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A frequency-dependent switch
from inhibition to excitation in
a hippocampal unitary circuit

Masahiro Mori, Mathias H. Abegg, Beat H. Gahwiler & Urs Gerber

Brain Research Institute, University of Zurich, Winterthurerstrasse 190,
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The hippocampus, a brain structure essential for memory and
cognition, is classically represented as a trisynaptic excitatory
circuit. Recent findings challenge this view, particularly with
regard to the mossy fibre input to CA3, the second synapse in
the trisynaptic pathway'. Thus, the powerful mossy fibre input
to CA3 pyramidal cells might mediate both synaptic excitation
and inhibition>’. Here we show, by recording from connected
cell pairs in rat entorhinal-hippocampal slice cultures, that
single action potentials in a dentate granule cell evoke a net
inhibitory signal in a pyramidal cell. The hyperpolarization is
due to disynaptic feedforward inhibition, which overwhelms
monosynaptic excitation. Interestingly, this net inhibitory
synaptic response changes to an excitatory signal when the
frequency of presynaptic action potentials increases. The pro-
cess responsible for this switch involves the facilitation of
monosynaptic excitatory transmission coupled with rapid
depression of inhibitory circuits. This ability to immediately
switch the polarity of synaptic responses constitutes a novel
synaptic mechanism, which might be crucial to the state-depen-
dent processing of information in associative hippocampal
networks.

We studied, in hippocampal slice cultures, the unitary response in
a CA3 pyramidal cell (PC) evoked by action potentials in a
connected granule cell (GC). Connectivity of GCs in our slice
cultures approaches that reported in vivo, with no evidence for
sprouting® (Fig. la, Supplementary Fig. 1a). In six GCs we
measured a mossy fibre length of 2,008 = 219 um, bearing
11.8 £ 1.3 large mossy terminals with a diameter of
5.9 = 0.3 pm, of which 70.4% gave rise to 1.6 * 0.1 filopodial
extensions in CA3 and with 13.6 * 2.2 large mossy fibre terminals
giving rise to 1.7 £ 0.1 filopodial extensions in the hilus. These
values compare well with those reported for rat in vivo, in which
mossy fibre length was 3,236 um, the number of large mossy
terminals was 12.3 (range 10-18) with a diameter ranging between
4 and 10 pm with 2.3 filopodial extensions in CA3, and with 7-12
large mossy terminals in the hilus’.

A single action potential in the GC induced a biphasic response
in the PC consisting of a brief excitatory postsynaptic current
(EPSC) reliably followed by a pronounced inhibitory postsynaptic
current (IPSC) (12 of 13; Fig. 1b, Supplementary Fig. 2). The
resulting charge transfer was 1,134.1 = 378.7fC outwards
(n=12), indicative of a net inhibitory synaptic response. This
inhibitory response might arise through disynaptic inhibition®*® or
from the simultaneous release of glutamate and GABA from mossy
fibre terminals’. To distinguish between these possibilities we
blocked excitatory glutamatergic signalling with the a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)/kainate
receptor antagonist 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo([f]-
quinoxaline-7-sulphonamide (NBQX; 10 uM), which abolished
both the excitatory and the inhibitory components of the response
(n = 12; Fig. 1b). Thus, the inhibitory component reflects disynap-
tic feedforward or feedback inhibition. Because the unitary charge
transfer in a PC evoked by a CA3 interneuron was 327.1 = 65.3fC
(n = 8; five interneurons in CA3 stratum lucidum, three inter-
neurons in stratum oriens), we estimate that at least four inter-
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neurons discharged to evoke the inhibitory response in a PC
after a single action potential in a GC.

