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Gliogenic LTP spreads widely in nociceptive pathways
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Learning and memory formation involve long-term potentiation of synaptic strength (LTP). A fundamental
feature of LTP induction in the brain is the need for coincident pre- and postsynaptic activity. This
restricts LTP expression to activated synapses only (homosynaptic LTP) and leads to its input specificity.
In the spinal cord, we discovered a fundamentally different form of LTP that is induced by glial cell
activation and mediated by diffusible, extracellular messengers, including D-serine and tumor necrosis
factor (TNF), and that travel long distances via the cerebrospinal fluid, thereby affecting susceptible
synapses at remote sites. The properties of this gliogenic LTP resolve unexplained findings of memory
traces in nociceptive pathways and may underlie forms of widespread pain hypersensitivity.

Activity-dependent, homosynaptic LTP (I) at synapses in
nociceptive pathways contributes to pain amplification (hy-
peralgesia) at the site of an injury or inflammation (2-5).
Homosynaptic LTP can, however, not account for pain am-
plification at areas surrounding (secondary hyperalgesia) or
remote from (widespread hyperalgesia) an injury. It also
fails to explain hyperalgesia that is induced independently
of neuronal activity in primary afferents, e.g., by the applica-
tion of, or the withdrawal from opioids (opioid-induced hy-
peralgesia) (6). Glial cells are believed to contribute to these
forms of hyperalgesia and to LTP in nociceptive pathways
(7-10). Induction of homosynaptic LTP can be accompanied
by LTP in adjacent, inactive synapses converging onto the
same neuron, especially early in development. The respec-
tive molecular signals for this heterosynaptic form of LTP
are thought to be confined within the cytoplasm of the acti-
vated neuron spreading tens of micrometers only (11). We
now tested the hypothesis that, in contrast to current be-
liefs, activation of glial cells is causative for the induction of
LTP at spinal C-fiber synapses and that this gliogenic LTP
constitutes a common denominator of homo- and heter-
osynaptic LTP in the spinal cord.

Our previous study revealed that selective activation of
spinal microglia by fractalkine induces transient facilitation,
but no LTP at C-fiber synapses (12). Here we recorded mon-
osynaptic C-fiber-evoked excitatory postsynaptic currents
(EPSCs) from lamina I neurons in rat lumbar spinal cord
slices. To test if selective activation of spinal astrocytes is
sufficient for the induction of synaptic plasticity in the ab-
sence of any other conditioning stimulus, we used UV-flash
photolysis of caged IP, in astrocytic networks (fig. S1 and
movie S1). This induced a robust long-term depression at C-
fiber synapses (gliogenic LTD; to 69 + 9%, n = 7, P < 0.001;
fig. S1C) but no LTP. UV-flashes were without any effect on
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synaptic strength when applied in the absence of caged IP,
(fig. S1D), or in presence of the glial cell toxin fluoroacetate
(fig. S1E). To co-activate microglia and astrocytes, we next
applied the purinergic P2X, receptor (P2X,R) agonist
BzATP. This never affected holding currents or membrane
potentials in any of the spinal neurons tested (fig. S2) sup-
porting the observation that, in the spinal dorsal horn, and
unlike other P2X receptors (13), P2X,Rs are expressed exclu-
sively on glial cells (14-18). ATP is finally hydrolyzed to
adenosine. We therefore applied the adenosine 1 receptor
antagonist DPCPX to block adenosine-mediated presynaptic
inhibition (fig. S3). Combined activation of microglia and
astrocytes by BzATP induced LTP in 13 out of 22 C-fiber in-
puts (to 156 + 13%, P < 0.001; Fig. 1A). BzZATP-induced LTP
was abolished by the selective P2X R antagonist A-438079
(Fig. 1B) and by fluoroacetate (Fig. 1C). This demonstrates
that selective activation of P2X,R on spinal glial cells caused
gliogenic LTP at synapses between C-fibers and lamina I
neurons.

High frequency stimulation (HFS) of primary afferent C-
fibers triggers the release of ATP from primary afferent neu-
rons (19, 20), activates glial cells (21, 22), and induces LTP
(2, 3), leading to the intriguing hypothesis that HFS-induced
LTP at spinal C-fiber synapses might be a variety of gliogen-
ic LTP. If true, one would predict that HFS induces LTP not
only at conditioned but also at unconditioned C-fiber synap-
ses and that, in striking contrast to current beliefs, homo-
and heterosynaptic LTP could be expressed independently
of each other. To directly test these predictions we used
transverse, lumbar spinal cord slices with long dorsal roots
attached which were separated into halves. We recorded
from 22 dorsal horn lamina I neurons that received inde-
pendent monosynaptic C-fiber input from each dorsal root
half. HFS applied to one dorsal root half induced LTP in the
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conditioned pathway in 12 of these neurons (“homosynaptic
LTP”; to 134 + 9%, P < 0.001; Fig. 2Aa, red filled circles). Out
of these 12 neurons, where homosynaptic LTP was induced,
6 also showed LTP at the unconditioned pathway (“heter-
osynaptic LTP”). In total, heterosynaptic LTP was induced
in 11 out of 22 neurons (to 174 + 19%, P < 0.001; Fig. 2Ba,
blue filled circles) because importantly, in 5 of these neu-
rons, heterosynaptic LTP was induced in the absence of
homosynaptic LTP (to 161 + 9%, P < 0.005; Fig. 2C), a find-
ing that cannot be explained by current models of synaptic
plasticity.

