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Neuron-astrocyte metabolic coupling
facilitates spinal plasticity and maintenance
ofinflammatory pain
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Long-lasting pain stimuli can trigger maladaptive changes in the spinal cord,
reminiscent of plasticity associated with memory formation. Metabolic
coupling between astrocytes and neurons has been implicated in neuronal
plasticity and memory formation in the central nervous system, but neither its
involvementin pathological pain nor in spinal plasticity has been tested. Here
we report aform of neuroglia signalling involving spinal astrocytic glycogen
dynamics triggered by persistent noxious stimulation via upregulation of
the Protein Targeting to Glycogen (PTG) in spinal astrocytes. PTG drove
glycogen build-up in astrocytes, and blunting glycogen accumulation and
turnover by Ptg gene deletion reduced pain-related behaviours and promoted
faster recovery by shortening pain maintenance in mice. Furthermore,
mechanistic analyses revealed that glycogen dynamicsisa critically required
process for maintenance of pain by facilitating neuronal plasticity in spinal
laminalneurons. Insummary, our study describes a previously unappreciated
mechanism of astrocyte-neuron metabolic communication through glyco-
genbreakdown in the spinal cord that fuels spinal neuron hyperexcitability.

Sensory stimuli, particularly those that are strong, long-lasting or
repetitive, can trigger neuronal plasticity. These activity-dependent
processes require metabolic energy to fuel ensuing structural and
functional changes'. The resulting neurophysiological changes, which
often involve alterations of synaptic properties and changing of syn-
apticstrength, can be beneficial and allow, for example, adaptation to

achanging environment. But persistent stimulation ina pathological
context can also give rise to chronic pain, a maladaptive form of neu-
ronal plasticity detrimental to health®

The spinal cord is the first relay station of noxious signals, where
primary afferent sensory neurons connect to projection neurons resid-
inginthe dorsal spinal hornthat carry signals of potentially harmful and
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damaging (thus painful) stimuli to higher brain centres. A multitude
of additional spinal excitatory and inhibitory neurons modulate and
‘gate’ painful signals®. Plastic changes within this extensive neuronal
network have long been associated with pathological forms of pain®.
In parallel, many studies have emphasized the role of non-neuronal
cells, such as astrocytes and microglia, in spinal nociceptive signal
processing and pain chronification. Astrocytes provide metabolic
supportto neurons, regulate extracellularion compositionand modu-
late synaptic transmission, and are thus important for physiological
(homeostatic) neuronal processing in the central nervous system
(CNS)°. Astrocytes have also beenimplicated in modulating nociceptive
signalling along the spinothalamic axis and, in this context, they play
apreeminent role in the dorsal spinal cord. In pathological contexts,
spinal astrocytes have been found not only to modulate the induction
of long-lasting pain but also appear to be particularly relevant for the
maintenance of chronic pain states®°. How spinal astrocytes and neu-
ronsinteractto drive pathological painstates and whether thisinterac-
tion can be therapeutically harnessed for pain therapy are important
medical questions.

Energy-carrying metabolites such as lactate can modulate noci-
ceptive signal processing in spinal circuits'®. However, the relevance
and potential source of such metabolites in pathological nociceptive
processing have remained largely unknown. Moreover, genetic evi-
dence has been missing that directly links the regulation of energy
metabolism and spinal nociceptive signal processingin vivo.

Here we identify and characterize a metabolic mechanism at the
interface between the peripheral nervous system and the CNS that
regulates excitability of spinal neurons processing and propagat-
ing noxious information. We find that spinal astrocytes and neurons
metabolically interact and that strong, long-lasting pain stimuli have
pronounced effects on dynamic glycogen metabolism in astrocytes.
Robust and protracted glycogen build-up in spinal astrocytes is medi-
ated by noxious stimulation-induced transcriptional activation of
Protein Targeting to Glycogen (PTG). Genetically perturbing glycogen
accumulation and dynamics by deleting the Ptg gene from astrocytes
does not affect short-term/acute processing of noxious, pain-inducing
signals in mice but allows animals to recover faster from long-lasting
inflammatory pain. Mechanistically, we find that spinal neuronal plas-
ticity,induced by long-lastinginflammatory painstimulation, requires
astrocytic glycogen and energy metabolism. Our study demonstrates
that astrocytic energy fuels the maintenance of long-lasting inflam-
matory pain states and that pharmacologic interference with spinal
astrocyte-neuron energy coupling may constitute a therapeutic ave-
nueto accelerate recovery from pathological forms of pain by inhibit-
ing maladaptive neuronal plasticity.

Results
Noxious stimulationinduces PTG in spinal astrocytes
We utilized aribosomal profiling screen toidentify messenger RNA tran-
scriptsactively translated in the spinal cord upon noxious stimulation
thatlead to pain-related behavioursin mice. This approach capitalizes
on the finding that a structural component of the ribosome, the S6
protein, becomes phosphorylated—in both neuronaland non-neuronal
cells—upon a wide variety of stimuli". Using antibodies against the
phospho-moiety of S6 (pS6), it is possible to biochemically isolate
activated polysomes from tissue of stimulated animals and identify
actively translated mRNAs by RNA sequencing (RNA-seq)" . Using
anti-pSé6 antibodies, we found that pain stimuli effectively induced
S6 protein phosphorylationin the spinal cord of mice (Extended Data
Fig.1a-d). We tested several anti-pS6 antibodies and identified clone
5364 as the most effective antibody for biochemical isolation and
enrichment of pain stimulation-activated polysomes from the mouse
dorsal spinal cord (Extended Data Fig. 1e,f).

We expected that transcripts of the immediate early genes cFos
and FosB, whichareinduced in the spinal cord upon pain stimulation**

(Extended Data Fig. 1b), would be enriched in biochemically isolated
pS6 ribosome pull-downs, which was indeed the case (Extended
Data Fig. 1g). Also, pSé6 ribosomal profiling enriched cFos tran-
scripts compared with total lysates obtained from the spinal cord
of pain-stimulated mice, albeit only slightly (Extended Data Fig. 1h),
suggesting that pS6 ribosomal profiling is a slightly more sensitive
methodto detect actively transcribed-translated genes compared with
simply using spinal cord tissue for direct transcriptional profiling of
spinal cord lysates.

Injecting formalin (FA) into theintraplantar surface of the mouse
paw isawidely used pain model®”. Whenipsilateral (the FA-stimulated
side of the spinal cord) and contralateral (the non-FA-injected control
side) spinal cord sections, corresponding to the relevant (hindpaw)
dermatome levels lumbar 3 (L3)-L6, were compared by pSé6 riboso-
mal profiling, we identified Ptg (Protein Targeting to Glycogen; also
referred to as PppIr3c) asthe most robustly induced gene, next to cFos
(Fig.1aand Extended Data Fig.1a-d). Pain-induced Ptg expression was
verified by quantitative PCR (qPCR) (Fig. 1b) and multi-colour in situ
hybridization (Extended Data Fig. 1d), confirming that Ptginduction
is confined to the pain stimulation-affected (ipsilateral) side of the
dorsalspinal cord.

On the cellular level, we found that astrocytes—rather than
neurons—express Ptg upon pain stimulation (Fig. 1c,d). Next to
spinal astrocytes and neurons, spinal microglia have also been impli-
cated in pathological forms of pain'*™®, However, we did not find any
Ptg expression in microglia in the context of noxious FA stimulation
(Extended DataFig. 1i).

Noxious stimulation dynamically modulates spinal
glycogenlevels

PTGisaregulator of glucose and glycogen metabolismin that the mol-
ecule directs protein phosphatase 1 (PP1) to glycogen synthase and
glycogen phosphorylase to promote dephosphorylation of these two
key anabolic/catabolic glycogen enzymes, thereby inducing glycogen
formation and inhibiting glycogen breakdown, respectively”.

Ofnote, inthe brainglycogenis primarily stored in astrocytes
andinvitrostudies of brain-derived neuron-astrocyte cocultures show
that forced expression of PTG in cultured astrocytes is sufficient to
drive glycogen build-up?®.

We therefore wondered whether anoxious stimulus thatinduces
painwouldresultinincreased spinal glycogen levels.Indeed, glycogen
levels increased on the ipsilateral but not on the contralateral side of
the spinal cord subsequent to FA-induced pain (Fig. 2a). Interestingly,
glycogen level increases were detectable with a delay of 6 h after the
stimulus—4 h after PtgmRNA peaked—and dropped to baseline levels
within1-3 d.

Next, we asked whether other types of painful stimuli would also
trigger Ptginduction and protracted glycogen increases in the spinal
cord. Similar to FA, stimulation with capsaicin or Complete Freund’s
Adjuvant (CFA) induced Ptg mRNA expression on the ipsilateral side
of the dorsal spinal cord (Fig. 2b,c). When assessing glycogen levels,
we found that the shorter-acting capsaicin also induced glycogen
elevation, albeit less pronounced compared with that of FA (Fig. 2d).
On the other hand, CFA, a potent inducer of inflammatory pain>**%,
triggered glycogenincreases similar to those observed for the FA pain
model (Fig. 2e). Additionally, when assessing glycogen levels shortly
after a noxious, pain-inducing stimulus, it appeared that glycogen
levelsinitially—and only transiently—decreased (Fig. 2e).

These results suggest that a stronger and longer-lasting noxious
stimulus resulted in stronger and longer-lasting glycogen build-up
after the acute phase of the pain-inducing stimulus. We therefore
also tested whether the combination of two disparate painful stimuli
would resultin additive glycogen accumulation. Spared-nerve injury
(SNI), amodel of neuropathic pain*, by itself only slightly increased
glycogen levels, similar to a short-term capsaicin stimulation
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Fig.1|Noxious, pain-inducing stimulation triggers Ptg expressionin
astrocytes of the dorsal spinal cord. a, RNA-seq of pS6 captured ribosomes
isolated from ipsilateral and contralateral spinal dorsal horn 2 h after mice had
beensubjected to FA stimulation. The y axis indicates relative enrichment or
de-enrichment (ratio) of transcripts detected in ipsilateral (affected) dorsal horn
tissue versus contralateral tissue. The x axis indicates relative mRNA abundance.
Only significantly changed transcripts are shown (colour code indicates Pvalue,
*P<0.05,**P<0.01,**P<0.005,***P< 0.001; two-tailed t-test; n = 3 pooled

samples from 5 mice each). b, qPCR-determined relative expression level of

the Ptg gene at different time points after FA stimulation (n = 3 mice). One-way
ANOVA with Tukey’s post hoc test. ¢,d, Representative images of combined
immunohistochemistry and fluorescence in situ hybridizations with antibodies
directed against GFAP (c, green) and NeuN (d, green) and anin situ probe directed
against Ptg (red) and DAPI (blue); scale bars, 20 pm; data represent mean +s.e.m.
See also Extended Data Fig. 1.

(Extended Data Fig. 2a). However, combing the two pain models
resulted in synergistically increased spinal glycogen accumulation
compared with mice subjected to either SNL or capsaicin treatment
alone (Extended Data Fig. 2a).

Collectively, these results demonstrate that pronounced glycogen
dynamics accompany diverse inflammatory pain stimuliin the spinal
cordand appear tobe graded, at least to some extent, by the intensity
and duration of the noxious pain-inducing stimulus.

We wondered whether a pain-stimulated glycogen increase is
specific to the spinal cord or whether other parts of the pain signalling
pathway and distributed pain processing areas in the brain also show
increased glycogen levels. The spinal cord receives signals from sen-
sory neurons of the dorsal root ganglia (DRG), which contain satellite
glia that resemble astrocytes in genetic make-up and functionality?.
We therefore asked whether Ptg and glycogen induction can also be
observed in DRGs. While Ptginduction is detectable in DRGs isolated
from CFA-treated animals, glycogen was not markedly increased,

atleast not after 1d, the time point when glycogen levels reach maxi-
mallevelsinthe spinal cord (Extended DataFig. 2b,c). From the dorsal
spinal cord, pain signals are relayed for further processing to higher-
order brain centres. CFA-induced pain did not alter glycogen levelsin
the somatosensory, insula or prefrontal cortices or in the amygdala
(Extended DataFig.2d-g), all of which brain regions areimplicated in
painsignal processing.

While we cannot exclude that small, cell-type-selective glycogen
changes also occur in other parts of the nervous system involved in
pain signal processing, strong and long-lasting painful insults appear
to primarily modulate glycogen dynamics in the spinal cord.

Noxious stimuli-induced spinal glycogen build-up is

PTG dependent

As pain-induced glycogen increases followed Ptg mRNA expres-
sion with a delay of a few hours—allowing for the translation of PTG
protein in due course—we reasoned that spinal glycogen build-up is
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Fig.2|Inflammatory paininduces glycogen
accumulation in the dorsal spinal cord. a, Glycogen
content of ipsilateral and contralateral dorsal spinal cord
tissue isolated at different time points after FA stimulation
and expressed as percentage of glycogen of ipsilateral
tissue isolated from naive mice (n = 6 for naive; n =3 for
2h;n=8for6h;n=3for24 hand 72 h); two-way ANOVA
with Bonferroni post hoc test. b,c, Representative images
of insitu hybridizations (RNAscope) with a probe for Ptg
(red) of spinal cord tissue 2 h after capsaicin stimulation (b)
or CFA stimulation (c) and DAPI (blue); scale bars, 50 pm.
d,e, Glycogen content (percentage of naive) of dorsal
spinal cord tissue at different time points after capsaicin
stimulation (d), with n =5 mice for naiveandn=7for6 h
andn=2for1d, or CFA stimulation (e), with n = 6 for naive,
n=>5for30 min,n=6forld,n=3for7dandn=4for10d;
one-way ANOVA with Tukey’s post hoc test. Data represent
mean + s.e.m. See also Extended Data Fig. 2.
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Fig.3|Noxious stimulation-induced spinal glycogen dynamics is blunted

in PTG mice. a, Representative confocal images of in situ hybridizations
(RNAscope) with a probe against Ptg (green) in the ipsilateral dorsal spinal cord
tissue from WT, cPTG”~and gPTG 7~ mice 2 h after CFA-induced pain, and its
colocalization with the neuronal marker (NeuroTrace) and an astrocytic marker
(GFAP) inblue and red, respectively. Scale bars, 20 pm. b, Quantification of

Ptg mRNA signals visualized by RNAscope in WT and PTG KO models as shown

ina(quantified are the number of Ptg‘dots’ in 3 images from n = 3 animals per
genotype). ¢,d, Glycogen content (expressed as percentage of glycogen content
measured in dorsal spinal cord tissue of naive WT control mice) at different
time points after CFA stimulation of gPTG”~ mice (c, n = 5 samples of 5 mice)

and cPTG™ mice (d, n =5 samples of 5 mice) compared with their respective
control mice. Two-way ANOVA with Bonferroni post hoc test. Data represent
mean + s.e.m. See also Extended Data Fig. 3.

dependent on PTG protein expression. We therefore generated con-
ditional (floxed) PTG knockout (KO) animals (Extended Data Fig. 3a).
We first crossed these conditional PTG KO mice with a Cre deleter
mouse strain®®to delete functional PTG from the mouse germline and
all tissues to obtain complete (global) PTG KO animals (gPTG™"). We
verified that pain-stimulated Ptg induction in spinal astrocytes was
abolished in gPTG” mice using multi-colour in situ hybridization
(Fig.3a,b and Extended Data Fig. 3b) and CFA-induced spinal glycogen
increases were indeed blunted compared with wild-type (WT) con-
trol mice (Fig. 3c). Even baseline glycogen appeared to be reduced in
gPTG” micetolevels that were observed shortly after pain stimulation
in WT mice (Fig. 3cand Extended DataFig. 3¢c). To assess whether these
effects are mediated by astrocytic PTG, we next crossed ‘floxed’ PTG
miceto AldhlL1-Cre®™"™ mice® to ablate functional PTG from astrocytes
by tamoxifen injections (we refer to these astrocytically Ptg-deleted

mice from here on as cPTG”™ mice). Side-by-side comparison of Ptg
mRNA content in histological sections of WT and gPTG and cPTG KO
animals demonstrated that Ptgis largely induced in spinal astrocytes
(Fig.3a,band Extended Data Fig. 3b). However, these results do not rule
out the possibility that baseline levels of Ptg are present in neuronal
and/or other non-neuronal cells.

Similar to gPTG™ mice, in these astrocytically deleted cPTG™”~
mice, CFA pain-induced glycogen build-up was also completely blunted
(Fig. 3d). Different from gPTG”" mice, however, baseline glycogen
levels appeared normal in cPTG™ animals (Fig. 3d and Extended
Data Fig. 3¢,d), suggesting that non-astrocytic (yet PTG-dependent)
glycogen stores may contribute to baseline spinal glycogen levels.
Alternatively, it is also possible that the conditional KO approach did
not affect baseline astrocyte glycogen levels within the timeframe
of the tamoxifen-induced PTG deletion (starting 3 weeks before the
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experiment). Regardless of the origin of the low baseline glycogen
levels, these results clearly demonstrate that astrocytic PTG is required
for nociceptive glycogen dynamics.

