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This study presents a useful finding on using diverse experimental systems to
understand how neuromodulatory signals shape glial inflammatory signaling; however,
the strength of evidence is inadequate. The astrocyte-enrichment method used may
permit contamination by microglia, oligodendrocyte-lineage cells, or neurons,
complicating attribution of TNF expression specifically to astrocytes. This concern is
compounded by the strong microglial response to Gi manipulation and the lack of
quantitative validation of chemogenetic cell-type specificity in vivo. These weaknesses
have hindered further evaluation of the claims.

https://doi.org/10.7554/eLife.112066.1.sa2

Abstract

Neuromodulators generally act through G-protein-coupled receptors, but their effects on glia are
not well defined. Here we examine the impact of various G-protein-coupled signaling pathways on
glia, using the production of the pro-inflammatory cytokine tumor necrosis factor alpha (TNF) as a
measure of activation. TNF is a major component of the innate immune response but is also an
important regulator of synaptic function and can be released by both astrocytes and microglia.
Using pharmacological and chemogenetic approaches, we characterized the response to activation
of the Gi, Gq, and Gs signaling pathways in rat astrocyte and microglia cultures and human
induced pluripotent stem cells (hiPSCs) derived astrocytes. Across all tested glia, activation of the
Gs pathway results in a stark decrease in TNF expression. Similarly, activation of Gq signaling also
results in a reduction in TNF mRNA levels. Conversely, Gi activation in astrocytes and microglia
increases TNF levels both in vitro and in vivo. The impacts of GPCRs on TNF production were not
consistent for other pro-inflammatory cytokines. Overall, this work demonstrates that G protein-
mediated activation and inhibition in glia should be considered separately from the effects seen in
neurons.

Introduction

Neuron-glia communication is a crucial aspect of brain function and is necessary for maintaining
the overall health and homeostasis of the nervous system. It is now commonly acknowledged that
non-neuronal glial cells, such as astrocytes and microglia, are essential to normal brain

One way that neurons communicate with glia is through neuromodulators, which in turn can
modify the signals transmitted form glial cells to neurons (Fields and Stevens-Graham, 2002 ().
For example, neuronal release of neuromodulators, such as dopamine or serotonin, which can
regulate the glial production of the proinflammatory cytokine tumor necrosis factor alpha (TNF)
(Duseja et al., 20142 ; Lewitus et al., 2016 2). A component of the innate immune system, TNF also
serves a regulatory role in non-pathological brain functions (McCoy and Tansey, 2008 (@). It is
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present in the central nervous system (CNS) under physiologic conditions, where it plays a vital
role in regulating synaptic activity (Heir and Stellwagen, 20202 ; Santello and Volterra, 2012(®%),
and can be released by both astrocytes and microglia.

Both types of glia actively contribute to TNF-mediated modifications of brain circuits and
behavior, with TNF released by astrocytes mediating homeostatic synaptic plasticity triggered by
chronic activity deprivation (Heir et al., 2024 % ; Heir and Stellwagen, 2020 2; Stellwagen and
Malenka, 2006 @) and microglia produce TNF in reaction to various stimuli including stress (Kemp

cells, and TNF highlights the necessity of identifying the mechanisms controlling glial TNF
production. It has been established that both astrocytes and microglia possess numerous G-protein
coupled receptors (GPCRs) for a diversity of neurotransmitters and neuromodulators (Gu et al.,
2021 &; Kofuji and Araque, 2021 ; Nimmerjahn and Bergles, 2015 ; Pocock and Kettenmann,
2007 @). Thus, neuromodulators signaling via GPCRs represents a major route for neuronal-glial

communication and likely are important regulators of glial TNF production.

Here we characterized the impact of various G-protein coupled receptors on TNF production from
glia. We specifically activated Gi-, Gq-, and Gs-coupled receptor signaling pathways in both
astrocytes and microglia, using a combination of pharmacological and Designer Receptors
Exclusively Activated by Designer Drugs (DREADDs)-based approaches. In rat astrocyte and
microglia cultures and human induced pluripotent stem cells (hiPSCs) derived astrocytes, our
findings reveal a consistent pattern of response, with Gs and Gq pathways strongly suppressing
glial TNF production. Conversely, Gi activation in astrocytes and microglia increases TNF levels in
vitro and in vivo. These responses were specific for TNF and not other cytokines, and distinct from
the typical neuronal response to GPCRs.

Results

Norepinephrine decreases TNF production in astrocytes

Astrocytes are responsive to neuronal signals, which impact numerous astrocyte functions
including the production of cytokines. As astrocytes are non-excitable cells, we wanted to
characterize the glial responses to neuromodulators, acting through G-protein coupled receptors
(GPCRs). We previously demonstrated that serotonin signaling can increase TNF mRNA in
astrocytes (Duseja et al., 2015 @), but there are multiple serotonin receptors linked to a variety of
G-protein cascades. Here we chose to test the effect of norepinephrine (NE) on the TNF production
in astrocytes (Fig 1AZ). We cultured cortical glia from neonatal rat pups, and used shaking to
remove the microglia (McCarthy and De Vellis, 1980 (@), resulting in highly enriched astrocyte
cultures (qPCR Ct values: GFAP = 16.8, Ibal = 34.6). The resultant astrocyte cultures were treated
with 50 uM NE for 4 hours, and TNF mRNA analyzed by qPCR (Fig 1B(%). This treatment markedly
reduced TNF mRNA. This is likely due to a decrease in TNF mRNA production as we didn’t observe
any changes in the TNF mRNA degradation rate following NE treatment (Fig 1C2). Once new RNA
synthesis was blocked by actinomycin (5 pug/mL), TNF mRNA was rapidly degraded and was
virtually undetectable by 30 minutes; however, this rate was not altered by prior NE treatment.

Thus, NE appears to impact TNF mRNA synthesis rather than degradation.

NE can act through a- and B-adrenergic receptors, with both al- and B-adrenergic receptors
expressed on astrocytes (Oe et al., 20207 ; Perez, 2020 ). To test the receptors involved, we used
Phenylephrine (PE), a selective al-receptor agonist and Isoprenaline (ISO), a general B-adrenergic
receptor agonist. Treating cultured astrocytes with PE (4 hours; 50 uM) also resulted in a
significant decrease in TNF mRNA levels (Fig 1D @), which was comparable to the effect observed

These data indicate that the cultured astrocytes used here express both al- and f-adrenergic
receptors.
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Figure 1. Norepinephrine acting through a- and B-adrenergic receptors reduces TNF mRNA levels in
astrocytes.

