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Cellular/Molecular

Structural and Functional Plasticity of Astrocyte Processes
and Dendritic Spine Interactions
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Experience-dependent plasticity of synaptic transmission, which represents the cellular basis of learning, is accompanied by morpho-
logical changes in dendritic spines. Astrocytic processes are intimately associated with synapses, structurally enwrapping and function-
ally interacting with dendritic spines and synaptic terminals by responding to neurotransmitters and by releasing gliotransmitters that
regulate synaptic function. While studies on structural synaptic plasticity have focused on neuronal elements, the structural-functional
plasticity of astrocyte-neuron relationships remains poorly known. Here we show that stimuli inducing hippocampal synaptic LTP
enhance the motility of synapse-associated astrocytic processes. This motility increase is relatively rapid, starting <5 min after the
stimulus, and reaching a maximum in 20 -30 min (¢,,) = 10.7 min). It depends on presynaptic activity and requires G-protein-mediated
Ca’" elevations in astrocytes. The structural remodeling is accompanied by changes in the ability of astrocytes to regulate synaptic
transmission. Sensory stimuli that increase astrocyte Ca*" also induce similar plasticity in mouse somatosensory cortex in vivo. There-
fore, structural relationships between astrocytic processes and dendritic spines undergo activity-dependent changes with metaplasticity
consequences on synaptic regulation. These results reveal novel forms of synaptic plasticity based on structural-functional changes of

astrocyte-neuron interactions.
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Introduction

Experience-induced plasticity of synaptic transmission, which
represents the cellular basis of learning, is associated with mor-
phological changes in synapses. Alterations in spine size as well as
in density are thought to reflect changes in the strength of synap-
tic transmission (Maletic-Savatic et al., 1999; Toni et al., 1999;
Wilbrecht et al., 2010). Astrocytes are emerging as key regulatory
elements involved in synaptic function. They are intimately asso-
ciated with synapses both structurally through the astrocytic pro-
cesses that enwrap dendritic spines and presynaptic terminals
(Haber et al., 2006; Theodosis et al., 2008), and functionally
through their ability to respond to neurotransmitters and release
gliotransmitters that modulate synaptic transmission (Volterra
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and Meldolesi, 2005; Perea et al., 2009; Halassa and Haydon,
2010; Araque et al, 2014). While studies on experience-
dependent structural synaptic plasticity have mainly focused on
neuronal structures (Lendvai et al., 2000; Yuste and Bonhoeffer,
2004; Holtmaat and Svoboda, 2009), the structural-functional
plasticity of astrocyte—neuron relationships and their activity-
dependent plasticity are poorly known.

We investigated whether structural relationships between
astrocytic processes and dendritic spines undergo activity-
dependent plasticity and analyzed the consequences on the
astrocyte-induced regulation of synaptic transmission to de-
termine the functional metaplasticity consequences of the
structural changes in astrocytic processes at synapses. We
found that stimuli that induce long-term potentiation and
astrocyte Ca*" signaling in vitro and in vivo enhance astrocytic
process motility, a phenomenon that depends on presynaptic
activity and requires G-protein-mediated Ca** elevations in
astrocytes. This experience-dependent structural remodeling
is accompanied by functional changes in the ability of astro-
cytes to regulate synaptic transmission. Present results reveal a
novel form of experience-dependent plasticity based on dy-
namic structural-functional changes of astrocyte-neuron
interactions.