PTG deletion promotes faster recovery from inflammatory pain
Given the dependence of noxious stimuli-induced spinal glycogen
metabolism on PTG, we wondered if perturbation of astrocytic glyco-
gen dynamics by deleting PTG would have any effect on behavioural
pain-related responses in mice. In assessing pain-related behaviours,
the measurement of the threshold and Iatency to (painful) mechanical
and thermalstimuliapplied to the animal’s hindpaw are standard pain
testing paradigms®. We found that, under basal conditions, mechani-
cal stimuli generated by applying von Frey filaments of different
mechanical strength to the plantar hindpaw surface evoked normal
responses in both gPTG” and cPTG” mice as compared with WT ani-
mals (Fig. 4a,b). Similarly, global or conditional PTG deletion did not
affect the latency of heat-pain-triggered paw withdrawal when a light
beam was focused on the plantar surface of the hindpaw (Hargreaves
test; Extended Data Fig. 4a). We next evaluated whether PTG deletion
would influence short-term pain sensitization such as that triggered
by theintraplantar injection of capsaicin, serotonin, prostaglandin E2
(PGE2) or FA. We found that capsaicin provoked similar mechanical
hypersensitivityin WT and cPTG "~ mice (Extended DataFig. 4b). Only
inflammatory stimuli mediating longer-lasting pain sensitization, such
as serotonin or PGE2 (ref. 31), were associated with reduced mechani-
cal hypersensitivity in cPTG” mice (Fig. 4¢,d). FA injection, which
evokes spontaneous nocifensive responses such as licking, flinching
and guarding of the affected paw, produced aslightly smaller response
inthe gPTG” mice in the initial phase of the biphasic pain response.
This difference appeared to be absent from cPTG™”” mice, suggesting
thatintact baseline glycogen levels may be relevant for the early acute
phase of FA-evoked nocifensive painbehaviour (Fig. 4e,fand Extended
DataFig.4c,d). Importantly, the more pronounced second phase of the
FA-triggered response was indistinguishable between WT and both KO
models (Fig. 4e,fand Extended Data Fig. 4c,d).

Collectively, these data suggest that spinal glycogen levels and
their utilization have only a small effect on acute noxious signal
processing and pain-related rodent behaviours. For the most part,
short-term acute pain signalling, such as that initiated by capsaicin,
appeared not to depend on glycogen turnover and was not altered in
the absence of the Ptg gene.

The absence of astrong phenotyperelated to acute painsignal pro-
cessing in PTG~ animalsis not entirely surprising given the observed
delay to PTG induction and glycogenbuild-up subsequent toaninflam-
matory pain stimulus compared with the duration of short-term pain
sensitization.

Wetherefore considered whether pathological long-terminflam-
matory sensitization and behaviour would be altered in PTG~ mice.
Intraplantar CFAinjection, whichwe found to generate stronginduction
in PTG-dependent spinal glycogen accumulation (Fig. 3¢), sensitizes
mice by lowering pain thresholds for up to 4 weeks***. As expected,
both gPTG™" and cPTG™ animals became sensitized to mechanical
and thermal stimuli similarly to the WT controls. Strikingly, however,

gPTG” and cPTG”" animals recovered faster from the sensitized state,
reaching baseline pain thresholds already after 7 + 2 d, as compared
with WT mice, which remained sensitized for up to 24 + 3 d (Fig. 4g-j
and Extended DataFig. 4e,f). Inboth PTG KO models, this accelerated
recovery was observed for both mechanical- and heat-pain hyper-
sensitivity, with a more pronounced beneficial effect on mechanical
hypersensitivity.

We noted that pain-induced glycogen increases were reduced
already in heterozygous KO animals, bearing one globally deleted
and one ‘floxed’ PTG allele (cPTG ™M), suggesting that heterozygous KO
mice may act as functional PTG hypomorphs upon pain stimulation
but not under basal conditions (Extended Data Fig.3d). Due to the Ptg
‘gene dosage’ effect and to verify whether the reduced inflammatory
pain maintenance period observed in gPTG”~ and cPTG™ mice was
mediated by astrocytic glycogen dynamics, weinfected PTG""micein
lumbar spinal regions L2-L6 with adeno-associated virus (AAV) parti-
cles delivering Cre in a GFAP-dependent (astrocyte-specific) manner.
Indeed, deleting the Ptg gene specifically in astrocytes of adult mice
recapitulated the phenotype of global and conditional KO mice and
allowed the animals to recover faster from CFA-induced inflamma-
tory pain compared with control AAV-injected animals (Fig. 4k,| and
Extended Data Fig. 4g).

We also tested whether astrocytic PTG and glycogen dynamics
modulate mechanical hypersensitivity in the SNI model of neuro-
pathic pain. When subjecting cPTG™" animals and littermate controls
to SNI, we did not observe a difference between the two animal groups
in mechanical threshold responses tested up to 5 weeks after SNI
(Extended DataFig.4h). This outcomeis reminiscent of previousresults
emphasizingarole of spinal astrocytesininflammatory pain butalesser
contribution to SNI-related pain behaviour®.

In summary, our data demonstrate that, while short-lasting sen-
sitization is largely unaffected in PTG mice, recovery from strong
and long-lasting inflammatory pain is accelerated when astrocytic
glycogeninductionis blunted.

Noxious stimuli-induced glycolytic capacity is PTG dependent
Neuronal transmission, signal processing and plasticity require ener-
getic metabolicsupport. Neuronsreceive energetic metabolites such
as glucose via the bloodstream. However, upon increased demand,
for example, in the context of plasticity-triggering synaptic activity,
it has been shown that neurons may depend on additional metabolic
fuel fromastrocytes® . We therefore speculated whether inflamma-
tory signal processing leading to pain may modulate spinal energy
consumption and, more importantly, whether astrocytic glycogen
stores are arelevant fuel source.

To measure energy consumption and respiration in the spinal
network, we utilized the so-called Seahorse assay using mouse spi-
nal cord slice preparations. This assay enables measurements of the
rates of glycolysis (assessed by the extracellular acidification rate)
and mitochondrial respiration (assessed by the oxygen consumption
rate (OCR))*°. To the best of our knowledge, this assay has not been
described for spinal cord tissue before. Therefore, we first established
spinal slice preparations and optimized measurement conditions

Fig. 4 |Inflammatory nociceptive sensitization and pain maintenance is
reduced in PTG” mice. a,b, Baseline mechanical sensitivity for WT and gPTG ™"~
mice (a,n=6) or PTG""and cPTG” mice (b, n=12). ¢,d, Mechanical threshold
required to elicit aresponse in at least 60% of trials in PTG”"and cPTG 7~ mice
either not treated (baseline) or at 15 min after intraplantar serotonin (¢, n = 6)
or PGE2 (d, n = 6) injection into the hindpaw. e,f, Time course of FA-induced
nocifensive responses scored in 5-min bins (e) or separated into Phase

(0-10 min) and Phase 11 (10-50 min) (f) for WT and gPTG ™ mice (n =5).

g,ik, The 60% mechanical threshold measured before and at different time
points after CFA stimulation comparing WT (n = 5) and gPTG ™~ mice (g, for

7 d**P=0.0092; for 14 d ***P < 0.0001; for 21 d **P=0.0025; n=5), PTG""and

cPTG™ mice (i, for 7d*P=0.013; for 14 d ***P < 0.0001; for 21d *P = 0.013;
n=12),and AAV-Control- (pAAV.GFAP.eGFP.WPRE.hGH, n =9) and AAV-GFAP-
Cre- (pssAAV-2-hGFAP-mCherry_iCre-WPRE-hGH, n = 7) injected PTG"" mice
(k, for 6 d*P=0.0252; for 7d *P=0.0216; for 14 d **P=0.0048). h,j,I, Number
of days required to recover from a sensitized state back to baseline mechanical
threshold (cutoff:1s.d. of the average baseline value) after intraplantar CFA
injection of WT and gPTG™ mice (h), PTG"and cPTG™ mice (j), and AAV-
Control- and AAV-GFAP-Cre-injected PTG"" mice (I). Data correspond to traces
showning,iandk.a-g,iandk, two-way ANOVA with Bonferroni post hoc test;
h,jandl, unpaired two-tailed ¢-test. Data represent mean + s.e.m. In all behaviour
experiments littermates were used as controls. See also Extended Data Fig. 4.
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(seethe Methods section for details), based on a protocol established
for brainslices*.

Next, we compared basic respiratory parameters in gPTG ™" ani-
mals and WT controls. We did not find any significant differences
in spinal cord tissue from these two groups of mice (Extended Data
Fig. 5a-c). This is in agreement with results showing that astrocytic
PTG and glycogen appear not to be required for basic spinal cord func-
tion because basal mechanical and thermal sensitivity are normal in
gPTG” animals (Fig. 4a,b and Extended Data Fig. 4a,b).

We next assessed whether mimicking painful stimulation by
increasing neuronal activity (action potential (AP) firing), either by
supplying the TRPV1agonist capsaicin or by perfusing spinal slices with
high potassium chloride (KCI) (Extended Data Fig. 5d,e), would trigger
increased energy consumption. Indeed, both paradigms resulted in
increased glycolytic activity in spinal slices obtained from WT mice,
with KCI provoking a more robust response (Extended Data Fig. 5f,g).

Since we found CFA-induced inflammatory pain to trigger strong
glycogen dynamics that were completely blunted in PTG”" mice,
and because PTG” mice recovered faster than WT littermates from

CFA-evoked long-lasting pain hypersensitivity, we reasoned that
neuronal activation on the background of CFA-induced pain would
potentially reveal altered energy consumption in spinal slices of
gPTG™ mice.

Wetherefore determined glycolytic capacity in spinal cord slices
of WTandgPTG™ miceat1dand10 d afterintraplantar CFAinjection.
Interestingly, the glycolytic response upon neuronal (KCI) activation
was reduced in gPTG ™ spinal tissue slices obtained from animals1d
after CFA treatment as compared with the WT controls (Fig. 5a,b).
Theseresults suggest that glycolytic capacity in the dorsal spinal cord
duringinflammatory painrequires elevated astrocytic glycogen stores.
On the other hand, 10 d after the induction of CFA-triggered inflam-
matory pain hypersensitivity, glycolytic capacity was reduced for
both groups of mice and appeared slightly—albeit not significantly—
different between the two genotypes (Fig. 5¢,d). These differences in
glycolytic capacity correlated with the differences in glycogen levels
which were found to be robustly increased in WT (but not in gPTG™")
mice 1d after CFA injection and which had returned to baseline levels
several days later (Fig. 3c).
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As spinal glycolytic capacity was reduced in gPTG”~ animals, we
next determined whether levels of lactate, a downstream product of
glycolysis, would also be changed. We found spinal lactate levels to be
reduced ingPTG” mice. Additionally, lactate levelsin WT mice—but not
in gPTG”~ mice—were dynamically altered in spinal cord tissue upon
painstimulation (Extended Data Fig. 5h,i).

Taken together, these data support the hypothesis that spinal
astrocytic glycogen dynamics evoked by robust noxious stimulation
and signal processing promote astrocytes’ glycolytic capacity and
lactate production, thereby prolonging pain maintenance.

Spinal neuronal plasticity is fuelled by astrocytic glycogen
How could a deficit in the energy landscape of the spinal astrocyte-
neuron network be beneficial to the recovery of long-lasting pain?
Persistent noxious signalling, arising, for example, as a consequence
of tissue damage, cancer or other forms of disease, can lead to struc-
tural and functional plasticity in the spinal network, resulting in
increased sensitivity and activity of spinal pain circuits, culminating
inincreased sensitivity to peripheral stimuli****. We hypothesized
that, similar to plasticity mechanisms found in the brain®***¢, induc-
tion and maintenance of maladaptive pain-induced spinal plasticity
requires metabolic energy that—at least in part—comes from astro-
cytes. To analyse spinal plasticity, which is associated with height-
ened synaptic activity and a presumably increased propensity of
spinal projection neurons to fire APs*, we first measured changes in
neuronal excitability in acute spinal slice preparations of WT mice
to gauge whether this intrinsic neuronal property is enhanced in our
CFA model of inflammatory pain and could serve as a measure of
spinal plasticity.

Therefore, we first measured the input resistance (R,;,) and the
rheobase of randomly sampled L1spinal neurons. The first parameter,
R;,, was not changed in neurons recorded from animals 10 d after CFA
injection compared with naive control animals, suggesting that basic
electrical plasmamembrane properties of the neurons, such as the den-
sity of passive, non-voltage-dependent ‘leak’ channels, did not change
as aconsequence of CFA treatment (Fig. 6a). Based on previous work,
we expected the excitability of WT L1 neurons to increase following
inflammatory pain*. Indeed, we found that the minimum (rheobase)
currentnecessary to elicitan AP duringa 500 ms currentinjection step
was significantly lower in CFA-treated WT neurons compared with the
naive WT group (Fig. 6b), establishing this cell-intrinsic electrophysi-
ological parameter as a bona fide inflammatory pain-induced spinal
plasticity indicator.

Strikingly, CFA treatment did not affect the rheobase in gPTG ™"
neurons 10 d after intraplantar injection (Fig. 6b), suggesting that
blunted glycogen dynamics prevented hyperexcitability. We further
analysed the neuronal excitability of L1 neurons by injecting a range
of depolarizing currents above the threshold (rheobase) current to
evoke trains of APs. Again, we found that CFA treatment resulted in

enhanced AP firing to current injections in WT neurons (Fig. 6¢) but
not in neurons derived from gPTG™ animals (Fig. 6d).

Our functional metabolic analysis suggested that lactate,adown-
stream metabolite of glycogenolysis/glycolysis, might play a role in
mediating hyperexcitability. We therefore set out to test whether
the firing properties of L1 spinal neurons can be modulated either by
application of a-cyano-4-hydroxycinnamate (4-CIN; 300 pM), aninhibi-
tor of monocarboxylate transporters (MCTs) involved in shuttling
lactate between astrocytes and neurons*®, or by supplementation of
lactate in the perfusion fluid. 4-CIN did not affect rheobase in L1 neu-
rons from either WT naive mice or WT mice at 10 d post CFA injection
(Fig. 6e). Interestingly, however, the drug robustly reduced CFA-
induced hyperexcitabilityin WT L1 neurons back to baseline levels when
neurons were stimulated to fire trains of APs (Fig. 6f~h). Because 4-CIN
is also known to inhibit the mitochondrial pyruvate carrier (MPC)*,
we tested a chemically orthogonal drug (AR-C155858, 2 uM) that also
targets MCTs but spares MPC*. Similarly, the AR compound replicated
the effect of 4-CIN and reduced CFA-induced hyperexcitability of spinal
neurons (Fig. 6f-h). Conversely, lactate, at concentrations shown to
enhance firing activity of cortical neurons (15 mM)*¢, did not have any
stimulatory effect on the firing properties of naive (non-CFA-treated)
WT neurons (Fig. 6f-h), suggesting that lactate aloneisinsufficient to
transform L1 neuronsinto a hyperexcitable state.

Since we found L1 neurons from gPTG ™~ animals to be compro-
misedinincreasing AP firing rates following CFA treatment, we assessed
whetheraddinglactate to gPTG ™’ mouse-derived spinal slices would be
sufficient toincrease their excitability. However, again lactate alone did
not affect rheobase or hyperexcitability in gPTG™ slices, from either
naive or CFA-treated animals (Extended Data Fig. 6). It has also been
shown that lactate can decrease neuronal activity through Hydroxy-
carboxylic Acid Receptor1(HCAR1)*". We therefore tested whether the
related molecule pyruvate, which does not activate this receptor®*but
isableto enter cells viaMCT transporters and canincrease excitability
in neurons*’, was able to increase AP firing rates in gPTG ™" slices. We
foundasubtle trend of increased excitability ingPTG”" neurons treated
with pyruvate; however, when comparing all three (control, lactate and
pyruvate treated) groups we found no significant difference (Extended
DataFig. 6d,f).

Together, these results suggest that astrocytic glycogen dynam-
ics and glycolysis are important factors driving hyperexcitability of
dorsal spinal L1 neuronsin the context of inflammatory pain. However,
acutely supplementing glycolytic products suchaslactate or pyruvate
10 d after spinal plasticity had been triggered by CFA treatment did not
significantly promote hyperexcitability in PTG”" mice.