(A) Schematic representation of the experimental design, with Norepinephrine (NE) binding to B-adrenergic and a1-
adrenergic receptors on astrocytes to influence TNF production. (B) Astrocyte cultures treated with 50uM NE for 4h had
significantly decreased TNF mRNA levels as measured by gPCR (Mann-Whitney, P=0.0286, n=4). The -AAC; values are plotted
on the left axis, while fold change is plotted on the right axis. (C) NE treatment did not increase the rate of TNF mRNA
degradation. Astrocytes were treated with NE, followed by the RNA synthesis inhibitor actinomycin (5 pg/mL). NE treatment
did not alter the rate of TNF RNA degradation (2-way repeated measure ANOVA; effect of treatment: F(1, 16) = 1.708, P =
0.2097; effect of time: F(3, 16) = 34.14, P < 0.0001; interaction: F(3, 16) = 0.734, P = 0.5468). (D) The al-adrenergic receptor
agonist Phenylephrine (PE; 50pM, 4h), significantly decreased TNF mRNA levels in astrocytes (Mann-Whitney, P=0.0079, n=5).
(E) Astrocyte cultures treated with the B-adrenergic receptor agonist Isoprenaline (ISO; 50uM, 4h) also had a similar decrease
in TNF mRNA levels (Mann-Whitney, P=0.0286, n=4). (F) Astrocyte cultures were treated with the adenylyl cyclase activator
Forskolin (FSK; 20uM, 4h) had significantly reduced TNF mRNA levels (Mann-Whitney, P=0.0286, n=4). (G) TNF protein was also
decreased following 4h FSK treatment. Micrographs of astrocyte cultures immunostained for TNF (green) and DAPI (blue)
from non-treated cultures and cultures treated with 20puM FSK. (H) Mean intensity was significantly decreased by FSK
treatment (Mann-Whitney, P= 0.0002, n=8).
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As all B-adrenergic receptors are Gs-coupled GPCRs that activate adenylyl cyclase to increase cCAMP
levels, we next verified that increasing cAMP levels would lead to a decrease in TNF mRNA
expression. To this end, astrocyte cultures were treated with 20 uM Forskolin (FSK), an adenylyl
cyclase activator, for 4 hours. FSK treatment markedly reduced TNF mRNA level in astrocytes (Fig

(Heir et al., 2024 (& ; Lewitus et al., 2016 (@), and we confirmed that the reduction in TNF mRNA
following FSK treatment was also reflected in a corresponding decrease in TNF protein levels.
Astrocyte cultures were treated with 20 uM FSK for 4 hours, and immunostained for TNF (Fig

significantly reduces TNF production in astrocytes.

Gq signaling pathway activation decreases TNF production in
astrocytes

Unlike B-adrenergic receptors, al-receptors are Gq coupled. We have previously shown that
glutamate acting through type 1 mGluRs, which are also Gq coupled receptors (Niswender and

which allow specific activation of a defined G protein coupled pathway (Armbruster et al., 2007 (3).
To achieve this, we infected enriched astrocyte cultures with AAV8-gfaABC1D-hM3Gqg-mCherry
virus, to drive Gg-coupled GPCR expression under a specific astrocyte promoter (Heffernan et al.,

agonist Clozapine-N-oxide (CNO; 10 pM, 6h) to stimulate Gq activation and TNF mRNA assessed by
gPCR (Fig 2C). Following CNO treatment, we observed a significant reduction in TNF mRNA level in
astrocytes compared to the untreated group. We then confirmed that the decrease in TNF mRNA
was accompanied by a decrease in TNF protein. CNO treatment also resulted in a substantial

that, similarly to Gs activation, activation of the Gq signaling pathway decreases TNF levels.

Gi signaling pathway activation increases TNF level in astrocytes

We next assessed the effect of the remaining major G-protein cascade, Gi, on TNF production. We
have previously demonstrated that dopamine acting through D2 receptors, which are Gi coupled

isolated astrocytes already express elevated TNF levels, likely due to lack of neuronal activity, we
pre-treated the astrocytes cultures with glutamate (40 uM; 24 hours prior) to mimic neuronal
activity and lower TNF levels (Heir et al., 2024 (®) and avoid any ceiling effects. The Gi-DREADD
was then activated with 10 uM CNO and TNF mRNA assessed 6h later (Fig 3C(%). Activating Gi-

DREADDs with CNO resulted in a significant increase in TNF levels above non-CNO treated
controls. To confirm that the change in mRNA is reflected in a change in protein, we assessed TNF

observed a significant increase in TNF protein with Gi-DREADD activation. Thus, the Gi signaling
pathway increases TNF production, unlike the Gs and Gq pathways, in rat astrocytes

Human astrocytes show the same TNF production pattern as rat
astrocytes

Several studies have demonstrated significant differences between human astrocytes and rodent
astrocytes in terms of function, gene expression, and morphology (Zhang et al., 20162 ). Human
astrocytes are more numerous, complex, and have unique subclasses compared to rodents
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Figure 2. Gg-receptor activation via DREADDs decreased TNF mRNA levels in astrocytes.

(A) Schematic representation of Gq-DREADD activation in astrocytes using clozapine-N-oxide (CNO) on Gg-DREADD
expressing astrocytes, leading to the modulation of TNF production. (B) Micrograph showing that the majority of astrocytes
were expressing mCherry (red; counterstained with DAPI in blue) six days after being infected with AAV8-gfaABC1D-hM3Gg-
mCherry virus. (C) Activation of Gg-DREADDS on astrocytes with 10uM CNO for 6h significantly reduced TNF mRNA
expression compared with non-treated (NT) DREADD expressing astrocytes (Mann-Whitney, P= 0.0043, n=6). (D) Micrographs
of TNF protein expression in Gg-DREADD-expressing astrocytes comparing non-treated (NT) and CNO-treated cultures. (E)
Quantification of TNF protein fluorescent intensity, showing that CNO treatment significantly reduced TNF protein in
astrocytes expressing Gq-DREADDs (Mann-Whitney, P=0.0085, n=16).
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Figure 3. Gi receptor activation using DREADDs increases TNF mRNA levels in astrocytes.

