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SUMMARY

The pathogenic bacterium Streptococcus pneumoniae (S. pneumoniae) can invade the cerebrospinal fluid
(CSF) and cause meningitis with devastating consequences. Whether and how sensory cells in the central
nervous system (CNS) become activated during bacterial infection, as recently reported for the peripheral
nervous system, is not known. We find that CSF infection by S. pneumoniae in larval zebrafish leads to
changes in posture and behavior that are reminiscent of pneumococcal meningitis, including dorsal arching
and epileptic-like seizures. We show that during infection, invasion of the CSF by S. pneumoniae massively
activates in vivo sensory neurons contacting the CSF, referred to as “CSF-cNs” and previously shown to
detect spinal curvature and to control posture, locomotion, and spine morphogenesis. We find that CSF-
cNs express orphan bitter taste receptors and respond in vitro to bacterial supernatant and metabolites
via massive calcium transients, similar to the ones observed in vivo during infection. Upon infection, CSF-
cNs also upregulate the expression of numerous cytokines and complement components involved in innate
immunity. Accordingly, we demonstrate, using cell-specific ablation and blockade of neurotransmission, that
CSF-cN neurosecretion enhances survival of the host during S. pneumoniae infection. Finally, we show that
CSF-cNs respond to various pathogenic bacteria causing meningitis in humans, as well as to the supernatant
of cells infected by a neurotropic virus. Altogether, our work uncovers that central sensory neurons in the
spinal cord, previously involved in postural control and morphogenesis, contribute as well to host survival
by responding to the invasion of the CSF by pathogenic bacteria during meningitis.

INTRODUCTION

During a bacterial infection of the skin, bacteria invading the
subcutaneous tissues can directly activate nociceptor sensory
neurons through N-formyl peptides and pore-forming toxins,
contributing to inflammation and innate immunity by releasing
regulatory neuropeptides.’ A similar phenomenon occurs in
the respiratory epithelium where ciliated epithelial cells detect
bacterial metabolites and induce an inflammatory response.”

940 Current Biology 33, 940-956, March 13, 2023 © 2023 The Authors. Published by Elsevier Inc.

During bacterial infection of the central nervous system (CNS),
bacteria invade the cerebrospinal fluid (CSF) that circulates
from the brain ventricles down to the central canal of the spinal
cord. We hypothesized that bacteria in the CNS could similarly
induce activation of sensory neurons in contact with the CSF.
Along the walls of the central canal in the spinal cord, sensory
cells—referred to as CSF-contacting neurons (CSF-cNs)—are
numerous across vertebrate species.®* Our group and others
have shown over the last decade that these cells are

Gheck for
Updaies

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:vandenbrouckegrauls@amsterdamumc.nl
mailto:claire.wyart@icm-institute.org
https://doi.org/10.1016/j.cub.2023.01.039
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2023.01.039&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Current Biology ¢? CellP’ress

OPEN ACCESS

C e E -—cont. F —cont. G - cont.
— inf. — inf. — inf.
ok ke ok ke * *k
500 — — 10! — — 102 — —
400 ot H £
S % 5 3
g 300 .. .} . ;é. . E 10"
s :, . . 5 100 k7]
» 200} g P -t .
v -_v ‘f? g g ‘!:-
100p & v 3 < < i
e 101 b e
9hpi 24 hpi 32 hpi 9hpi 24 hpi 32 hpi 9hpi 24 hpi 32 hpi
embryonic stage embryonic stage embryonic stage
H control M infected R
B control 0
| 0 05 0 5 20

Dorsal Curvature

N

J (o)
I °
15 "%

“%"area delineation

@
=
K P ,3 10 f

—~ 15 fluorescence integration - 15 fluorescence integration E
=} 2 i S

10 < o
< 1 s 05
o 5 © 5 7]
=3 =] -
2 L. g

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 ok PEL W N
distance (pm) distance (um)
L Q
x 10? x 10? 1.00 1.25 1.50 1.75 200

1.0 curvature integration 10 curvature integration
205 2 05 Total Fluorescence (A.U.)
R — S 0.0—v‘w—
(115 1}
8 0.5 3 05

-1.0™760 200 300 400 500 600700 'O 100 200 300 400 500 600

distance (um) distance (um)

Figure 1. Infection induces behavioral changes and spinal curvature reminiscent of clinical symptoms of pneumococcal meningitis

(A) Fluorescence image of a larva infected with mCherry-labeled S. pneumoniae at 2 dpf and imaged at 24 hpi showing colonization of the brain ventricle (v) and
central canal (cc). Box indicates field of view for (B). Scale bars, 500 pm.

(B) Higher magnification image of the central canal colonized with mCherry-labeled S. pneumoniae. Scale bars, 50 um.

(C) Representative motion overlay of a detected swim bout from a larva injected with vehicle. Most bouts are short forward swims.

(D) Representative motion overlay of a detected swim bout from a larva infected with S. pneumoniae. These swim bouts tend to be much longer in duration and
distance.

(E) Quantification of the overall number of bouts in PBS-injected (gray) and S. pneumoniae-infected (magenta) fish at three different time points post infection. At
later infection time points, infected fish swim substantially less often (**p < 0.01).

