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Brief Communications

Astrocytes Impose Postburst Depression of Release
Probability at Hippocampal Glutamate Synapses

My Andersson and Eric Hanse

Institute of Neuroscience and Physiology, Gothenburg University, 405 30 Géteborg, Sweden

Many neurons typically fire action potentials in brief, high-frequency bursts with specific consequences for their synaptic output. Here we
have examined short-term plasticity engaged during burst activation using electrophysiological recordings in acute rat hippocampal
slices. We show that CA3-CA1 glutamate synapses exhibit a prominent depression of presynaptic release probability for ~1 s after such
a burst. This postburst depression exhibits a distinct cooperativity threshold, is abolished by inhibiting astrocyte metabolism and
astrocyte calcium signaling, and is not operational in the developing hippocampus. Our results suggest that astrocytes are actively
involved in short-term synaptic depression, shaping synaptic activity during behaviorally relevant neural activity.

Introduction

Synaptic transmission is highly frequency dependent, mainly be-
cause the probability of releasing transmitter depends critically
on the recent (milliseconds to seconds) pattern of action poten-
tials (Schneggenburger et al., 2002; Zucker and Regehr, 2002).
Synapses with low basal release probability typically exhibit facilita-
tion and augmentation, whereas high-release-probability synapses
exhibit depression in response to repetitive synaptic activation
(Abbott and Regehr, 2004). This short-term synaptic plasticity
relies on both release-independent and release-dependent mech-
anisms. Independent of release, the calcium influx during the
action potential contributes to residual calcium in the terminal,
which is involved in mediating facilitation, augmentation, and
depression (Neher and Sakaba, 2008). Release-dependent short-
term synaptic depression may occur either because of depletion
of vesicles or because released neurotransmitter feeds back onto
presynaptic autoreceptors to negatively modulate release proba-
bility. At cortical glutamate synapses, very little is known about
the contribution to short-term depression of such homosynaptic
negative feedback. In the present work, we show that brief bursts
of action potentials are efficient triggers of homosynaptic nega-
tive feedback at hippocampal glutamate synapses. Surprisingly,
we found that this homosynaptic negative feedback requires as-
trocyte activation, thus indicating that glutamate released from
the presynaptic terminal acting on presynaptic autoreceptors is
not sufficient.

Astrocyte processes closely enwrap the presynaptic and postsyn-
aptic elements of many cortical glutamate synapses (Witcher et al.,
2007), making tripartite synapses (Araque et al., 1999). By respond-
ing to presynaptically released glutamate and by releasing gliotrans-
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mitters, the astrocyte part of the tripartite synapse is strategically
positioned to modulate release probability in an activity-dependent
manner (Newman, 2003). Indeed, several studies have shown that
gliotransmitters can modulate release probability at cortical syn-
apses (Robitaille, 1998; Serrano et al., 2006; Zhang et al., 2003;
Liu et al., 2004; Pascual et al., 2005; Andersson et al., 2007;
Jourdain et al., 2007), and we now show that astrocytes play an
active role in mediating homosynaptic short-term synaptic
depression.

Materials and Methods

Slice preparation and solutions. Experiments were performed on hip-
pocampal slices from 6- to 52-d-old Wistar rats. The animals were killed
in accordance with the guidelines of the local ethical committee for ani-
mal research. Rats were anesthetized with isoflurane (Abbott) before
decapitation. The brain was removed and placed in an ice-cold solution
containing the following (in mm): 140 cholineCl, 2.5 KCl, 0.5 CaCl,, 7
MgCl,, 25 NaHCO3, 1.25 NaH,PO,, 1.3 ascorbic acid, and 7 dextrose.
Transverse hippocampal slices (300—400 wm thick) were cut with a vi-
bratome (HM 650V Microm) in the same ice-cold solution, and they
were subsequently stored in artificial CSF (ACSF) containing the follow-
ing (in mm): 124 NaCl, 3 KCl, 2 CaCl,, 4 MgCl,, 26 NaHCO;, 1.25
NaH,PO,, 0.5 ascorbic acid, 3 myo-inositol, 4 p,L-lactic acid, and 10
D-glucose. After at least 1 h of storage at 25°C, a single slice was trans-
ferred to a recording chamber where it was kept submerged in a constant
flow (~2 ml+min~") at 30-32°C. The perfusion fluid contained (in
mm) 124 NaCl, 3 KCl, 4 CaCl,, 4 MgCl,, 26 NaHCOj, 1.25 NaH,PO,,
and 10 p-glucose. Picrotoxin (100 um) and D-AP5 (50 uM, except for
when recording NMDA currents) was present in the perfusion fluid to
block GABA,, and NMDA receptor-mediated activity, respectively. All
solutions were continuously bubbled with 95% O, and 5% CO, (pH
~7.4). The higher than normal Ca®" and Mg?" concentrations were
used to inhibit network activity.