Materials and Methods

All the procedures for handling and killing animals followed the Euro-
pean Commission guidelines (86/609/CEE).
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Figure 1. Synaptic transmission plasticity correlates with astrocytic process remodeling. a, Left, Infrared image showing the
recorded pyramidal neuron and stimulation electrode. Right, Alexa Fluor 488-filled neuron (green) and stratum radiatum astro-
cytes stained with SR101 (red). Scale bar, 40 m. b, Dendritic spines (green) and astrocytic processes (red). Scale bars: 5and 2 um,
respectively. ¢, EPSCs before and 30 min after delivering a HFS protocol. d, Relative EPSC amplitudes in unstimulated (n = 6) and
HFS (n = 7)slices. Zero time corresponds to the onset of the HFS protocol. e, Astrocytic process (red) remodeling in the surrounding
of excitatory synapses (green) after plasticity induction. Scale bar, 1 wm. f, Average relative changes of displaced processes (n =
6 unstimulated, white bars; n = 28, HFS, red bars). g, h, Displacement amplitude histograms (bin width: 0.05 r.m) and corre-
sponding cumulative probability plots showing the percentage and distance traveled by astrocytic processes in unstimulated (n =
5) and HFS-stimulated (n = 22) slices at t = 30 min. i, Time-lapse changes in astrocytic process position after induction of
plasticity (n = 5).j, Relative changes of displaced processes in control (n = 7), AP5 (n = 5), TTX (n = 5), MPEP + LY367385 (n =
5),and IP;R2 '~ mice (n = 6). Significant differences were established at **p << 0.01.

Hippocampal slice preparation. Hippocampal slices (350—400 wm
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NaHCO;, 2 CaCl,, and 10 glucose 10, pH 7.3,
and included 0.05 mm picrotoxin and 5 mm
CGP55845 to block GABA receptors.

In vivo preparation. Four to 12-week-old
mice of either sex were prepared as previously
described (Pérez-Alvarez et al., 2013). A cranial
window over the somatosensory cortex (—1
mm posterior to bregma and 3.4 mm lateral
from midline) was performed. Stimulation of
the contralateral whisker pad was achieved ap-
plying 100 ms air puffs with a capillary glass.
Trains of 150 puffs (5 Hz) were delivered with
an interval of 30 s for 5 min. Simultaneously,
the tail was pinched with steel forceps at 2 Hz.

Imaging. Animals were injected intraperito-
neally with SR101 (100 mg/kg) 2 h before
imaging. An Olympus FV300 laser-scanning
confocal microscope was used, as detailed pre-
viously (Pérez-Alvarez et al., 2013). Apical den-
drites of CA1 pyramidal neurons were imaged in
slices including 40 um Alexa Fluor 488 sodium
hydrazide in the recording intracellular solu-
tion. In vivo, apical dendrites from layer V py-
ramidal neurons expressing eGFP were
imaged. The dendritic tree and its spines were
used as a reference of synaptic structure. Ca”"*
levels in astrocytes were monitored using the
Ca?" indicator Fluo-4 AM (1 ug/ul) dissolved
in HEPES-buffered saline containing 1% plu-
ronic. Image acquisition rate was 1-2 Hz.

Electrophysiology. Whole-cell recordings
from CA1l pyramidal neurons were performed
in slices, as detailed previously (Navarrete et
al., 2012). The HFS protocol consisted in four
trains at 5 Hz of five stimuli at 40 Hz delivered
10 times at 0.1 Hz. The spike timing-dependent
plasticity (STDP) protocol was performed in
current-clamp, and EPSPs (1 Hz) were paired
(10 ms delay) with action potentials evoked by
3 ms, 1-2 nA current pulses. For in vivo, a mo-
nopolar electrode was placed in the barrel-field
region (—1 mm posterior to bregma, 3.4 mm
lateral from midline, and depth of 50-200 wm
below the brain surface) to record the local field
potential (LFP). LFP was evoked by stimulation
of contralateral whisker pad, which was elicited
by two nichrome subcutaneous electrodes (insu-
lated except at the tips) located at the dorsoante-
rior and caudoposterior edges of the whisker pad.

For statistical analysis we used the Student’s
t test for normally distributed data or Mann—
Whitney as nonparametric test. Statistical sig-
nificance was assessed at p << 0.05. Error bars in
figures indicate SEM.

Results

Synaptic transmission plasticity
induces astrocytic process remodeling
We first monitored the morphological dy-
namics of astrocytic processes associated
with dendritic spines in mice hippocampal
slices. We intravitally labeled astrocytes with
sulforhodamine 101 (SR101; Nimmerjahn

thick) were obtained from 13- to 18-d-old C57BL/6 wild-type, IP3R2 =
(generously donated by Dr. J Chen; Li et al., 2005) and Thy-1 GFP mice
of either sex, as described previously (Araque et al., 2002). Slices were
superfused with gassed (95% O,/5% CO,) artificial CSF that contained
the following (in mm): 124 NaCl, 2.69 KCl, 1.25 KH,PO,, 2 MgSO,, 26

etal.,2004; Pérez-Alvarez et al., 2013) and recorded Schaffer collateral
(SC)-evoked EPSCs from CA1 pyramidal neurons loaded with Alexa
Fluor 488 through the patch pipette (Fig. 1a,b).