(legend continued on next page)
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interoceptive ciliated mechanosensory neurons that detect spi-
nal curvature®® and in turn release GABA to optimize the kine-
matics of locomotion® and active posture'®'" in the short time-
scale as well as morphogenesis throughout life."*"® In
particular, the release of peptides from the urotensin family by
ventral CSF-cNs elicits dorsalward arching via contraction of
the dorsal musculature.'®'*'9 CSF-cNs express the transient
receptor channel PKD2L12%?" that enables them to detect
changes in pH and osmolarity.”°~? We hypothesize that these
CSF-cNs could be recruited due to changes in CSF content dur-
ing CNS infection, in order to modulate the inflammatory and im-
mune response, and possibly contribute to changes in neck stiff-
ness and posture seen in meningitis patients.”® To investigate
this hypothesis, we took advantage of a model of pneumococcal
meningitis developed in larval zebrafish.?* We used Strepto-
coccus pneumoniae (S. pneumoniae) as it is the most common
cause of community-acquired bacterial meningitis world-
wide?®?® and is associated with high mortality and morbidity
rates despite the introduction of conjugate vaccines.?® We there-
fore injected S. pneumoniae in the hindbrain ventricles (HBVs) of
transgenic larval zebrafish expressing the fluorescent genetically
encoded calcium sensor GCaMP under the pkd2/1 promoter.
Supporting our hypothesis, we observed that CNS infection by
S. pneumoniae in zebrafish larvae led to phenotypes reminiscent
of pneumococcal meningitis in humans, including dorsal arching
and epileptic-like seizures. In this model, we established a live
calcium imaging approach to monitor the activation of CSF-
cNs upon injection of S. pneumoniae in the brain ventricles.
We discovered that CSF-cNs are activated when pathogenic
bacteria invade the CSF, as shown by large and long-lasting cal-
cium transients. We show that similarly large calcium transients
in CSF-cNs can be elicited in vitro by exposure to microbial me-
tabolites acting as bitter compounds. Accordingly, we find that
CSF-cNs specifically express orphan bitter taste receptors along
with neuropeptides with antimicrobial or immunomodulatory
functions. Upon infection, CSF-cNs upregulate the expression
of numerous cytokines and complement components. Finally,
blocking the neurosecretion of CSF-cNs or ablating these cells

Current Biology

reduces host survival upon infection. The massive activation of
CSF-cNs in response to S. pneumoniae occurs for other bacte-
rial and viral pathogens as well, suggesting their function as
tasters of the CSF in the context of infection is widespread.
Our study demonstrates that central sensory neurons respond
to products of pathogenic bacteria, are recruited during pneu-
mococcal infection of the CNS, and furthermore confer a survival
benefit. We conclude that CSF-cNs are not only mechanosen-
sory cells detecting spinal curvature to modulate locomotion,
posture, and morphogenesis, but they also act akin to taste re-
ceptor cells and contribute to innate immunity during CNS
infection.

RESULTS

Zebrafish larvae infected with S. pneumoniae exhibit
phenotypes reminiscent of clinical symptoms of
pneumococcal meningitis

Clinical features of pneumococcal meningitis include headache,
fever, neck stiffness, and altered mental status.?® Seizures occur
in one out of five patients.’ If left untreated by antibiotics, an
extreme form of neck stiffness called opisthotonos, an abnormal
posture where the back becomes extremely arched,® is exhibited.
To validate our zebrafish model, we monitored the behavior and
posture of larval zebrafish after injection of the mCherry-labeled
S. pneumoniae D39 HIpA-mCherry strain in the HBV (Figure 1;
STAR Methods). We observed that mCherry-positive pneumo-
cocci proliferate and migrate to colonize the brain ventricles
and central canal over 24 h post injection (hpi) (Figures 1A and
1B). Freely swimming, vehicle-injected control larvae at 5 and 6
days post fertilization (dpf) typically explored their environment
via slow locomotor bouts (Figures 1C-1G) typically occurring
once a second.®' By contrast, infected larvae swam less often
(Figure 1E) as a possible reflection of sickness behavior and
neuroinflammation.®? When infected larval zebrafish swam, how-
ever, they exhibited locomotor bouts that lasted longer (Figure 1F)
and covered a much larger distance traveled (Figures 1D and 1G),
consistent with epileptic-like seizures occurring in ~25% of

(F) Quantification of bout duration in control versus infected fish. As infection progresses, swim bouts become substantially and progressively longer in infected

fish while generally remaining stable in controls.

(G) Quantification of bout distance in control versus infected fish. Similarly to (E), infected fish swim substantially farther in a given bout than control fish (*p < 0.05).

(H) Bright-field image of a PBS-injected larva at 3 dpf.

(I) Spinal cord area (here in the control larva of H) was defined by manual tracing (red lines), from which a smoothing spline curve was fit (blue line).
(J) The resulting boundaries were used to isolate a masked portion of the red channel. Since this larva was not injected with fluorophores, this represents

autofluorescence.

(K) The resulting image patch was summed along the x axis to derive a fluorescence plot.
(L) Curvature was locally determined along the x axis and plotted. Positive values indicate downward curvature, and negative values indicate upward curvature.
(M) Bright-field image of a larva injected with S. pneumoniae at 2 dpf and imaged at 32 hpi. Note the strong upward tail curvature.

(N) Similar spinal cord delineation as in (M) but applied to the larva in (K).

(O) Red channel fluorescence from the masked spinal cord of the infected larvae. Since this embryo was injected with mCherry-labeled S. pneumoniae, this plot

provides a visual assessment of infection progression.

(P) Similar fluorescence plot as in (K). Note that fluorescence is overall higher than in (K).
(Q) Similar curvature plot as in (L). The larva’s strong upward spinal curvature is reflected in the large downward deflection of the curvature plot midway along the

anterior/posterior axis.

(R) Quantification of the absolute value of the curvature along the spinal cord in control (PBS) and infected fish. Infected fish exhibit significant greater spinal
curvature (p < 107 '®). Red bars represent the medians. Boxplot represents IQR + minimum/maximum sans outliers.

(S) Fluorescence was quantified along the spinal cord for all fish and plotted against overall curvature. In infected fish (in purple), there is a positive correlation
between spinal fluorescence (i.e., implied infection progression) and spinal curvature (R? = 0.0900, p = 0.0089), while control fish (in black) do not show positive
correlation (R? = 0.0892, p = 0.1230). n = 29 PBS-injected larvae; n = 75 S. pneumoniae-injected larvae.