We tested if HFS-induced homo- and heterosynaptic LTP
require activation of glial cells via P2X,R. Blockade of glial
P2X.R by A-438079 fully blocked LTP induction at the con-
ditioned and at the unconditioned sites (Fig. 2Ab, Bb). This
was also achieved by blocking glial cell metabolism with
fluoroacetate [Fig. 2Ac, Bc and (2I)]. Both, homo- and het-
erosynaptic LTP were abolished by blocking postsynaptic
NMDARs (Fig. 2Ad, Bd). D-Serine is a co-agonist at
NMDARs that is released from astrocytes (23). Here, pre-
incubation of slices with the D-serine degrading enzyme D-
amino acid oxidase (DAAO) abolished both, homo- and het-
erosynaptic LTP (Fig. 2Ae, Be). We then tested if D-serine
alone is sufficient to enhance synaptic strength at C-fiber
synapses. Bath application of D-serine facilitated synaptic
strength at C-fiber synapses (to 120 + 2% in 13 out of 32
cells, P < 0.001; fig. S4A). This amplification was abolished
by blockade of NMDARSs (in 12 out of 13 cells, P = 0.094;; fig.
S4B). Taken together our data demonstrate that the com-
bined activation of microglia and astrocytes, either via
P2X,R or by HFS was sufficient to induce gliogenic LTP.
When gliogenic LTP is induced by conditioning HFS it may
appear as homo- and / or heterosynaptic LTP that can be
elicited independently of each other.

We next asked if gliogenic LTP also exists in vivo. HFS
applied to the sciatic nerve induced LTP of spinal C-fiber-
evoked field potentials in deeply anesthetized rats (to 211 =
16% at 220 - 240 min, n = 49, P < 0.001; Fig. 3A). HFS-
induced LTP was blocked by spinal application of either
fluoroacetate (Fig. 3B) or DAAO (Fig. 3C) indicating that it
required the activation of spinal glial cells and D-serine sig-
naling. Application of fluoroacetate or DAAO after the in-
duction of LTP had no effects on LTP maintenance (to 192 +
23% and to 181 + 30%, respectively, at 220 - 240 min, n = 6,
P = 0.433 and P = 0.546; fig. S5) indicating that once LTP
was induced glial cells were no longer required. Thus, the
gliogenic nature refers to the induction but not to the
maintenance phase of LTP.

We then tested if HFS leads to the release of diffusible
mediators that spread over significant distances to trigger
LTP. We induced LTP by HFS, collected the spinal super-
fusate from the respective lumbar segments and transferred
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it to the spinal cord dorsum of naive animals. The mainte-
nance of LTP in the donor animals was not affected by ex-
changing the superfusate (Fig. 3A). The superfusate
induced, however, a robust LTP in the recipient animals (to
173 + 32% of control at 160 - 180 min, n = 10, P = 0.009; Fig.
4A) demonstrating that LTP could be transferred between
individuals. The superfusate collected from naive donor an-
imals had, in contrast, no effect on synaptic transmission in
any of the recipient animals (Fig. 4B). When glial cells were
blocked in the recipient animals “transferable LTP” was still
induced (to 160 + 20%, n = 9, P < 0.001; Fig. 4C). Blockade
of interleukin-13 (IL-13) signaling in the recipient animals
also had no effect on the induction of transferable LTP (to
133 = 12% at 180 - 240 min, n = 10, P = 0.001; Fig. 4D).
However, LTP induction was prevented by blocking TNF
(Fig. 4E), D-serine signaling (Fig. 4F) or spinal NMDA re-
ceptors (Fig. 4G) in the recipient animals. Application of D-
serine to the spinal cord dose-dependently induced a re-
versible synaptic facilitation (to 152 + 9% at 220 - 240 min,
n = 10, P < 0.001; fig. S6), while TNF application triggers
robust LTP at C-fiber synapses (21). These data indicate that
transferable LTP required activation of glial cells in the do-
nor, but not in the recipient animals and that the combined
actions of the gliotransmitters D-serine and TNF were re-
quired for its induction.