(A) Schematic representation of Gi-DREADD activation in astrocyte using CNO to activate Gi-DREADDs expressed on
astrocytes. (B) Micrograph of astrocyte cultures infected with AAV2/5-gfaABC1D-hM4D(Gi)-mCherry virus. Six days post-
infection, the majority of astrocytes expressed mCherry (red; counterstained with DAPI in blue). (C) Gi-DREADD receptor
activation by CNO significantly increased TNF mRNA expression, compared with non-treated DREADD expressing astrocytes
(Mann-Whitney, P=0.0079, n=5). Cultures were first treated with 100uM Glutamate for 24h, before being treated with 10uM
CNO for 6h. (D) Micrographs of TNF protein expression in Gi DREADD-expressing astrocytes comparing non-treated (NT) and
CNO-treated cultures. (E) Quantification of TNF protein fluorescent intensity, showing that CNO treatment significantly
increased TNF protein in astrocytes expressing Gi-DREADDs (Mann-Whitney, P<0.0001, n=10).
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(Oberheim et al., 2009 %), with distinct gene expression responses to stimuli (Hamby et al., 2012®)
and higher baseline TNF production (Han et al., 2013 ). Therefore, we tested if TNF production in
human astrocytes is regulated similarly to rodent astrocytes.

We differentiated 3 lines of human induced pluripotent stem cells (hiPSCs) into astrocytes using an
established protocol (Ponroy Bally et al., 2020 ). The resultant human astrocytes were positive for
mRNA of typical astrocytic markers, S100p and ALDH1L1 (-AACt S1008 = 2.2123 + 0.9104. T-test
p=0.8344, N=4 and -AACt ALDH1L1 = 1.4333 + 0.2976. T-test p=0.8825, N=4; data not shown), and
had protein expression of GFAP, S1008, and ALDH1L1, and no expression of iPSC and NPC markers
such as SOX2 (Fi (3). To test the G-protein response of these human astrocytes, we first treated

significantly reduced TNF production across all three lines, similar to the effect observed in rat
astrocytes. Next, we infected human astrocytes with Gg-DREADDs with the same virus used before.
After activating these receptors with 10 pM CNO for 6h, we observed a significant reduction in
TNF levels across all individuals (Fig 4C(2). Finally, to investigate the Gi pathway, we infected the
human astrocyte with the Gi-DREADD. As done for testing Gi activation in rat astrocytes, the
cultures were pre-treated with 100 uM glutamate for 24h to lower basal TNF levels, prior to CNO
application (10 uM; 6h) to activate the Gi-DREADDs. This activation led to a significant increase in
TNF levels (Fig 4D (2). Therefore, GPCR activation led to a similar pattern of TNF production in

human astrocytes as in rat astrocytes, although the effects were reduced in amplitude compared
with rodents.

Microglia demonstrate a TNF production pattern identical to that
of astrocytes

After defining the G-protein regulation of TNF production in astrocytes, we wanted to determine if
there was similar regulation in microglia. Microglia are another crucial type of glial cell in the
brain, can produce substantial amounts of TNF and play a significant role in neuroinflammation
and neurodegenerative diseases (Hanisch, 2002 (% ; Smith et al., 2012 ). To make microglia
cultures, we prepared cortical mixed glial cultures from neonatal rat pups and utilized a shaking
method to isolate the microglia (McCarthy and De Vellis, 1980 (%), resulted in enriched microglia
cultures. As microglia are resistant to viral infection, which often results in low infection
efficiency (Maes et al., 2019(%), we employed a pharmacological strategy here (Fig 5A(%). To assess
the effect of Gs pathway activation on TNF production in microglia, we began with NE treatment.
Microglia were exposed to 50uM NE for 4 hours, followed by gPCR to measure TNF mRNA levels.
As with astrocytes, microglia demonstrated a significant reduction in TNF levels following NE
treatment (Fig 5B @). Also similar to astrocytes, the B-adrenergic receptor agonist isoprenaline

Gs pathway. To verify this, we next treated the microglia with the cyclic AMP activator FSK. A 4-
hour treatment with 20uM FSK resulted in a significant decrease in TNF production from

Gq signaling pathway on TNF production in microglia, wetargeted group I mGluRs, which are Gg-
coupled receptors (Niswender and Conn, 2010%). We treated microglia with 15 uM DHPG, an
agonist for group I mGluRs, for 4h. DHPG treatment significantly reduced the levels of TNF from

GABAg receptor agonist baclofen (50 uM, 4h) and observed significantly increased TNF production
in microglia, similar to the effects observed in astrocytes (Fig 5F (2 ). These data support that G-

protein coupled receptor signaling pathways in microglia display a similar pattern to those in
astrocytes regarding the regulation of TNF production.

TNF regulation by GPCRs is independent of IL1 regulation

We next wanted to determine if the GPCR regulation of TNF represented a general activation of
glia, resulting in the co-regulation of other pro-inflammatory cytokines. Activated microglia
typically increase production of a suite of pro-inflammatory cytokines (Hanisch and Kettenmann,
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Figure 4. Human iPSC-derived astrocytes have similar responses to GPCRs as rat astrocytes.

(A) Micrographs showing immunocytochemistry demonstrating that the iPSC-derived astrocytes were positive for the
astrocytic markers GFAP, S100B and ALDH1L1 but negative for the NPC marker SOX2. Scale bar (50pum). (B) Group data
showing that expression of TNF mRNA in human astrocytes decreased following forskolin treatment to activate the Gs

pathway (FSK; 20uM, 4h), compared with non-treated sister cultures (Mann-Whitney, P=0.0286, n=4). (C) Group data showing
that activation of Gq-DREADDs by CNO (10uM, 6h) reduced the expression of TNF mRNA in human astrocytes compared with
non-treated sister cultures (Mann-Whitney, P=0.0286, n=5). (D) Group data showing that activation of Gi-DREADDs by CNO
(10pM, 6h) increased the expression of TNF mRNA in human astrocytes compared with non-treated sister cultures (Mann-

Whitney, P=0.0286, n=4).
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Figure 5. Microglia have an identical pattern of GPCR-regulation of TNF production as astrocytes.

(A) Schematic representation of the pathways for GPCR activation in microglia by various ligands to determine the impact on

TNF mRNA expression. (B) Treating enriched microglia cultures with 50puM NE for 4h significantly decreased TNF mRNA levels

(Mann-Whitney, P=0.0286, n=4). (C) Treating microglia cultures with the B adrenergic receptor agonist Isoprenaline (ISO;
50uM, 4h) also significantly reduced TNF mRNA levels (Mann-Whitney, P=0.0079, n=5). (D) Microglia cultures treated with
adenylyl cyclase activator Forskolin (FSK; 20pM, 4h) had a similar reduction in TNF mRNA levels (Mann-Whitney, P=0.0079,
n=5). (E) To test the Gg pathway, microglia cultures were treated with 15 uM DHPG, an agonist of group I mGluRs, for 4h.