See also Table S1.
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infected fish.>® Furthermore, the posture of infected larvae also
became affected. While the body axis of vehicle-injected control
larvae was reliably straight (Figures 1H-1L), infected larvae devel-
oped 24 h after the injection with S. pneumoniae pronounced dor-
sal arching (Figures TM-1Q). The dorsal curvature remarkably
scaled with the degree of bacterial invasion estimated by the fluo-
rescence of the larvae injected with S. pneumoniae D39 fluores-
cent bacteria (observed both in red for HIpA-mCherry and green
for HIpA-GFP; Figures 1R and 1S). Taken together, the reduced ac-
tivity and abnormal posture in larval zebrafish whose CSF is
invaded by bacteria are reminiscent of clinical features of pneumo-
coccal meningitis.

Sensory neurons contacting the CSF respond in vivo to
live S. pneumoniae invading the CSF

We know that overexpression of urotensin-related peptides (urp1
and urp2) that are highly expressed by CSF-cNs'“ induces dorsal
arching in zebrafish embryos and larvae.'>'*"'® We therefore
hypothesize that CSF-cNs could be activated upon pneumo-
coccal infection of the CSF. We investigated whether upon
CSF pneumococcal infection, an activation of CSF-cNs could
precede the occurrence of late symptom of dorsal arching (i.e.,
after 24 hpi). After S. pneumoniae injection in 2 dpf transgenic
Tg(pkd2/1:GCaMP5G) larvae expressing GCaMP5G in CSF-cNs
(STAR Methods), we monitored the activity of CSF-cNs for 24 h
(Figures 2A-2D). In larvae injected with vehicle, CSF-cNs sponta-
neously exhibited baseline activity as small calcium transients
(rarely rising above 50% AF/F; Figures 2C and 2E). By contrast,
in infected larvae, a subset of CSF-cNs produced large and sus-
tained calcium transients (mean maximum AF/F of 240%, mean
duration of 13 s) (Figures 2D and 2F; Video S1). These massive cal-
cium transients began as early as 12 hpi and continued within the
same cells for several hours (Figures 2D, 2F, and 2G). Concomitant
with the unusual activation of CSF-cNs in infected larvae, we
observed an overall decline in baseline calcium activity relative to
controls (Figure 2H). Note that under the same conditions, we
did not observe recruitment of neutrophils in the CSF at the level
of the central canal before 24 hpi (Figure S1), suggesting the
response of CSF-cNs is due to bacteria or their products secreted
in the CSF.

Determining whether active pathogenic bacteria are required to
generate the observed neuronal activation during infection, we in-
jected different bacterial preparations into the central canal. As
before, the injection of vehicle did not trigger substantial CSF-
cN activity and neither did the injection of non-pathogenic
E. coli nor heat-killed S. pneumoniae (Figure 2l). In this series of
experiments, only infection with live pathogenic pneumococci
generated large CSF-cN transients (p = 6.28E—16) (Figures 2I
and 2J). Taken together, these results suggest that the observed
effect in CSF-cNs is specific to infection by live pneumococci.

CSF-cNs respond in vitro to cytolysins and microbial
metabolites secreted by S. pneumoniae

Several meningeal pathogens produce pore-forming toxins that
are major virulence factors; an example of this is the production
of pneumolysin by S. pneumoniae.** Initially, we attempted to
access the central canal directly via a pipette to test the
response to pneumolysin in vivo; however, the small size of the
central canal and the fact that CSF-cNs respond to mechanical
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stimulation® impeded this experiment. We therefore decided
instead to test the effects of pneumolysin on a primary culture
of CSF-cNs expressing the genetically encoded calcium indica-
tor GCaMP5G together with tagRFP in the double-transgenic
larvae Tg(pkd2l1:tagRFP; pkd2/1:GCaMP5G).° By numerical
simulations based on tests with pressure applications of fluores-
cent dyes, we estimated that during a 1-s pressure application, a
CSF-cN in vitro is typically exposed to at most 50% of the initial
concentration in the stimulation pipette, independent of the mol-
ecule’s coefficient of diffusion that will only impact the decay of
the chemical pulse (Figure 3A; STAR Methods). Thus, an initial
concentration of 0.1 mg/mL pneumolysin diluted in artificial
CSF (aCSF) leads to a transient chemical pulse of 0.05 mg/mL
onto the cultured neurons (Figure 3A; rationales for doses of all
applied compounds are provided in STAR Methods). In primary
cultures, the focal pressure application of aCSF alone did not
induce a response in CSF-cNs (Figures 3B, 3C, middle panel,
and 3D; Video S2), showing that this pressure application was
not sufficient to mechanically activate CSF-cNs. By contrast,
exposure to 0.05 mg/mL pneumolysin led to a small and brief
stimulus-locked calcium increase in CSF-cNs (median =
17.49% + 14.51%; Figures 3B, right panel, and 3D; Video S2).

We next tested whether CSF-cNs respond to microbial
metabolites secreted by S. pneumoniae during growth®* —which
could act as bitter compounds on taste receptor cells—similarly
to what was previously shown for ciliated sensory cells in
the mammalian airway epithelium.?*° Microbial metabolites
secreted by S. pneumoniae include a number of microbial
volatile organic compounds (mVOCs) that act indeed as
bitter compounds, such as acetone, 2-butanone, 2-pentanone,
2-methylpropanal, dimethyl disulfide (DMDS), methylmercaptan,
v-butyrolactone, isopentanol, formaldehyde, and trimethyl-
amine.“®*! Exposure to a mixture of 50 mM bitter compounds,
including acetone, 2-butanone, 2-pentanone, 2-methylpropanal,
and DMDS, elicited large calcium transients in CSF-cNs (median
AF/F =101.25% = 61%; Figures 3C and 3E-3G; Video S2; STAR
Methods), an effect not observed with aCSF only (Figures 3C-
3E). CSF-cN responses were larger for bitter compounds than
for pneumolysin and mimicked more closely the response to live
bacteria observed in vivo. When bitter compounds were tested
individually, 2-pentanone and DMDS both induced responses
(Figures 3H-3J and S2; Video S2), but only DMDS recapitulated
in a dose-dependent manner the large responses observed with
the mixture of compounds. This suggests that DMDS is a major
bitter, metabolite-activating CSF-cN (Figure 3H). Taken together,
these results show that CSF-cNs exhibited calcium responses
to at least two different bacterial products: pneumolysin, a pore-
forming cytolysin, and also mVOCs, classified as bitter com-
pounds. The latter are especially effective in triggering massive
calcium transients. These observations show that bacterial metab-
olites can activate CSF-cNs, indicating that they may contribute to
the response of sensory neurons we observed in vivo.