Collectively our data indicate that the combined activa-
tion of microglia and astrocytes either by P2X R agonists or
by HFS of primary afferents triggered gliogenic LTP at C-
fiber synapses with spinal lamina I neurons via the release
of D-serine and cytokines such as TNF. Crucially, glial cell-
derived signaling molecules accumulated in the extracellu-
lar space including the cerebrospinal fluid at biologically
active, but presently unknown concentrations and induced
LTP at C-fiber synapses, constituting the phenomenon of
gliogenic LTP.

Gliogenic LTP is a new form of paracrine synaptic plas-
ticity in the central nervous system and may lead to pain
amplification close to and remote from an injury or an in-
flammation. This is in line with the concept of chronic pain
as a gliopathy involving neurogenic neuroinflammation (7,
24). These new insights may pave the way for novel pain
therapies (25, 26). P2X Rs play a key role in chronic inflam-
matory and neuropathic pain (27) and in other neurodegen-
erative and neuropsychiatric disorders (28). Glial cells
display considerable diversity between and within distinct
regions of the CNS (29). If the presently identified gliogenic
LTP also existed at some brain areas, it could be of rele-
vance not only for pain but also for other disorders such as
cognitive deficits, fear and stress disorders, and chronic
immune-mediated diseases (24, 29, 30).
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Fig. 1. Activation of spinal P2X; receptors induces gliogenic LTP at C-fiber synapses. Recordings were
performed on lamina | neurons with independent monosynaptic C-fiber inputs from two dorsal root halves.
Amplitudes of EPSCs were normalized to 6 baseline values and the mean (1 SEM) was plotted against
time (min). Horizontal bars indicate drug application. (A) DPCPX (1 uM) application started at time point -
3 min. Bath application of BzZATP (100 uM) started at time point O min and induced LTP at 13 out of 22 C-
fiber inputs (filled circles; P < 0.001, at 30 min of wash-out compared to control values). At 9 out of 22 C-
fiber inputs, BzATP did not influence EPSC amplitudes (open circles; P = 0.650, at 30 min of wash-out
compared to control values). (B) Bath application of the P2X,R antagonist A-438079 (10 uM) 13 min prior
to BzATP prevented the BzATP-induced LTP at all C-fiber inputs tested (n = 9, P = 0.054, at 10 min
compared to baseline). (C) In the presence of fluoroacetate (10 uM), BzATP had no effect on synaptic
transmission (n =9, P = 0.114 at 10 min compared to baseline). Insets show individual EPSCs at indicated
time points. Calibration bars indicate 50 pA and 10 ms. Statistical significance was determined by using
RM ANOVA followed by Bonferroni t test. Paired t test was used for control recordings.
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Fig. 2. Homo- and heterosynaptic forms of LTP are induced independently of each other at C-fiber synapses by
conditioning HFS. Recordings were performed on lamina | neurons with independent monosynaptic C-fiber inputs
from two dorsal root halves. Amplitudes of EPSCs were normalized to 6 baseline values and the mean (£1 SEM) was
plotted against time (min). HFS was applied to one dorsal root (arrow; conditioned site in red) at time point O min.
Horizontal bars indicate drug application. (Aa) HFS induced LTP at conditioned synapses in 12 out of 22 neurons
(homosynaptic LTP in red, filled circles; P < 0.001, at 30 min compared to control values). In 10 of these neurons, no
homosynaptic LTP was induced (open circles; P = 0.105). (Ba) HFS induced LTP at unconditioned synapses in 11 out
of the same 22 neurons tested (heterosynaptic LTP in blue, filled circles; P < 0.001, at 30 min compared to control
values). In 11 of these neurons, no heterosynaptic LTP was observed (open circles; P = 0.003). (C) In 5 out of these 22
neurons tested, HFS induced LTP at unconditioned (filled circles in blue; 161 + 10%, P = 0.005), but not at conditioned
synapses (filled circles in red; P = 0.313). (D) Schematic illustration of homo- and heterosynaptic forms of LTP as
varieties of gliogenic LTP. (Ab and Bb) HFS failed to induce LTP at the conditioned site in the presence of A-438079
(10 puM; n =8, P=0.006). A-438079 had no effect on EPSC amplitudes at unconditioned synapses. (Ac and Bc) In the
presence of fluoroacetate, LTP induction by HFS was abolished at conditioned and at unconditioned sites (10 pM; n =
9, P =0.006 and P = 0.034 respectively). (Ad to Be) The NMDA receptor blocker MK-801, which was added to the
pipette solution (1 mM; n = 9, open bar; P = 0.044 and P = 0.250 respectively) or DAAO applied to the bath solution
(0.2 Uml™* n =9, P=0.006 and P = 0.572 respectively) blocked the induction of LTP on both sites. Insets show
individual EPSC traces recorded at indicated time points. Calibration bars indicate 100 pA and 10 ms. Statistical
significance was determined by paired t test. In case of non-normality, Wilcoxon signed-rank test was used.
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Fig. 3. HFS-induced LTP in vivo depends on spinal glial cells and D-
serine signaling. Area of C-fiber-evoked field potentials was normalized to
baseline values prior to conditioning HFS and plotted against time (min).
Data are expressed as mean + 1 SEM. Horizontal bars indicate drug
application. (A) Mean time course of LTP of C-fiber-evoked field potentials.
HFS at time point O min (arrow) induced LTP in all animals tested (n = 49,
P < 0.001). One hour after HFS, the superfusate was collected from the
lumbar spinal cord dorsum and transferred to animals shown in Fig. 4. (B)
Spinal superfusion with the glial inhibitor fluoroacetate (10 pM) fully
blocked HFS-induced potentiation in all animals tested (n =15, P = 0.085).
(C) HFS-induced LTP was fully prevented by spinal superfusion with DAAO
1 Uml: n=6, P=0.365). Insets show original traces of field potentials
recorded at indicated time points. Calibration bars indicate 0.2 mV and 50
ms. RM ANOVA on ranks was performed to determine statistical
significance in (A). In all other experiments, data were analyzed by using
RM ANOVA.
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Fig. 4. LTP can be transferred
between animals. Area of C-fiber-
evoked field potentials was normalized
to baseline values prior to transfer of
the superfusate and plotted against
time (min). Data are expressed as
mean + 1 SEM. Horizontal bars indicate
application of superfusate or drugs.
(A) Spinal application of superfusates
collected from donor animals shown in
Fig. 3A one hour after HFS induced
potentiation of C-fiber-evoked field
potentials in all recipient animals tested
(n =10, P = 0.009). (B) Superfusates
collected from naive donor animals (no
HFS) had no effect on synaptic
strength in recipient animals (n =7, P =
0.477). (C) Superfusion of the recipient
spinal cord dorsum with fluoroacetate
(10 pM) or (D) IL1IRa (80 pg:mi™) did
not block LTP induction [n = 9, P <
0.001 in (C) and n =10, P = 0.001 in
(D)]. LTP was, however, blocked by
topical application of sSTNFR (1 pg-ml™;
n=10,P=0.38), DAAO 1 Umln=6
out of 7, P=0.519) or D-AP5 (100 uM; n
=6, P =0.652). (E to G) Insets show
original traces of field potentials
recorded at indicated time points.
Calibration bars indicate 0.2 mV and 50
ms. In (A) data were analyzed using a
RM ANOVA on ranks followed by
Dunnett's test. In all other experiments,
statistical significance was determined
by using RM ANOVA.
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Materials and Methods

