
responses to paired-pulse and five-pulse stimulation, a
dependence of the refilling rate on Ca;" is not likely to
have much effect on these simulations. However, during
longer trains of stimulation, activity-dependent increases
in the refilling rate may help tolimit depletion of the readily
releasable pool. Unless the refilling rate of synapses onto
interneurones is differentially dependent on activity, this
is not likely to significantly affect our results.

In our model, we assume all short-term plasticity is
due to presynaptic mechanisms by which activity alters
the probability of neurotransmitter release. With few
exceptions, mechanisms of short-term facilitation have
been shown to be presynaptic at all synapses studied
(reviewed in Zucker & Regehr, 2002; see also Fisher
et al. 1997). Post-synaptic short-term facilitation can be
caused by activity-dependent relief of magnesium block
of NMDA receptors; we prevent this by blocking NMDA
receptors with APV, which also prevents induction of most
forms of long-term plasticity. In addition, Ca’*-permeable
AMPA receptors show voltage-dependent block by endo-
genous intracellular polyamines (Koh ef al. 1995; Kamboj
et al. 1995; Bowie et al. 1998). Relief of this block is use
dependent (Bowie et al. 1998; Rozov et al. 1998), and
causes a postsynaptic form of short-term facilitation at
synapses containing these receptors (McBain, 1998; Rozov
& Burnashev, 1999). We included 10 mm ATP in the patch
pipette to chelate endogenous polyamines and prevent
this postsynaptic form of short-term plasticity (Toth et al.
2000).
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Desensitization of postsynaptic receptors can also
contribute to short-term depression, although the role of
receptor desensitization does not appear to be large at most
excitatory synapses (reviewed in Zucker & Regehr, 2002).
It has previously been shown that short-term plasticity
at Schaffer collateral synapses onto CA1 pyramidal cells
occurs presynaptically, with no change in the size of the
postsynaptic quantal response (Dobrunz & Stevens, 1997;
Dobrunz et al. 1997; Dobrunz, 2002). This indicates that
any receptor desensitization that does occur recovers faster
than the synapse recovers from the inactive/refractory
state, and therefore does not contribute to short-term
plasticity. In our model we assume that this is also
true for Schaffer collateral synapses onto interneurones.
We confirmed this for interneurones with facilitating
inputs, which make up the majority of s. radiatum inter-
neurones, by showing no effect of cyclothiazide on
short-term facilitation or depression. We also considered
the possibility that slow recovery from desensitization may
be one cause of the increased short-term depression and
the PPD (rather than PPF) that we observed in a small
subset of interneurones, as has been observed at synapses
onto bipolar interneurones in layer 2/3 of rat neocortex
(Rozov et al. 2001b). However, short-term plasticity does
not appear to be affected by desensitization at synapses
onto layer 2/3 multipolar interneurones, which also have
PPD, indicating that this is not a feature of all inter-
neurone synapses with paired-pulse depression. As the
depression interneurones are relatively rare in s. radiatum,
all the interneurones that we tested with cyclothiazide were
facilitating interneurones, and thus we cannot directly
rule out this possibility. We think it is unlikely, however,
that our depression interneurones contain the same type
of AMPA receptors (with the very slow recovery from
desensitization) as the layer 2/3 bipolar interneurones,
because the time course of recovery from PPD (and from
desensitization) is an order of magnitude slower in those
cells (4-5s) (Rozov et al. 2001b) than the time course
of PPD in our depression interneurones (approximately
500 ms).

Our model also assumes that the size of the
presynaptic calcium influx is the same for every
action potential, independent of the stimulus pattern.
Presynaptic calcium currents at the calyx of Held have
been shown to be able to undergo both activity-dependent
facilitation and inactivation (Forsythe et al. 1998; Cuttle
et al. 1998; Borst & Sakmann, 1998). However, calcium
currents are believed to reliably couple to presynaptic
action potentials at synapses in hippocampus (Mackenzie
et al. 1996) and cortex (Cox et al. 2000; Koester &
Sakmann, 2000), even during bursts of action potentials
(Cox et al. 2000), supporting the assumption used in our
model. While facilitation is believed to be due to residual
calcium in the presynaptic terminal, an activity-dependent
increase in calcium influx would also cause facilitation.
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Activity-dependent inactivation of calcium channels, in
contrast, would provide a release-independent form of
synaptic depression that would be distinct from the
release-dependent inactivation in our model. If conditions
are found under which there is facilitation or inactivation
of presynaptic calcium currents at hippocampal synapses,
our model could be extend to include this mechanism.