Field recordings and analysis. Electrical stimulation of Schaffer collat-
eral/commissural axons and recordings of synaptic responses were car-
ried out in the stratum radiatum of the CA1 region. Stimuli consisted of
biphasic constant-current pulses (15-80 nA, 200 ws, STG 1002 Multi
Channel Systems MCS) delivered through tungsten wires (resistance
~0.1 MQ). One stimulation electrode was positioned in the stratum
radiatum with a distance of 100 um from the recording electrode. The
synaptic input was activated every 10 s, and stimulation intensity was
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solution to block AMPA EPSCs when record-

ing NMDA EPSCs. Evoked responses were an-

alyzed offline using IGOR Pro (WaveMetrics)

software. Amplitudes were measured on

average-sweeps of 18 consecutive sweeps. As-

trocytes in the stratum radiatum were identi-

fied by their small soma and, when patched, by

their passive electrophysiological properties

(Zhou et al., 2006). The intracellular solution

contained the following (in mwm): 120 KCI, 2

NaCl, 20 HEPES, 4 Mg-ATP, 0.4 GTP, and 50

BAPTA or 120 KCl, 2 NaCl, 20 HEPES, 4 Mg-

ATP, 0.4 GTP, and 10 mm BAPTA. Patch pi-

pettes (1.5 mm/0.86 mm; borosilicate, Clark

Electrochemical Instruments) were pulled with a

horizontal puller (Sutter Instruments) to a resis-

tance of 3—6 M(). Series resistance was measured

using a 5 ms, 10 mV hyperpolarizing pulse and

EIJ was not allowed to change by >15% during the
experiment.

Data are expressed as means = SEM. Statis-

tical significance for paired and independent
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Figure1.

experiments the same as that illustrated on top (*p << 0.05).

[except in the whole-cell experiments examining the cooperativity re-
quirement (Fig. 1E)] adjusted such that spike activity was observed on
the second and/or third fEPSP in the three impulse conditioning burst.
Field EPSPs were recorded with a glass micropipette (filled with perfu-
sion fluid or 1 M NaCl, resistance 1-2 M()). Field EPSPs were sampled at
10 kHz with an EPC-9 amplifier (HEKA Elektronik) and filtered at 1 kHz.
Evoked responses were analyzed offline using custom-made IGOR Pro
(WaveMetrics) software. Field EPSP magnitude was estimated by linear
regression over the first 0.8 ms of the initial slope. The presynaptic volley
was measured as the slope of the initial positive-negative deflection, and
it was not allowed to change by >10% during the experiment.
Patch-clamp recordings of pyramidal cells and astrocytes. Pyramidal cells
were visually identified in the CA1 area with IR-DIC video microscopy
(Nikon) and patched with an intracellular solution containing the fol-
lowing (in mm): 120 Cs-methane sulfonate, 2 NaCl, 10 HEPES, 5 QX-
314, 4 Mg-ATP, 0.4 GTP, and 20 BAPTA, pH ~7.2. For measuring
AMPA and NMDA EPSCs, the cell was held at —80 mV and +40 mV,
respectively. Ten micromolar NBQX was present in the extracellular