All experiments were performed in accordance with the European Community’s Council
directives 2010/63/EU and the rules of the Good Scientific Practice Guide of the Medical
University of Vienna. They were approved by the Austrian Federal Ministry for
Education, Science and Culture. Animals were fed with a standard diet with access to

food and water ad libitum.
Spinal cord slice preparation

Under deep isoflurane anesthesia, the lumbar spinal cord was removed from male
Sprague-Dawley rats (aged 20 to 25 days) as described previously (31). Transverse spinal
cord slices (L4 - L6, 500 - 600 um thick) each with an attached dorsal root (length: 10 -
15 mm) were cut on a microslicer. For the recordings shown in Fig.1, 2 and S4A the
dorsal roots of one slice were separated into halves for stimulation of two independent
primary afferent inputs. The slices were incubated for 30 min at 32°C and then stored at
room temperature (~21°C) in oxygenated incubation solution containing (in mM): 95
NaCl, 1.8 KCl, 1.2 KH;POy4, 0.5 CaCl,, 7 MgSQOy4, 26 NaHCOs, 15 glucose, 50 sucrose,

pH was 7.4, measured osmolarity 310 — 320 mosmol-1™.
Electrophysiological recordings in vitro

A single slice was transferred to the recording chamber, where it was continuously
superfused at a rate of 3 — 4 ml'min” with oxygenated recording solution. The recording
solution was identical to the incubation solution except for (in mM): 127 NaCl, 2.4

CaCl,, 1.3 MgSOy, 0 sucrose.