CSF-cNs selectively express taste receptors and
numerous peptides involved in innate immunity

To determine how CSF-cNs could respond to pneumococci, we
analyzed CSF-cN-enriched transcripts (Figure 4). The spinal
cord of 3 dpf larvae contains approximately 150 CSF-cNs (see
cell counts in the transgenic line Tg(pkd2/1:GFP) that are all
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Figure 2. Activity of CSF-cNs drastically changes in response to the invasion of Streptococcus pneumoniae into the CSF
(A) Untreated 3 dpf Tg(pkd2/1:GCaMP5G) larva. Box indicates field of view for (C) and (D). Scale bars, 500 um.

(B) Sibling larva, 24 hpi of fluorescently labeled S. pneumoniae into the hindbrain ventricle (HBV, indicated by filled arrowhead); empty arrowhead indicates extent
of bacterial proliferation.

(C) Higher magnification image of control CSF-cN calcium imaging. Scale bars, 50 um.

(D) Comparable image from an infected larva with S. pneumoniae. Arrowhead indicates a CSF-cN undergoing a high-amplitude transient.

(E) Ca®* activity plots of uninfected CSF-cNs 21 h after the beginning of the experiment. Cyan bars indicate detected long-lasting high-amplitude events. Vertical
scale, 500% AF/F; horizontal scale, 20 s. These events precede the arrival of neutrophils (Figure S1).

(F) Similar plots from CSF-cNs of infected larvae showing high-amplitude transients.

(G) Quantification of software-detected high-amplitude transients in control (gray) and S. pneumoniae-infected (magenta) larvae. Large transients appear 12 hpi
(lines represent median values, Wilcoxon signed-rank test, *p < 0.0125, **p < 0.0063).

(H) Integrated Ca®* activity in CSF-cNs in control (gray) and infected (magenta) larvae over 24 h of infection. Overall activity undergoes a decline over the course of
infection (two-factor ANOVA, injection factor F = 124.36, p = 1.61 x 10727, Scheffé post hoc testing, #p < 0.05, data are represented as mean + SEM).

(I) Individual CSF-cN Ca®* traces from 2 dpf zebrafish injected with aCSF, DH5a. Escherichia coli, heat-killed S. pneumoniae, and live S. pneumoniae. Injection
with live S. pneumoniae elicits by far the largest transients. Vertical scale, 200% AF/F; horizontal scale, 25 s.

(J) Quantification of software-detected large transients from the four conditions in (M); lines represent median values. More transients are observed in live infected
fish than the other three conditions (chi-square test, p = 6.28E—16).
See also Figure S1, Table S1, and Video S1.

GFP positive; Figure S3). We therefore used fluorescence- (Figures 4A-4C; STAR Methods). Relative to the GFP-negative
activated cell sorting (FACS) to isolate GFP-positive CSF-cNs  fraction, the GFP-positive fraction displayed elevated ex-
from guillotined 3 dpf Tg(pkd2/1:GAL4; UAS:GFP) larvae® pression of known CSF-cN markers, such as pkd2/1,°%?!
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Figure 3. CSF-cNs respond in vitro to pneumolysin and bitter compounds

(A) Simulations of in vitro CSF-cN stimulation. (A) Schematic view of the in vitro stimulation experimental setup combining calcium imaging at 40x, 5 Hz and
stimulation of CSF-cN with a gradient of molecule. (A’) Simulation of the concentration of molecule sensed by CSF-cN for a range of coefficients of diffusion (from
1 x 107 "°t0 2 x 1072 m?/s); [C]i corresponds to initial concentration in the stimulation pipette. (A”) Simulation of the concentration of pneumolysin (Ply), dimethyl
disulfide (DMDS), and 2-pentanone; coefficients of diffusion: 1 x 107'°,1 x 10~°, and 2 x 10~° m?/s, respectively; [C]i corresponds to initial concentration within
the stimulation pipette.

(B) Representative individual in vitro CSF-cN Ca?* traces from no stimulation control (left, dark), 3 successive 1-s stimulations of aCSF (middle, gray), and 3
successive 1-s stimulations of 0.05 mg/mL pneumolysin (Ply) (right, blue). Dark lines correspond to 1-s stimulations, and dashed lines correspond to putative 1-s
stimulations during spontaneous activity. Vertical scale, 0.5 AF/F; horizontal scale, 25 s.

(C) Representative individual in vitro CSF-cN Ca?* traces from no stimulation control (left, dark), 3 successive 1-s stimulations of aCSF (middle, gray), and 3
successive 1-s stimulations of 50 mM bitter compounds mix (right, purple). Bitter compound mix: acetone, 2-butanone, 2-pentanone, 2-methylpropanal, and

(legend continued on next page)
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pkd112,>*® and the GABAergic neuronal marker gad67, but as
expected, no hindbrain-specific markers (raraa and rarab)
(Figure S4).