Several spinal metabolic pathways are modulated by PTG

Because we had found that PTG-regulated astrocytic glycogen
stores were important for pain-induced (1) glycolytic capacity, (2)
spinal hyperexcitability and, ultimately, (3) pain-related behaviour,

Fig. 6 | CFA-induced spinal neuronal plasticity is blunted ingPTG ™ mice.

a, Comparison of membrane R,, of randomly recorded L1spinal neurons derived
from naive and CFA-injected (10 d postinjection) WT and gPTG” KO mice.n =28
cells/4 animals (WT), n=33/4 (WT + CFA), n=26/4 (KO) and n = 33/4 (KO + CFA).
b, Comparison of the rheobase in L1 neurons from naive and CFA-treated WT and
gPTG " mice.n=18/4 (WT),n=18/4 (WT + CFA),n=18/4 (gPTG"") and n=20/4
(KO + CFA). Unpaired two-tailed t-test. ¢, Top: example traces of firing patterns
inL1neurons derived from WT naive and CFA-treated mice. Bottom: comparison
ofthe firing frequencies across arange of 500 ms-long current injections (from
0 pAto120 pAaboverheobase) in WT and WT + CFA groups. n=18/4 (WT)
andn=20/4 (WT + CFA). Two-way ANOVA (effect of CFA treatment). d, Top:
example traces of firing patternsin L1 neurons derived from gPTG ™ naive and
CFA-treated mice. Bottom: comparison of the firing frequencies across arange
of 500 ms-long current injections (from O pA to 120 pA above rheobase) in
gPTG”andgPTG”" + CFAgroups.n=18/4 (gPTG”") andn=20/4 (gPTG™ + CFA).

e, Rheobase comparison of WT/WT + CFA groups recorded after the addition of
4-CIN (300 pM), AR-C155858 (2 M) or lactate (15 mM) into recording solution
(aCSF).n=31/4 (WT),n=31/3(WT +lactate),n=38/4 (WT + CFA),n=24/3

(WT + CFA +4-CIN) and n=30/3 (WT + CFA + AR-C155858). f, Comparison of the
firing frequencies in response to 500 ms current injections (from O pA to 120 pA
above rheobase) in naive/CFAWT groupsin the presence of L-lactate, 4-CIN

or AR-C155858. g, Comparison of firing frequencies at 50 pA above rheobase
(basedonf); n=30/4 (WT),n=31/3 (WT +lactate),n=38/4 (WT + CFA),n=24/3
(WT + CFA +4-CIN) and n=30/3 (WT + CFA + AR-C155858). One-way ANOVA,
Sidak’s post hoc test (WT + CFA/WT + CFA +4-CIN/WT + CFA + AR-C155858).

h, Example traces of firing patterns of WT/WT + CFA neurons recorded in the
presence of 4-CIN, AR-C155858 or lactate. Data are shown as mean * s.e.m. Boxes
inpanelsa, b, eand g extend from the 25th to 75th percentiles; whiskers indicate
smallest and largest values; centre lines represent median. See also Extended
DataFig. 6. Ctrl, control; fAP, action potential frequency.
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we next considered whether these alterations were also reflected in
changes of metabolic pathways and metabolite transporters, focus-
ing on transcriptional analysis and measuring the activity of key
regulatory enzymes.

Interestingly, among the genes most robustly transcriptionally
altered subsequent to aninflammatory pain stimulus were the mono-
carboxylate (lactate) transporters Mctl and Mct2. Expression levels of
bothtransporters werereduced inspinal tissue of WT mice subsequent
to CFA treatment. Intriguingly, astrocytic Mct1 was significantly lower

Input resistance Firing frequency in WT

expressed and not modulated by the inflammatory pain stimulus in
gPTG” mice (Extended DataFig. 7a,b). Although alterations of lactate
levels alone are unlikely to explain all of the observed phenotypes,
theseresults provide further evidence that pain-induced spinal activa-
tion modulates lactate metabolism and transport and that astrocytic
PTG-dependent glycogen metabolism is a relevant contributor to
this process.

When we focused our attention on the transcriptional analysis
and activities of major (rate-limiting) enzymes involved in glycogen
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and glucose metabolism in spinal tissue, we found that several of these
arealteredingPTG ™ mice (Extended DataFig. 7). While expression of
the glycolyticenzyme phosphofructokinase (Pfkm) and activity of PFK
were reduced ingPTG” mice, pyruvate kinases and lactate dehydroge-
nases were transcriptionally upregulated in gPTG ™~ mice as compared
with WT controls. However, the changes in relative expression were
not recapitulatedin pyruvate kinase and lactate dehydrogenase activ-
ity changes (Extended Data Fig. 7k-t). These results could indicate
that alternative metabolic pathways are engaged to compensate for
reduced glucose metabolites in gPTG™ mice. This is in agreement
with three of the four rate-limiting gluconeogenic enzymes (PyrCar,
PGClalpha and PEPCK-1) being upregulated in gPTG” mice as com-
pared with WT controls (Extended Data Fig. 7u-x). Additionally, a
reduced abundance of several glucogenicamino acidsin spinal tissue of
gPTG” miceas compared with WT controls s also concurrent with this
hypothesis (Extended DataFig. 8). Intriguingly, among the amino acids
displayinglowered levelsis glutamate, the main excitatory transmitter
that has been implicated in spinal plasticity and the development of
chronic forms of pain®,

In summary, these data suggest that interconnected, glucose-
related catabolic and anabolic pathways modulate maladaptive plastic-
ity in the spinal nociceptive pathway to shape long-lasting inflamma-
tory paininaPTG- and glycogen-dependent manner.

Since beneficial forms of plasticity in higher brain centres—
associated with learning and memory—have also been shown to
depend on astrocytic metabolism, we wondered whether PTG~
mice are compromised in cognitive memory formation. We there-
fore assessed the ability of the mice to perform in the Morris water
maze test, a classic paradigm to assess spatial learning and memory
in rodents®*. We found that PTG mice performed similarly to WT
control miceinthis assay (Extended DataFig.9), suggesting that the
metabolic PTG pathway does not majorly contribute to this learning
and memory paradigm.

Discussion
Brain astrocytes have been suggested to provide metabolites and meta-
bolic energy for neighbouring neurons in situations when additional
energy isrequired, such as forms of long-term plasticity and memory
formation®’,

Plasticity of spinal neurons, such as long-term potentiation and
enhanced excitability of L1 neurons of the pain pathway, contributes to
persistent forms of pain***>*>>5, While the induction and acute phase of
spinal plasticity has been researched extensively and several molecular
mechanisms have beenidentified, mechanisms prolonging this state
of maladaptive plasticity and thus enabling transition to persistent
painare yet to be fully understood.

Astrocytes in the spinal cord have been shown to mediate
long-term nociceptive sensitizationinmodels of inflammatory pain®%.
Together with microglia, astrocytes have also been described to con-
tribute to pain-induced, glia-mediated forms of spinal plasticity*®.
Importantly, while glial contributions have been identified in terms
of molecular signalling and release of pro-inflammatory mediators,
they have not been tested in terms of driving metabolic plasticity
relevant to pain.

We show here that spinal astrocytes, triggered by painful stimuli,
adjust their energy metabolism to sustain and maintain long-lasting
inflammatory pain states.

Previous work has provided evidence that metabolic inhibitors
blocking the tricarboxylic acid cycle, such as fluorocitrate and fluoro-
acetate, are effective at inhibiting painin rodent models. Intriguingly,
these metabolic blockers are preferentially taken up by astrocytes,
suggesting that the metabolic perturbation of astrocytes can have
beneficial effects and alleviate persistent forms of pain®”. However,
these drugs are only partially selective and, eventually, result in astro-
cyte decline, complicating the interpretation of these results.

Our study uncovers agenetically defined pathway that, unexpect-
edly, drives glycogen dynamics in spinal astrocytes subsequent to
inflammatory pain stimulation. Noxious stimulation-induced acute gly-
cogenmobilization, subsequent PTG induction and glycogen build-up
follow along-term trajectory that scales with the magnitude/severity
and duration of the inflammatory pain stimulus and that, according to
ourdata, islessrelevant foracute pain-related behavioursin mice but
more important for establishing and/or maintaining long-terminflam-
matory pain. We show that blunting PTG-driven spinal glycogen accu-
mulation reduces nociceptive neuronal plasticity in the spinal cord and,
presumably as its consequence, shortens the maintenance phase of
inflammatory painstates, as assessed inbehavioural experiments. Our
data do not rule out the possibility that baseline (non-pain-induced)
PTG and glycogen levels in spinal neurons and/or other types of glia
also contribute to spinal metabolism and noxious signal processing.

Our energy metabolic measurements and electrophysiological
recordings conjointly emphasize robust neuronal-astrocyte meta-
bolicinteraction, whereby pain-induced neuronal activity (directly or
indirectly) triggers astrocytic glycogen dynamics, thereby promoting
increased glycolytic capacity to reinforce pain maintenance.

We can only speculate about the nature of such a signal that trig-
gersthe metabolic changesinastrocytes. Itis possible that dorsal spinal
astrocytes respond directly to neurotransmitters released by primary
afferent fibres, such as glutamate and/or inflammatory mediators®.
Interestingly, it has been shown that afferent pain signals acutely acti-
vate spinal astrocytes indirectly viathe release of noradrenaline from
descending fibres originating in the locus coeruleus®. Noradrenaline,
butalsoinsulin, glutamate and other soluble signalling molecules, can
stimulate anincrease in glycogen contentin cultured astrocytes® ®* a
property that has been linked to PTG inductioninvitro®. Itis therefore
conceivable that neuronal activity of primary afferent nociceptive
neurons promotes astrocytic glycogen build-up by asoluble signalling
moleculereleased in the spinal cord.

Buthow canastrocytic glycogenbuild-up and accumulation result
in a protracted inflammatory pain state? A potential explanation is
offered by a recent study that analysed PTG adipocytes®. Similar
to astrocytes, stimulation of adipocytes with noradrenaline can also
promote PTG-dependentglycogenbuild-up. However, it was found that
notthebuild-up per se, but rather the build-up coupled with glycogen
turnover—glycogen dynamics—is essential for cellular function, a con-
ceptwhichhaspreviously been hinted at by studies that had detected
glycogen ‘over-accumulation’ in adipose tissue®*®. We hypothesize that
asimilar phenomenonalso prevailsin spinal astrocytesinthe course of
painsignal processing, inthatitisincreased glycogen dynamics, rather
than solely glycogen accumulation, which is relevant for the cellular
and behavioural phenotypes we observe. This probably explains why
wefind glycolytic capacity tobe reduced in PTG spinal cord tissue: the
lack of noxious stimulation-induced glycogenbuild-up in the absence
of PTG resultsinreduced substrate availability for glycolysis (glucose
generated viaglycogenolysis) and thereby prevents anincreasein gly-
colytic capacity as compared with the WT dorsal spinal cord network.

Insuch ascenario, spinal glycogen dynamics would act as ameta-
bolic buffer and noxious stimuli-boosted glycolytic capacity in the
spinal cord of WT mice would provide metabolites that may signal and/
or calorically fuel spinal plasticity.

Among the different metabolites that are exchanged between
astrocytes and neurons, lactate has received considerable attention.
Since the 1990s it has been postulated that astrocytic glycogen may
constitute asource for lactate (rather than for glucose) for neighbour-
ing neurons™®. Lactate can modulate excitability of some neurons via
its caloric value**®” and also in its capacity as an extracellular signal-
ling molecule’****°, Additionally, the metabolite was found to foster
memory formation in higher brain centres®, a result that promoted
the so-called astrocyte—neuron lactate-shuttle hypothesis (ANLSH),
whereby lactate transfer fuels neuronal plasticity.
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Our electrophysiological data point to a reduction of neuronal
plasticity and diminished noxious stimulation-induced excitabil-
ity in the absence of astrocytic glycogen dynamics. Although our
metabolomics analysis suggests that spinal lactate levels are altered
during pain stimulation and are reduced in PTG~ mice, we have no
evidence that ANLSH is relevant in driving this type of spinal plastic-
ity. While blocking monocarboxylate (lactate and pyruvate) trans-
porters reduced inflammatory pain-induced hyperexcitability in
spinal L1 neurons, lactate supplementation to gPTG™" spinal slices
obtained from mice stimulated with CFA was not sufficient to promote
hyperexcitability.

Althoughitis possible that application of supraphysiological lac-
tate to spinal slices inhibits neuronal excitability by engaging lactate
(HCA) receptors®**%°, pyruvate also failed to induce hyperexcitability
inour electrophysiological experiments*, suggesting that hyperexcit-
ability cannot be rescued solely by acutely increasing extracellular
levels of these metabolites with caloric value. Collectively, these results
suggest that ANLSH does not play a major role in mediating spinal
hyperexcitability, at least not after inflammatory pain-induced spinal
plasticity has already been established.

It is possible that glycogen dynamics and lactate shuttling may
be relevant early on during the inflammatory insult, to prime and
fuel structural plasticity in the spinal cord that eventually results in
hyperexcitability (and enhanced pain maintenance) at later stages.
Manipulating lactate levels (and lactate transfer) after the plastic
changes have been established—as we did in our slice electrophysiol-
ogy experiments—would then not have any major effect.

Our results showing that perfusion of MCT inhibitors can inhibit
CFA-induced hyperexcitability in spinal slices can also be explained
without invoking the ANLSH model and may indicate an inhibitory
role of endogenous lactate: MCT inhibition may reduce lactate uptake
into cells, thereby increasing extracellular lactate levels, which could
reduce neuronal activity via HCA receptor signalling® %,

Itisalso possible thatlactate playsonly aminorrolein this process.
Glycogen metabolism and glycolysis provide metabolites for many
metabolic pathways and ‘building blocks’ for the generation of signal-
lingmolecules. Itistherefore likely that the altered abundance of other
metabolites besides lactate contributes to reduce spinal plasticity in
PTG mice as compared with WT control animals. We found several
amino acids to be reduced in PTG KO animals, including the excita-
tory transmitter glutamate and its precursor glutamine (Extended
Data Fig. 8). Different to ANLSH, the glutamate-glutamine cycle is
a well-documented metabolic interaction between astrocytes and
neurons’’. One intriguing possibility is that the ratio between gluta-
mate and the main inhibitory transmitter gamma aminobutyric acid
(GABA), both of which have been implicated in the establishment of
persistent forms of pain®”, isaltered in PTG”" mice, thereby affecting
pain-induced spinal plasticity and hyperexcitability.

The complexity of the spinal neuroglia network and the current
lack of suitable (in vitro) models recapitulating the cellular interac-
tions and compartmentalization of the spinal cord limited the meta-
bolic analysis of our study. Future work, requiring cell-type-selective
metabolic flux measurements and refined metabolicex vivoandinvivo
perturbations, combined with neuroglia activity and plasticity meas-
urements, will help to shed light onto this clinically highly relevant
phenomenon, which may extend to other CNS circuitsinvolvedin pain
signal processing.

Interestingly, PP1, the signalling molecule regulated by PTG to
control glycogen content, has previously beenimplicated in neuronal
plasticity in higher brain centres to foster learning and memory’* 7,
However, we did not find any gross abnormalities in the PTG-deficient
animals, suggesting that other metabolic mechanisms are at play to
fuel these types of plasticity. Given that we find glycogen dynamics
in spinal astrocytes to parallel the magnitude of the pain stimulus,
we speculate that more subtle sensory stimuli that underlie learning

and memory in higher brain centres—and following different kinetics
compared with long-lasting noxious stimuli—probably correlate with
more subtle changes inthe energetic landscape that areindependent
(orless dependent) on the transcriptional induction of PTG.

Future research will tell whether the spinal astrocyte-neuron
metabolicinteraction that we discovered here will constitute a viable
therapeutictarget to prevent (or revert) maladaptive neuronal plastic-
ity associated with the maintenance of long-term pain states.

Methods

Mice

All animal care and experimental procedures were approved by the
local council (Regierungsprasidium Karlsruhe, Germany) under pro-
tocol numbers 35-9185.81/G-168/15, 35-9185.81/G-201/16, 35-9185.81/G-
295/21,35-9185.81/G-173/21. Mice were housed with food and water ad
libitumunder astandard12-hlight/dark cycle (light onbetween 07:00
and19:00) withregulated ambient temperature of +22 °Cand at relative
humidity of 35-45%. All genetically modified mice in this study were
onthe C57BL/6N background. Allmice were bred at the animal facility
of Heidelberg University (Interfakultdre Biomedizinische Forschun-
gseinrichtung, IBF) or purchased from Janvier Labs. Both male and
female mice were used for the experiments. The animals were randomly
assigned for experiments and the experimenter was aware of the animal
genotype when conducting experiments, except for behaviour tests.
Mice aged 7-16 weeks were used, except for Seahorse experiments
where mice were 3-5 weeks old. Before experiments, mice were given
24-72 hto habituatein the laboratory.

Mouselines used
AllWT animals used in this study correspond to the C57BL/6N mouse
line.

Astrocyte-specific conditional (cPTG™") and global (gPTG™")
KO mouse lines were made using standard transgenic methods as
described by Irimia et al.” (see Extended Data Fig. 3a for details). In
brief, embryonic stem cells were initially incubated with G418 for posi-
tive selection via the neo gene and utilizing the diphtheria toxin gene
as negative selection marker. Surviving cell clones were PCR-screened
fortargetedintegration and positive clones further verified by South-
ern blot analysis to ensure that they contained the three LoxP sites
and that the Ptg locus was accurately targeted. A phosphoglycerate
kinase-nuclear localization signal (NLS)/Cre plasmid was electropo-
rated into two separate clones; subsequently, the cells were cultured
in medium containing ganciclovir, which eliminated cells that still
contained thymidinekinase. As aresult, only the cells that were either
complete KO or conditional PtgKO survived, the latter of which having
the marker genes removed but retaining two loxP sites surrounding
the floxed gene region (refer to Extended Data Fig. 3a for details). PCR
analysis revealed appropriate conditional KO cells. Post-karyotyping,
two distinct conditional embryonic stem cell clones were used to gener-
atetwo independent mouse lines by injectioninto C57BI/6) blastocysts.
The male chimeric mice, identifiable by their agouti coat colour, were
bred with C57BI/6j mice and germline transmission confirmed by
genotyping PCR. Frozen sperm from these mice were used for in vitro
fertilization, to regenerate PTG”" mice, which were backcrossed to
C57BI/6N mice.