All recordings were conducted at room temperature. Superficial dorsal horn neurons were
visualized with Dodt infrared optics (32) using a 40x, 0.80 N.A. water immersion
objective on an upright microscope. Lamina I was identified as the area located within a
distance of less than 20 um from the overlying white matter border. Only lamina I
neurons were considered for the experiments and recorded in the whole-cell patch clamp
configuration with glass pipettes (2 — 4 MQ) filled with internal solution (in mM): 120
potassium gluconate, 20 KCI, 2 MgCl,, 20 Hepes, 0.5 Na-GTP, 0.5 Nas-EGTA, 2 Na,-
ATP, 7.5 Phosphocreatine disodium salt hydrate, pH 7.28 adjusted with KOH, measured
osmolarity 310 mosmol-1"". The patch pipettes were pulled on a horizontal micropipette
puller from borosilicate glass. Voltage-clamp recordings were made at a holding potential
of =70 mV using a patch clamp amplifier and an acquisition software package. Signals

were low-pass filtered at 2 — 10 kHz, sampled at 20 kHz and analyzed offline.
Passive membrane properties

The resting membrane potential was measured immediately after establishing the whole-
cell configuration. Only neurons with a resting membrane potential more negative than
—50 mV were used for further analysis. Membrane resistance, membrane capacitance and
series resistance were calculated from the averaged reaction to 20 consecutive
hyperpolarizing voltage steps from —70 to —80 mV for 100 ms. Neurons with a calculated

series resistance of more than 30 MQ were excluded from further analysis.



Evoked Excitatory Postsynaptic Currents (EPSCs)

EPSCs were evoked by stimulating dorsal root afferents using a suction electrode with an
isolated current stimulator. After determining the threshold value to elicit an EPSC, two
consecutive pulses (0.1 ms pulse width, 300 ms time interval) were given at 15 s
intervals. In slices where the dorsal roots were divided into halves, test stimuli were
applied at 15 s intervals alternatively to one half. The intensity for test stimuli was set to
200% of the threshold value. Afferent input was classified as being C-fiber-evoked based
on a combination of response threshold of > 1 mA and conduction velocity of < 1 m-s’
'(33). C-fiber-evoked EPSCs were considered monosynaptic by the absence of failures
during 10 consecutive pulses at 2 Hz and a jitter in response latencies lower than 10%.
Only neurons fulfilling all these criteria were further analyzed. Series resistance was
monitored throughout the recording by applying a square pulse of —10 mV for 10 ms at
15 s intervals. Neurons were discarded when the series resistance changed by more than
20% during the experiment. For every cell measured, we performed a paired t-test to
evaluate whether EPSC amplitude at the end of the recording was significantly different
from baseline. In addition, a minimum increase in EPSC amplitude of 10% was required
to be considered a responder.

For LTP induction, conditioning high-frequency stimulation (HFS, 3 x 100 Hz for 1 s at
10 s intervals) was applied at 5 mA to the dorsal root or to one dorsal root half

(conditioned input). Holding currents were set to zero during conditioning stimulation.
NPE-IP3;uncaging and calcium imaging in astrocytes

Experiments were performed at room temperature in normal oxygenated recording

solution. For UV-light-triggered rise in intracellular calcium ion concentration, astrocytic



networks were filled via patch-pipettes (3 — 6 MQ resistance) as described previously
(34). In brief, patch-pipettes were filled with an intracellular solution consisting of the
following (in mM): 120 potassium gluconate, 20 KCI, 2 MgCl,, 20 Hepes, 0.5 Na-GTP, 2
Na,-ATP, 7.5 Phosphocreatine disodium salt hydrate, 0.4 F5F (to monitor intracellular
calcium increases), 2 NPE-caged IP; (to induce the release of calcium from intracellular
stores) as well as 0.01% sulforhodamine B (SRB, to visualize the network extension). For
control recordings, NPE-caged IP; was omitted from the intracellular solution. After
establishing the whole-cell configuration, electrophysiological properties were
determined with an amplifier coupled to a digitizer and the pClamp10 software package.
After confirming that recorded cells exhibited electrophysiological characteristics of
astrocytes (low input resistance, linear current-voltage relationship, membrane potential
more negative than —70 mV), the astrocytic network was filled for at least 30 min. After
successful withdrawal of the patch pipette, a lamina I neuron with the cell body within
the area of the filled astrocytic network was patched. Neuronal recordings were

performed and analyzed as described above.

Uncaging of NPE-caged IP; in the astrocytic network was induced by UV-flashes applied
via an optical fiber (365 um diameter, N.A. 0.22) coupled to a computer-controlled
Xenon-Flashlamp system (settings C3/300 V). UV-light was band-pass (270 — 400 nm)
and long-pass filtered (295 nm). UV-pulse trains consisted of three stimulations at 10 s
intervals, during which 5 UV-flashes were applied at 5 Hz (i.e. 1 s stimulation at 15 s, 26

sand 37 s).