Wethen performed RNA-seq on 5 biological replicates and iden-
tified 202 transcripts that were enriched in GFP-positive CSF-cNs
relative to GFP-negative cells (Figures 4D and 4E; Data S1; STAR
Methods). This set contained all previously identified CSF-cN-spe-
cific transcription factors for differentiation (members of the nkx
and gata family, tal2, and olig2),*>*" enzymes involved in GABA
synthesis (gad65/67),°° the transient receptor potential channel
pkd2/1 and associated protein pkd1/2,2%214243 the secreted pep-
tides involved in dorsal arching of the spine (urp1 and urp2),'*'*1°
and the somatostatin sst7.7.%°°

To validate our CSF-cN transcriptome, we combined fluores-
cence in situ hybridization (FISH) with GFP antibody staining in
1 and 3 dpf Tg(pkd2/1:GCaMP5G) transgenic larvae for 47 of
the enriched transcripts and found 40 (85%) where gene expres-
sion was confirmed and selective to CSF-cNs (Figures 4F-4J"
and S5). The 7 out of 47 genes whose expression was not
confirmed corresponded to genes expressed at low level or to
contamination from floor plate or motor neurons (the close dispo-
sition of the latter can be seen in Figure 4G). In agreement with
CSF-cN responses to mVOCs in vitro (Figures 3C-3E), orphan
taste receptors from the type 2 taste receptor family responding
to bitter compounds, tas2r3a and tas2r3b, were the most en-
riched transcripts in CSF-cNs (Figures 4D and 4E). We generated
a double-knockout zebrafish mutant for the taste 2 receptors
tas2r3a and tas2r3b (Figures S6A-S6C). The calcium response

Current Biology

of CSF-cNs to the bitter compound DMDS in these double-
knockout mutants was not abolished (Figure S6D), possibly due
to compensation by other taste receptors expressed in CSF-
cNs that may occur.

The entry of S. pneumoniae in the brain triggers host cells
to secrete proinflammatory cytokines (such as TNF-o, IL-1,
and IL-6) and chemokines (such as monocyte chemoattractant
protein-1, macrophage inflammatory protein-1a, and IL-8). Inter-
estingly, we found that CSF-cNs express several immune-
related receptors, including the TNF-a receptor (tnfrsf1a), IL-13
receptor, and IL-17 receptor (Figure 4E), and several inflamma-
some components (asc, caspa/b, and nod1/2).

In the category of secreted peptides and proteins, CSF-cNs
expressed, in addition to the well-known somatostatin 1.14°
and urotensin-related peptides,’® numerous secreted factors
implicated in immune responses: esm1, nppc, msmp2, scg2a,
sst3, ntni1b, and txn (Figures 4G and 4H), some of which were
expressed into adulthood (Figures 41 and 4J").

CSF-cNs upregulate transcripts for secreted factors
involved in innate immunity during pneumococcal
infection

To investigate changes in CSF-cN expression upon infection,
we used FACS again to isolate GFP-positive CSF-cNs from
Tg(pkd2I1:GAL4; UAS:GFP) larvae and performed RNA-seq on
sorted CSF-cNs at 24 hpi of either vehicle or S. pneumoniae (Fig-
ure 5; STAR Methods). We validated that transcripts (pkd2/7 and
pkd1/2) previously found to be CSF-cN specific were again

dimethyl disulfide (DMDS). Dark lines correspond to 1-s stimulations, and dashed lines correspond to putative 1-s stimulations during spontaneous activity.
Vertical scale, 0.5 AF/F; horizontal scale, 25 s.

(D) Quantification of calcium transients’ amplitude elicited by pneumolysin pressure application. Paired line plots showing responses of individual cells to
absence of stimulation (corresponding to spontaneous activity, on the left in black circle) or 3 successive 1-s stimuli of aCSF (gray circle) versus 0.05 mg/mL
pneumolysin (Ply, blue circle). Two-factor ANOVA, treatment factor F = 66.185, p = 1.47 x 10~ '2, Tukey HSD post hoc testing, ***p < 0.001. Red bar: median AF/F
(median spontaneous activity = 0.03%; median Ply = 17.49% and median aCSF = 0.19% for stimulation 1; median Ply = 18.78% and median aCSF = 0.03% for
stimulation 2; median Ply = 17.20% and median aCSF = —0.20% for stimulation 3), 16 responding cells out of 17.

(E) Quantification of the amplitude and kinematics of calcium transients elicited by pressure application of bitter compounds. Paired line plots showing responses
of individual cells to absence of stimulation (corresponding to spontaneous activity, on the left in black circle) or 3 successive 1-s stimuli of aCSF (gray circle)
versus 50 mM bitter compounds mix (purple circle). Two-factor ANOVA, treatment factor F = 116.762, p < 2.0 x 10~ '®, Tukey HSD post hoc testing, **p < 0.001.
Red bar: median AF/F (median spontaneous activity = 0.10%; median bitter compounds = 87.26% and median aCSF = 0.05% for stimulation 1; median bitter
compounds = 78.85% and median aCSF = —0.13% for stimulation 2; median bitter compounds = 83.64% and median aCSF = —0.50% for stimulation 3), 15
responding cells out of 15.

(F) Quantification of latency and time-to-peak after pneumolysin (blue circle) or bitter compounds in mix (purple circle) stimuli. Red bar: median (for latency,
median Ply = 0.2 s and median bitter compounds = 0.4 s, p > 0.05; for time-to-peak, median Ply = 2 s and median bitter compounds = 1.2s, p <1 x 1075,
Kolmogorov-Smirnov test). Boxplot represents IQR + minimum/maximum sans outliers.

(G) Quantification of time decay for spontaneous activity (black circle) or after pneumolysin (blue circle) or bitter compounds in mix (purple circle) stimuli. Red bar:
median (on the left, median Ply = 7.36 s and median spontaneous activity = 1.71s, p < 1 x 10~ '"; on the right, median bitter compounds = 3.59 s and median
spontaneous activity = 1.69's, p <1 x 1078, Ply and bitter compounds decays are different, p <1 x 10~*; Kolmogorov-Smirnov test). Boxplot represents IQR +
minimum/maximum sans outliers. Longer time decay for Ply compared with bitter compounds in mix is probably due to a smaller coefficient of diffusion as shown
in (A”).

(H) llustration of calcium transients after pressure application of DMDS and 2-pentanone. Representative individual in vitro CSF-cN Ca?* traces from 3 suc-
cessive 1-s stimulations with either aCSF (gray), DMDS 50 mM (green), or 2-pentanone 50 mM (brown). Dark lines correspond to 1-s stimulations. Vertical scale,
0.5 AF/F; horizontal scale, 25 s.