We quantified the motility of peridendritic astrocytic pro-
cesses (PDAPs) adjacent (<5 um from the reference dendritic
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axes) to dendritic spines before and after stimulating SC with a
train of HFS, which evoked LTP of synaptic transmission
(154.0 = 18.6%; n = 7, p < 0.01; Fig. 1¢,d). The percentage of
PDAPs that showed a displacement (>0.125 wm from their ini-
tial location) was significantly enhanced 10 and 30 min after HFS
(34.0 £ 3.5 and 38.2 = 3.9%, respectively; 884 PDAPs, n = 28
slices) when compared with unstimulated conditions (16.7 = 2.1
and 16.3 = 5.1%; 283 PDAPs, n = 6 slices; p < 0.01; Fig. le,f).
This overall motility increase of PDAPs induced after HFS was
not associated with longer displacements of particular processes
but with the number of moving PDAPs (mean displacements of
PDAPs at 30 min were 0.65 = 0.10 and 0.55 = 0.02 wm in un-
stimulated conditions and after HFS; n = 27 and n = 208, 5 and
22 slices, respectively, p = 0.94; Fig. 1g,h). Of 338 astrocytic pro-
cesses that showed displacement after HES, 74% moved away,
14% approached, and 13% moved along the reference neuronal
element. The time course of the mean displacements of astrocyte
processes after HES could be fitted to a Boltzmann equation
(Dpax = 0.55 pm, slope = 3.8, n = 5; Fig. 1i). Significant dis-
placements occurred as fast as 5 min after HFS, they reached a
maximum between 20 and 30 min, and the time at which half of
the mean displacements occurred was t(;,) = 10.7 min. These
results indicate that the motility increase of PDAPs induced by
HFS was a relatively rapid phenomenon that saturated over time.

We then investigated the cellular origin of the signals involved
in the increase in PDAP motility. The enhanced motility was
unaffected by the NMDA receptor antagonist D-AP5 (50 uM; 264
PDAPs, n = 5 slices; p < 0.01; Fig. 1j), but was absent in the
presence of 1 um TTX (224 PDAPs, n = 5slices, p = 0.33; Fig. 1)),
indicating that this phenomenon does not require the postsyn-
aptic expression of LTP but depends on presynaptic activity.

Astrocytes sense glutamatergic activity through activation of
astrocytic mGluR, which elevates astrocyte Ca*" (Porter and Mc-
Carthy, 1996; Perea and Araque, 2005, 2007; Panatier et al.,
2011). Group I mGluR antagonists (MPEP 50 uM and LY367385
100 um) prevented the PDAP motility increase (165 PDAPs, n =
5 slices, p = 0.98; Fig. 1j) without affecting the HFS-induced LTP
(180.0 £ 25.6%; n = 4, p < 0.05), suggesting that glutamate
released during HES enhanced PDAP motility through activation
of astrocytic mGluRs. We then tested whether the astrocyte Ca>*
signal induced by activation of mGluRs was necessary to increase
PDAP motility using IP,-receptor type 2-deficient mice (IP;R2 ~'7),
in which G-protein-mediated Ca** mobilization is impaired in as-
trocytes (Petravicz et al., 2008; Di Castro et al., 2011; Navarrete et al.,
2012). The activity-dependent PDAP motility enhancement was
absent in slices from IP;R2 '~ mice (264 PDAPs, nn = 6 slices,
p = 0.19; Fig. 1j). These results indicate that PDAP motility was
controlled by presynaptic activity, activation of astrocytic
mGluRs, and astrocyte Ca>" elevations.