Calcium-imaging was performed via multiphoton imaging on a microscope equipped

with a 20x objective (N.A. 1.0) and a Chameleon-XR Ti-sapphire laser. SRB and F5F



were excited at 820 nm, and fluorescence emission was collected with non-descanned
detectors (NDDs) at 565 — 605 nm and 500 — 550 nm, respectively. Images were
collected at 2 Hz for 60 s. Data were collected from somata of F5F-filled astrocytes in a
single optical plane, located at the same level as the recorded lamina I neuron. Data are

expressed as changes in fluorescence intensity relative to baseline fluorescence (AF/F).
Animal surgery for in vivo experiments

Experiments were performed on male Sprague-Dawley rats weighing between 150 and
250 g. Isoflurane (4 vol%) in two thirds N>O and one third O, was initially administered
via a respiratory mask to induce anesthesia. Animals were intubated using a 16 G cannula
and then mechanically ventilated at a rate of 75 strokes'min™ using a tidal volume of 4 —
6 ml. Anesthesia was maintained by 1.5 vol% isoflurane. Body core temperature was kept
at 37.5°C with a feedback controlled heating blanket. Deep surgical level of anesthesia
was verified by stable mean arterial blood pressure during noxious stimulation. Surgical
procedures were performed as described previously (35). Briefly, a jugular vein and a
carotid artery were cannulated to allow intravenous (i.v.) infusions and arterial blood
pressure monitoring, respectively. Muscle relaxation was achieved by 2 pug-kg +h ' i.v.
pancuronium bromide. Following cannulation, the left sciatic nerve was dissected free for
bipolar electrical stimulation with a silver hook electrode. The lumbar segments L4 and
L5 were exposed by laminectomy. The dura mater was carefully incised and retracted.
Two metal clamps were used for fixation of the vertebral column in a stereotactic frame.
An agarose pool was formed around the exposed spinal segments. The spinal cord was
continuously superfused with 5 ml artificial cerebrospinal fluid consisting of (in mM):

135 NaCl, 1.7 KCl, 1.8 CaCl,, 10 HEPES, 1 MgCl,, pH 7.4 adjusted with KOH,



measured osmolarity 290 mosmol-1" by means of a roller pump in a closed circuit
system, in which additional drugs could be dissolved as indicated. For transfer
experiments, the total volume of the superfusate (i.e. 5 ml) was collected from a donor
animal one hour after conditioning HFS (or after one hour of baseline recordings for
control recordings) and transferred to a recipient animal by replacing the superfusate
circulating during baseline recording. At the end of each electrophysiological experiment,
animals were decapitated under deep anesthesia. The spinal cord was removed and cryo-
fixed for detection of a rhodamine B spot at the recording site under a fluorescence
microscope. Only those experiments where the recording site was located in laminae I or

IT were analyzed further.
Electrophysiological recordings in vivo

Electrophysiological recordings were performed as described previously (35). Briefly, C-
fiber-evoked field potentials were recorded with glass electrodes (impedance 2 — 3 MQ)
from laminae I and II of the spinal cord dorsal horn in response to stimulation of sciatic
nerve fibers at C-fiber strength. The pipette solution consisted of 135 mM NaCl, 1.7 mM
KCI, 1.8 mM CaCl,, 10 mM Hepes, | mM MgCl, and 0.2% rhodamine B. At the end of
each electrophysiological experiment the recording site was labelled by pressure
application (300 mbar for 1 min) with 0.2% rhodamine B via the electrode. Electrodes
were driven by a microstepping motor. Recordings were made with an amplifier using a
band width filter of 0.1 — 1000 Hz. Signals were monitored on a digital oscilloscope and
digitized by an A/D converter. Test stimuli were delivered to the sciatic nerve and

consisted of pulses of 0.5 ms duration at 25 V applied every 5 min using an electrical



stimulator. LTP was induced by electrical HFS (four trains of 100 Hz, 60 V, 0.5 ms

pulses for 1 s at 10 s intervals).
Drugs and drug administration

For in vitro recordings, all substances were added to the recording solution or to the
intracellular solution at known concentrations as indicated. Drugs used were
sulforhodamine B (SRB; 0.01%), 2’ (3')-O-(4-Benzoylbenzoyl) adenosine 5'-triphosphate
triethylammonium salt (BzATP, 100 uM), A-438079 (10 uM), Na-fluoroacetate (10 pM),
catalase (300 U-ml™), D-amino acid oxidase (DAAO, 0.2 U-ml'), D-2-amino-5-
phosphonopentanoate (D-AP5, 50 pM), D-myo-inositol trisphosphate-P4-1-(2-
Nitrophenyl)ethyl-ester (NPE-caged IPs;, 2 mM, [cag-0-145]), Fluo-5F (400 uM), MK-
801 maleate (1 mM), 8-Cyclopentyl-1, 3-dipropylxanthine (DPCPX, 1 uM) and D-serine
(100 uM). Slices were pre-incubated in fluoroacetate for recordings shown in Fig. 1C,
2Ac, 2Bc and S1E, and in DAAO and catalase for recordings shown in 2Ae and 2Be for
at least 1 h before use. All other drugs were applied to a closed system of 10 or 20 ml

recording solution.