Evidence for a monosynaptic excitatory connection is provided
by the low variability in latency (jitter: 0.53 = 0.10ms, n=7)
between the GC action potential and the postsynaptic response
(Figs 1b, ¢ and 2a) and the one-to-one transmission at high
frequencies (Figs 2e, fand 3). Furthermore, evoking pharmacologi-
cally isolated N-methyl-D-aspartate (NMDA) receptor-mediated
EPSPs, which are below firing threshold, resulted in short latency
responses in 6 of 16 GC-PC pairs, which is consistent with a
monosynaptic connection (Fig. 1c). The lack of a response in ten
pairs reflects the absence of NMDA receptors at a significant
proportion of mossy fibre synapses”'®. Monosynaptic AMPA/
kainate receptor-mediated EPSCs from GC—PC pairs had a response
latency of 6.7 = 0.7 ms, a mean peak amplitude of —163.0
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Figure 1 Unitary responses induced by single GC action potentials. a, A GC in slice culture
(see Supplementary Fig. 1a). Boxed regions show a spiny GC dendrite (1), large mossy
fibre boutons with filopodial extensions (2 and 4), and en passant varicosities (3). b, Left,
single action potentials at 1Hz in a GC (bottom) evoked biphasic currents in a PC at
—70mV (top) (see Supplementary Fig. 2), sensitive to 10 wM NBQX (middle). Right,
amplitudes of EPSCs (triangles) and IPSCs (circles) plotted against time. ¢, Under
suppression of IPSCs in a recorded PC (see Methods), a single action potential (1 Hz,
bottom) evokes synaptic currents mediated by AMPA/kainate receptors (top), and NMDA
receptors (after 20 .M NBQX and 40 wM bicuculline, upper middle), sensitive to 20 pM
CPPene (lower middle). d, GC-evoked synaptic potentials and action potentials in an
interneuron (IN) (—65 mV) (see Supplementary Fig. 1b—i). e, Unitary circuit for mossy fibre
transmission. Vertical bars: 100 pA (PC), 100 mV (GC) (b); 50 pA (PC), 100 mV (GC) (c);
50mV (d). Horizontal bars: left 100 pm, images 5 pm (@); 20 ms (b—d).
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23.3pA at =70 mV, a 20-80% rise time of 1.6 = 0.2 ms and a decay
time constant of 12.8 = 1.1 ms (n = 7; Fig. 2a). The reliability of
monosynaptic EPSC transmission depended strongly on the fre-
quency with which single presynaptic action potentials were elicited
(Fig. 2b) but was not modified by depolarizing the presynaptic GC
by 10mV (83.0 = 6.1% and 82.8 = 6.7% for failure rates with a 3-s
interval at presynaptic potentials of —70 mV and —60 mV, respect-
ively; P = 0.98, n = 4). This result indicates that conduction fail-
ures'' do not contribute significantly to the observed failures in
synaptic transmission, although this mechanism cannot be ruled
out. The failure rate of the first EPSP in a train decreased with
repetitive trains of action potentials, presumably because of persist-
ing residual calcium. Paired-pulse facilitation in PCs was apparent
at an interspike interval shorter than 100 ms (2.54 = 0.48 at 50 ms,
n = 5; Fig. 2¢, d). When trains of action potentials were induced in a
GC, EPSC facilitation changed to a gradual depression with increas-
ing spike frequency (Fig. 2e, f).

Activation of a single GC evoked subthreshold responses in
targeted PCs, but had to have induced action potentials in the
CA3 interneurons comprising the feedforward circuit (Fig. le).
Indeed, a single action potential in a GC elicited an action potential
in targeted postsynaptic interneurons (30.3 = 6.1% of trials at
—60mV, n = 4, three of five stratum lucidum interneurons; one
of three stratum oriens interneurons; Fig. 1d, Supplementary
Fig. 1b—i) as reported previously for hippocampal interneurons'>".
Monosynaptic EPSCs from GC—interneuron pairs had a response
latency of 7.0 £ 0.7 ms, a mean peak amplitude of —56.9 £ 17.7 pA
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Figure 2 Frequency-dependent properties of monosynaptic mossy fibre transmission to
PCs. a, Monosynaptic currents evoked by single GC action potentials at 0.5 Hzin a PC with
inhibition blocked (—70 mV). b, Transmission failure decreases as action potential
frequency increases (n = 5). ¢, Paired-pulse facilitation at an interspike interval of 50 ms
at 0.5Hz in the same cell pair as in a. Averaged paired-pulse responses at 50-400 ms
normalized to the first response amplitude (bottom). d, Plot of paired-pulse ratio against
pulse interval (n = 5). e, Monosynaptic currents in a PC during trains of 15 presynaptic
action potentials with increasing frequencies. Traces are averages (three to five sweeps).
f, Peak amplitude of EPSCs at 10 Hz (black), 20 Hz (green) and 40 Hz (red) plotted against
evoked response number (1-15) (n = 6). Vertical bars: 50 pA (PC), 100 mV (GC) (a);
100 pA (PC), 100 mV (GC) (c); 100 pA (e). Horizontal bars: 20 ms (a); 50 ms (PC and GC),
200 ms (bottom) (c); 200 ms (e). Error bars, s.e.m.
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—70mV, a 20-80% rise time of 1.1 * 0.3 ms, and a decay time
constant of 7.3 * 1.4ms (n = 5).