LTP induced by STDP correlates with astrocytic

process remodeling

We then asked whether PDAP motility was also sensitive to other
induction paradigms of synaptic plasticity. We used an STDP
paradigm consisting in pairing presynaptic stimuli with postsyn-
aptic action potentials (Markram et al., 1997), while monitoring
PDAP movement. The STDP-induced LTP (186.5 * 12.4%; n =
5,p < 0.01; Fig. 2a,b) was accompanied by an enhancement of the
proportion of PDAPs displaced from the original location com-
pared with unstimulated slices (32.7 = 8.2 and 16.7 £ 2.1%,
respectively, at 10 min; and 38.6 = 7.8 and 16.3 * 5.1%, respec-
tively, at 30 min; 117 and 283 PDAPs, n = 5 and n = 6 slices,
respectively, p < 0.05; Fig. 2¢,d). The increase in the proportion
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Figure 2.  STDP correlates with astrocytic process remodeling. a, EPSCs before (left) and 30
min after (right) STDP protocol (top). b, Relative EPSCamplitudes in slices from wild-type (WT;
n=15)andIP;R2 /= (n = 6) mice. Zero time corresponds to the onset of the STDP protocol.
¢, Dendritic spines (green) and astrocytic processes (red) before (left) and 30 min after (right)
delivering the STDP protocol in wild-type mice. Scale bar, 1 um. d, Quantification of displaced
processes in unstimulated (n = 6) and STDP-stimulated (n = 5) slices from wild-type mice. e,
f, As in ¢, d, respectively, but in slices from IP,R2 ™/~ mice. Scale bar, 2 wm. Significant
differences were established at *p << 0.05.

of displaced PDAPs was therefore similar after inducing synaptic
plasticity with STDP or HFS paradigms (38.6 = 7.8 and 38.2 =
3.9% at 30 min; 117 and 884 PDAPs, n = 5 and n = 28 slices,
respectively, p = 0.96). Moreover, the STDP-induced enhance-
ment of PDAP motility was also absent in IP;R2 ~/~ mice (21.2 *
4.0 and 14.1 = 3.0% unstimulated and STDP stimulated slices at
30 min; 264 and 123 PDAPs, n = 6 and n = 5 slices, respectively,
p = 0.19; Fig. 2¢,f), indicating that this phenomenon requires
astrocyte Ca*>* mobilization from internal stores. These results
indicate that PDAP motility enhancement associated with synap-
tic plasticity is a general phenomenon that does not depend on
specific stimulus paradigms.

Synaptic transmission is modulated by the activity-dependent
motility of astrocytic PDAPs

We next investigated whether the activity-dependent motility of
PDAPs resulted in changes in astrocytic ability to modulate syn-
aptic transmission. We used an experimental paradigm known to
induce astrocyte-mediated synaptic modulation, i.e., endocan-
nabinoids (ECBs) released from depolarized neurons stimulate
the astrocyte Ca*™ signal that leads to a transient enhancement of
synaptic efficacy at single CA3—CA1 synapses (Navarrete and
Araque, 2008, 2010). We performed paired recordings from CA1
pyramidal neurons, monitored astrocyte Ca**, and stimulated
SC using the minimal stimulation technique that activates single
presynaptic fibers (Dobrunz and Stevens, 1997; Perea and
Araque, 2007; Navarrete and Araque, 2010; Navarrete et al.,
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2012). We depolarized one pyramidal
neuron (to 0 mV for 5 s) to stimulate ECB
release and monitored synaptic transmis-
sion parameters at synapses in the other
neuron (Navarrete and Araque, 2010).
We applied a first neuronal depolariza-
tion (first ND) to assess that the recorded
synapses showed the transient ECB-
induced, astrocyte-mediated synaptic po-
tentiation. We then applied the HFS
paradigm to induce LTP, and 30 min after
the LTP induction we applied a second
ND to test whether the astrocyte-induced
synaptic modulation was altered (Fig. 3).
In the absence of HFS, the transient en-
hancement of synaptic efficacy evoked by
the first ND (delivered at the beginning of
the recordings) was similar to that evoked
by the second ND (delivered 30 min later;
mean transient potentiations of synaptic
efficacy were 161.7 £ 13.2% for first ND
and 165.0 = 17.7% for second ND from
basal values; n 7). In contrast, the
astrocyte-mediated, synaptic efficacy en-
hancement induced by the first ND was
not reproduced by the second ND deliv-
ered 30 min after inducing LTP with ei-
ther HFS (167.8 = 10.2 vs 108.4 = 5.3%)
or STDP (158.7 = 5.3 vs 112.0 = 10.0%,
n=7andn=>5,p <0.01and p < 0.05,
respectively; Fig. 3b—d). Similar astrocyte
Ca’" signals were evoked by the first and
second NDs (111 astrocytes from n = 11
unstimulated slices and 71 astrocytes
from n = 8 HEFS slices, p < 0.01; Fig. 3e—
g), indicating that differences in the
astrocyte-induced synaptic modulation
are mediated by plastic changes of regula-
tory mechanisms downstream the astro-
cyte Ca** signal. Furthermore, the failure
of the second ND to induce synaptic po-
tentiation was not due to a saturation of
LTP mechanisms, because stimulating
synapses with a second train of HFS deliv-
ered 30 min after inducing LTP with an
initial train could still further enhance the
synaptic efficacy (synaptic efficacy poten-
tiation from basal: 180.6 = 16.8% for first
HES and 249.4 *+ 43.6% for second HFS;
n=4,p<0.01and p < 0.05, respectively;