For in vivo recordings, pancuronium bromide was administered as an i.v. infusion (2
ng-kg'h™). All other drugs were dissolved in distilled water and added directly to a
closed system of 5 ml artificial cerebrospinal fluid superfusate to obtain the desired
concentration as indicated: Na-fluoroacetate (10 pM), DAAO (1U-ml"), D-serine (10
uM or 100 uM), D-APS5 (100 uM), the interleukin 1 receptor antagonist IL1-Ra (80

pg-ml™) and the soluble TNF receptor (sSTNFR; 1 pg-ml™).



Statistical Analysis

C-fiber-evoked EPSCs were analyzed offline using pClampl0 and SigmaPlot12. For
quantification of synaptic strength the peak amplitude of the evoked EPSCs was
measured. The mean amplitude of 6 evoked EPSCs prior to substance application or
conditioning stimulation served as control and was compared to the mean amplitude of 6
EPSCs at different time points within the recording as indicated in the figure legends (e.g.
0 -3 min, 2 — 5 min, 7 — 10 min, 12 — 15 min, 17 — 20 min, 27 — 30 min). Data were
tested for normality (Shapiro-Wilk test) and for equal variance. Statistical significance
was tested with a one-way repeated measures analysis of variance (RM ANOVA) with
Bonferroni post-hoc correction or with a paired t-test. In case normality failed, a
Wilcoxon signed-rank test was performed. The critical value for statistical significance

was set at P < 0.05. Values are presented as mean + 1 standard error of mean (SEM).

C-fiber-evoked field potentials were analyzed offline using pClamp10 and SigmaPlot12.
For quantification, the area under the curve of C-fiber-evoked field potentials was
determined. The mean area under the curve of 5 consecutive stable field potentials prior
to conditioning stimulation, or application of the superfusates from donor animals in case
of transfer-experiments, served as baseline control. Responses were normalized to the
baseline in every animal. Data were tested for normality using the Shapiro-Wilk test.
Unless otherwise indicated, RM ANOVA was performed to compare the different
experimental protocols and treatments. In all experimental groups, baseline was
compared to different time points during the recording (40 — 60 min, 160 — 180 min and
220 — 240 min, and 280 — 300 min in Fig. S6, respectively). ANOVA was followed by

Bonferroni post-hoc correction. Nonparametric one-way RM ANOVA on ranks was



performed in the case of non-normality. RM ANOVA on ranks was corrected by
Dunnett’s test. The critical value for statistical significance was set at P < 0.05. Values

are expressed as mean = 1 SEM.
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Fig. S1. Gliogenic LTD is induced at C-fiber synapses after IP; uncaging in
astrocytic networks. (A) Dye coupling of astrocytes in the spinal dorsal horn. The white
dotted lines mark the dorsal borders of the slices. Uncaging of IP; (2 mM) by application
of UV-flashes (5 Hz, 3 x 1 s at 10 sec interval) induced an increase in [Ca®’]; in
astrocytes. The Fluo-5F (F5F) images are pseudo colored to indicate changes in F5F
fluorescence intensity upon IP; uncaging. Calibration bars indicate 50 um (top left) or 10
um, respectively. (B) Mean change in F5F fluorescence intensity of astrocytes (AF/F) in
response to UV-flashes under three different conditions: IP; uncaging (orange trace; Cb),
UV-flash application where IP; was omitted (purple trace; Db) and IP; uncaging under
fluoroacetate (magenta trace; Eb). (Ca-Ea) EPSC recordings from lamina I neurons with
monosynaptic C-fiber input lying within the areas of the astrocytic networks tested.
Amplitudes of individual EPSCs were normalized to 6 baseline values and the mean (£ 1
SEM) was plotted against time (min). (Ca) IP; uncaging in astrocytes induced LTD at C-
fiber synapses (n =7, P =0.001, 30 min after UV-flashes compared to baseline). (Da) In
the absence of caged IP;, UV-flashes do not affect synaptic strength (n=7, P =0.061, 20
min after UV-flashes compared to baseline). (Ea) In the presence of fluoroacetate (10
uM), uncaging of IP; had no effect on synaptic transmission (n = 6, P = 0.112, 20 min
after UV-flashes compared to baseline). During UV-flashes, holding currents were set to
0. Insets show individual EPSCs recorded at indicated time points. Calibration bars
indicate 200 pA and 10 ms. Statistical significance was determined by using one-way
repeated measures analysis of variance (RM ANOVA) followed by Bonferroni t-test.