DHPG treatment significantly decreased TNF mRNA levels in microglia (Mann-Whitney, P=0.0286, n=4). (F) To test the Gi
pathway, microglia cultures were treated with 50 pM Baclofen, a GABAg receptor agonist, for 4h. Baclofen treatment
significantly reduced TNF levels in microglia (Mann-Whitney, P=0.0286, n=4).
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is regulated by neuronal activity (Heir et al., 2025®).

To investigate whether the GPCR-mediated regulation of TNF production extends to other pro-
inflammatory cytokines, we examined the expression of interleukin-la (IL-1a) and interleukin-1
(IL-1P) using the same material and treatments used for TNF expression. Forskolin treatment (to

astrocytes via Gg- and Gi-DREADD activation did not lead to significant changes in either IL-1a or
IL-1B, and had no clear correlation with the changes observed in TNF expression (Su i
1B,E(%; Suppl. Fig 2C,F@). We had similar dissociation of the inflammatory response wi

microglia. Unlike in astrocytes, forskolin led to a significant decrease in IL-1a (Suppl. Fig 2A @),

by measuring Ibal mRNA expression. Activation of GPCRs on microglia with DHPG, baclofen, or
forskolin all led to increased Ibal levels; however, the increase observed with Gs pathway
activation via forskolin was not statistically significant (Suppl. Fig 2G-I%). These findings suggest

that TNF is regulated by distinct mechanisms in response to GPCR signaling in glial, and is not part
of a generalized pro-inflammatory response.

Gi-DREADDs increase astrocyte TNF production in vivo

These results have been from cultured glia, which can have differences from what is seen in vivo.
Therefore, to verify that GPCR-mediated regulation of glial TNF production occurs in vivo and not
just in vitro, we infected the visual cortex of adult mice with virally-expressed DREADDS. As on-
going neuronal activity suppresses astrocyte TNF production (Heir et al., 2024 @), we chose to use
Gi-DREADDs to elevate TNF production rather than Gq-DREADDs to reduce it. Using astrocyte-
trageted AAVs, we expressed Gi-DREADDs in one hemisphere of the visual cortex while expressing
a control AAV in the countralateral hemisphere. After 3-4 weeks recovery, animals were given the
DREADD agonist deschloroclozapine (DCZ; 3 ug/kg; 3h; (Nagai et al., 2020(%)) and we compared the
TNF mRNA levels between the two visual cortices. Activation of Gi-DREADDs in astrocytes resulted

activation will increase astrocyte TNF mRNA expression in vivo as it does in vitro.

Discussion

Our study reveals pathway-specific regulation of TNF production by G-protein-coupled receptor
(GPCR) signaling in glial cells, identifying a consistent pattern across astrocytes, microglia, and
human iPSC-derived astrocytes. Activation of Gs- and Gg-coupled GPCRs suppresses TNF
expression, while activation of Gi-coupled receptors increases it (Fig 7 2). This response is
conserved across species and glial subtypes, and was specific for TNF, highlighting a fundamental
mechanism by which neuromodulatory signals can shape glial regulatory output to control

synaptic modulation in a manner distinct from the GPCR effects commonly seen in neurons.

The responses observed in TNF levels upon GPCR activation indicate that Gs, Gq, and Gi pathways
all regulate TNF mRNA. The Gs pathway has been shown to elevate cAMP levels in astrocytes,
which in turn influence both their shape and function. Increased intracellular cAMP alters
astrocyte morphology (Vardjan et al., 2014 ) and glucose uptake and glycogenolysis, which in
turn contribute to gliotransmission and plasticity (Zhou et al., 2019 2; Zhou et al., 2021 @).
Interestingly, elevated cAMP also is also reported to reduce astrocytic proinflammatory profile by
inhibiting cytokine production (Christiansen et al., 2011 ; Zhou et al., 2019 2). These findings
align with our results, where Gs pathway activation significantly reduced TNF production in glial
cells. This suppression is consistent with the known ability of cAMP/PKA signaling to inhibit NF-kB
transcriptional activity (Ye, 2001 (@), providing a direct route by which Gs activation can dampen
TNF expression.
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Figure 6. Astrocytic Gi-DREADD activation increases TNF mRNA in vivo.

(A) Schematic of the injection and treatment protocol for in vivo expression of Gi-DREADDs in V1 of one hemisphere and a
control virus in the contralateral hemisphere. The micrograph shows the areas dissected for analysis. (B) Micrographs
showing the expression of mCherry bilaterally in V1, with a higher magnification showing expression in astrocytes. (C)
Following DCZ treatment (3 pg/kg, IP, 3 h), the Gi-DREADD expressing V1 had significantly more TNF mRNA expression than
the control V1 (Mann-Whitney, P=0.0286, n=4).
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Figure 7. Summary of GPCR activation on TNF expression in astrocytes and microglia.

Activation of Gs and Gq pathways in both astrocytes and microglia results in a decrease in TNF levels, while activation of Gi
pathways increases TNF levels. This response is the opposite of what occurs in neurons, where Gq and Gs activation typically
leads to neuronal activation, and Gi activation results in inhibition.
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Conversely, the Gi pathway inhibits cAMP production and would be expected to give the opposite
response as Gs activation. And indeed, selective activation of the Gi pathway led to a robust
increase in TNF expression. This is consistent with previous work associating Gi signaling with
increased proinflammatory cytokine release (Ye, 2001 @), and our prior work showing that

neuroinflammation mouse model inhibited neuroinflammation by reducing proinflammatory
cytokine levels (Kim et al., 2021 2). These divergent effects suggest that the functional role of Gi

signaling in glia may be context-dependent, varying by activation states, as we used unstimulated
glia for our studies. Additionally, Gi activation in astrocytes can suppress synaptic output in the
dorsolateral striatum (Adermark et al., 2022 @) and enhanced contextual memory (Nam et al.,

20193), but whether these effects are TNF-dependent is unknown. This divergence underscores

the complexity of glial GPCR signaling, which may integrate multiple extracellular cues and
internal states to determine cytokine output and functional consequences.