<«

before (basal; white bars) and after first (striped bars) and second
ND (n = 5; filled bars) in unstimulated (n = 11) and HFS (n = 8)

Figure3. Astrocytic modulation of synaptic transmission is impaired after LTP protocol. a, Scheme of paired-recorded pyrami-
dal neurons and the stimulating electrodes. b, Responses evoked by minimal stimulation (top traces) and average EPSCs (n = 60
stimuli, including successes and failures; bottom traces) before (basal), after first ND, 30 min after HFS (Basal After Plasticity), and
after second ND. ¢, Synaptic efficacy (i.e., mean amplitude of responses including successes and failures of neurotransmission)
before, after first ND, 30 min after HFS, and after second ND (n = 7). First and second NDs were delivered at 0 and 36 min,
respectively. d, Relative changes from control basal values of synaptic parameters after first and second ND in unstimulated (n =
7),HFS (n =7),and STDP (n = 5)-stimulated slices. Pr, Probability of release. e, Fluorescence intensities of Fluo-4-filled astrocytes
before and after first and second ND. Scale bar, 10 um. f, Astrocyte Ca>* spike probability in unstimulated (111 astrocytes, n =
115lices) and HFS conditions (71 astrocytes, n = 8 slices). Zero time corresponds to the beginning of ND. g, Ca 2™ spike probability

or STDP (n = 6)-stimulated. h, Relative synaptic efficacy evoked
by minimal stimulation versus time before (basal, black circles),
after first stimuli (first HFS, blue circles), and after second stimuli
(secondHFS, red circles; n = 4). Zero time corresponds to the onset
of first HFS. Note that the system is not saturated after first stimu-
[ation. i, Relative changes from control values (basal, black bars) of
synaptic parameters after first (blue bars) and second (red bars)
HFS (n = 4). Significant differences were established at *p <
0.05, **p < 0.01,and #p << 0.001.
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bar indicates sensory stimulation. k, Responding astrocytes from wild-type (top; 85 astrocytes, n = 4 mice) and IP;R2 ~/~ mice (bottom; 67 astrocytes, n = 3 mice) in unstimulated and sensory

stimulation conditions. Significant differences were established at *p << 0.05, **p << 0.01.

Fig. 3h,i). Therefore, the astrocyte ability to regulate synaptic
transmission was impaired after inducing LTP, suggesting that
consolidated synapses that experienced synaptic plasticity were
less sensitive to astrocyte regulation.