Nr. of impulses in cond. train

Abrief conditioning synaptic burst elicits PBD at hippocampal CA3—CA1 synapses. A, Field EPSP recordingsiillustrating
the PBD elicited by a three-impulse, 50 Hz conditioning burst 500 ms before the test stimulation. Calibration: 20 ms, 100 1.V. Above
isa schematicillustration of the placement of stimulation (S) and extracellular recording electrode (E) in the CA1 stratum radiatum
(S.R.). B, Comparison of PBD recorded using AMPA EPSCs (n = 7) and NMDA EPSCs (n = 7) as well as the decrease of 1/CV 2 for the
AMPA EPSCs (n = 5). €, The PBD is maximal at conditioning (Cond)—test intervals of 0.1-1 s (conditioning burst consisted of 3
impulsesat 50 Hz, n = 4—8 per bar). D, Increasing the number (Nr.) of stimuliin the conditioning burst beyond three at 50 Hz does
notincrease the magnitude of the PBD. The conditioning—test interval was 500 ms (n = 4 -7 per bar). E, Whole-cell recordings of
AMPAEPSCs reveal a cooperativity threshold for the PBD. The top tracesillustrate a conditioning—test sequence using AMPA EPSCs
evoked using very low, moderate, and high stimulation intensities. Calibration: 20 ms, 50 pA. The bottom graph summarizes five

10 15" samples was evaluated using Student’s ¢ test.

Drugs. Picrotoxin and fluoroacetate (FAc)
came from Sigma-Aldrich, p-AP5 and NBQX
from Accent Scientific, and endothelin-1 from
Neosystems.

Results

Hippocampal CA3-CAl glutamatergic
synapses, as a population, exhibit facilita-
tion immediately (tens of milliseconds)
after short synaptic burst activation, and
augmentation is observed during seconds
after longer synaptic bursts (Andersen,
1960; Gustafsson etal., 1989). However, at
intermediate intervals (0.1-1 s), burst ac-
tivation results in depression as illustrated
in Figure 1. Even a single conditioning
burst consisting of three impulses at 50 Hz
gives rise to a prominent synaptic depres-
sion of 41 = 3% (compared to the first
fEPSP in the conditioning burst, n = 28,
p <0.0001) 0.5 s after the burst (Fig. 1 A).
This postburst depression (PBD) of the
fEPSP was associated with an increase in
the paired-pulse ratio of 14 = 5% (n = 28,
p = 0.004), and with no change of the
presynaptic volley (3 = 1%, n = 28,p =
0.98). The PBD was observed to the same extent using whole-cell
recordings from CA1 pyramidal neurons, both when reported us-
ing AMPA EPSCs at —80 mV and when reported using NMDA
EPSCs recorded at +40 mV (Fig. 1 B). The NMDA EPSCs were
recorded in the presence of 10 um NBQX, an AMPA/kainate
antagonist, implying that AMPA and kainate receptors are not
necessary for the PBD. The PBD of the AMPA EPSC was associ-
ated with a comparable decrease in 1/CV? (Fig. 1B). Twenty
millimolar BAPTA was included in the pipette solution in these
whole-cell recording experiments, indicating that a rise in
postsynaptic calcium is not necessary for the generation of the
PBD. Based on the equal depression of AMPA and NMDA EP-
SCs, the increased paired-pulse ratio, and the decreased 1/CV?
ratio, we conclude that the PBD is expressed as a depression in
release probability.
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The PBD was most evidently expressed when there was a delay
between conditioning burst and the test stimulus of 0.1-1 s (Fig.
1C). Changing the intraburst frequency in the conditioning burst
indicated that frequencies higher than 20-30 Hz produced max-
imal PBD (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). Moreover, changing the number of im-
pulses in the conditioning burst showed that, whereas a single
stimulus is insufficient, three impulses at 50 Hz produced maxi-
mal PBD (Fig. 1 D). These findings indicate that the PBD is satu-
rable and that there is a certain threshold for the induction. It is
noteworthy that the conditioning—pause—test protocol resulted
in larger depression than did continuous high-frequency activa-
tion during the same period. Thus, the 20th fEPSP in a 20 im-
pulse, 50 Hz train was only depressed by 16 = 10% (of the first
fEPSP, n = 5). Together, these results would indicate that the
PBD is particularly engaged during theta burst activity. Especially
during exploratory behavior and during REM sleep, hippocam-
pal pyramidal neurons typically fire action potentials in short
high-frequency (40-100 Hz) bursts with interburst intervals cor-
responding to the theta frequency (4-10 Hz) (Lisman and
Buzsaki, 2008). This theta burst activity is thought to be critical
for coding information in the hippocampus (Lisman and
Buzsaki, 2008), and it is an efficient mean to induce long-term
synaptic plasticity (Larson et al., 1986; Huerta and Lisman, 1996).