Gq activation has similar results as Gs activation, suppressing TNF production although via a
distinct mechanism. This is consistent with our previous finding that Gq-coupled group I mGluRs
on astrocytes suppress TNF expression (Heir et al., 2024 (%). This contrasts with leukocytes where
G( signaling can promote inflammatory gene expressmn (Ye, 2001 ). Gq activation and

Moreover, astrocytic Gg-DREADDs are shown to facilitate NMDA-dependent LTP in CA3-CA1
synapses and improve memory processes (Adamsky et al., 2018 2). These findings highlight how
Gq activation in astrocytes and subsequent Ca2* release affect neuronal activity. Long-term
activation of this pathway may allow astrocytes to decode neuronal activity to down-regulate TNF,
thereby maintaining homeostasis during normal levels of synaptic activity.

To test if GPCR-mediated effects represent general activation of glia, we tested if the regulation of
TNF extended to other cytokines by measuring IL-1a and IL-1p expression. Our data indicates that
TNF and the IL-1s are regulated differently in astrocytes in response to GPCR activation. For IL-1p,
this is consistent with previous reports suggesting that IL-1 and TNF are independently
controlled by specific pathways (Dinarello, 2009 2 ; Hehlgans and Pfeffer, 2005 ). While TNF
production is often regulated through NF-kB-dependent pathways (Heir et al., 2024 @), IL-1
production requires caspase-1 activation, highlighting their differential regulation (Brough and

Rothwell, 2007 2). However, IL-1a differs from both TNF and IL-1 in its regulation. It does not
require caspase-1 processing and can be released in precursor form, often linked to cell stress or
membrane damage (Rider et al., 2011 % ; Werman et al., 2004 ). The lack of GPCR-mediated effects
on IL-1a in our study indicates that it is regulated by pathways distinct from those controlling the
other cytokines, consistent with its function as a localized alarmin released in response to cell
injury, rather than as a broadly acting neuromodulator. Together, these results indicate that GPCR-
mediated modulation of glial cytokines is selective, with certain pathways targeting TNF while

leaving other inflammatory mediators unaffected or inversely regulated.

Astrocytes, the most abundant glial cells in the CNS, show significant differences between humans
and rodents in function, gene expression, and morphology (Zhang et al., 2016 7). Human
astrocytes are more complex and abundant, with unique subclasses absent in rodents (Oberheim
etal., 2009

2012 (% ; Zamanian et al., 2012(%). Desplte differences in gene expression profiles between human
and rodent astrocytes, we observed a similar GPCR response pattern, at least in terms of TNF
production. This conservation suggests that the underlying GPCR-TNF signaling modules are
deeply embedded in glial biology, even if other transcriptional outputs vary across species.

To further dissect the mechanism underlying the GPCR-induced reduction in TNF mRNA, we
examined whether this effect reflected decreased transcription or enhanced mRNA degradation.
Using actinomycin D to block transcription, we confirmed that TNF mRNA in astrocytes is
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intrinsically short-lived, with the majority degraded within 30 minutes, consistent with earlier
reports (Kratochvill et al., 20112 ; Mijatovic et al., 2000 (2). NE treatment produced did not
significantly accelerate decay, suggesting that the suppression of TNF mRNA by NE is driven
primarily by reduced transcription, although an effect on transcript stability cannot be excluded.

The present study provides important information on the GPCR signaling pathways regulating TNF
production from glia. These findings are not restricted to cultured or immature glia, as in vivo
activation of DREADDs in adult astrocytes gives similar results. This has significant implications
for understanding neuromodulation within the neuron-glia network. Astrocytic TNF is known to
mediate homeostatic synaptic plasticity (Heir et al., 2024 (% ; Stellwagen and Malenka, 2006 (% ), with
type I mGluRs contributing to the downregulation of TNF in the presence of adequate neuronal

al., 2015; Lewitus et al., 2016 ?) can influence neuronal excitability and plasticity through the
upregulation or downregulation of glial TNF. This may be an important mechanism for the long-
term modulation of neuronal circuits by neuromodulators, and allow neuromodulators to gate the
induction of homeostatic plasticity, including how homeostatic plasticity is influenced by sleep-
wake states and neuromodulatory tone (Bottorff et al., 2024 2).

In addition to offering insights into the fundamental roles of GPCRs in neural circuits and their
maintenance, a deeper understanding of these pathways may also reveal how these mechanisms
are disrupted in pathological conditions. Given that TNF production is a hallmark of many
diseases and injury states, understanding the biological processes that may be altered in these
situations is crucial. From a translational perspective, selective targeting of these GPCR pathways
could offer a means to fine-tune glial TNF in diseases where its dysregulation contributes to
pathology, such as neurodegeneration, psychiatric disorders, or chronic pain.

Overall, this study defines a core principle of glial biology: that neuromodulatory inputs, via
distinct GPCR pathways, selectively tune TNF expression in astrocytes and microglia, which in turn
impacts circuit function. These findings bridge neuroimmune signaling with classic GPCR
pharmacology and provide a framework for understanding how glial cells interpret the
neuromodulatory landscape to influence brain function and plasticity.

Materials and methods

Animals

Sprague Dawley rat pups were acquired from Charles River Laboratories. C57BL/6] mice
(JAX000664) were acquired from Jackson laboratories and bred in house. All animal procedures
were done according to guidelines of the Canadian Council for Animal Care and overseen by the
Montreal General Hospital Facility Animal Care Committee.

Glial cultures

Glial cultures were made using PO/P1 Sprague Dawley rat pups. The cortex was dissected in cold
HBSS media, then treated with 0.05% Trypsin-EDTA (Gibco) for 20 minutes. The tissue was
triturated using P1000 pipette tips to make a cell suspension and then plated in T75 cell culture
flasks (Sarstedt) with DMEM media (Gibco), supplemented with 10% FBS. To separate astrocytes
and microglia, confluent mixed glial cultures were put on an orbital shaker at 37C for 4 hours. The
supernatant containing microglia was then passed through 100um cell strainer and transferred to
PDL-coated plates. The cells that remain attached after collecting microglia were astrocytes.