Other model result and predictions

We used the mathematical method we developed for
theoretical studies of the dynamics of release possibility,
vesicle pool size and release-ready state during different
stimulus patterns, which are difficult to measure
experimentally in intact slices. Previous experiments
recording from single synapses onto CA1 pyramidal cells
have observed a refractory period after a vesicle release
which recovers with a time constant of approximately
20 ms (Dobrunz & Stevens, 1997). From Fig. 7A4, our
model predicts that the total recovery of synapses from
refractory depression into the release-ready state after
a release takes slightly longer than that (rp =50 ms).
However, in the single synapse experiments the measured
variable was the overall release probability (called p in
that paper, called y here), which includes contributions
from both facilitation and refractory depression. The
presence of facilitation is likely to have made the recovery
from refractory depression appear faster than it actually
was.

Paired-pulse depression has traditionally been
explained by a depletion of presynaptic vesicles at high
probability synapses (Thies, 1965; Betz, 1970), although
some studies have suggested that paired-pulse depression
may also be evoked by other mechanisms (Brody & Yue,
2000; Caillard et al. 2000; Waldeck et al. 2000; Kirischuk
et al. 2002; Munoz-Cuevas et al. 2004), and may be
due to a calcium-dependent process (Bellingham et al.
1999). Our results suggest that there are two main factors
involved in short-term depression: depletion of the readily
releasable pool and the refractory period that occurs after
a synapse releases. We find that the depletion of vesicle
pool size contributes very little to paired-pulse depression
(Fig. 7A2) (Waldeck et al. 2000), and that the paired-pulse
depression observed at the high probability synapses onto
some interneurones is instead caused by the large fraction
of synapses that is refractory following neurotransmitter
release (Fig.7A4). In addition, depletion appears to play
only a minor role during short stimulus trains (Fig. 7A3),
and synapse inactivation is responsible for the depression
seen at synapses onto interneurones. However, depletion
of readily releasable vesicles does play a big role in
high-frequency depression at steady state (Fig.7C2), in
addition to the accumulation of synapses in the refractory
state (Fig.7C4). Recovery from the refractory state is
a calcium-dependent process, which may help to limit
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depression during periods of high-frequency stimulation
(Dittman et al. 2000).

Conclusions

We find that presynaptic short-term plasticity is target-cell
specific at Schaffer collateral excitatory synapses onto CA1
pyramidal cells versus s. radiatum interneurones. Since
differences in presynaptic function have also been seen
between inputs to excitatory versus inhibitory neurones
in other parts of the brain, this suggests the possibility
that a difference in short-term plasticity may be a general
feature of excitatory synapses onto interneurones versus
pyramidal cells in the brain. Differences in short-term
plasticity between synapses onto interneurones versus
pyramidal cells will lead to different frequency dependence
in response to complex stimuli, and may result in different
output firing rates in the two target cell types even though
they receive common input. This will be important in
regulating the overall balance of excitation and inhibition
in hippocampus, a brain region highly susceptible to
epileptiform activity.

By combining electrophysiological recordings with
mathematical modelling, we have provided a detailed
analysis of the differences in short-term synaptic plasticity
at Schaffer collateral excitatory synapses onto CAl
pyramidal cells versus s. radiatum interneurones. Our
model predicts that synapses onto interneurones have a
higher initial release probability than do synapses onto
pyramidal cells, a result confirmed experimentally. The
model further predicts that this is caused by increases in
both the release probability per vesicle and the readily
releasable vesicle pool size. As these two mechanisms
for regulating release probability have differing effects
on short-term plasticity, this provides a mechanism by
which presynaptic terminals can differentially regulate
synaptic strength and short-term dynamics to different
postsynaptic target cells.
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