In contrast to most other forms of short-term plasticity
(Zucker and Regehr, 2002), it was necessary to simultaneously
activate a certain minimal number of synapses to induce the PBD.
As shown in Figure 1E, a stimulation intensity low enough to
only activate a few synapses targeting the CA1 pyramidal neuron
recorded from (as indicated by frequent synaptic failures) was
not sufficient to induce the PBD. Recruiting more synapses, by
increasing the stimulation intensity, revealed a PBD, which did
not become larger by further synaptic recruitment, showing that
the PBD exhibits a distinct cooperativity threshold. This cooper-
ativity threshold for the PBD contrasts with the lack of such re-
quirement for paired-pulse plasticity, which remained the same
at the three different stimulation intensities (1.46 * 0.04, 1.47 =
0.03,1.47 £ 0.03, n = 5). The cooperativity threshold for the PBD
is, however, likely low, since stimulation intensities evoking fEP-
SPs up to 10 times smaller than fEPSPs showing signs of popula-
tion spike activity were still sufficient to elicit full PBD (n = 5).
Since the PBD was unaffected by voltage clamping the membrane
potential (at —80 mV and at +40 mV) and by calcium buffering
in the postsynaptic neuron, it is unlikely that the postsynaptic
neurons are responsible for mediating the cooperativity effect. Two
other possibilities, which could account for the cooperativity effect,
are spillover of neurotransmitter (Arnth-Jensen et al., 2002) and
activity-induced release of gliotransmitters from astrocytes.

Since astrocyte function and morphology develop during an ex-
tended postnatal period (Konietzko and Muller, 1994; Bushong et
al., 2004; Schools et al., 2006; Andersson et al., 2007), activity-
induced release of gliotransmitters from astrocytes would be ex-
pected to increase with development. Spillover, on the other hand,
would rather be expected to be favored early in development when
astrocyte processes around synapses and glutamate uptake are
poorly developed (Piet et al., 2004; Diamond, 2005). The devel-
opmental profile of the PBD (Fig. 2A), emerging at postnatal day
10 and being fully developed at postnatal day 20, would thus be
more consistent with activity-induced release of gliotransmitters
from astrocytes than with spillover. To more directly test whether
the PBD required some form of astrocyte signaling, we elicited
the PBD before and after the application of the glial metabolic
inhibitor FAc (Fonnum et al., 1997; Andersson et al., 2007).
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Figure 2.  Developmental profile and astrocyte involvement in the PBD. A, Developmental
profile of the PBD. Results from rats of different postnatal days were binned into 11 groups (n =
5-15 per group), and a sigmoid curve was fit to the data points. B, The PBD is blocked by the
glial metabolic inhibitor FAc (10 mm FAc) and by BAPTA (50 mu) infused into the gap junction-
coupled astrocyte network, but not by the gap junction blocker endothelin-1 (Et-1, T jum). The
control PBD before FAc was 42 = 5% (n = 11) and was reduced to —9 == 6% (**p << 0.005)
after FAc. The control PBD before BAPTA (43 = 3%, n = 5) was recorded from a region in the
slice without BAPTA-filled astrocytes and was compared with the PBD recorded from a regionin
the same slice with BAPTA-filled astrocytes (—4 == 3%, n = 5, ***p < 0.001), as schemati-
cally indicated on top (scale bar indicates 50 m). S, Stimulating electrode; 1, E2, extracellular
recording electrodes.