Generation and maintenance of iPSC lines

Fibroblasts used in this study for reprogramming were from healthy individuals and obtained
from the Coriell Institute. The specific lines were as follows:

Line 1: GM19688, 57-year-old Caucasian man
Line 2: ND29194, 51-year-old Caucasian woman

Line 3: GM00321, 40-year-old Caucasian woman
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Fibroblasts were reprogrammed using the human episomal iPSC reprogramming kit (ALSTEM,
RF202_1) containing the four Yamanaka factors (Takahashi and Yamanaka, 2006 (%) and a
puromycin selection cassette. The episomal vector was electroporated using the Neon Transfection
System (Invitrogen). Cells were then plated on tissue culture plates coated with Matrigel (Corning)
in DMEM plus 10% FBS overnight. Subsequently, the media containing 2 pg/mL puromycin (Sigma-
Aldrich) was introduced. 48 hours post-transfection, the medium was changed to TesR-E7 media
(Stem Cells Technologies). Upon the formation of iPSC colonies, manual detachment was done
using a blunted needle, and the floating colonies were plated on Matrigel-coated plates in mTesR1
media (Stem Cell Technologies) supplemented with 10 uM ROCK inhibitor y-27632 (Sigma-Aldrich).
The quality of hiPSCs was assessed with four pluripotency markers (Bell et al., 20192 ): OCT4, TRA-
1-60, SOX2, and stage-specific embryonic antigen-4 (SSEA4). We primarily observed large, round
colonies, indicating a lack of differentiation, though some less rounded colonies were also present
ig 32). We also verified the ability of our hiPSC lines to form 3D embryoid bodies (EBs), a

Conversion of hiPSCs into neural progenitor cells (NPC)

We differentiated iPSCs into NPCs using dual SMAD inhibition. On day 0 the cells were fed with
neural induction medium 1 (NIM1) containing: DMEM/F12, N2 (Gibco), B27 (Gibco), BSA (1 mg/mL),
SB431542 (10 uM) and noggin (200 ng/mL). On day 8, NIM1 was exchanged for NIM2 containing:
DMEM/F12, N2, B27. NIM2 medium was refreshed every day for 5 days. On day 13, Cells were
cultured in suspension for 2 to 3 days until they formed visible 3D cell aggregates. These
aggregates were then selectively plated onto Matrigel-coated cell culture treated plates in NPC
medium. These cells were positive for the NPC markers SOX1, SOX2, PAX6, and Nestin (Suppl. Fig

Differentiation of NPCs into astrocytes

Folllowing a published protocol (Ponroy Bally et al., 20202 ), we then differentiated NPCs into
astrocytes using small molecules (FGF2, EGF, and CNTF). Once NPCs reached 40-50% confluency,
the astrocyte medium 1 (AM1) was added to the cells. This medium contains: DMEM/F-12, FBS
(10%), epidermal growth factor (EGF) (20 ng/mL; Genscript) and fibroblast growth factor-2 (FGF2)
(20 ng/mL; Cell Signaling). Media was changed three times a week for two weeks. At week 3, the
astrocyte medium 2 (AM2) was added to the plates. It contains DMEM/F12, FBS (10%), EGF (20
ng/mL) and FGF2 (20 ng/mL) and ciliary neurotrophic factor (CNTF) (5 ng/mL, Genscript) for an
additional 6 weeks. At the beginning of week 9, AM2 was replaced with final differentiation
medium (FD) containing: DMEM/F12, FBS (10%) and CNTF (5 ng/mL). FD was switched 3 times a
week and cells were passaged as needed for a minimum of 2 weeks.

Drug treatments

L-glutamic acid (100 uM; Tocris) was solubilized in water and added to astrocyte cultures for 24h.
Norepinephrine (50 uM; Tocris), Isoprenaline hydrochloride (50 uM; Sigma), and Phenylephrine
hydrochloride (50 uM; Tocris) were dissolved in water and added to the astrocyte cultures for 4h.
Forskolin (20 uM; Sigma) was solubilized in ethanol was added to astrocytes for 4h, with
appropriate vehicle controls. Clozapine N-oxide (CNO) at a final concentration of 10 yM was
applied to cultures for 6h following DREADDs expression. (RS)-3,5-DHPG (20 uM; Tocris) and
baclofen (50 uM, Tocris) were solubilized in water and added to microglia culture for 4h.

Viral infection with DREADDs

AAV2/5-gfaABC1D-hM4D(Gi)-mCherry and AAV8-gfaABC1D-hM3(Gq)-mCherry viruses
(Neurophotonics, Universite Laval) were directly applied to the astrocyte cultures. A total of 2.75 x
1011 GC was used for each 10 cm culture dish. The culture medium was changed 24h after the virus
treatment. mCherry expression was confirmed by immunofluorescent staining 6 days post
infection.
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gPCR

Cells were collected from the plates using 0.05% Trypsin-EDTA (Gibco) and mRNA was extracted
from the cells by the RNeasy Mini extraction kit (Qiagen). Subsequently, mRNA was transcribed
into cDNA using 1 pg input utilizing the Quantitect reverse transcription kit (Qiagen). gPCR was
done using the Fast SYBR green master mix (Applied Biosystems) and the StepOne Plus instrument
(Applied Biosystems). Primer sequences and annealing temperatures were:

rat TNF: 60.5°C annealing, 600 nM
fwd- CTT CTG TCT ACT GAA CTT CGG G
rev- CTA CGG GCT TGT CAC TCG

rat IL-1B: 54.8 °C annealing, 342 nM
fwd- TGC AGG CTT CGA GAT GAA C
rev- GGG ATT TTG TCG TTG CTT GTC
rat IL-1a: 56.2 °C annealing

fwd- CGC TTG AGT CGG CAA AGA AAT
rev- AGA CAG ATG GTC AAT GGC AGA
rat IBA1: 59 °C annealing

fwd- GCC TCA TCG TCA TCT CCC Ca
rev- AGG AAG TGC TTG ATC CCA

rat GAPDH: 61.5 °C annealing, 350 nM
fwd- TTG TGG ATC TGA CAT GCC G
rev- TGG GAG TTG CTG TTG AAG TC
Human TNF: 54.9 °C annealing

fwd- ACT TTG GAG TGA TCG GCC

rev- CTC AGC TTG AGG GTT TGC TA
Human GAPDH: 54.9 °C annealing
fwd- ACA TCG CTC AGA CAC CAT G
rev- TGT AGT TGA GGT CAA TGA AGG G

All samples were run as triplicates and normalized with GAPDH as a housekeeping gene. All
quantification was done using the AAC; method.

Immunofluorescent staining

For TNF immunostaining, protein export was blocked for 4h with Protein Transport Inhibitor
Cocktail (eBioscience), to prevent the cleavage and release of TNF protein. Cells were fixed with
4% paraformaldehyde for 20 min, followed by three times washing with PBS-0.05% tween. Cells
were then incubated with blocking buffer (2% NGS, 2% BSA, 0.1% triton in PBS) for 1h, then
primary antibody overnight at 4 degrees, followed by appropriate secondary antibody for 1h at
room temperature and DAPI labeling (to label cell nuclei).