(I) Quantification of calcium transients after aCSF (gray circle) or DMDS (green circle) stimuli. Two-factor ANOVA, treatment factor F = 170.58, p < 2.0 x 1076,
concentration factor F =29.43, p = 1.66 x 10", Tukey HSD post hoc testing, ***p < 0.001, n.s., not significant. Red bar: median AF/F (median 12.5 mM DMDS =
9.44% and median aCSF = —1.20%, 6 responding cells out of 8; median 25 mM DMDS = 78.96% and median aCSF = —0.26%, 8 responding cells out of 10;
median 50 mM DMDS = 112.09% and median aCSF = —0.54%, 8 responding cells out of 8). Boxplot represents IQR + minimum/maximum sans outliers.

(J) Quantification of calcium transients after aCSF (gray circle) or 2-pentanone (brown circle) stimuli. Two-factor ANOVA, treatment factor F = 53.48, p = 2.67 x
107", concentration factor F = 13.89, p = 3.53 x 10~°, Tukey HSD post hoc testing, **p < 0.001, n.s., not significant. Red bar: median AF/F (median 12.5 mM
2-pentanone = 2.19% and median aCSF = 0.14%, 4 responding cells out of 6; median 25 mM DMDS = 0.63% and median aCSF = 0.04%, 3 responding cells out
of 6; median 50 MM DMDS = 39.72% and median aCSF = —0.39%, 9 responding cells out of 10). Boxplot represents IQR + minimum/maximum sans outliers.
Figure S2 shows similar results for bitter compounds that do not activate CSF-cNs, suggesting some specificity.

See also Figure S2 and Video S2.
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Figure 4. The CSF-cN transcriptome reveals the expression of taste receptors and immune-related secreted factors

(A) 3 dpf zebrafish Tg(pkd2/1:GAL4; UAS:GFP) larvaimmunostained for GFP (green) and acetylated tubulin (magenta). Dashed line indicates plane of decapitation
prior to dissociation (anterior tissues were discarded to exclude labeled cells in brain and heart); bracket indicates CSF-cN domain. Scale bars, 500 um.

(B) Calibration FACS plot from non-transgenic siblings.

(C) FACS plot from a typical dissociation of cells from transgenic larvae. A small fraction (~0.2% of input) of cells is green-shifted. Figure S3 quantifies the upper
bound of cells/larvae we could reasonably expect to obtain. In Figure S4A, we use qPCR to show that this fraction appeared to be CSF-cNs.

(D) Volcano plot of all RNA-seq replicates: 202 transcripts were enriched in CSF-cNs. Figure S4B provides more categorical information on these hits. Figure S6
shows that knocking out individual CSF-cN-enriched taste receptors identified by this approach did not impair CSF-cNs’ ability to detect bitter compounds.
(E) Quantification of reads for selected immune-related receptors in both GFP* CSF-cNs and GFP~ (i.e., all other) cells.

(F) Schematic representation of a transverse section of the spinal cord and central canal showing the disposition of dorsolateral CSF-cNs (dCSF-cNs, green) and
ventromedial CSF-cNs (vCSF-cNs, magenta).

(G) A mixed fluorescence in situ hybridization/immunofluorescent stain showing the disposition of motor neurons (cyan, Tg(mnx1:GCaMP5)), dCSF-cNs (green,
sst1.1), and vCSF-cNs (magenta, msmp2). The section here is a frontal section, e.g., a cross-section of the spinal cord. Scale bars, 50 pm.

(H) Fluorescence in situ hybridization reveals that the putative immune-related secreted factors msmp2, nppc, and scg2a are expressed in CSF-cNs. These
confocal stacks are lateral stacks, so at 90° orientation to the image in (G). Scale bars, 50 um. Figure S5 shows additional in situ hybridization results from some of
these RNA-seq hits; most hits we assessed were verified histologically.

(I) Transverse section of adult Tg(pkd2/1:GCaMP5G) spinal cord; expression of scg2a is specific to CSF-cNs. Scale bars, 50 um.

(J) Adults continue to express nppc and scg2a in CSF-cNs.

See also Figures S3-S6, Table S1, and Data S1.
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Figure 5. RNA-seq shows upregulation of complement system of the alternative and terminal pathway as well as cytokines in CSF-cNs dur-

ing S. pneumoniae infection

(A) Log fold change bar plot comparing enrichment of known CSF-cN transcripts in the GFP* fraction with control GFP™ cells in the original differential tran-
scriptome 1 (gray bars; see Figure 4 and Table S1) and subsequent transcriptome 2 for non-infected larvae (black bars; see Table S1).

(B) A plot of raw reads comparing selected receptors in non-infected (gray bars) and infected (pink bars) CSF-cNs, showing that the expression of receptors that
are specifically enriched in CSF-cNs (pkd2/1, pkd1/2, and taste receptors) remains stable.

(C) Volcano plot comparing the expression of transcripts in infected CSF-cNs relative to uninfected CSF-cNs. Transcripts for several immune-related secretory

compounds are differentially expressed.

(D) Log fold change bar plot of selected immune-related transcripts corresponding to complement system and cytokines from the same data as in (B). We observe
significant upregulation of complement system of the alternative (C3), classical (C4), and terminal (C6) pathway (left side) as well as cytokines (right side).

See also Table S1 and Data S1.

enriched in this dataset, and we found numerous taste 1 and 2
receptor families such as tas2r200.1, tas1r2.2, and tas1r2.1 (Fig-
ure 5A; Data S1), while transcripts for receptors (pkd2/1, pkd1/2,
tas1r2.1, tas2r200.1, and tas1r2.2) did not increase upon infec-
tion in CSF-cNs (Figure 5B). By contrast, numerous transcripts
encoding immune-related secretory compounds were upregu-
lated in CSF-cNs upon infection (76 out of 231, 33%;
Figures 5C and 5D; Data S1): multiple cytokines including IL-
1B and IL-8/CXCLS8 (Figure 5D, right), and complement factors
C3 (alternative pathway), C4 (classical and lectin pathway), and
C6 (terminal pathway) (Figure 5D, left).