Consistent with a critical role for astrocyte signaling, FAc
completely blocked the PBD (Fig. 2B). We have previously
shown that endothelin-1 closes astrocyte gap junctions and
inhibits an astrocyte-mediated transient heterosynaptic de-
pression (Blomstrand et al., 2004; Andersson et al., 2007).
However, endothelin-1 did not affect the magnitude of the
PBD (Fig. 2 B), indicating that signaling through astrocyte gap
junction is not required for this homosynaptic form of
astrocyte-mediated synaptic depression.

To test whether a rise in astrocyte calcium is a necessary step in
the generation of PBD, we patched gap junction-coupled astro-
cytes in the stratum radiatum with a pipette solution containing
the calcium chelator BAPTA and Lucifer yellow. To allow diffusion
of BAPTA to a large number of gap junction-coupled astrocytes in
20 min (Serrano et al., 2006), we used a high concentration of
BAPTA (50 mm). The diffusion of Lucifer yellow was used to esti-
mate the diffusion of the calcium chelator in the astrocytic network
as Lucifer yellow is of comparable molecular size to BAPTA (Lucifer
yellow MW: 457 to BAPTA MW: 476). Both of these are well
below the 1 kDa size limit for gap junction pores (Giaume et al.,
2010). When Lucifer yellow and BAPTA had diffused to gap
junction-coupled astrocytes for 20 min, the patch pipette was
withdrawn and an extracellular recording pipette was placed in
close vicinity (within 20 wm) to the originally patched astrocyte.
Under these conditions, the PBD could not be elicited (Fig. 2 B),
although normal PBD was elicited when recorded from another
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Figure3. Astrocyte calcium signalingis critically involved in the generation of the PBD. The effect
on the PBD is evaluated as relative change of control PBD in three different situations: “Network,”
“Slice,” and “Uncoupled cell.” A, “Network”: BAPTA (50 mm) and Lucifer yellow were infused for 20 min
via the patch pipette into a gap junction-coupled astrocyte exhibiting passive electrophysiological
properties (scale bar indicates 20 m). Control PBD before BAPTA infusion (45 = 5%, n = 5) was
significantly different from the PBD 20 min after BAPTA infusion (**p << 0.005). B, “Slice”: a BAPTA-
containing patch pipette was simply placed into the slice for 20 min. Control PBD before placement of
BAPTA-containing pipette in the slice (41 == 7%, n = 5) was not significantly different from the PBD
20 min after ( p > 0.05). ¢, “Uncoupled cell”: BAPTA infused for 20 min via the patch pipette into an
uncoupled cell with nonpassive electrophysiological properties. Control PBD before patching (47 =
4%, n = 3) was not significantly different from the PBD 20 min after patching ( p > 0.05). Electro-
physiological properties were tested using voltage steps of 10 mV from —100 mV to +50 mV (cali-
bration: 50 ms, 100 pA). Top parts of the panels show schematic drawings depicting placement of
extracellularrecording electrode (E), intracellular recording electrode (1), and stimulation electrode (S)
inthe three different situations.

region without BAPTA/Lucifer yellow-filled astrocytes in the
CALl str. radiatum of the same slice. A lower concentration of
BAPTA (10 mm) allowed to diffuse for 20 min did not fully block,
but substantially inhibited the PBD to 27 * 9% of control (n = 3,
p = 0.008). Notably, paired-pulse plasticity was unaffected by the
presence of a high concentration of BAPTA in the astrocytes
(102 £ 5%, n = 5, p = 0.6). Experiments using the inhibitor of
the sarcoplasmic reticulum calcium pump, cyclopiazonic acid
(10 uMm), indicated that release of calcium from internal stores is
involved in the generation of the PBD. In the presence of cyclo-
piazonic acid, the PBD was decreased to 63 * 12% of control
(n=5,p=0.036).

The blockade of PBD by chelating astrocyte calcium was also
observed in another set of experiments in which we first recorded
a control PBD and then patched an astrocyte in the vicinity of the
extracellular recording pipette with a solution containing 50 mm
BAPTA and Lucifer yellow. Twenty minutes after having patched
the astrocyte, we again applied the PBD protocol. Asillustrated in
Figure 3A, the PBD was completely blocked by filling the astro-
cyte network with 50 mm BAPTA. As a control, we repeated the
experiment without patching an astrocyte, simply positioning the
patch pipette into the slice for 20 min. In these control experi-
ments, the PBD was unaffected (Fig. 3B). Furthermore, in three
experiments we patched uncoupled astrocytes with nonpassive
electrophysiological properties. Patching such astrocytes did not
affect the PBD (Fig. 3C).