GCs normally fire at low frequencies (less than 1 Hz), which can,
however, increase greatly (10-40 Hz) when rats enter the place field
of a GC'. To examine frequency-dependent effects on transmission,
we recorded responses in a PC to trains of 15 action potentials
induced in a synaptically coupled GC at frequencies ranging from 10
to 40 Hz. At 10 Hz the synaptic response to each presynaptic action
potential consisted of a biphasic EPSP/IPSP sequence (Fig. 3a), with
inhibition predominating as determined by calculating the area of
each response (Fig. 3b). Facilitation of both EPSPs and IPSPs was
observed. At firing frequencies of 20 Hz and greater, the initial
facilitation of EPSPs and IPSPs was succeeded by a rapid and
complete depression of the IPSP component, resulting in mono-
phasic EPSPs (Fig. 3a—d). The progressive depression of the IPSPs
was associated with a corresponding increase in duration of the
EPSPs. The mean half-width of the EPSPs by the 13th to 15th action
potential was 3.7 £ 0.2 ms at 10 Hz, compared with 6.8 = 0.4 ms
at 40Hz (n =7, P <0.05). This frequency-dependent shift in
IPSP-dominant to EPSP-dominant responses could be repeatedly
reproduced by allowing a 30-s interval between trains and was
unaffected by application of the GABAg receptor antagonist
CGP62349 (3 pM; P = 0.98, n = 5) or the metabotropic glutamate
receptor antagonist a-methyl-4-carboxyphenylglycine (MCPG;
0.5mM, P = 0.96, n = 6). Strong extracellular stimulation leads
to chloride redistribution, reducing the driving force for inhi-
bition". However, when we induced trains of action potentials in
a single mossy fibre, there was no apparent shift in the reversal
potential for inhibition (control, —84.3 = 1.7 mV; after 15 action
potentials at 40 Hz, —85.0 = 1.8 mV; P = 0.77, n = 4), indicating
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Figure 3 Switch in unitary postsynaptic potentials from inhibitory-dominant to excitatory-
dominant with increasing frequency. a, Synaptic potentials in a PC (—70 mV) evoked by
15-action potential trains with increasing frequencies. Averages of four or five sweeps are
shown. b, Integration of postsynaptic potentials for 20 ms after each action potential at
10 Hz (black), 20 Hz (green) and 40 Hz (red) plotted against response number (1-15)
(n=7). Inset, superimposition of fourth responses (). ¢, d, Peak depolarization (¢) and
hyperpolarization (d) at 10 Hz (black), 20 Hz (green) and 40 Hz (red) plotted against
response number (n = 7). Vertical bars, 3mV (@); 2mV (b). Horizontal bars, 200 ms;
expanded traces 100 ms (20 Hz) and 50 ms (40Hz) in a, 10 ms in b. Error bars, s.e.m.
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no significant redistribution of chloride. To characterize the mecha-
nism underlying the rapid depression of disynaptic IPSPs at high
firing rates, we examined the frequency response of the two synapses
involved in the feedforward inhibition of PCs (Fig. le). For the
monosynaptic EPSCs mediating spike transmission (Fig. 1d) at the
GC-interneuron synapse (n = 5; interneurons in stratum luci-
dum), EPSCs progressively facilitated at 10-20 Hz, whereas at
40 Hz the responses were depressed after the eighth action potential
(Fig. 4a, b). A similar analysis at the interneuron—-PC synapse
(n =5, interneurons in stratum lucidum) showed that GABAergic
transmission was depressed rapidly at all frequencies tested
(Fig. 4c, d). Thus both the GC—interneuron and interneuron-PC
synapses contribute to the rapid depression of disynaptic IPSPs in
response to high-frequency discharge of GCs (Fig. 4e).

These results indicate first that unitary mossy fibre transmission
to PCs induces not only a monosynaptic excitatory response but
also a powerful disynaptic inhibitory response resulting in net
inhibition, and second that an increase in the frequency of GC
firing results in a switch from an inhibitory-dominant to an
excitatory-dominant postsynaptic response.