Paired t-test was used for control recordings.
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Fig. S2. Membrane properties of lamina I neurons are not changed by bath

application of a P2X;R agonist. Holding current and membrane potential recordings

were performed on lamina I neurons. TTX (1 uM) was bath-applied at least 3 min prior

to recording. Data are expressed as mean + 1 SEM. Horizontal bars indicate drug

application. (A) Holding current analysis of recorded neurons during TTX did not reveal
any significant change over time (n =7, P = 0.345 at 9 min compared to control values).
(B) In the presence of TTX, BZATP (100 uM) application starting at time point 0 min

had no effect on holding currents (n =9, P = 0.556 at 9 min compared to control values).

(C) Membrane potential recordings in the presence of TTX were stable over time (grey

13



bar; n =4, P =0.516 at 10 min compared to baseline). BZATP (100 uM) was bath
applied at time point 0 min and had no effect on the membrane potential (black bar; n =
6, P =0.851 at 10 min compared to control values). In all experiments, statistical

significance was determined by using a paired t-test.
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Fig. S3. Blockade of A; receptor signaling unmasks P2X;R-mediated potentiation.
Recordings were performed on lamina I neurons with monosynaptic C-fiber input.
Amplitudes of individual C-fiber-evoked EPSCs were normalized to 6 control values and
the mean (£ 1 SEM) was plotted against time (min). Horizontal bars indicate drug
application. (A) Bath application of BZATP induced a significant depression of EPSC
amplitudes at all C-fiber synapses tested (filled and open circles; n =9, P <0.001, 5 min
after BZATP application compared to baseline). Blockade of A; receptors by DPCPX
after BZATP application unveiled a P2X7R-mediated potentiation of synaptic
transmission in 6 out of 9 neurons (filled circles; P = 0.003, after 10 min of DPCPX
application compared with control). In the remaining 3 neurons, blockade of A, receptor
signaling reversed the BZATP-mediated depression to control values without inducing
synaptic potentiation (open circles; P = 1.0, after 10 min of DPCPX application
compared with control). (B) Blockade of A, receptor signaling with DPCPX alone had no
significant effect on synaptic transmission at any of the C-fiber inputs tested (n =6, P =
0.853, 20 min after DPCPX compared to baseline). Statistical significance was
determined by using RM ANOVA followed by Bonferroni t-test. Paired t-test was used

for control recordings.
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Fig. S4. D-Serine facilitates synaptic strength at spinal C-fiber synapses in vitro.
Recordings were performed on lamina I neurons with one (B) or two monosynaptic C-
fiber inputs (A). Amplitudes of individual C-fiber-evoked EPSCs were normalized to 6
control values and the mean values (+ 1 SEM) were plotted against time (min).
Horizontal bars indicate drug application. (A) D-Serine (100 uM) added to the bath
solution at time point 0 min induced amplification of synaptic strength at 13 out of 32
inputs tested (black circles; P <0.001). In the remaining 19 inputs, D-serine failed to
induce potentiation (open circles; P = 0.04). (B) In the presence of D-APS5 (50 uM), bath
application of D-serine had no effect on synaptic strength (n =12 out of 13, P = 0.094, 15

min after D-serine compared to baseline). Statistical significance was determined by

using paired t-test.
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Fig. S5. Maintenance of HFS-induced L TP is not affected by inhibition of glial cell
metabolism or by degradation of D-serine. Areas of C-fiber-evoked field potentials
were normalized to baseline values and plotted against time (min). Data are expressed as
mean + 1 SEM. LTP was induced by HFS at time point 0 min (arrow). Horizontal bars
indicate drug application. (A) Spinal superfusion with the glial cell inhibitor fluoroacetate
(10 uM) had no effect on LTP maintenance throughout the recording period of 240 min
(n=6, P =0.433). (B) Degradation of D-serine with DAAO (1 U-ml™) did not affect
maintenance of HFS-induced LTP (n = 6, P = 0.546). Statistical significance was

determined by using RM ANOVA followed by Bonferroni t-test.
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Fig. S6. D-Serine dose-dependently facilitates synaptic strength at spinal C-fiber
synapses. Areas of C-fiber evoked field potentials were normalized to baseline values
and plotted against time (min). Data are expressed as mean + 1 SEM. Horizontal bars
indicate drug application. (A) D-Serine (10 uM), which was added to the superfusate at
time point 0 min for four hours had no effect on synaptic strength at C-fiber synapses (n
=7,P =0.510). (B) A 10-fold higher concentration of D-serine (100 uM) induced a
steadily rising facilitation of synaptic strength (P < 0.001). Upon wash-out of D-serine,
C-fiber mediated responses returned to baseline levels (n = 10, P = 0.479). Statistical

significance was determined by using RM ANOVA on ranks followed by Dunnett’s test.
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Movie S1

NPE-IP; uncaging in spinal astrocytes upon UV-flash application.
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