PTG"" mice were crossed with a deleter-Cre strain provided by
Reinhard Fissler from Max-Planck-Institut fiir Biochemie® to eliminate
the loxP flanked region, generating PTG"~ animals. Global (general)
gPTG” mice where then generated by inbreeding of PTG"".

Astrocyte-specific conditional PTG KO animals, cPTG™", were
obtained by crossing two lines: first, a homozygous floxed PTG line
(PTG"™) was generated by inbreeding of PTG*", giving PTG"" mice as
aresult.Second, gPTG™ mice were crossed with an astrocyte-specific
Tamoxifen-dependent line (Aldh1L1-Cref®™) obtained from the labora-
tory of Bal Khakhat the University of California, Los Angeles®, generating
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Aldh1L1-Cre®™™-PTG"" mice. Finally, this line was crossed with PTG"",
producing Aldh1L1-Cre®™*™-PTG"" mice.

cPTG™ mice werefinally generated by intraperitoneally injecting
200 plofasolution containing 10 mg ml™ tamoxifen (Sigma, T56485)
dissolved in a mixture of 5% ethanol and 95% sunflower oil (Sigma,
88921). Animals were injected once a day for 5 consecutive days.
Littermate PTG"" mice that did not express Aldh1L1-Cre®™™ were
injected with tamoxifen at the same time and used as a control group
for our experiments. Experiments were conducted only 3 weeks after
thelastinjection.

Pain models

FA pain model. The 36.5% formaldehyde solution (Sigma, F8775)
was diluted with 0.9% NaCl sterile saline (B. Braun, 190/150936) to a
5% solution shortly before injection. FA-induced pain was induced by
intraplantar injection of 15 pl of the 5% formaldehyde solutioninto the
hindpaw of the mouse, under shallow isoflurane anaesthesia.

Capsaicin pain model. The 0.6% capsaicin/dimethylsulfoxide solution
was diluted with sterile saline to a 0.06% suspension shortly before
injection. Capsaicin-induced pain wasinduced by intraplantarinjection
of20 plofthe 0.06% capsaicin solutioninto the hindpaw of the mouse,
under shallow isoflurane anaesthesia.

Serotonin pain model. A 0.5% serotonin/0.9% NaCl solution was
used. Serotonin-induced pain wasinduced by intraplantar injection of
20 pl of the serotonin solution into the hindpaw of the mouse, under
shallow isoflurane anaesthesia.

PGE2 pain model. A 2.5 ng pl™ PGE2/0.9% NaCl solution was used.
PGE2-induced pain was released by intraplantar injection of 20 pl
of the PGE2 solution into the hindpaw of the mouse, under shallow
isoflurane anaesthesia.

CFA pain model. CFA (20 pl) (Sigma, F5881) was injected into the hind-
paw while the mouse was kept under shallow anaesthesia by isoflurane,
toinduce inflammatory pain.

SNI pain model. The SNIsurgery was performed by severing two of the
three branches of the sciatic nerve (the tibial nerve and the common
peroneal nerve). The mice were kept under isoflurane anaesthesia
during surgery and allowed to recover for at least 1 week before being
subjected to any measurements/experiments.

Wholemountimmunofluorescence staining

Sample preparation. Mice were killed 2 h after intraplantar FA injec-
tionand immediately transcardially perfused with PBS followed by 4%
paraformaldehyde (PFA). After perfusion, the spinal cord was dissected
out and subjected to 4 h of postfixation in 4% PFA/PBS at 4 °C while
gently rotating. The tissue piece was then washed in PBS for 10 min
and putinto Dent’s Bleach (10% H,0, (Merck,107209),13.3% dimethyl-
sulfoxide (Sigma, D2438) and 53.3% methanol (Honeywell, 32213)) for
24 hat4 °Cwhile gently rotating. After bleaching, the tissue piece was
dehydrated using methanol, replacing it five times after 2 min each
time. The sample was then fixed in Dent’s Fix (20% dimethylsulfoxide,
80% methanol) for 24 h at 4 °C with gentle rotation and then stored in
Dent’s Fix at 4 °C until further use.

Staining procedure. The processed tissue was rinsed three times with
PBS (20 min each) to wash off the Dent’s Fix and then incubated with
primary antibody inblocking buffer (pS6, Cell Signaling 2215,1:1,000)
at4 °Cwithgentlerotation for 5 d. After primary antibody incubation,
the tissue sample was washed six times with PBS (30 min each time)
at room temperature. Secondary antibody (diluted in blocking solu-
tion) Donkey aRabbit (Invitrogen, A21206, 1:2,000) was added and

incubated for 2 d at room temperature while gentle rotating. After
theincubation, the tissue was washed six times with PBS (30 min each
time) at room temperature.

Clearing procedure. After staining, the spinal cord piece was dehy-
drated and cleared before imaging. Dehydration was done by incubat-
ing the tissue in 50% methanol/PBS for 5 min at room temperature,
followed by 20 min of incubation in 100% methanol, changing the
solution twice during the incubation. After dehydration, the tissue
was cleared in BABB (1 part benzyl alcohol (Sigma, 108006) and 2
parts benzyl benzoate (Sigma, B6630)) for 5 min and stored in BABB
untilimaging.

Immunoprecipitation/ribosome capture

Sample preparation. For sequencing experiments, five mice were
pooled for each sample. Three samples of each condition were pre-
pared. Immunoprecipitation was performed based on the protocol
developed by Knight et al.". In brief, mice were killed 2 h after FAinjec-
tionand spinal cords quickly dissected into freshly prepared, ice-cold
buffer B (1 x HBSS, Life Technologies, 14185-045), 4 mM NaHCO,
(AppliChem,131638.1211), 2.5 mM HEPES (pH 7.4; Roth, 9105.4), 35 mM
glucose (Merck, 08337), 100 pg ml™ cycloheximide (Sigma, C7698).
The tissue was snap-frozen and kept at —80 °C until homogenization.

Homogenization. Tissue was resuspended in 1,350 pl of freshly pre-
pared buffer C (10 mM HEPES (pH 7.4), 150 mM KClI (Sigma, P9541),
5 mM MgCl, (Sigma, M2670), 1 x PhosSTOP phosphatase inhibitor
tablet (Sigma, 4906845001),1 x cOmplete Protease Inhibitor Cocktail
(Roche, 11697498001), 2 mM dithiothreitol (Sigma, 10197777001),
100 U mI™ RNasin (Promega, N2515),100 pg ml™ cycloheximide)) and
homogenized at 4 °C. The homogenates were centrifuged at 2,000g
for 10 min at 4 °C and the supernatants (-1 ml) were transferred to
fresh tubes on ice. Then, 90 pl of 10% NP40 and 90 pl of freshly pre-
pared 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC; Avanti
Polar Lipids, 850306, 100 mg/0.69 ml) were added to each sample.
The mixture was centrifuged at 17,000g for 10 min at 4 °C and the
supernatant was transferred to a fresh tube. A small aliquot of the
supernatant was taken for westernblot (‘Ly’) and the rest was used for
immunoprecipitation.

Antibody coating. For each immunoprecipitation, 3 pg of pSé6 (Cell
Signaling, clone 5364) antibody and 50 pl of Protein A Dynabeads (Inv-
itrogen,1001D) were used. Antibody wasincubated with Dynabeadsin
1mlofbuffer A (0.1% Triton-X-100/PBS) for 10 min at room temperature
with gentle rotation. The coated beads were equilibrated in buffer C
(see above) untilimmunoprecipitation.

Immunoprecipitation. Immunoprecipitation was performed by apply-
ing the supernatant to pSé6-coated protein A Dynabeads and rotating
at4 °Cfor10 min. Afterimmunoprecipitation, the liquid was collected
for western blot (‘SN’). The beads were washed four times in 500 pl
of buffer D (10 mM HEPES (pH 7.4), 350 mM KCl, 5 mM MgCl,, 2 mM
dithiothreitol, 1% NP40, 100 U mI™ RNasin and 100 pg ml™ cyclohex-
imide). During the third wash, the beads were transferred toafreshtube
and incubated at room temperature for 10 min. Phospho-ribosomes
were eluted with 350 pl of RLT Buffer (Qiagen, 79216), and the elu-
ates were immediately processed to RNA extraction for test qPCR or
deep sequencing experiments. Alternatively to elution, for ‘immu-
noprecipitate’ western blot, 50 pl of 2 x Laemmli was added to the
phospho-ribosomes.

RNA extraction

RNA extraction was performed using the RNAeasy micro kit (QIAGEN,
74004) following the manufacturer’s instructions. The elution vol-
ume was 10 pl. The RNA was reverse-transcribed using SuperScript Il
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Reverse Transcriptase (Thermo Fisher,18080044) and Oligod(T)23VN
(NEB, S1327) following the manufacturer’s instructions for the Super-
Script First-Strand Synthesis System (Thermo Fisher).

RNA-seq

RNA was extracted from immunoprecipitate eluates as described
above. The obtained RNA was snap-frozen and kept at -80 °C until
further use.

Reverse transcription and amplification. Complementary DNA syn-
thesis and amplification were performed following the SMART-Seq2
protocol described in ref. 77 and optimized by EMBL Genecore. We
used 2 pl of RNA as starting material and 18 cycles of amplification
were performed.

Quality control. The amplified cDNA was subjected to concentration
measurement using the Qubit dsDNA HS Assay kit (Thermo Fisher,
Q32854) and a quality check using a bioanalyzer (Agilent High Sensi-
tivity DNA Kit, 5067-4626). A small aliquot of the amplified cDNA was
used for qPCR testing while the remaining cDNA was kept at —20 °C
until further processing.

Library preparation, barcoding and sequencing. Library preparation
and barcoding were performed following the standard protocol of
EMBL Genecore (Nextera XT DNA Library Preparation Kit, FC-131-1096,
and Nextera XT IndexKit v2Set A, FC-131-2001), using 125 pg of ampli-
fied cDNA as input. The sequencing was performed by EMBL Genecore
onan lllumina MiSeq platform.

qPCR

qPCRswere performed using the FastStart Essential DNA Green Master
(Roche, 06402712001) onaRoche LightCycler 96 Instrument, following
the manufacturer’sinstructions.

qPCR primers used. Ptg (PppIr3c)-Fw: GGTGACTCATCTTTCTGCCACA
Ptg (Ppp1r3c)-Rv: CAAGACAAAATTAGGCACGAGA
Tubb3-Fw: TGAGGCCTCCTCTCACAAGT
Tubb3-Rv: GTCGGGCCTGAATAGGTGTC
HkI-Fw: CACAAGACACCCACAGGGAT
HkI-Rv: GCATACGTGCTGGACCGATA
Hk2-Fw: CAAGTGCAGAAGGTTGACCA
Hk2-Rv: GTGTGTGGTAGCTCCTAGCC
Mct1-Fw: AGTGCAACGACCAGTGAAGT
Mct1-Rv: AGATACTGCTGATAGGACCTCCA
Mct2-Fw: ATGTATGCGGGAGGTCCCAT
Mct2-Rv: GGCTGGTTGCAGGTTGAATG
Ldha-Fw: GTACACGGAGACCTCGGTATTAT
Ldha-Rv: CATCCGCCAAGTCCTTCATT
Pfkp-Fw: ACTATCACAGACACGTGCGA
Pfkp-Rv: GCCAGGTAGCCACAGTATCC
Pfkm-Fw: CACAAGACACCCACAGGGAT
Pfkm-Rv: GCATACGTGCTGGACCGATA
Pfkl-Fw: CGCTGCAATGGAGAGTTGTG
Pfkl-Rv: CGCTGCAATGGAGAGTTGTG
Pkm-Fw: ATGCAGCACCTGATTGCCC
Pkm-Rv: CGGCGGAGTTCCTCGAATAG
Pkir-Fw: GCAACATGCGATTGCCCG
Pkir-Rv: ATTGCAGTGACCTCGGTTGG
GysI-Fw: ATCTACACTGTGCTGCAGACG
Gys1-Rv: CCCTTGCTGTTCATGGAATCC
Gys2-Fw: CCATCCTCAGCACCATTAGAC
Gys2-Rv: GTGACAACCTCGGACAAACTC
Pygm-Fw: ATCAACCCCAACTCGCTCTTT
Pygm-Rv: GCTCCCTTTTGATGCGGTT
Pygb-Fw: CAGCAGCATTACTATGAGCGG

Pygb-Rv: CCAAGTCCAACCCCAACTGA
Pygl-Fw: TGCTTTGGATAAGAAGGGGTATGAGGC
Pygl-Rv: TTGAAGAGGTCTGGCTGATTGGGAG
Ldhb-Fw: AAAGGCTACACCAACTGGGC
Ldhb-Rv: GCCGTACATTCCCTTCACCA

Pc-Fw: TGCCAAGCAGGTAGGCTATGA

Pc-Rv: GCGGGAATTGACCTCGATGAA

PckI-Fw: GGCGATGACATTGCCTGGATGA
PckI-Rv: TGTCTTCACTGAGGTGCCAGGA
Ppargcla-Fw: GAATCAAGCCACTACAGACACCG
Ppargcla-Rv: CATCCCTCTTGAGCCTTTCGTG
Fbp1-Fw: TGCTGAAGTCGTCCTACGCTAC
FbpI1-Rv: TTCCGATGGACACAAGGCAGTC

Immunofluorescence staining

Sample preparation. Mice were perfused first with PBS (Sigma, D8537)
then 4% paraformaldehyde/PBS (Sigma, 16005). After perfusion, the
mice were dissected to collect the lumbar spinal cord and this was
embedded in OCT (Tissue-Tek O.C.T. Compound, Sakura, 4583). The
sample was sectioned to 20 pmon alLeica CM3050S Research Cryostat
and collected on glass slides (HistoBond, 0810001). The sections were
stored at —80 °C until further use.

Staining. The sections were first allowed to warm to room temperature
and then washed in PBS-X (0.2% Triton-X (Merck, 108603)/PBS) twice
for 5 min each time. Blocking was performed with 1% horse serum in
PBS-X for 1 h at room temperature. The sections were incubated with
primary antibody in blocking buffer overnight at 4 °C. After washing
in PBS-X four times, for 15 min each, secondary antibodies (1:1,000 in
blocking buffer) and DAPI (1:100) were applied to the sections and incu-
bated at room temperature for 2 h. The sections were mounted using
Immu-Mount (Thermo Scientific, 9990402) after another washing in
PBS-X (four times, 15 min each) and preserved at 4 °C.

Primary antibodies. Primary antibodies used were: pSé6 (Cell Signaling,
2215,1:1,000); GFAP (Cell Signaling, 3670, 1:500); NeuN (Cell Signaling,
D4G40,1:2,000); IBA1 (Wako, 019-19741, 1:500); GFAP (Synaptic Sys-
tems, 173004, 1:1,000); GFP (Rockland, 600-101-215,1:1,000); mCherry
(Sicgen, AB0O040-500,1:5,000); Sox9 (Abcam, ab185966, 1:1,500).

Secondary antibodies. Secondary antibodies used were: Donkey
aMouse, Alexa Fluor 594 (Dianova, 711585150); Donkey aRabbit, Alexa
Fluor 488 (Invitrogen, A21206); Goat aMouse, Alexa Fluor 488 (Invit-
rogen, A11001); Donkey aGoat, Alexa Fluor 488 (Invitrogen, A11055);
Donkey aGoat, Alexa Fluor 555 (Invitrogen, A21432).

Insitu hybridization

Sample preparation. Spinal cords were dissected from naive animals
or fromanimals 2 h after stimulus (FA, capsaicin or CFA) injectioninto
ice-cold PBS and immediately embedded in OCT and frozen using dry
ice/isopropanol. Then, 20-um sections were prepared using a Leica
CM3050S cryostat, dried at 37 °C and stored at —80 °C until further use.

Probe design and synthesis. In situ hybridization probes were
designed using the commercial software OLIGO (v.7).

Primers used. Ptg-Fw: GACGTCGACAAGAACTTTGTCTGCCTCGAGA

Ptg-Rv: GACGCGGCCGCTACCACAGCGTTCCATCACC

Probe sequences were amplified from spinal cord cDNA, molec-
ularly cloned into pBlueScript plasmids and bacterially amplified.
DIG-labelled in situ probes were subsequently synthesized. In situ
hybridization was performed using standard procedures’®. In brief,
DIG- and/or FITC-labelled cRNA probes were used for hybridization
on cryosections. Hybridization was performed overnight at 65 °C.
Sections were washed at 60 °C twice in 2 x SSC/50% formamide/0.1%
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N-lauroylsarcosine, treated with 20 pg mI™ RNAse A for 15 minat 37 °C,
washed twice in 2 x SSC/0.1% N-lauroylsarcosine at 37 °C for 20 min
and then washed twice in 0.2 x SSC/0.1% N-lauroylsarcosine at 37 °C
for 20 min. Sections were blocked in MABT/10% goat serum/1% Block-
ing reagent (Roche, 11096176001). For NBT/BCIP staining, sections
were incubated overnight with sheep anti-DIG-AP (1:1,000, Roche
11093274910). After washing, staining was performed using NBT/BCIP
in NTMT until reaching satisfactory intensity. Double fluorescence
insitustaining procedures were performed by two consecutive rounds
of TSA amplification with intermediate peroxidase inactivation. Sec-
tions were incubated with sheep anti-FITC-POD (1:2,000, Roche, 18
11426346910) or sheep anti-DIG-POD (1:1,000, Roche, 11207733910).
Subsequently, sections were incubated with Streptavidin-Cy2 and DAPI
inblocking solution, washed and mounted in Immu-Mount (Shandon).