The observation that extracellular stimulation of the dentate
gyrus evokes a biphasic EPSP/IPSP response in PCs'® and the
demonstration of an extensive innervation of interneurons by the
mossy fibres® has indicated an important role for feedforward
inhibition in the modulation of activity in the CA3 area®®. Our
recordings from functionally connected GC-PC pairs confirmed
this hypothesis and allowed us to determine that in rat hippocampal
slice cultures four or more interneurons typically contribute to this
feedforward pathway. In contrast, the monosynaptic excitatory
pathway generally consists of one giant synapse on a PC, containing
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Figure 4 Depression of both GC—interneuron (GC-IN) and interneuron—PC (IN-PC)
synapses at high frequency contributes to the switch from inhibitory to excitatory CA3
responses. a, Modulation of interneuron EPSCs with increasing action potential
frequencies (—70 mV). b, EPSC amplitude normalized to the first EPSC at 10 Hz (black),
20 Hz (green) and 40 Hz (red) plotted against response number (1-15) in GC—interneuron
pairs (n = 5) ¢, IPSCs at interneuron—PC synapses were depressed at 1040 Hz. d, IPSC
amplitude normalized to the first IPSC at 10 Hz (black), 20 Hz (green) and 40 Hz (red)
plotted against response number in interneuron—PC pairs (n = 5). e, Summary of
frequency-dependent modulation for GC—interneuron, interneuron—PC and GC—
interneuron—PC synapses. Traces are averages of three to five sweeps. Vertical bars,
50 pA (@); 20 pA (c). Horizontal bars, 200 ms. Error bars, s.e.m.
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30-40 active zones>"”. We calculated a unitary conductance of the

monosynaptic glutamatergic mossy fibre response of 2.3 = 0.3 nS
(n = 7; Fig. 2a). This value translates to a release of 18 vesicles in
response to a single presynaptic action potential, assuming a
quantal conductance at room temperature of 0.13nS (ref. 10).
Under our recording conditions (34 °C), quantal size will be greater,
indicating that a single action potential is likely to release at most
one vesicle per active zone. At high frequencies of presynaptic action
potential firing, Ca®" influx enhanced by presynaptic action poten-
tial broadening'® and Ca”" release from intracellular stores'*>° lead
to a marked increase in Ca®" in the terminal, which will release a
large fraction of the vesicles from the readily releasable pool.
However, because of the significant size of this pool (1,400)
(ref. 21) it is unlikely that vesicular depletion is induced by short
trains of action potentials. Thus, depression of the monosynaptic
mossy fibre EPSCs (Fig. 2e, f) is probably due to other mechanisms
such as postsynaptic AMPA/kainate receptor desensitization.

A unitary local neuronal network composed of one GC, a targeted
PC and several interneurons will serve as a high-pass filter for
incoming temporal events in which high-frequency signals will be
transferred as a rate code, whereas less frequent basal events will be
processed into a temporally precise code. Evidence for enhanced
excitatory signals onto PCs in response to high-frequency discharge
was observed in a study in vivo in which trains of presynaptic spikes
discharged PCs more effectively’”. In our study, stimulation of a
single GC never evoked a suprathreshold EPSP in the PC at holding
potentials between —70 and —60 mV. However, when PCs receive
excitatory drive from the local associative network®>**, the mem-
brane potential will be closer to threshold, allowing unitary mossy
fibre EPSPs to trigger action potentials. The frequency-dependent
switch from inhibition to excitation might be important in
certain forms of modulation of synaptic strength such as long-
term depression and long-term potentiation*>*°. Thus, frequency-
dependent modulation of synaptic transmission seems to be an
important principle in the regulation of brain circuits**. O

Methods

Preparation of slice cultures

Slice cultures were prepared from 6-day-old Wistar rat pups killed by decapitation in
accordance with a protocol approved by the Veterinary Department of the Canton of
Zurich, and maintained as described previously®. In brief, 400-p.m-thick hippocampal
slices including the entorhinal cortex were attached to glass coverslips with the use of
clotted chicken plasma, placed in sealed test tubes with serum-containing medium, and
kept in a roller-drum incubator at 36 °C for 21-28 days.

Electrophysiological recordings

Cultures were transferred to a recording chamber mounted on an upright microscope
(Axioskop FS1; Zeiss) and superfused with an external solution containing 148.8 mM
Na*,2.7mM K", 149.2mM Cl~, 2.8 mM Ca**, 2.0 mM Mg”*, 11.6 mM HCO3, 0.4 mM
H,POy, 5.6 mM D-glucose and 10 mgrl phenol red (pH 7.4). All experiments were
performed at 34 °C. Recordings were obtained from PCs, interneurons in area CA3a and b,
and GCs with patch pipettes (2-5MQ) using an Axopatch 200B amplifier (Axon
Instruments). For current-clamp recording, pipettes were filled with 135 mM potassium
gluconate, 5mM KCI, 10 mM Hepes, ] mM EGTA, 2 mM MgATP, 5mM creatine
phosphate (CrP), 0.4 mM GTP, 0.07mM CaCl, (pH 7.2). For voltage-clamp recording,
patch pipettes were filled with 121.6 mM CsE, 8.4 mM CsCl, 10 mM HEPES, 10 mM
EGTA, 1 mM picrotoxin, 2 mM MgATP, 5 mM CrP, 0.4 mM GTP (pH 7.2), except that the
potassium solution as above was used for the voltage-clamp recordings shown in Figs 1b
and 4c. To suppress IPSCs in recorded PCs, we used a solution with fluoride as the major
intracellular anion containing the GABA 5 receptor antagonist picrotoxin and adjusted the
equilibrium potential for chloride to correspond to the holding potential of —70 mV.
Membrane potentials were corrected for liquid junction potentials. Series resistance
(5-15MQ) was compensated but by not more than 40-90% to avoid unstable recordings,
and cells were excluded if a change of more than 20% occurred. Presynaptic action
potentials were evoked by injecting depolarizing current (1 ms, 1.5-2.0nA) at 0.5Hz
unless otherwise mentioned. By recording first from a postsynaptic PC and then
systematically scanning the dentate gyrus with a potassium puff electrode (140 mM K™) to
induce localized activation (‘potassium puff search’), the success rate of obtaining a
monosynaptic connection between a GC and a PC was increased up to 10%.