J. Neurosci., April 21,2010 - 30(16):5776 -5780 * 5779

To examine whether continuous train stimulation, as op-
posed to burst stimulation, elicits this astrocyte-mediated depres-
sion, we examined the responses to trains of 20 impulses at 0.2
Hz, 2 Hz, and 50 Hz, in the region of the slice in which 50 mm
BAPTA was infused into a gap junction-coupled astrocyte, as well
as in a control region of the same slice (compare Fig. 2C). Despite
inhibiting the PBD, these trains were largely unaffected by
strongly buffering intracellular astrocyte calcium (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material).

Discussion

We have identified a form of short-term synaptic plasticity, a
PBD, which critically depends on astrocyte calcium signaling. It is
expressed as a reduction in release probability and becomes fully
operational after the third postnatal week. A brief high-frequency
burst is sufficient to induce this form of synaptic negative feed-
back, whose expression also involves neighboring inactive syn-
apses (Andersson et al., 2007).

An active, signaling role of astrocytes has previously been im-
plicated for different forms of long-term synaptic plasticities
in the hippocampus (Pascual et al., 2005; Serrano et al., 2006;
Henneberger et al., 2010). Astrocyte release of ATP/adenosine
has been linked to heterosynaptic long-term depression (Pascual
et al., 2005; Serrano et al., 2006), and release of D-serine has been
linked to the induction of NMDA receptor-dependent long-term
potentiation (Henneberger et al., 2010). The induction of these
forms of synaptic plasticity appears to require more extensive
synaptic activation than what is required for the induction of the
PBD. An interesting possibility is that astrocytes can decode dif-
ferent patterns of synaptic activity into different modes of cal-
cium signaling (Verkhratsky et al.,, 1998; Perea et al., 2009;
Santello and Volterra, 2009) and into release of different constel-
lations of gliotransmitters (Duan et al., 2003; Bowser and Khakh,
2007; Zhang et al., 2007; Li et al., 2008; Marchaland et al., 2008).
The type of calcium signaling as well as the critical gliotransmit-
ters involved in the generation of PBD remains, however, to be
determined.

The presently described PBD resembles the negative synapse—
glia—synapse feedback loop that has previously been described in
the peripheral nervous system (Robitaille, 1998; Perez-Gonzalez
et al., 2008). A peculiar feature of the PBD is that it is most
evidently expressed during a restricted time window (0.1-1 s)
after, but not during, high-frequency activity. A similar phenom-
enon has been shown at the calyx of Held synapse, where activa-
tion of metabotropic glutamate autoreceptors did not affect the
response during continuous high-frequency activation, but
slowed down the recovery from postburst depression (Billups et
al., 2005). The reasons why continuous repetitive activation is
ineffective in generating the astrocyte-dependent depression will
require further studies. It is, however, likely that continuous ac-
tivation at the lower frequencies (0.2 and 2 Hz) is below threshold
for sufficient activation of the astrocytes (cf. supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). The
reason why astrocyte-dependent depression is not evident during
continuous activation at the higher frequency (50 Hz) might
rather relate to the specific mode of presynaptic release under this
condition. During high-frequency activation release probability
is limited by the recruitment of release-ready vesicles, rather than
being limited by the number of release-ready vesicles and their
probability of release (Sakaba et al., 2002; Abrahamsson et al.,
2005).

It is notable that the PBD is induced in almost an all-or-none
fashion. A certain number of synapses need to cooperate, and
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PBD is induced by only three impulses at high frequency. Since
hippocampal pyramidal neurons typically fire action potentials
in short bursts in the behaving animal (Lisman and Buzsaki,
2008), this relatively modest threshold would suggest that the
PBD is naturally engaged in shaping synaptic activity by imposing
a refractory period after a burst of cooperative synaptic activity.
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