Immunofluorescence in situ hybridization double staining.
Single-colour fluorescence insitu hybridization was performed follow-
ing the same protocol as above. After single-colour fluorescenceinsitu
hybridization was completed, the sections were subjected to antibody
immunofluorescentstaining (pS6, Cell Signaling, 2215,1:1,000; GFAP,
CellSignaling, 3670,1:500; NeuN, Cell Signaling, D4G40,1:2,000; IBA1,
Wako, 019-19741,1:500) using the protocol cited above.

RNAscope

Sample preparation was done similarly to the immunostaining pro-
tocol, with the modification that sections were prepared with a thick-
ness of 14 um. RNAscope v2in situ hybridization assay was performed
accordingtothe manufacturer’sinstructions (Advanced Cell Diagnos-
tics). A custom PTG probe (838311) was designed and produced by
Advanced Cell Diagnostics.

Immunostaining after RNAscope. The RNAscope v2 protocol was
followed using Protease Ill instead of Protease IV. After the last wash
step of the protocol, samples were washed twice in 1 x PBS and the
immunostaining protocol described above was followed.

Nissl staining. NeuroTrace 530/615 Red Fluorescent Nissl Stain (1:100,
Thermo Fisher, N21482) was used to stain neurons afterimmunostain-
ing, following the manufacturer’s instructions.

Ptg quantification

Confocalimages obtained after RNAscope for WT,cKO™”~ and gPTG ™"
were analysed using ilastik v.1.4.0 (ref. 79) with the Pixel Classifi-
cation workflow, and the count was performed on the resulting
Probability files.

Glycogen assay

Sample preparation. Animals were killed under isoflurane anaesthe-
sia; lumbar spinal cord dorsal horn was dissected and immediately
snap-frozen. The samples were kept at —80 °C until further processing.
For DRG dissections/preparations, at least three DRGs were collected
from the lumbar (L2-L5) section of the spinal cord of naive animals
or from the corresponding ipsilateral L2-L5 spinal cord section of
CFA-treated animals.

Forbrainsections, the animal was killed under isoflurane, and the
brainwas quickly released from the skull and immediately frozen with
dryice.Insula,amygdalaand prefrontal cortex and S1 hindlimb sections
were collected following measurements from the Allen Brain Atlas and
samples were snap-frozenand kept at -80 °C until further processing.

Glycogen measurement. Tissue was sonicated in 120 pl of ddH,0 and
incubated onatemperature shakerat 99 °C for 10 minat350 r.p.m. to
inactivate enzymes. After heatinactivation, the homogenates were cen-
trifuged at 18,000g for 10 min at 4 °C. The supernatants (100-110 pl)
were collectedinfresh tubes. Collected supernatant (80 pl) was mixed

with 34.3 pl of hydrolysis buffer from a Glycogen Colorimetric/Fluo-
rometric Assay Kit (Biovision, K646-100) and centrifugated at room
temperature for10 minat18,000g, and then 100 pl of the supernatant
was divided in two wells of a96-well plate and incubated with (sample)
and without (negative control) 1 pl of hydrolysis enzyme, respectively.
The remaining steps were performed following the manufacturer’s
instructions. Aglycogen standard curve was prepared for each experi-
ment to counter the kit-to-kit variances. We used 10 pl of the remaining
supernatants for protein measurement (Pierce BCA Protein Assay Kit,
23225) following the manufacturer’sinstructions. After glycogen and
protein measurements, the glycogen level of each sample was calcu-
lated by extracting the respective negative controland then normalized
tothe protein content.

Lactate assay

First,10 pl of the supernatant obtained after the first centrifugation at
18,000g from the Glycogen assay was combined with 90 pl of Lactate
Assay Buffer (Abcam L-Lactate Assay kit, ab65331) and separatedintwo
wells of a 96-well plate for sample and sample background control.
Lactate standard and remaining steps were performed following the
manufacturer’s instructions.

Enzymatic activity assays

Sample preparation. Samples were collected as described for the
Glycogen assay. Before sonication, 200 pl of ddH,O or the respective
assay buffer wasadded to each sample, and the sample was processed
following the manufacturer’sinstructions.

Enzymatic assays. The following assays were performed following
the manufacturer’s instructions: Hexokinase Activity Assay Kit (Col-
orimetric, Abcam, ab136957), 6-Phosphofructokinase Activity Assay
Kit (Colorimetric, Abcam, ab155898), Lactate Dehydrogenase Assay
Kit (Colorimetric, Abcam, ab102526) and Pyruvate Kinase Assay Kit
(Abcam, ab83432).

Metabolomic analysis

Spinal cord dorsal horn was dissected as described above. Samples
were immediately snap-frozen and three samples were pooled per
tube. The samples were keptat-80 °Cuntil being shippedindryice and
processed by Metabolon, USA. Results were obtained as the intensity
of the signal of the metabolite relative to the average of the control
group (naive mice).

Amino acid analysis

Sample preparation. Samples were collected as described for the
Glycogen assay. Before sonication, 200 pl of ice-cold ddH,0 was added
to each sample, sonicated and then centrifuged at 3,000g for 20 min
at4 °C.Thesupernatant was collected, and the precipitate discarded.
Then, 10 pl of the sample was used for measuring protein content by
BCA assay for normalization of the amino acid analysis data.

Sample measurement. For measurement of the amino acids and
the acylcarnitines, a 4.7-mm disk was punched out of a blank filter
card (Whatman 903 paper) in a 96-well filterplate. A total of 5 pl of
tissue homogenate was given onto the disk and dried overnight at
room temperature. Sample preparation was performed with the rea-
gents of the MassChrom Kit for analysis of Amino Acids and Acylcar-
nitines (57000F, non-derivatized, Chromsystems) with the following
steps: 150 pl of a dilution of the Internal Standards (Internal Standard
- Succinylacetone:internal Standard, 1:1, v-v) and 75 pl of the Extrac-
tion Buffer - Succinylacetone were given onto the disk. The analytes
were extracted by 30 min of incubation at 45 °C and 600 r.p.m.on a
thermoshaker (Biosan Riga). After centrifuging at 3,200g for 2 min
ina 96-well plate (V-bottom), the plates were incubated for 20 min at
roomtemperature. For the measurement, 10 pl of the supernatant was
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injected into the tandem mass spectrometry system via flow-injection
(FIA-MS/MS).

Aminoacids and acylcarnitines were determined by electrospray
ionization tandem mass spectrometry (ESI-MS/MS) using a Waters Xevo
TQD triple quadrupole mass spectrometer equipped with an electro-
spray ion source and a Micromass MassLynx data system.

Virus injections for behavioural tests

PTG"" mice (8-12 weeks old) were anaesthetised by intraperito-
neally injecting a mixture of fentanyl (0.01 mg kg™), medetomidine
(0.3 mg kg™ and midazolam (4 mg kg™). After laminectomy, 500 nl
of amixture of AAV viral stocks and 20% Mannitol 2:1 v/v was injected
directly into the spinal parenchyma of spinal segments L3-L4 on
each side using a glass pipette, placed with an angle at 45°, and a
microprocessor-controlled minipump (World Precision Instruments)
ataflowrate of 100 nl min™. Finally, the skin was sutured and the anaes-
thesia was antagonized with intraperitoneal injection of a mixture
of naloxone (0.4 mg kg™), flumazenil (0.5 mg kg™) and atipamezole
(2.5mgkg™).For postsurgery analgesia the mice received intraperito-
neal carprofen (5 mg kg™). Mice were left to recover for at least 3 weeks
after surgery before use in behavioural experiments. AAV viral stocks
used were ready-to-use AAVS5 particles produced from pAAV.GFAP.eGFP.
WPRE.hGH (105549-AAV5, Addgene) or pssAAV-2-hGFAP-mCherry_
iCre-WPRE-hGHp(A) (223, VVF Zurich).

Behavioural tests

For behavioural studies, littermate mice were used (for example, for
experiments using PTG~ mice, the control group (gPTG"*/WT mice)
and the experimental group (cPTG” mice) were generated from the
same cPTG" breedings) and the experimenter was blinded to the
genotype. Mice were brought into the behavioural room half an hour
before beginning with the behavioural tests.

Mechanical stimulation of mouse hindpaws (von Frey test). The von
Frey filaments (North Coast Medical) withincreasing bending forces of
0.07,0.16,0.4,0.6,1and 1.4 g were consecutively applied to the plantar
surface centre of both hindpaws. Mice were kept in standard plastic
modular enclosures ontop of a perforated metal platform (Ugo Basile),
enabling the application of von Frey filaments from below. Mice were
acclimatized on 3 consecutive days for 1.5 h to the von Frey grid and
30 minbefore starting the measurements on an experimental day. Each
filament was tested five times on the right paw with aminimum 1-min
restingintervalbetween each application, and the number of withdraw-
alswasrecorded. Mechanical sensitivity was expressed as percentage
response frequency to each filament or as 60% response threshold
(g), defined as the minimum pressure required for eliciting three out
of five withdrawal responses (flinching, licking or guarding the paw).

Heat stimulation of mouse hindpaws (Hargreaves test). Heat sen-
sitivity was assessed by evaluating the hindpaw withdrawal latency in
response to radiant heat with the Hargreaves apparatus (Ugo Basile).
Mice were keptinstandard plastic modular enclosures ontop of aglass
platform (Ugo Basile), enabling the application of the radiant heat
source (infrared intensity 40) to the hindpaw plantar surface. Mice were
acclimatized on 3 consecutive days for 1 h to the setup and during at
least 30 min before starting the measurements on each experimental
day. Three measures were taken on each paw with a minimum 5-min
resting interval between the stimulations and a cutofftime of 20 s. The
withdrawal latency was averaged for each animal’s paw on each day.

FA test. Theintraplantar FA test was performed as described®: in brief,
FA (5%, 20 pl) wasinjected into the plantar surface of one hindpaw, and
the duration of nocifensive behaviours including lifting, licking or
flinching of the injected paw was measured in 5-min bins for aduration
of 50 min after injection.

Morris water maze. A standard hidden platform protocol was
employed. The circular pool (radius = 85 cm) was filled with opaque
water to a height of 35 cmand acircular escape platform (radius = 5 cm)
was submerged 1 cm below the water surface at a constant positionin
the centre of the North-West (NW) quadrant during training. The pool
openly faced the testing room which provided ample distal cues for
visual spatial navigation. To reduce stress effects, mice were habituated
to the maze 24 h before training (four trials, visible platform located
once in every quadrant). Training consisted of four daily trialson 7 d
splitinto 2 and 5 consecutive days with 2 d of rest in-between. Cages
were placed under infrared lamps to prevent hypothermia. Animals
were introduced to the pool from start positions East (E), South-East
(SE), South (S) and South-West (SW) to avoid close initial proximity to
platform. Starting positions were block-randomized with all possible
starting positions in random order on every day. After mounting the
platform, animals were left there for 15 s. Cut-off time for trials was set
to 60 s after which animals failing to locate the platform were guided
with awooden rod and left there for 15 s. One probe trial of 120 s with
the platform removed from the pool was conducted 24 h after the last
training day. Here, animals entered the pool from position SE.

Whole-cell patch clamp

Mice were killed by injecting 200 pl of ketamine/xylacine (ketamine:
220 mg kg, Ketavet, Zoetis; and xylazine 16 mg kg™, Rompun, Bayer)
inPBS and the extracted lumbar spinal cord portion was embedded in
2% low-meting-point agarose (Bio&SELL) and sliced with a vibratome
(LeicaVT1200S) into 300-um sections using aslicing solution contain-
ing (in mM): sucrose, 191; K-gluconate, 0.75; KH,PO,, 1.25; NaHCO,;,
3; D-glucose, 20; myo-inositol, 3; ascorbic acid, 1; choline bicarbo-
nate, 23; ethyl pyruvate, 5; CaCl,, 1; MgSO,, 4. Slices were allowed to
recover for 30 min at 32 °C in recording artificial cerebrospinal fluid
(aCSF) containing (in mM): NaCl, 121; KCI, 3; NaH,PO,, 1.25; NaHCO,,
25; D-glucose, 15; ascorbic acid, 1; MgCl,, 1.1, myo-inositol, 3; CaCl,,
2.2; ethyl pyruvate, 5. Following recovery, slices were placed into
the recording chamber and superfused at ~2 ml min™ with oxygen-
ated recording aCSF. Whole-cell recordings from random L1 neurons
were performed using a patch-clamp amplifier (MultiClamp 700B,
Axon Instruments, Molecular Devices) and online data acquisition
was performed with pClamp 11 (Axon Instruments). The data were
low-pass-filtered at 10 kHz and sampled at arate of 20 kHz. Electrodes
(4-8 MQ) were pulled fromborosilicate glass capillaries (0.D.1.5 mm,
1.D. 0.86 mm, Sutter Instruments). Intrinsic firing properties of L1 neu-
rons were recorded in the presence of 10 mM CNQX, 50 mM AP-V and
5mM gabazine (Hello Bio), and using an internal solution containing
(inmM): K-gluconate, 120; HEPES, 40; MgCl,, 5; Na,ATP, 2; NaGTP, 0.3.
Insome experiments aCSF was additionally supplemented with 4-CIN
(Sigma), AR-C155858 (Tocris), L-lactate (Sigma) and Sodium Pyruvate
(Sigma). In naive animals, recorded neurons were randomly sampled
from both dorsal horns; in CFA-injected animals, only the ipsilateral
dorsal hornwas sampled. Series resistance (R,) was typically 10-30 MQ
across experiments. In current clamp recordings, pipette capacitance
compensation and bridge balance were applied before the recording
protocol. Currentstepstorecord rheobase and firing properties were
applied for 500 msfrom 0t0120 pA and at 2.5-pAintervals. The liquid
junction potential between external and internal solutions of -12.8 mV
was not corrected for.

Seahorse assay

Sample preparation. Mice (3-5 weeks old) were killed by ketamine/
xylacine injection and the extracted lumbar spinal cord portion was
embedded in 2% low-meting-point agarose (Bio&SELL) and sliced
withavibratome (Leica VT1200S) into 220-pum sections using aslicing
solution continuously oxygenated, containing (in mM): sucrose, 191;
K-gluconate, 0.75;KH,PO,,1.25; NaHCO,, 3; D-glucose, 20; myo-inositol,
3;ascorbicacid, 1; choline bicarbonate, 23; ethyl pyruvate, 5; CaCl,, 1;
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MgSO0,, 4. Seahorse assay in spinal cord tissue was adapted from a
previously described protocol* with some modifications. Briefly,
slices were transferred to a holding chamber containing continuously
oxygenated aCSF (120 mM Nacl, 3.5 mMKClI, 1.3 mM CacCl,, 1 mM MgCl,,
0.4 mMKH,PO,, 5 mMHEPES and 10 mM D-glucose; pH 7.4) and allowed
torecover for 30 minat room temperature. Sections were individually
transferred to abiopsy chamber containing fresh oxygenated aCSF. A
rapid-core biopsy and sampling punch with plunger system (500 pm;
Micro-to-Nano) was used to take asample of the dorsal horn. For naive
animals, samples were taken from both dorsal horns. In CFA-injected
animals, only the ipsilateral dorsal horn was sampled. Punches were
ejected directly into an XFe96 Cell Culture Microplate (Agilent Sea-
horse XF, XF96 FluxPack) based on a predetermined plate layout. Each
well contained 180 pl of room temperature assay media (aCSF sup-
plemented with 0.6 mM pyruvate and 4 mg ml™ BSA). After loading
allbiopsy samples, each well was visually inspected to ensure that the
punches were submerged and centred at the bottom of the well. The
XFe96 Cell Culture Microplate was thenincubated at 37 °Cinanon-CO,
incubator for approximately 30 min. During this incubation period,
10x concentrations of assay drugs (prepared in aCSF) were loaded into
their respective injection ports of an XFe96 Extracellular Flux Assay
sensor cartridge (previously hydrated for 24 h with Agilent Seahorse
XF Calibrant solution at 37 °Cinanon-CO, incubator). The sensor car-
tridge containing the study drugs was then inserted into the analyser
for calibration. Once the analyser was calibrated, the calibration plate
was replaced by the microplate containing the tissue punches and the
assay protocol was initiated.

Mitochondrial respiration and glycolysis assay. Mitochondrial
respiration and glycolysis assay were measured using the Seahorse
Bioanalyzer (Agilent Seahorse, XF96 Bioanalyzer)*°.

For the mitochondrial respiration, oligomycin (10 uM final), FCCP
(15 pM final) and a combination of rotenone and antimycin-A (20 mM
and 10 mM final, respectively) were used. The bioanalyzer was cali-
brated and the assay was performed using the Mito Stress Test protocol
assuggested by the manufacturer (Agilent Seahorse Bioscience). The
assay was run onone plate with 5-10 replicates per condition.