Imaging and image analysis
For staining cells, 0.1-0.2% biocytin or tetramethylrhodamine (Microruby; Molecular
Probes) was added to the pipette solutions. After experiments, slices were fixed in 4%

455




letters to nature

buffered paraformaldehyde, removed from the coverslip, permeabilized for 6-12h,
incubated for 15 min in Alexa Fluor 488 streptavidin (Molecular Probes), washed again
and mounted. Eight-bit image stacks were acquired on a confocal microscope (SP2; Leica)
using the 40 X HCXP APO (numerical aperture 1.25) oil-immersion objective. Voxel size
in the xyz dimension was 0.4 X 0.4 X 0.5 pm’ (0.05 X 0.05 X 0.5 pm’ for high resolution).
Measures of axonal arborization and diameter of the large mossy terminals were
performed on montages of maximal intensity projections (Supplementary Fig. 1a) using
Image] software (National Institute of Mental Health, Bethesda, Maryland). No further
filtering or image processing was used.

Drugs and chemicals

MCPG and NBQX were purchased from Tocris Cookson, and ATP, CrP, EGTA, GTP, (—)-
bicuculline methochloride and 3,3'-diaminobenzidine from Sigma/Fluka. (E)-4-(3-
phosphonoprop-2-enyl)piperazine-2-carboxylic acid (CPPene) and CGP62349 were
kindly provided by Novartis AG.

Data acquisition and analysis

Signals were filtered at 2 or 5 kHz, digitally recorded on a computer by using CLAMPEX 7
software (Axon Instruments) and stored on tape for later analysis. The amplitude, latency
and kinetics were determined as described elsewhere™. To quantify the synaptic responses
evoked by each action potential during a train, the peak amplitude and the area of the
response were measured from the baseline directly preceding each EPSP. The standard
deviation of the latencies was used to calculate the jitter. For calculation of the paired-pulse
ratios, averages (including failures) were obtained. Numerical data in the text are
expressed as means * s.e.m.
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Approximately 65% of B cells generated in human bone marrow
are potentially harmful autoreactive B cells'. Most of these cells
are clonally deleted in the bone marrow, while those autoreactive
B cells that escape to the periphery are anergized or perish before
becoming mature B cells>. Escape of self-reactive B cells from
tolerance permits production of pathogenic auto-antibodies®
recent studies suggest that extended B lymphocyte survival is a
cause of autoimmune disease in mice and humans’. Here we
report a mechanism for the regulation of peripheral B-cell
survival by serine/threonine protein kinase Cd (PKC3): spon-
taneous death of resting B cells is regulated by nuclear localiza-
tion of PKC? that contributes to phosphorylation of histone H2B
at serine 14 (S14-H2B). We show that treatment of B cells with the
potent B-cell survival factor BAFF (‘B-cell-activating factor
belonging to the TNF family’) prevents nuclear accumulation
of PKCb. Our data suggest the existence of a previously unknown
BAFF-induced and PKCb-mediated nuclear signalling pathway
which regulates B-cell survival.

The increased lifespan of B cells in transgenic mice that over-
express the B-cell survival factor BAFF is associated with develop-
ment of lupus-like autoimmunity®*'°. We recently described a
lupus-like autoimmune disease with defective B-cell tolerance in
mice deficient for PKC3''. In searching for the mechanism of the
disease, we found that PKCd-deficiency renders B cells BAFF-
independent. Injection of a soluble BAFF receptor-Fc decoy,
BAFF-R:Fc'?, in PKC3"'" mice reduces the cellularity of the
lymphoid organs (Fig. 1a, upper panel) by emptying peripheral
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