Primary antibodies used in this study are listed as follows:

Anti-TNF antibody (1:100, Abcam, AB215188), anti-GFAP antibody (1:500, Synaptic Systems, 173
004), anti-S100B antibody (1:500, Sigma, AMAB91038), anti-ALDH1L1 antibody (1:200, Neuromab,
75-164).

All the characterizations for hiPSCs after reprogramming were performed using PSC 4-marker ICC

kit (Oct4, Sox2, SSEA4, TRA-1-60; 1:50, ThermoFisher, A24881). All the characterizations for NPCs
were done using NPC 4-marker ICC kit (Sox1, Sox2, Nestin, PAX6; 1:50, ThermoFisher, A24354).
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Image Acquisition and Analysis

All images were acquired at 20X on an Olympus FV1000 confocal microscope using identical
settings for all images. Images were then transferred to Image] for subsequent analysis. For
analysis of the TNF labeling, the mean fluorescence intensity (MFI) was quantified for individual
images, and then normalized for cell density using DAPI labeling.

In vivo viral injections

Adult wildtype mice underwent bilateral stereotaxic injections at two sites per hemisphere to
achieve viral expression across both superficial and deeper cortical layers of V1. The first injection
targeted deeper cortical layers (approximately layers IV-V) at AP -3.5 mm, ML £2.5 mm, DV -0.5 to
-0.7 mm relative to bregma. The second injection targeted a more superficial and slightly rostral
region near the V1 boundary at AP -3.3 mm, ML +2.2 mm, DV -0.3 to -0.5 mm. A control virus
(AAV2/5-GFAP-mCherry) was injected into the left hemisphere, whereas AAV2/5-gfaABC1D-hM4Di-
mCherry (Neurophotonics, Universite Laval) was injected into the right hemisphere. For each
injection, 100nL was infused at 10 nL/min, and the injection needle was left in place for 5-10 min
after each injection to reduce backflow along the needle tract. Mice were allowed to recover for 3-
4 weeks to permit viral expression. They then received deschloroclozapine (DCZ; 3 pg/kg, i.p.) 3h
prior to V1 dissection, snap freezing, and qPCR processing. TNF mRNA of the DREADD-injected V1
was normalized to that of the contralateral V1 infected with the control virus.

Statistics

All the results are reported as the mean + SEM. TNF fluorescent quantification and gPCR data were
non-parametric and analyzed by Mann-Whitney tests. Statistical analyses of qPCR data are
conducted on -AAC; values, as AAC; values provides a linear output of the assay but fold change is
considered more straightforward to comprehend and was also used for the graphs.
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Supplementary Figure 1. Other pro-inflammatory cytokines were not co-regulated with TNF by GPCRs in
astrocytes. (A) IL-1a mRNA expression was increased by forskolin treatment (FSK; 20uM, 4h) in cultured astrocyte
cultures (Mann-Whitney, P=0.0286, n=4). (B) Activation of Gq-DREADD receptors on astrocytes with CNO
treatment (10 pM, 6h) did not significantly change IL-1a mRNA (Mann-Whitney, P>0.9999, n=4). (C) Activation of
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Gi-DREADD receptors on astrocytes with CNO did not lead to significant changes in IL-1a mRNA (Mann-Whitney,
P=0.7000, n=3). (D) FSK treatment (20 uM; 4h) increased IL13 mRNA levels in astrocytes (Mann-Whitney, P=0.0227,
n=7), as it did with IL-1a. (E) Activation of Gg-DREADD receptors in astrocytes with CNO did not lead to significant
changes in IL-1B (Mann-Whitney, P=0.1801, n=7). (F) Activation of Gi-DREADD receptors in astrocytes with CNO
did not lead to significant changes in IL-1B (Mann-Whitney, P=0.1462, n=7).
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Supplementary Figure 2. Assessment of other cytokines and activation markers in microglia.

(A) Microglia cultures were treated with 20puM Forskolin (FSK) for 4h, followed by gPCR to measure IL1a mRNA level. Forskolin
led to a significant decrease in IL-1a (Mann-Whitney, P=0.0286, n=4) (B) Microglia cultures were treated with 15uM DHPG for
4h, followed by gPCR to measure IL1a mRNA level. No specific pattern of response was observed following Gq activation with
DHPG (Mann-Whitney, P>0.9999 n=4). (C) Microglia cultures were treated with 50uM Baclofen for 4h, followed by gqPCR to
measure IL1a mRNA level. No specific pattern was observed following Gi activation with Baclofen (Mann-Whitney, P>0.9999,
n=4). (D) Microglia cultures were treated with 20uM Forskolin (FSK) for 4h, followed by qPCR to measure IL1b mRNA level.
There was a non-significant trend for an increase in IL-1B (Mann-Whitney, P=0.3143, n=4). (E) Microglia cultures were treated
with 15uM DHPG for 4h, followed by qPCR to measure IL13 mRNA level. No specific pattern was observed following Gq
activation with DHPG (Mann-Whitney, P>0.9999, n=4). (F) Microglia cultures were treated with 50uM Baclofen for 4h, followed
by qPCR to measure IL1B mRNA level. No specific pattern was observed following Gi activation with Baclofen (Mann-Whitney,
P=0.3143, n=4). (G) Microglia cultures were treated with 20uM Forskolin (FSK) for 4h, followed by qPCR to measure Ibal mRNA
level as a microglia activation marker. Forskolin led to a non-significant increase in Iba1l mRNA level (Mann-Whitney,
P=0.3143, n=4). (H) Microglia cultures were treated with 15uM DHPG for 4h, followed by qPCR to measure Ibal mRNA level.
DHPG led to a significant increase in Ibal mRNA level (Mann-Whitney, P=0.0286, n=4). (I) Microglia cultures were treated with
50uM Baclofen for 4h, followed by gPCR to measure Ibal mRNA level. Baclofen also led to a significant increase in Ibal mRNA
level (Mann-Whitney, P=0.0286, n=4).
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Supplementary Figure 3.