For the glycolysis assay, the same aCSF media as before was used,
with the exception that it did not contain glucose and it was supple-
mented with 2 mM glutamine and 1 mM sodium pyruvate. Injections
of glucose with KCI (10 mM final and 25 mM final, respectively), oligo-
mycin (10 pM final) and 2-deoxy-D-glucose (50 mM final) were diluted
in the Agilent Seahorse XF Assay Medium and loaded onto ports A, B
and C, respectively. The bioanalyzer was calibrated and the assay was
performed using the Glycolytic Stress Test protocol as suggested by
the manufacturer (Agilent Seahorse Bioscience). The assay wasrunon
one plate with 5-10 replicates per condition

Seahorse Wave software was used to analyse metabolic datagener-
ated from both assays. The data from each assay were normalized to
the total protein content with a Pierce BCA Protein Assay Kit following
the manufacturer’sinstructions.

Calciumimaging

The coding sequence for jRGECO1a (refs. 81,82), a kind gift from Rolf
Sprengel, was subcloned using standard procedures into an expression
plasmid containing a CaMKIla promoter and targeted to the nucleus
via a tripartite NLS with the addition of a Flag tag®, resulting in the
pAAV-CKIIa-jRGECO1a.NLS.Flag construct. Serotype 2/1 recombinant
adeno-associated viral particles of the construct pAAV-CKlla-jRGECO1a.
NLSwere packaged and purified as described®* with additional purifica-
tionof viral particles from the media via polyethylene glycol 8000 pre-
cipitation. Briefly, HEK293 cells (Stratagene, 240073; RRID:DVDL_6871)
were grown in high-glucose-containing DMEM (Gibco, 41965062)
supplemented with 10% heat-inactivated FBS (Gibco, 10270106),
sodium pyruvate (Sigma Aldrich, S8636), non-essential amino acids

(Gibco, 11140050) and antibiotics. Before transfection by standard
calcium phosphate precipitation, the medium was replaced withIMDM
(Gibco, 21980065) containing 5% FBS and no antibiotics. After transfec-
tion, cells were returned to DMEM. Cells were collected by low-speed
centrifugation and resuspended in 150 mM NaCl/20 mM Tris-HCI.
Viral particles in the medium were precipitated with the addition of a
one-quarter volume of40% polyethylene glycol 8000 (Merck, P5413) in
400 mMNacCl, pH7.4, collected by centrifugation and resuspended in
150 mM NaCl/20 mM Tris-HCI. Cells were lysed by 0.5% sodium deoxy-
cholateinthe presence of nuclease (Thermo Fisher Scientific, 88701).
Recombinant AAVs (rAAV) were subsequently purified on heparin affin-
ity columns (hiTrap Heparin HP; VWR, 17-0406-01) and concentrated
via Amicon Ultra-4 centrifugal filter devices (Millipore, UFC8100).

rAAV particles mediating the expression in excitatory neurons of
nuclearly localized jRGECO1a, a red fluorescent genetically encoded
calciumindicator (CKlla-jRGECO1a.NLS.Flag)®*?, were injected bilat-
erally into the lumbar spinal cord dorsal horn of 5-week-old C57BI/6N
mice (Charles River Laboratories). Mice were anaesthetised with a
mixture of fentanyl (50 pg kg™), midazolam (5 mg kg™) and medetomi-
dine (0.5 mg kg™, and the tissue between thoracic vertebrae T12 and
T13 and thoracic and lumbar vertebrae T13 and L1—-corresponding to
spinal lumbar segments L3/L4 and L5/L6, respectively—dissected to
reveal the spinal cord. The dura mater was opened to improve needle
penetration, and a 36-gauge bevelled ‘NanoFil’ needle mounted in
a10-pl Hamilton syringe (World Precision Instruments) was slowly
advanced into the dorsal spinal parenchyma and then left in place for
5 minbefore viralinfusion. Then, 500 nl of rAAV stock corresponding
t0 0.5 x 10? (CKlla-jRGECO1a.NLS.Flag) viral particles was subsequently
injected ataflow rate of 100 nl min™ using a microprocessor-controlled
minipump. The needle was leftin place for 5 min after the injection was
complete to allow for viral penetration into the tissue. Each mouse
received a total of four viral infusions. The wounds above the spi-
nal cord were subsequently covered with gelatin foam (Gelita-Spon
Standard, Gelita Medical, GS-110) and the skin closed with sutures.
Anaesthesiawas reversed using a mixture of atipamezole (0.75 mg kg™),
flumazenil (0.5 mg kg™) and burprenorphine (0.1 mg kg™). Mice addi-
tionally received 5.0 mg kg™ carprofen analgesic before the initiation of
surgical procedures. After the procedure, mice were placed overnight
on aheating plate set to 39 °C and provided with wet food pellets.

At 3-4 weeks following viral infusions, acute spinal cord slices
fromspinal cord segments L3-L5 of rAAV-injected mice were prepared
as described for the Seahorse analyses and imaged. At least 30 min
before imaging, slices were placed in continuously carbogenated
room temperature starvation aCSF containing (in mM): 120 NaCl, 3.5
KCl, 0.4 KH,PO,,1MgCl,, SHEPES, 1.3 CaCl,, 2 L-glutamine and 1 sodium
pyruvate. Forimaging, slices were transferred to arecording chamber
perfused with continuously carbogenated starvation aCSF and secured
with a platinum ring with nylon strings. During imaging, starvation
aCSF was exchanged for continuously carbogenated high-potassium
stimulation aCSF containing (in mM): 120 NaCl, 25KCl, 0.4 KH,PO,,
10 D-glucose, 1 MgCl,, 5 HEPES, 1.3 CaCl,, 2 L-glutamine and 1 sodium
pyruvate. JRGECO1a.NLS was excited using a 550-nm CoolLED light
source (545 +15nm), and fluorescence emission (>570 nm) acquired
atarate of 1 Hzwithaback-illuminated frame-transfer EM-CCD camera
(ImageEM X2; Hamamatsu) through a x20 water-immersion objective
(XLM PlanFluor 0.95W, Olympus) onan upright microscope (Olympus
BX51WI) connected to asoftware interface (Visiview; Visitron Systems).
Image sequences were imported into ImageJ (Fiji RRID:SCR_002285)
and, when necessary, processed with the ‘Template Matching’ plugin
to correct for slice movement during the recording. Regions of inter-
est were manually drawn around larger regions encompassing nearly
the entire field of view within laminae I/1l/11l containing fluorescently
labelled cells and processes, and fluorescence intensity changes meas-
ured over time. Further data analysis was carried out using Igor Pro
(WaveMetrics, RRID:SCR_000325). Photobleaching of the jJRGECOla
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signal was corrected for using a simple exponential fit to the base-
line signal, and bleaching-corrected jJRGECO1la fluorescence intensity
expressed as the percentage change with respect to baseline in the
10-15 s before stimulation with high-potassium aCSF (% AF/F) and
quantified using the peak amplitude above baseline in the first 2 or
4 min after the beginning of the stimulation.

Statistical analysis

Sample size selection: no statistical methods were used to predeter-
mine sample sizes but our sample sizes are similar to those reportedin
previous publications for biochemical and metabolic analysis (PMID:
35140588; PMID: 28515312), behavioural assays (PMID: 26291162, PMID:
27306409), Seahorse assays (PMID:32764697) and electrophysiologi-
cal experiments (PMID: 26291162; PMID: 27853254). Vivarium-housed
mice with the respective/indicated genotypes were randomly allocated
into sex-balanced experimental groups.

Data analysis. The sequencing reads were aligned by EMBL Genecore
to mouse genome Mm10. FastQC was used for quality check and the
differential expression analysis was performed with R following the
Bioconductor RNA-seq workflow developed by Love et al.*>, The follow-
ing packages were used during the data analysis: DESeq2, Rsamtools,
GenomicFeatures, TxDb.Mmusculus.UCSC.mm10.ensGene, Genom-
icAlignments, AnnotationDbi, org.Mm.eg.db. Data were analysed
using Rversion for Linux 3.6.1 (https://www.r-project.org), RStudio for
Linux v.1.1.463, RStudio for Windows v.4.1.2 and Matlab for Windows
v.R2016a-2020a (MathWorks). Statistical tests were performed using
GraphPad Prism for Windows v.7.00-8.0.1 or RStudio for Windows
v.4.1.2. Results are presented as mean + s.e.m. unless indicated other-
wise. Distribution of datawas assayed using the Kolmogorow-Smirnow
normality test, the D’Agostino and Pearson omnibus normality testand
the Shapiro-Wilk normality test. For statistical testing of data with only
two groups, two-tailed Student’s t-test was used. In the case that there
were more than two groups with only one source of variation, aone-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparison
test was used. When comparing two or more groups with more thanone
source of variation, atwo-way ANOVA followed by Bonferroni or Sidak’s
post hoctest was used. *P < 0.05,**P < 0.01, **P < 0.005, ***P < 0.001.

Data exclusion

In electrophysiological experiments, cells that displayed a consider-
able variation in membrane resistance or series resistance during the
experiment (>50% and >20%, respectively) were excluded from the
analysis. For Seahorse analysis, samples in which average baseline OCR
was below 20 pg min™after 5 min of recording were excluded. Also, for
mitochondrial parameters, samples that did not react to oligomycin,
thatis, OCR decreased less than 50%, were also excluded. In all experi-
ments, the animal genotype was tested before allocating them into
groups and, in some instances, again verified after concluding the
experiment; when a genotype was mistaken, the animal was excluded
fromthe experiment or (when possible) allocated, retrospectively, to
the correct group.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Individual data points are represented throughout all figures. Data
distribution was assumed to be normal but this was not formally tested.
The associated data are provided as source data files, with all data
that are presented in each main and Extended Data figure included
in subfolders named correspondingly in the source data folder that
canbe found on the HeiData server of Heidelberg University (https://
heidata.uni-heidelberg.de/) at https://doi.org/10.11588/data/AMDH7G.

The RNA-seq dataset generated as part of Fig. 1 and Extended Data
Fig.1can be accessed at https://www.ebi.ac.uk/ with the following
ArrayExpressaccession number: E-MTAB-13734. Statistical analysis and
reproducibility: experiments showing representative micrographs (Fig.
1c,d and Extended Data Figs.1d-f,i, 3b and 4g) have been performed at
least twice independently if not stated otherwise.

Code availability

We used a custom written code in R for analysis of electrophysiology
resultsshowninFig. 6 and Extended DataFig. 6. This code is freely avail-
able at GitHub at the following link: https://github.com/wambroziak/
Neuron_astrocyte_metabolic_coupling_ephys. RNA-seqanalysis code
isprovidedin the corresponding source data files.

References

1. Beard, E., Lengacher, S., Dias, S., Magistretti, P. J. & Finsterwald, C.
Astrocytes as key regulators of brain energy metabolism: new
therapeutic perspectives. Front. Physiol. 12, 825816 (2021).

2. Kuner, R. &Kuner, T. Cellular circuits in the brain and their modulation
in acute and chronic pain. Physiol. Rev. 101, 213-258 (2021).

3. Peirs, C. & Seal, R. P. Neural circuits for pain: recent advances and
current views. Science 354, 578-584 (2016).

4. Kuner, R. &Flor, H. Structural plasticity and reorganisation in
chronic pain. Nat. Rev. Neurosci. 18, 20-30 (2016).

5. Ransom, B. R. Neuroglia (Oxford Univ. Press, 2012).

6. Ji,R.R., Donnelly, C.R. & Nedergaard, M. Astrocytes in chronic
pain and itch. Nat. Rev. Neurosci. 20, 667-685 (2019).

7. Kim, D. S. et al. Profiling of dynamically changed gene expression
in dorsal root ganglia post peripheral nerve injury and a critical
role of injury-induced glial fibrillary acidic protein in maintenance
of pain behaviors [corrected]. Pain 143, 114-122 (2009).

8. Kohro, Y. et al. Spinal astrocytes in superficial laminae
gate brainstem descending control of mechanosensory
hypersensitivity. Nat. Neurosci. 23, 1376-1387 (2020).

9. Tsuda, M. et al. JAK-STAT3 pathway regulates spinal astrocyte
proliferation and neuropathic pain maintenance in rats. Brain 134,
1127-1139 (2011).

10. Miyamoto, K., Ishikura, K. I., Kume, K. & Ohsawa, M.
Astrocyte-neuron lactate shuttle sensitizes nociceptive
transmission in the spinal cord. Glia 67, 27-36 (2019).

1. Knight, Z. A. et al. Molecular profiling of activated neurons by
phosphorylated ribosome capture. Cell 151, 1126-1137 (2012).

12. Hu, X. S. & Matsunami, H. High-throughput odorant
receptor deorphanization via phospho-S6 ribosomal protein
immunoprecipitation and mRNA profiling. Methods Mol. Biol.
1820, 95-112 (2018).

13. Delorme, J. et al. Sleep loss drives acetylcholine- and somatostatin
interneuron-mediated gating of hippocampal activity to inhibit
memory consolidation. Proc. Natl Acad. Sci. USA 118, 1-10 (2021).

14. Naranjo, J. R. et al. Co-induction of jun B and c-fos in a subset of
neurons in the spinal cord. Oncogene 6, 223-227 (1991).

15. Capone, F. & Aloisi, A. M. Refinement of pain evaluation techniques.
The formalin test. Ann. Ist. Super. Sanita 40, 223-229 (2004).

16. Chen, G, Zhang, Y. Q., Qadri, Y. J., Serhan, C. N. & Ji, R. R. Microglia
in pain: detrimental and protective roles in pathogenesis and
resolution of pain. Neuron 100, 1292-1311 (2018).

17. Kohno, K. & Tsuda, M. Role of microglia and P2X4 receptors in
chronic pain. Pain Rep. 6, e864 (2021).

18. Tam, T. H. & Salter, M. W. Purinergic signalling in spinal pain
processing. Purinergic Signal. 17, 49-54 (2021).

19. Printen, J. A., Brady, M. J. & Saltiel, A. R. PTG, a protein
phosphatase 1-binding protein with a role in glycogen
metabolism. Science 275, 1475-1478 (1997).

20. Allaman, I. & Magistretti, P. Brain Energy Metabolism 4th edn
(Academic, 2013).

Nature Metabolism


http://www.nature.com/natmetab
https://www.r-project.org
https://heidata.uni-heidelberg.de/
https://heidata.uni-heidelberg.de/
https://doi.org/10.11588/data/AMDH7G
https://www.ebi.ac.uk/
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-13734/
https://github.com/wambroziak/Neuron_astrocyte_metabolic_coupling_ephys
https://github.com/wambroziak/Neuron_astrocyte_metabolic_coupling_ephys

Article

https://doi.org/10.1038/s42255-024-01001-2

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

43.

Brown, A. M., Baltan Tekkok, S. & Ransom, B. R. Energy transfer
from astrocytes to axons: the role of CNS glycogen. Neurochem.
Int. 45, 529-536 (2004).

Vilchez, D. et al. Mechanism suppressing glycogen synthesis in
neurons and its demise in progressive myoclonus epilepsy. Nat.
Neurosci. 10, 1407-1413 (2007).

Ruchti, E., Roach, P. J., DePaoli-Roach, A. A., Magistretti, P. J. &
Allaman, . Protein targeting to glycogen is a master regulator of
glycogen synthesis in astrocytes. IBRO Rep. 1, 46-53 (2016).
Avrampou, K. et al. RGS4 maintains chronic pain symptoms in
rodent models. J. Neurosci. 39, 8291-8304 (2019).

Wu, Y. et al. Pain aversion and anxiety-like behavior occur at
different times during the course of chronic inflammatory pain in
rats. J. Pain. Res. 10, 2585-2593 (2017).

Kumar, A., Kaur, H. & Singh, A. Neuropathic pain models caused
by damage to central or peripheral nervous system. Pharm. Rep.
70, 206-216 (2018).

Hanani, M. & Verkhratsky, A. Satellite glial cells and astrocytes, a
comparative review. Neurochem. Res. 46, 2525-2537 (2021).
Takahashi, S. et al. The RGD motif in fibronectin is essential for
development but dispensable for fibril assembly. J. Cell Biol. 178,
167-178 (2007).

Srinivasan, R. et al. New transgenic mouse lines for selectively
targeting astrocytes and studying calcium signals in astrocyte
processes in situ and in vivo. Neuron 92, 1181-1195 (2016).
Turner, P. V., Pang, D. S. & Lofgren, J. L. A review of pain
assessment methods in laboratory rodents. Comp. Med. 69,
451-467 (2019).

Basbaum, A. I., Bautista, D. M., Scherrer, G. & Julius, D. Cellular
and molecular mechanisms of pain. Cell 139, 267-284 (2009).
Boury-Jamot, B. et al. Disrupting astrocyte-neuron lactate transfer
persistently reduces conditioned responses to cocaine. Mol.
Psychiatry 21,1070-1076 (2016).

Dringen, R., Gebhardt, R. & Hamprecht, B. Glycogen in astrocytes:

possible function as lactate supply for neighboring cells. Brain
Res. 623, 208-214 (1993).

Falkowska, A. et al. Energy metabolism of the brain, including
the cooperation between astrocytes and neurons, especially

in the context of glycogen metabolism. Int. J. Mol. Sci. 16,
25959-25981 (2015).

Gao, V. et al. Astrocytic 32-adrenergic receptors mediate
hippocampal long-term memory consolidation. Proc. Natl Acad.
Sci. USA 113, 8526-8531(2016).