Secretion from CSF-cNs contributes to host defense
during pneumococcal infection

Totestthe role of CSF-cNsin host defense, we ablated CSF-cNs at
2 dpf using the nitroreductase/metronidazole (MTZ) chemogenetic
system (Figures 6A, 6B, 6D, and S3)°" or selectively blocked their
secretion using the botulinum toxin B light chain fused to GFP
(BoTxBLC-GFP; Figures 6C, 6E, and 6F).>? After MTZ treatment
(Figures 6A and 6B), nitroreductase-expressing and non-express-
ing larvae were infected the following day and scored for survival
every 12 h. We observed that MTZ itself conferred a survival benefit

948 Current Biology 33, 940-956, March 13, 2023

in control fish (38% survival 96 hpi; Figure 6D). Larvae in which
CSF-cNs were ablated, however, exhibited a nearly 3-fold
decrease in survival (13% survival 96 hpi; Figure 6D).

As large and sustained calcium transients, observed in CSF-
cNs during pneumococcal infection (Figure 2), enable the
SNARE-dependent docking and releasing of dense core vesicles
containing peptides,®>°® we next tested the role of SNARE-
dependent neurosecretion from CSF-cNs during infection. By
cleaving VAMP2,%” we previously showed that the expression
of BoTxBLC effectively prevents vesicular fusion and release
in CSF-cNs.*” In Tg(pkd2/1:GAL4; UAS:BoTxBLC-GFP) trans-
genic larvae in which BoTxBLC was selectively expressed
in CSF-cNs (Figure 6C),% the survival following infection at
2 dpf was reduced by 2-fold, compared with their control
siblings (15% compared with 32% survival at 96 hpi; Fig-
ure 6E). Accordingly, more live bacteria were observed 24 h
after infection in transgenic larvae in which CSF-cN neurosecre-
tion was altered, compared with control siblings (Figure 6F).
In order to test whether individual CSF-cN peptides were
involved in this effect, we generated zebrafish knockout
mutants for the peptides scg2a, nppc, and esm1 found specif-
ically in CSF-cNs in the trunk. None of the individual homozygous
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Figure 6. Secretory activity of CSF-cNs confers a survival benefit during pneumococcal meningitis

(A) Tg(pkd2l1:GAL4; UAS:epNTR-tagRFPT-UTR.zb3) larva at 3 dpf following 24 h of incubation in 0.1% DMSO. Scale bars, 500 um. Figure S3 addresses how
complete NTR expression is in the full complement of CSF-cNs.

(B) Sibling larva incubated for the same time period in 10 mM metronidazole (MTZ). All tagRFP* CSF-cNs are lost.

(C) Expression of BoTxBLC-GFP in the Tg(pkd2/1:GAL4; UAS:BoTxBLC-GFP) larva at 3 dpf.

(D) Survival curves of Tg(pkd2/1:GAL4; UAS:epNTR-tagRFPT-UTR.zb3)(nfsB) larvae and their siblings when exposed to metronidazole or DMSO from 1 to 2 dpf,
washed with fish facility water, and subsequently infected with 4,000 CFU S. pneumoniae. Metronidazole alone slightly protects larvae against infection by
S. pneumoniae (compare blue and gray lines, log-rank test, p < 0.0001). However, metronidazole-mediated ablation of CSF-cNs confers a large survival deficit
(compare blue and green lines, log-rank test, p = 0.0002). The survival data represent the mean + SEM of three individual experiments with n = 20 larvae per group
(total n = 60 per group).

(E) Survival curves of Tg(pkd2/1:GAL4; UAS:BoTxBLC-GFP) ("BoTx") larvae (green line) and non-transgenic sibling controls (blue line) injected with ~300 CFU
S. pneumoniae D39 wild-type strain into the hindbrain ventricle at 2 dpf reveal that BoTx-expressing larvae exhibit higher mortality rates (log-rank test, p =
0.0065). The survival data represent the mean + SEM of three individual experiments with n = 20 larvae per group (total n = 60 per group). Figure S7 shows that
knocking out individual secreted factors identified by the transcriptome does not impair larval survival in the meningitis model.

(F) Tg(pkd2/1:GAL4; UAS:BoTxBLC-GFP) (referred to as “BoTx”) larvae (green line) exhibit higher bacterial loads at 24 h post injection as compared with non-
transgenic sibling controls (unpaired t test, p = 0.0368). Each dot represents a single larva. Error bars = mean + SEM of three individual experiments with n = 10
larvae per group (total n = 30 per group).

See also Figures S3 and S7 and Table S1.

mutants statistically differed in terms of survival, compared to culture medium from cells infected with a neurotropic virus
with their control siblings (Figure S7), suggesting that (Sindbis virus; SINV), as well as to another Gram-positive bacte-
multiple secretory compounds act in concert. Altogether, ourre-  rium that is known to cause meningitis, Listeria monocytogenes
sults indicate that CSF-cNs contribute to host survival in  (Figure 7). S. pneumoniae supernatant elicited large calcium re-
response to pneumococcal meningitis via VAMP2-dependant  sponses in CSF-cNs in vitro (73.35% on average observed in all
extracellular secretion, likely via the release of multiple secreted  cellstested, n=6; Figures 7A and 7B). Similarly, the UV-inactivated

factors. supernatant of cells infected with SINV elicited large calcium tran-
sients in CSF-cNs in vitro that were not observed in the control su-
CSF-cNs respond to multiple types of pathogens pernatant (45.63% on average observed in all cells tested, n = 7;

Totest whether CSF-cNs respond to other pathogen-related cues,  Figures 7C and 7D). Finally, we tested the response of CSF-cNs
we tested CSF-cN response to supernatant of S. pneumoniae, to L. monocytogenes in vivo using the same injection paradigm
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Figure 7. Streptococcus pneumoniae supernatant, virus culture supernatant, and Listeria monocytogenes infection also activate CSF-cNs
(A) Representative individual in vitro CSF-cN Ca2* traces from 3 successive 1-s stimulations of aCSF (gray) and supernatant (purple). Dark lines correspond to 1-s
stimulations. Vertical scale, 0.5 AF/F; horizontal scale, 25 s.