process remodeling

In vivo sensory stimulation correlates with astrocytic

We investigated whether activity-dependent plasticity of struc-
tural interactions between astrocyte processes and dendritic
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spines occurs upon sensory stimulation in primary somatosen-
sory cortex in vivo. We simultaneously monitored SR101-stained
PDAPs (Pérez-Alvarez et al., 2013) and dendritic spines in Thy1-
eGFP-M mice (Feng et al., 2000; Pérez-Alvarez et al., 2013), as
well as astrocyte Ca**. We first confirmed that sensory stimula-
tion induced LTP in layer V of primary somatosensory cortex
(Takata et al., 20115 119 * 3.4%; n = 5, p < 0.05; Fig. 4a—e).
Sensory stimulation significantly enhanced the proportion of
PDAPs that showed a displacement from their original position
when compared with unstimulated animals (38.7 = 7.5 and
12.9 + 4.1% at 30 min; 103 and 145 PDAPs, n = 4 and n = 6 mice,
respectively, p < 0.05; Fig. 4f-h). A few astrocytes from IP,R2 ~/~
mice responded with small calcium elevations at the soma (9 of
67 astrocytes showed AF = 8 * 2%, whereas in wild-type mice 77
of 85 astrocytes showed AF = 142 = 10%), suggesting additional
IP;R2-independent mechanisms underlying Ca** elevations but
with relatively minor contribution (Shigetomietal., 2013). It also
transiently increased intracellular Ca*" levels in astrocytic somas
(Wangetal., 2006; Navarrete et al., 2012) as well as in processes in
Thyl-eGFP-M mice (85 astrocytes, n = 4 mice, p < 0.001), but
failed to induce Ca®" changes in IP;R2 '~ X Thyl-eGFP-M
mice (67 astrocytes, n = 3 mice, p = 0.23; Fig. 4i—k). Consistent
with results obtained in slices, PDAP motility increase was pre-
vented by the group I mGluR antagonists MPEP + LY367385 (5
mg/kg, i.p. injected; 176 PDAPs, n = 8 mice, p = 0.24) and was
absent in IP,R2 ~/~xThyl-eGFP-M mice (90 PDAPs, n = 4 mice,
p = 0.66; Fig. 4g), indicating that sensory stimulation-induced
PDAP motility increase depends on mGluR activation and re-
quires astrocyte Ca®" elevations. These results indicate that
structural arrangement between astrocyte processes and den-
dritic spines undergo activity-dependent plasticity in vivo. Fur-
thermore, the fact that this plasticity was observed in adult
animals indicates that it is not exclusively a developmental phe-
nomenon but that it may also serve as a cellular mechanism un-
derlying learning and memory.

Discussion

Our results show that structural relationships between dendritic
spines and astrocytic processes are activity-dependent regulated,
and are associated with synaptic plasticity phenomena accompa-
nied by metaplasticity consequences on the astrocytic regulation
of synaptic transmission. This phenomenon does not depend on
postsynaptic expression of synaptic plasticity but requires pre-
synaptic activity, mGluR activation, and astrocyte Ca*" signal-
ing. These structural changes might account for the observed
changes in the synaptic regulation by astrocytes; however, present
findings do not provide evidence for a direct causal relationship
of both phenomena and alternative mechanisms might be
involved.

The coverage of synapses by astrocytic processes may change
under different physiological conditions (Theodosis et al., 2008;
Tanaka etal., 2013). 3D reconstructions of the hippocampal neu-
ropil have shown that astrocyte coverage is higher in thin spines
than in larger spines (Medvedev et al., 2014). Other studies have
shown that a subset of synapses in stimulated brain areas appear
to have a greater ability to attract astrocytic membrane, possibly
reflecting enhanced neuronal activity and adaptation of gluta-
mate uptake (Lushnikova et al., 2009). A more recent report
showed that astrocytes actively engulf and phagocytose weak syn-
apses in the retinogeniculate system, participating in synapse re-
modeling and neural circuit refinement (Chunget al., 2013). Our
results provide further evidence of morphological changes of as-
trocytic processes, revealing that such dynamic phenomena (1)
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occur in a relatively fast temporal scale, (2) are controlled by
synaptic plasticity events, and (3) may in turn, alter the astrocytic
impact on synaptic efficacy.

Present findings showing plasticity of the structural and func-
tional relationships between astrocytic processes and dendritic
spines expand the idea that changes of neuronal elements repre-
sent the cellular basis of learning, including astrocyte processes as
additional elements underlying experience-induced plasticity.
Our results reveal an additional mechanism with relevant conse-
quences in refining the structural and functional connectivity of
the brain during development as well as in learning and memory.
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