Gibbs, M. E. Role of glycogenolysis in memory and learning:
regulation by noradrenaline, serotonin and ATP. Front. Integr.
Neurosci. 9, 70 (2015).

Magistretti, P. J. & Allaman, I. A cellular perspective on brain
energy metabolism and functional imaging. Neuron 86,
883-901(2015).

Steinman, M. Q., Gao, V. & Alberini, C. M. The role of lactate-
mediated metabolic coupling between astrocytes and neurons in
long-term memory formation. Front. Integr. Neurosci. 10, 10 (2016).
Suzuki, A. et al. Astrocyte-neuron lactate transport is required for
long-term memory formation. Cell 144, 810-823 (2011).

Pike Winer, L. S. & Wu, M. Rapid analysis of glycolytic and
oxidative substrate flux of cancer cells in a microplate. PLoS ONE
9, €109916 (2014).

Underwood, E., Redell, J. B., Zhao, J., Moore, A. N. & Dash, P. K. A
method for assessing tissue respiration in anatomically defined
brain regions. Sci. Rep. 10, 13179 (2020).

lkeda, H., Heinke, B., Ruscheweyh, R. & Sandkuhler, J. Synaptic
plasticity in spinal lamina | projection neurons that mediate
hyperalgesia. Science 299, 1237-1240 (2003).

lkeda, H. et al. Synaptic amplifier of inflammatory pain in the
spinal dorsal horn. Science 312, 1659-1662 (2006).

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

56.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Kuner, R. Spinal excitatory mechanisms of pathological pain. Pain
156, S11-S17 (2015).

Li, X. H., Miao, H. H. & Zhuo, M. NMDA receptor dependent long-term
potentiation in chronic pain. Neurochem. Res. 44, 531-538 (2019).
Karagiannis, A. et al. Lactate is an energy substrate for rodent
cortical neurons and enhances their firing activity. eLife 10,
e71424 (2021).

Xiao, M. M. et al. Gastrodin protects against chronic inflammatory
pain by inhibiting spinal synaptic potentiation. Sci. Rep. 6,
37251(2016).

Erlichman, J. S. et al. Inhibition of monocarboxylate transporter 2
in the retrotrapezoid nucleus in rats: a test of the astrocyte-neuron
lactate-shuttle hypothesis. J. Neurosci. 28, 4888-4896 (2008).
Halestrap, A. P. & Denton, R. M. The specificity and metabolic
implications of the inhibition of pyruvate transport in isolated
mitochondria and intact tissue preparations by alpha-Cyano-
4-hydroxycinnamate and related compounds. Biochem. J. 148,
97-106 (1975).

Compan, V. et al. Monitoring mitochondrial pyruvate carrier
activity in real time using a BRET-based biosensor: investigation of
the Warburg effect. Mol. Cell 59, 491-501 (2015).

de Castro Abrantes, H. et al. The lactate receptor HCAR1
modulates neuronal network activity through the activation of
G(a) and G(By) subunits. J. Neurosci. 39, 4422-4433 (2019).
Ahmed, K. et al. An autocrine lactate loop mediates
insulin-dependent inhibition of lipolysis through GPR81.

Cell Metab. 11, 311-319 (2010).

Zhuo, M. lonotropic glutamate receptors contribute to pain trans-
mission and chronic pain. Neuropharmacology 112, 228-234 (2017).
Mulder, G. B. & Pritchett, K. The Morris water maze. Contemp. Top.
Lab. Anim. Sci. 42, 49-50 (2003).

Dedek, A. & Hildebrand, M. E. Advances and barriers in
understanding presynaptic N-methyl-D-aspartate receptors in
spinal pain processing. Front. Mol. Neurosci. 15, 864502 (2022).
Kronschlager, M. T. et al. Gliogenic LTP spreads widely in
nociceptive pathways. Science 354, 1144-1148 (2016).

Chiang, C. Y., Sessle, B. J. & Dostrovsky, J. O. Role of astrocytes in
pain. Neurochem. Res. 37, 2419-2431(2012).

Allaman, I., Lengacher, S., Magistretti, P. J. & Pellerin, L. A2B
receptor activation promotes glycogen synthesis in astrocytes
through modulation of gene expression. Am. J. Physiol. Cell
Physiol. 284, C696-C704 (2003).

Dringen, R. & Hamprecht, B. Glucose, insulin, and insulin-like
growth factor | regulate the glycogen content of astroglia-rich
primary cultures. J. Neurochem. 58, 511-517 (1992).

Hamai, M., Minokoshi, Y. & Shimazu, T. L-Glutamate and insulin
enhance glycogen synthesis in cultured astrocytes from the rat
brain through different intracellular mechanisms. J. Neurochem.
73, 400-407 (1999).

Heni, M. et al. Insulin promotes glycogen storage and cell prolife-
ration in primary human astrocytes. PLoS ONE 6, e21594 (2011).
Kum, W., Zhu, S. Q., Ho, S. K., Young, J. D. & Cockram, C. S. Effect
of insulin on glucose and glycogen metabolism and leucine
incorporation into protein in cultured mouse astrocytes. Glia 6,
264-268 (1992).

Sorg, O. & Magistretti, P. J. Vasoactive intestinal peptide and
noradrenaline exert long-term control on glycogen levels in
astrocytes: blockade by protein synthesis inhibition. J. Neurosci.
12, 4923-4931(1992).

Keinan, O. et al. Glycogen metabolism links glucose homeostasis
to thermogenesis in adipocytes. Nature 599, 296-301 (2021).
Carmean, C. M., Bobe, A. M., Yu, J. C., Volden, P. A. & Brady,

M. J. Refeeding-induced brown adipose tissue glycogen
hyper-accumulation in mice is mediated by insulin and
catecholamines. PLoS ONE 8, e67807 (2013).

Nature Metabolism


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-024-01001-2

66. Tuerkischer, E. & Wertheimer, E. Factors influencing deposition of
glycogen in adipose tissue of the rat. J. Physiol. 104, 361-365 (1946).

67. Sada, N, Lee, S., Katsu, T., Otsuki, T. & Inoue, T. Epilepsy
treatment. Targeting LDH enzymes with a stiripentol analog to
treat epilepsy. Science 347, 1362-1367 (2015).

68. Tang, F. et al. Lactate-mediated glia-neuronal signalling in the
mammalian brain. Nat. Commun. 5, 3284 (2014).

69. Dienel, G. A. The metabolic trinity, glucose-glycogen-lactate, links
astrocytes and neurons in brain energetics, signaling, memory,
and gene expression. Neurosci. Lett. 637, 18-25 (2017).

70. Andersen, J. V. & Schousboe, A. Milestone review: metabolic
dynamics of glutamate and GABA mediated neurotransmission -
the essential roles of astrocytes. J. Neurochem. 166, 109-137 (2023).

71.  Zeilhofer, H. U., Mohler, H. & Di Lio, A. GABAergic analgesia: new
insights from mutant mice and subtype-selective agonists. Trends
Pharmacol. Sci. 30, 397-402 (2009).

72. Foley, K., McKee, C., Nairn, A. C. & Xia, H. Regulation of synaptic
transmission and plasticity by protein phosphatase 1. J. Neurosci.
41, 3040-3050 (2021).

73. Genoux, D. et al. Protein phosphatase 1is a molecular constraint
on learning and memory. Nature 418, 970-975 (2002).

74. Noyes, N. C., Phan, A. & Davis, R. L. Memory suppressor genes:
modulating acquisition, consolidation, and forgetting. Neuron
109, 3211-3227 (2021).

75. Yang, H. et al. Protein phosphatase-1inhibitor-2 is a novel memory
suppressor. J. Neurosci. 35, 15082-15087 (2015).

76. Irimia, J. M. et al. Impaired glucose tolerance and predisposition
to the fasted state in liver glycogen synthase knock-out mice.

J. Biol. Chem. 285, 12851-12861 (2010).

77. Picelli, S. et al. Full-length RNA-seq from single cells using
Smart-seg2. Nat. Protoc. 9, 171-181 (2014).

78. Watakabe, A. et al. Comparative analysis of layer-specific genes in
mammalian neocortex. Cereb. Cortex 17, 1918-1933 (2007).

79. Berg, S. et al. ilastik: interactive machine learning for (bio)image
analysis. Nat. Methods 16, 1226-1232 (2019).

80. Stosser, S., Agarwal, N., Tappe-Theodor, A., Yanagisawa, M. &
Kuner, R. Dissecting the functional significance of endothelin A
receptors in peripheral nociceptors in vivo via conditional gene
deletion. Pain 148, 206-214 (2010).

81. Dana, H. et al. Sensitive red protein calcium indicators for imaging
neural activity. eLife 5, €12727 (2016).

82. Hijukse, J. B. et al. Increased membrane Ca? permeability
drives astrocytic Ca* dynamics during neuronal stimulation at
excitatory synapses. Glia 71, 2770-2781(2023).

83. Bengtson, C. P, Freitag, H. E., Weislogel, J. M. & Bading, H.
Nuclear calcium sensors reveal that repetition of trains of
synaptic stimuli boosts nuclear calcium signaling in CA1
pyramidal neurons. Biophys. J. 99, 4066-4077 (2010).

84. McClure, C., Cole, K. L., Wulff, P., Klugmann, M. & Murray, A. J.
Production and titering of recombinant adeno-associated viral
vectors. J. Vis. Exp. 57, e3348 (2011).

85. Love, M. I., Anders, S., Kim, V. & Huber, W. RNA-seq workflow:
gene-level exploratory analysis and differential expression.
F1000Res 4,1070 (2015).

Acknowledgements

We thank B. Khakh for Aldh1L1-Cre®™ mice; I. Nakchbandi and

R. Fassler for the germline deleter-Cre mouse line; A. Cavaroc, A. von
Seggern and D. Pimonov for expert technical support; D. Kocherhina
for help with Morris water maze tests; E. Underwood for help with
spinal slice Seahorse experiments; R. Drdla-Schutting and M.
Kronschléager for advice on spinal electrophysiology; members of the
Siemens lab for discussions and critical input; V. Benes and the EMBL
genomics core facility for support with RNA-seq and analysis; and C.
Pitzer and the Interdisciplinary Neurobehavioral Core (INBC) as well

as the Nikon Imaging Center at Heidelberg University for support with
animal behavior experiments and confocal microscopy, respectively.
We acknowledge the data storage service SDS@hd supported by the
Ministry of Science, Research and the Arts Baden-Wiirttemberg (MWK)
and the German Research Foundation (DFG) through grant no. INST
35/1314-1 FUGG. This work was supported by the German Research
Foundation grant no. SFB1158 (to K.S.-S., AT.-T., M.S., R.K. and J.S.;
projects S02, SO1, A07, AQ9, BO1and B06), the European Research
Council grant no. ERC-CoG-772395 (to J.S.) and the International
Human Frontier Science Program Organization postdoctoral
fellowship LTO00762/2019-L (to W.A.).

Author contributions

J.S. together with S.M.-L. and S.L. conceived the project. S.L. carried
out the ribosomal capture screen, identified PTG and performed
glycogen analysis together with S.M.-L. and with help from H.W.
A.A.D.-R. generated conditional PTG mice. S.M.-L. characterized
PTG”" mice, performed metabolic analysis together with T.F. and JW.,
and performed mouse pain behaviour experiments with help from
M.S., AT.-T. and supervision and critical input from R.K. W.A. carried
out all electrophysiological recordings. A.M.H. performed spinal slice
Ca? imaging with support from H.B. J.G.O. performed and interpreted
the amino acid analysis. K.S.-S and T.F. supported analysis and
presentation of the data. J.S. wrote the paper. All authors commented
on and approved the paper.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s42255-024-01001-2.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s42255-024-01001-2.

Correspondence and requests for materials should be addressed
to Jan Siemens.

Peer review information Nature Metabolism thanks Jordi Duran

and the other, anonymous, reviewer(s) for their contribution to

the peer review of this work. Primary Handling Editor: Alfredo
Giménez-Cassina, in collaboration with the Nature Metabolism team.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

Nature Metabolism


http://www.nature.com/natmetab
https://doi.org/10.1038/s42255-024-01001-2
https://doi.org/10.1038/s42255-024-01001-2
https://doi.org/10.1038/s42255-024-01001-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article https://doi.org/10.1038/s42255-024-01001-2

a b (o d Formalin
i | ipsi | contra |
Dorsal Horn
= L2 ]
e 3
contra ipsi cFos ipsi contra o
16 e
> ||
L3 .8 [
Wl | e
Q
L4 AN ||
o | e TGN A [ L IR
7]
B Bl
L5 g
[
| R
L6 )
=
e g gPCR h Phospho ribosomal capture
enrichment
Formalin injection 8- 400
- + - + [
Ly SN Ly SN P T i 300 *
kDa w0 wn w w0 Py 9 °
(kDa] 2 4- ® 2004 ¢ ®
32 | - -— o || - Lnd 5 o i
s E I
42 > - g e 100 s ° .“
— — - L — — . - [ ]
2 2] ot o s
0 T T 0 T T T T
: F FosB
f Ly SN P i cFos 0S| cFos Ptg Actb Ppla
[O) (O]
[ o~
['2] < N n < N
- o (=] - (=] [=2]
N b 3 N 3 J
[kDa]
32> -

Extended Data Fig. 1| See next page for caption.

Nature Metabolism


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-024-01001-2

Extended Data Fig. 1| Discovery of Ptg as a pain-induced gene in the dorsal
spinal cord (related to Fig. 1). (a) Cartoonillustrating the anatomy of the
spinal cord and the tissue isolation of the ipsilateral (pain-affected) dorsal horn
(red labeled) and the contralateral (unaffected control) dorsal horn of lumbar
sections L3 to L6 for phospho-ribosome capture experiments after formalin
injection into the left hindpaw. Theillustration was partly generated using
Servier Medical Art, provided by Servier, licensed under a Creative Commons
Attribution 3.0 unported license (https://creativecommons.org/licenses/
by/3.0/). (b) c-Fos mRNA expression (in situ hybridization) in the dorsal spinal
cord 2 hours after intraplantar formalin injection. C-Fos expression is specifically
detectable on the ipsilateral side (side of injection) of lumbar sections L2 to L6.
(c) Spatial distribution of pS6 (whole mountimmunofluorescence) along the
spinal cord, 2 hours after intraplantar formalin injection. Maximal projection
image of z-stack images of the dorsal horn shown. (d) Representative images

of combined immunohistochemistry and fluorescent in situ hybridization
withanantibody directed against pSé6 (green) and an in situ probe directed
against Ptg (red), DAPI (blue); scale bar: 40pm. (e) pS6 immunoprecipitation

of ipsilateral (+) and contralateral (-) dorsal spinal cord 2 hours after formalin
injection on theipsilateral side. pS6 was detected in both ipsi- and contralateral
lysates (Ly), reduced in supernatant (SN) and enriched inimmunoprecipitation
eluates (IP). IgG control did not bind any pSé6. IP showed an enrichment for pS6
ontheipsilateral (+) over the contralateral (-) side. (f) Western blot showing
anti-pS6 antibody test (Cell Signaling polyclonal antibody #2215, Cell Signaling

monoclonal antibody #5364 and Invitrogen polyclonal antibody #44923 G)
for pS6 immunoprecipitation using spinal cord tissue after formalin injection.
Ly, the three SNs after antibody incubation and the respective IPs were loaded
onone westernblot gel. All three tested antibodies reduced pS6 amountin the
SN after immunoprecipitation while #5364 showed best enrichmentin the IP.
(g) qPCR verification of cDNA libraries generated from phospho-ribosome
captured ipsilateral and contralateral dorsal horn spinal cord tissue after
formalin stimulation, amplifying cFos and FosB cDNAs. cFos and FosB showed
significant and consistent enrichment in tissue isolated from the ipsilateral
(formalin affected) side (N = 3 biologically independent samples derived of 3
mice). Data represent mean +s.e.m. (h) Comparison of phospho-ribosomal
capture to mRNA extracted from lysate. qPCR was performed before and after
phospho-ribosomal capture using ipsilateral and contralateral dorsal spinal
cord tissue of mice injected with formalin on the ipsilateral side. Note that the
indicated genes (except for Ppla) were found to be enriched (showed a higher
IP/Ly ratio) in the phosphoribosomal capture (IP) condition compared to qPCRs
done fromipsilateral tissue (Ly), demonstrating that phospho-ribosomal
capture is more sensitive, albeit only slightly, in pulling out induced mRNA
transcripts. Data represent mean +s.e.m. (i) Representative images of combined
immunohistochemistry and fluorescent in situ hybridization with an antibody
directed against microgliamarker IBA1(green) and an in situ probe directed
against Ptg (red), DAPI (blue); scale bar:20pm.
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content of ipsilateral L2-L5 DRGs 1 day after formalin injection compared to that
of naive mice (N =4 independent samples of 4 mice). (d-g) Glycogen contentin
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of the somatosensory cortex (g) isolated from naive or 6 h CFA-treated mice.
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the average of the left and right side of the naive mice. Two-way ANOVA with
Bonferroni post hoc test; datashown as mean +s.e.m. N = 4 mice for naive animals
and N = 6 animals for CFA-treated animals.
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Extended Data Fig. 3| Ptg deletion blunts pain-induced glycogen build-up