(A) iPSC quality control for colonies reprogrammed from fibroblasts. All three iPSC lines exhibited typical round morphology
and expressed pluripotency markers including Sox2 and SSEA4. (B) IPSCs also expressed pluripotency markers Oct4 and TRA-
1-60. (C) NPC quality control for neural progenitor cells differentiated from iPSC colonies. All three lines expressed the NPC
markers PAX6 and SOX1. (D) The NPCs also expressed Nestin and SOX2.
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In this manuscript, the authors explore whether GPCR signaling in astrocytes affects the
production of TNF by astrocytes and, to a lesser extent, microglia. Unfortunately, the method
used by the authors to acquire astrocyte-enriched cultures is known to result in meaningful
rates of contamination by myeloid cells (microglia and others), oligodendrocyte-lineage cells,
and neurons. Alternative methods of generating highly enriched astrocyte cultures, as well as
purifying astrocytes with little to no neuronal or myeloid contamination across age and brain
regions, have shown no evidence of TNF expression by astrocytes (Zhang et al., ] Neurosci,
2014; Zhang et al., Neuron, 2016; Clarke et al., PNAS, 2018). In fact, the paper cited by the
authors as demonstrating differences between human and rodent astrocytes found no
evidence of TNF expression in immature or mature human astrocytes (Zhang et al., Neuron,
2016). The idea that the majority of the observed TNF transcriptomic signal, at least in
culture, comes from myeloid or neuronal contamination also aligns with the authors'
observation that myeloid-enriched cultures act identically to astrocyte-enriched cultures.

The authors also use a GFAP virus to drive GPCR signaling in astrocytes and neuronal
progenitor cells in their cultures, but, given that these cultures are known to have meaningful
contamination by other cell types, such signaling could be due to astrocyte —
microglia/neuron signaling or other multicellular pathways that cannot be excluded. Similar
concerns mean that we cannot assume the effect of DREADD activation of astrocytes in vivo
(Figure 6) reflects a bulk change in TNF expression driven by astrocyte-specific changes
rather than by multicellular signaling.

The most compelling evidence for their claim of astrocyte TNF expression comes from the
human-induced astrocytes. However, their antibody staining is not sufficient to claim these
cells are truly astrocyte-like. Antibody staining is highly prone to non-specificity, as
highlighted by the fact that their ALDH1L1 antibody staining appears perfectly nuclear
despite ALDH1L1 being a cytoplasmic protein.

To address both the purity concerns of the astrocyte-enriched cultures and the concerns
about the astrocyte identity of the induced astrocytes, the authors should perform RNA
sequencing. By profiling gene expression in these cultures at the genome-wide level, readers
can truly assess the degree of contamination and thus the likelihood of the proposed
mechanism (i.e., astrocyte-specific TNF production). Importantly, previous studies have
suggested that very little neuronal and myeloid contamination is required to dramatically
change cellular responses (Foo et al., Neuron, 2011; Liddelow et al., Nature, 2017).

https://doi.org/10.7554/eLife.112066.1.sa1

Reviewer #2 (Public review):

Summary:

Abbasi et al. examine how signaling through the major G-protein pathways (Gs, Gq, and Gi)
influences tumor necrosis factor expression in astrocytes and microglia. Using a combination
of pharmacological receptor activation, chemogenetic manipulation, primary rodent glial
cultures, human induced pluripotent stem cell-derived astrocytes, and an in vivo astrocyte-
targeted Gi manipulation, the authors report a broadly consistent pattern in which Gs- and
Gg-associated signaling reduces tumor necrosis factor expression, whereas Gi signaling
increases it. The study's cross-species and cross-preparation design, spanning astrocytes and
microglia as well as in vitro and in vivo systems, provides a potentially valuable framework
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for understanding how neuromodulatory pathways may regulate glial inflammatory
signaling.

Strengths:

A major strength of the study is the breadth of experimental systems used, which includes
primary rat glia, human induced pluripotent stem cell-derived astrocytes, and an in vivo
manipulation, allowing for comparison across species and levels of biological complexity. The
use of chemogenetic receptors in astrocytes provides relatively direct control over Gq and Gi
signaling, and these experiments yield consistent effects on both tumor necrosis factor
messenger RNA and protein, strengthening the internal validity of the astrocyte findings. The
observation that similar directional effects are seen in human-derived astrocytes and in
microglial cultures further supports the idea that aspects of this regulatory relationship may
be conserved across glial cell types. More broadly, the study addresses an important and
timely question about how neuromodulatory signaling pathways interface with glial
inflammatory outputs, and it generates a coherent set of observations that could serve as a
foundation for more mechanistic work.

Weaknesses:

The central claim that Gs, Gq, and Gi signaling broadly and directly constitute a general
regulatory code for tumor necrosis factor expression is more expansive than the current
evidence fully supports. In particular, the evidence for Gs-dependent effects is indirect,
relying on beta-adrenergic receptor activation and forskolin-mediated adenylyl cyclase
stimulation rather than direct manipulation of Gs itself, leaving uncertainty about pathway
specificity. More generally, the use of different endogenous receptors to represent each G-
protein class in microglia complicates interpretation, since individual receptors may engage
additional signaling pathways beyond their canonical G-protein coupling, limiting the extent
to which the results can be attributed to G-protein class alone.

The in vivo experiment also does not definitively establish the cellular source of the observed
increase in tumor necrosis factor, as measurements are taken from bulk cortical tissue
following astrocyte-targeted Gi activation. This leaves open the possibility that the observed
changes arise indirectly from other cell types, particularly microglia, which are shown
elsewhere in the study to be strongly responsive to Gi-related manipulations. In addition, the
specificity of chemogenetic expression in vivo is not quantitatively demonstrated, further
limiting cell-type attribution.

There are also important issues related to experimental design and statistical interpretation.
Across several experiments, it is unclear whether reported sample sizes reflect independent
biological replicates, technical replicates, or imaging fields, which is especially consequential
for the human induced pluripotent stem cell-derived astrocyte experiments where donor-
level independence is not clearly established. The in vivo design also appears to treat
hemispheres as independent observations despite their paired nature, which may inflate
statistical independence given the small sample size.

Finally, several conclusions would benefit from more cautious framing. The data support
differential regulation of tumor necrosis factor relative to interleukin-1 rather than strict
cytokine specificity, and measurements based solely on messenger RNA should not be
interpreted as direct evidence of cytokine production. The comparison between glial
signaling effects and neuronal excitation or inhibition also juxtaposes fundamentally
different biological readouts and should not be interpreted as a direct functional opposition.
Overall, while the study provides interesting and potentially important observations, the
broader pathway-level and cell-type-specific conclusions are not yet fully established by the
current experimental evidence.

https://doi.org/10.7554/eLife.112066.1.sa0
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