in the dorsal spinal cord (related to Fig. 3). (a) Embryonic stem cell targeting
strategy to conditionally delete the single coding Ptgexon by introducing
upstream and downstream loxP sites (green triangles). On the right panel a
representative southern blot is shown, indicating the targeted locus by digesting
genomic DNA with Ncol that cuts outside the two targeting arms resultingina
wildtype band of 11.5 kb and a targeted band of 13 kb. (b) Representative images
of insitu hybridizations (RNAscope”) with a probe for Ptg (red) of ipsilateral
dorsal spinal cord tissue from wildtype, cPTG”"and gPTG ™ mice 2 hours

after formalin stimulation. DAPI (blue), scale bar: 20 pm. (c) Glycogen content
(percent of WT) of dorsal spinal cord tissue from the three indicated mouse lines
without any stimulation (WT: N =11; cPTG”":N =5; gPTG”": N = 7); one way ANOVA
with Tukey’s post hoc test; data represent mean +s.e.m. (d) Glycogen content
(percent of naive) of dorsal spinal cord tissue from all the different mouse line
genotypes usedin this study. (WT (C57bl/6N mice): N = 6; PTG"*:N = 6; PTG"":
N=4;PTG""N=7;PTG":N=4;cPTG":N=5;gPTG”":N =4; Two-way ANOVA
with Bonferroni’s post hoc test; datarepresent mean +s.e.m.
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Extended Data Fig. 4 | Acute painis largely unperturbed in PTG animals
(related to Fig. 4). (a) Acute nocifensive responses upon heat stimulation using a
focallight source directed onto the hindpaw of mice (Hargreaves test). Response
latency was similarin cPTG”", gPTG”" and their respective wildtype littermate or
cPTG"" control mice (WT:N = 6; gPTG”", PTG"": N =12; cPTG”": N =12); unpaired
two-tailed t-test. (b) Mechanical threshold required to elicitaresponsein at

least 60% of trialsin PTG”"and cPTG 7~ mice that are either not treated (baseline)
or 15 minutes after intraplantar capsaicin injection into the hindpaw (N = 6);
two-way ANOVA with Bonferroni post hoc test. (¢, d) Time course of formalin-
induced nocifensive responses scored in 5 min bins (c) or separated in Phasel
(0-10 min) and Phase I1 (10-50 min) (d) for cPTG 7~ mice (N =4) and cPTG"" control
mice (N =7). Two-way ANOVA with Bonferroni post hoc test. (e, f) Nocifensive
responses upon heat stimulation using a focal light source directed onto the

hindpaw (Hargreaves test) measured before and at different time points after
CFA-induced pain comparing gPTG” and WT littermate mice (e, for 6 days
*p=0.0496; for 7 days *p = 0.0210; N = 5) and cPTG " and control PTG"" mice

(f, for 14 days *p = 0.0102; N =12). Two-way ANOVA with Bonferroni post hoc
test; datarepresent mean +s.e.m. (g) Immunohistochemical analysis to visually
corroborate virus expression in cryosections of the spinal cord. Left panels show
colocalization of GFAP driven expression of iCre fused to mCherry and Sox9, a
nuclear astrocyte marker. Right panels show the expression of GFAP driven EGFP
that was injected in the control mouse group. Note that mCherry expression is
expected to be localized in the nucleus while EGFP is expected to fill the whole
astrocytic cytoplasmic compartment. Scale bar: 20pm. (h) 60% mechanical
threshold measured before and at different time points after sciatic nerve injury
(SNI), comparing PTG""and cPTG ™" mice (N = 6). Datarepresent mean s.e.m.
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Extended Data Fig. 5| Basic spinal respiratory parameters and lactate
abundancein the absence of PTG (related to Fig. 5). (a-c) Seahorse
mitochondrial-stress test in spinal cord dorsal horn slices comparing Oxygen
Consumption Rate OCR (a), Extracellular Acidification Rate ECAR (b) and
mitochondrial parameters (c) between WT (N = 37 slices/5 mice) and gPTG ™~

(N =40/5). (d) Representative images of the neuronally-expressed calcium
indicator jRGECO1a.NLS.Flag showing fluorescence prior to (baseline) and
during (HiK) stimulation with high-potassium (25 mM) aCSF. (e) Representative
trace showing the percent change in fluorescence intensity over the course of
the imaging period within alarge region of interest encompassing all visibly
labeled cells within the dorsal horn (left) and peak amplitudes of nuclear calcium

responses measured within 2 minutes after the start of stimulation in 29 slices
from N =4 animals (right). (f) Effect of 10 uM capsaicin and 25 mM KClon ECAR

in WT spinal cord dorsal hornsslices. Data normalized to the average baseline of
each condition (N =7/1). (g) Change of ECAR produced by the stimulus (capsaicin
or KCI) measured as change of area under the curve (AUC) derived from data
shownin (f; One-way ANOVA N = 7/1). (h) Lactate content after formalin pain
stimulus, measured by mass spectrometry and normalized to naive animals. One-
way ANOVA with Tukey’s post hoc test (N = 5). (i) Lactate content in spinal cord
dorsal horn tissue of WT and gPTG ™~ mice before and atindicated time points
after CFA injection. Two-way ANOVA (N = 4). Datarepresent mean  s.e.m.
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Extended Data Fig. 6 | Lactate is not sufficient to increase excitability of
spinal L1 neurons in the absence of PTG (related to Fig. 6). (a) Rheobase
comparison in naive gPTG ™ neurons recorded with the addition of lactate

(15 mM) into recording aCSF. N =23 cells/N = 4 animals (gPTG”") and N = 26/3
(gPTG™" +Lactate). (b) Rheobase comparison in CFA-treated gPTG "~ group
recorded with the addition of lactate (15 mM) or pyruvate (15 mM) into recording
aCSF.N =19/4 (gPTG/+CFA), N = 28/3 (gPTG 7 +CFA+Lactate) and N = 28/3
(gPTG"+CFA+Pyruvate). (c) Comparison of the firing frequencies in response
to 500 ms current injections (from OpA to 120pA above rheobase) in naive
gPTG” neuronsin the presence of L-lactate. N=23/4 (gPTG”") and N=26/3
(gPTG™" +Lactate). (d) Comparison of the firing frequencies in response to

200ms

500 ms current injections (from OpA to 120pA above rheobase) in CFAgPTG™~
neuronsin the presence of L-lactate or pyruvate. N =19/4 (PTG +CFA), N = 28/3
(gPTG” +CFA+Lactate) and N = 28/3 (gPTG " +CFA+Pyruvate). (¢) Comparison

of firing frequencies at 50pA above rheobase current (based onb). N = 23/4
(gPTG7") and N =26/3 (gPTG™" + Lactate). (f) Comparison of firing frequencies
at 50pA above rheobase current (based on e). N =19/4 (PTG +CFA), N = 28/3
(gPTG"+CFA+Lactate) and N = 28/3 (gPTG+CFA+Pyruvate). (g) Example traces
of firing patterns of gPTG”"/gPTG ™ +CFA neurons recorded in the presence of
lactate and pyruvate. Datashown as mean +s.e.m. Boxesin panelsa, b, e and f
extend from the 25" to 75" percentiles, whiskers indicate smallest and largest
values, center lines represent median.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Expression of genes related to glucose and lactate
metabolism are modulated by aninflammatory pain stimulus and altered in
gPTG ™ mice. (a, b) gPCR expression analysis of monocarboxylate transporters
1and2indorsalspinal cord tissue of WT and gPTG "~ mice before and at 1and

10 days after CFA stimulation, relative to WT naive mice. N = 4. (c-g) qPCR
expression analysis of glycogen metabolism related genes in dorsal spinal cord
tissue of WT and gPTG ™~ mice before and at 1and 10 days after CFA stimulation,
relative to WT naive mice. N = 4. (h, i) qPCR expression analysis of hexokinase
genesin dorsal spinal cord tissue of WT and gPTG ™ mice before and at1and

10 days after CFA stimulation, relative to WT naive mice. N = 4. (j) Hexokinase
enzymatic activity in dorsal spinal cord tissue of WT and gPTG ™ mice before and
at1and 10 days after CFA stimulation, normalized to WT naive mice. N = 5. (k-m)
qPCR expression analysis of phosphofructokinase genes in dorsal spinal cord
tissue of WT and gPTG ™~ mice before and at 1and 10 days after CFA stimulation,
relative to WT naive mice. N = 4. (n) Phosphofructokinase enzymatic activity in

dorsal spinal cord tissue of WT and gPTG ™~ mice before and at 1and 10 days after
CFA stimulation, normalized to WT naive mice. N = 5. (o, p) qPCR expression
analysis of pyruvate kinase genes in dorsal spinal cord tissue of WT and gPTG ™
mice before and at1and 10 days after CFA stimulation, relative to WT naive mice.
N =4. (q) Pyruvate kinase enzymatic activity in dorsal spinal cord tissue of WT
and gPTG”" mice before and at1and 10 days after CFA stimulation, normalized
to WT naive mice. N = 5. (r, s) qPCR expression analysis of lactate dehydrogenase
(Ldh) genes in dorsal spinal cord tissue of WT and gPTG”~ mice before and at
1and 10 days after CFA stimulation, relative to WT naive mice. N = 4. (t) LDH
enzymatic activity in dorsal spinal cord tissue of WT and gPTG ™~ mice before and
at1land 10 days after CFA stimulation, normalized to WT naive mice. N = 5. (u-x)
qPCR expression analysis of gluconeogenesis related genes in dorsal spinal cord
tissue of WT and gPTG ™ mice before and at1and 10 days after CFA stimulation,
relative to WT naive mice. N = 4. Two-way ANOVA with Bonferroni post hoc test.
Datarepresent mean+s.e.m.
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Extended DataFig. 8| Amino acid content is modulated by CFA injection and is overall decreased in gPTG " in the dorsal spinal cord. (a-q) Amino acid content in
dorsal spinal cord tissue of WT and gPTG”~ mice before and at1and 10 days after CFA stimulation, relative to WT naive mice. N = 4 samples of 4 mice. Two-way ANOVA
with Bonferroni post hoc test. Datarepresent mean +s.e.m.
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Data collection  RNA Sequencing was performed using MiSeq, lllumina and FastQC was used for quality check of sequencing reads. Glycogen, Lactate,
Enzymatic Assays and protein data collection was performed with i-control v1.12, Tecan Austria GmbH. gPCR data was collected using
LightCycler® 96 v1.1.0.1320, Roche. Confocal microscopy data was collected using NIS-Element AR, Nikon. Seahorse data was collected using
XF software v1.4.2.3, Agilent Technologies. Electrophysiological data was collected using pClamp v11.0.0.03, Molecular Devices. Calcium
Imaging data was collected with Visiview, Visitron Systems.

Data analysis The differential expression Analysis was performed with R following the Bioconductor RNA-Seq workflow developed by Love et al., 2015 using
R version for Linux v3.6.1., RStudio for Linux v1.1.463 and Matlab for Windows vR2016a-2020a, MathWorks. Electrophysiological data was
analysed with R Studio for Windows v4.1.2 and GraphPad Prism for Windows v7.00-8.0.1, GraphPad software. Seahorse analysis was
performed with Wave v2.6.3.5, Agilent Technologies. Microscopy data analysis was performed using Fiji v2.9.0, ImageJ. Ptg quantification was
performed with llastik v1.4.0. Calcium Imaging data was analysed with Igor Pro, WaveMetrics. All other quantitative data analysis was
performed with GraphPad Prism for Windows v7.00-8.0.1, GraphPad software.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Associated data is provided as Source Data Files with each main or Extended Data figure which is available from the source data supplementary files and publicly
available from HeiData:
RNA-Seq dataset generated in this study can be accessed from https://www.ebi.ac.uk/ with the following ArrayExpress accession number: E-MTAB-13734.
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Sample size For electrophysiology experiments where the frequency of action potentials was measured, the minimum sample size based on the effect size
calculated was 5 cells. For other electrophysiological recordings as well as in vivo behavioural experiments, molecular, biochemical and
metabolical analysis as well as for Seahorse Assays, sample size was determined based on comparable literature data.

Data exclusions | In electrophysiological experiments, cell recordings where membrane resistance or series resistance changed considerably during experiment
(>50% and >20% respectively) were excluded from analysis. For Seahorse analysis, samples in which average baseline OCR was below 20 pg/
min after 5 minutes of recording was excluded. Also, for mitochondrial parameters, samples that did not react to Oligomycin, i.e OCR
decreased less than 50% were excluded as well. In all experiments, the animals genotype was tested before allocating them into groups and
after concluding the experiment; when genotype was mistaken, the animals was excluded from the experiment or (when possible) allocated
retrospectively to the correct group.

Replication Electrophysiological experiments were usually done with cell recordings from at least three mice. In vivo behavioural experiments were
conducted according to comparable literature data (minimum of 5 animals per group). At least two rounds of testing were conducted per type
of experiment to exclude that something was wrong in the parameters used and the results were therefore replicable. Number of animals
tested per each experiment is indicated in the figure legends (as N=XX).

Randomization | In experiments where genotype was not a variable, similar age mice were randomly assigned to each group. In experiments where genotype
was a variable, mice were assigned to each group based on their genotype but randomly sampled from core colonies. Only in behavioral
studies litter mates were actively selected.

Blinding On all behavioural experiments investigators were blinded to group allocation during data collection and until the end of data analysis. For all
other experiments, investigators where blinded to group allocation until sample collection, after which samples were processed and analysed
indistinctively of group until group allocation at the end of data analysis. In both cases, data was collected indistinctively of grouping.
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Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data

>
Q
=)
e
(D
O
@)
=4
o
=
—
(D
O
@)
=
)
(@]
wv
C
=
=
)
<

Dual use research of concern

XXXOXOO s
OO00XOX X

Plants

Antibodies

Antibodies used 1-pS6 #2215 (Cell Signaling); 1:1000
2-GFAP #3670 (Cell Signaling) 1:500
3-NeuN #D4G40 (Cell Signaling) 1:2000
4-IBA1 #019-19741 (Wako) 1:500
5-GFAP #173004 (Synaptic Systems) 1:1000
6-GFP #600-101-215 (Rockland) 1:1000
7-mCherry #AB0040-500 (Sicgen) 1:5000
8-Sox9 #ab185966 (Abcam) 1:1500
9-Donkey a-Rabbit, Alexa Fluor 488, #A21206 (Invitrogen) 1:1000
10-Goat a-mouse Alexa Fluor 488, #A11001 (Invitrogen) 1:1000
11-Donkey a-Goat Alexa Fluor 488 #A11055 (Invitrogen) 1:1000
12-Donkey a-Goat Alexa Fluor 555 #A21432 (Invitrogen) 1:1000
13-Donkey a-Mouse Alexa Fluor 594 #711585150 (Dianova) 1:1000

Validation 1-pS6 #2215 (Cell Signaling) - Validated by manufacturer for Western blot with analysis of extracts from 293 cells, untreated or
treated with 20% FBS.
2-GFAP #3670 (Cell Signaling) - Validated by manufacturer for Immunofluorescence (IF) with analysis of Confocal IF image of rat
hippocampus.
3-NeuN #D4G40 (Cell Signaling) - Validated by manufacturer for IF with analysis of Confocal IF image of mouse hippocampus, cortex,
and cerebellum.
4-IBA1 #019-19741 (Wako) - Validated by manufacturer for IF with analysis of IF image of mouse cerebellum, Nucleus accumbens
core and spinal cord.
5-GFAP #173004 (Synaptic Systems) - Validated by manufacturer for IF with analysis of IF image of mouse hippocampus.
6-GFP #600-101-215 (Rockland) - Validated by manufacturer for IF with analysis of IF image of GFP-positive transgenic mouse brain
and in-house with IF analysis of GFP-positive versus negative mice.
7-mCherry #AB0040-500 (Sicgen) - Validated in house with IF analysis of mCherry-positive vs negative mice.
8-Sox9 #ab185966 (Abcam) - Validated by manufacturer for Western blot with analysis of extracts of SW480 cells versus Hela cells,
and for IF through IF analysis of F9 (Mouse embryonic testicular cancer cell line) cells.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK AAV-293 cells that were used to generate serotype 1/2 rAAV particles were obtained from Stratagene (#240073).
Authentication HEK AAV-293 cells used in this study were authenticated by Statagene.
Mycoplasma contamination Cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  no commonly misidentified cell lines were used in this study
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Mice (mus musculus) of both sexes were used for experiments. Lines used: Aldh1L1-(Cre/ERT2): B6N.FVB-Tg(Aldh1l1-Cre/




Laboratory animals ERT2)-1Khakh/J; cPTG(-/-): BEN.FVB-Tg(Aldh1l1-Cre/ERT2)-1Khakh/J-PPP1R3C-LoxP; gPTG: PPP1R3C(-/-). For Seahorse Assay, 4-6
week old mice were used. All other experiments performed at a starting age of 8-12 weeks.

Wild animals No wild animals were used.

Reporting on sex Sex-based analysis was not performed, based in previous literature suggesting no sex-difference effect on Astrocytic metabolism, but
a balanced male/female ratio was used by randomly sampling core colonies. This information has not been collected for this study.

Field-collected samples  No field-collected samples were used

Ethics oversight All experiments involving animals were approved by the local authorities (Regierungsprasidium Karlsruhe), under animal protocol
numbers G-168/15, G-201/16, G-295/21, G-173/21.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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