(B) Quantification of calcium transients after aCSF (gray circle) or S. pneumoniae supernatant (purple circle) stimuli. Paired t test, p = 5.0 x 104, ***p < 0.001. Red
bar: median AF/F (median S. pneumoniae supernatant = +75.35% versus median aCSF = —0.73%, n = 6 cells). Boxplot represents IQR + minimum/maximum
sans outliers.

(C) Representative individual in vitro CSF-cN Ca2* traces from 3 successive 1-s stimulations of aCSF (gray), UV-inactivated supernatant of BHK cells infected with
Sindbis virus (blue), and control BHK supernatant (green). Dark lines correspond to 1-s stimulations. Vertical scale, 0.5 AF/F; horizontal scale, 25 s.

(D) Quantification of calcium transients after aCSF (gray circle), control supernatant (green circle), or supernatant after viral infection (blue) stimuli. Two-factor
ANOVA, treatment factor F = 24.52, p = 3.32 x 10~°, Tukey HSD post hoc testing, ***p < 0.001. Red bar: median AF/F (median control supernatant = +0.82%
versus median aCSF = —0.26%, n = 8 cells; median supernatant after virus infection = 45.63% versus median SF = —0.22%, n = 7 cells; median 100 mM DMDS =
112.09% versus median aCSF = —0.54%, n = 8 cells.

(E) In vivo Ca** activity of CSF-cNs in uninfected larvae 8 h after injection in the brain ventricle. Vertical scale, 250% AF/F; horizontal scale, 20 s.

(F) Long-lasting and large calcium transients from larvae infected with L. monocytogenes occur in a similar manner as with S. pneumoniae.

(G) Quantification of duration of software-detected high-amplitude transients in control (gray) and L. monocytogenes-infected (green) larvae (Wilcoxon signed-
rank test, *p < 0.0125, **p < 0.0063). Lines indicate median values.

(H) Similar quantification of integrated signal of large transients during L. monocytogenes infection.

See also Table S1.

%AF [F of max. peak

as with S. pneumoniae (Figures 7E-7H). Our results suggest that  precede changes in muscle tonus. Owing to the role of CSF-cN
CSF-cNs not only respond to live S. pneumoniae but also to their ~ peptides in triggering dorsal arching, we emphasize as well that
by-products secreted upon infection, as well as other bacteria CSF-cN activation may instead explain the evolution of symp-
and viruses. toms at the advanced stage of meningitis, including the hallmark

stiffness of the neck and opisthotonos.
DISCUSSION

Response to pathogenic bacteria proliferating in
Pathogenetic steps of pneumococcal meningitis involve the CSF
mucosal colonization and invasion, survival, and replication in ~ We tested whether CSF-cNs could be directly or indirectly acti-
the bloodstream, followed by traversal of the blood brain/CSF vated by chemical cues secreted by pathogenic bacteria during
barrier.?® How the initial host immune response is orchestrated ~ growth. As we did not observe an activation of ependymal radial
in the phase of bacterial penetration in the CSF remains incom-  glial cells—the most prominent CSF-contacting cell type along
pletely understood. In a meningitis model in larval zebrafish, we  the central canal—during the S. pneumoniae infection, we hy-
show here that central sensory neurons respond to the invasion  pothesized that bacterial products could trigger a response in
of S. pneumoniae dividing in the CSF and that neurosecretion =~ CSF-cNs. To support this hypothesis, we found that CSF-cNs
from these neurons contributes to host survival. The timing of  selectively express orphan taste 2 receptors for bitter com-
this response suggests that the phenomena we report on in  pounds. We further demonstrated in vitro that CSF-cNs exhibit
the spinal cord do not likely relate to the earliest steps of detec-  calcium transients in response to microbial metabolites acting
tion of pathogens in the CNS but to later stages that nonetheless  as bitter compounds and to pneumolysin, a cytolysin and major
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virulence factor released by pneumococci during growth. The
CSF-cN response to bitter compounds was stronger than that
to pneumolysin. These observations suggest that bacterial me-
tabolites could directly trigger the response of sensory neurons
we observed in vivo. Remarkably, the response to pathogenic
bacteria as long and massive calcium transients occurs in a sub-
set of CSF-cNs, possibly due to local changes in the growth and
structures formed by bacteria. While dorsal arching appears at
least 24 hpi, these transients occur in fully paralyzed, agarose
immobilized fish well before 24 hpi, indicating that CSF-cN acti-
vation precedes the start of spinal curvature. CSF-cN calcium
transients do not originate from pre-apoptotic calcium phenom-
enon, as they recur in individual cells over many hours without
apparent cell death. In vivo, heat-killed bacteria and non-virulent
bacteria failed to elicit as strong a response as we observed
during live infection, suggesting that metabolites released
by live bacteria proliferating in the CSF, or proinflammatory
cues from host cells infected by the pathogenic bacteria, are
necessary to activate CSF-cNs. Secretion of bitter compounds
by bacteria has been shown to activate chemosensory neurons
in the lung epithelium via type 2 taste receptors.3>37:39:40.58.59
We show here that similarly at least two of these bitter com-
pounds, DMDS and 2-pentanone, known to be secreted
by S. pneumoniae,’®*' strongly activate CSF-cNs in primary
cultures. DMDS is also known to be secreted by Neisseria
meningitidis, Haemophilus influenzae, and L. monocytogenes,
after S. pneumoniae —the most common causative pathogens
of bacterial meningitis.>®3°-°8:50

This initial study begins to address the diversity of pathogens
that can cause CNS infection. In addition to responding to
pneumococcal infection, we have evidence that CSF-cNs also
respond to L. monocytogenes, the third most common cause
of community-acquired bacterial meningitis.27 We found that
CSF-cNs also responded to the supernatant of cells infected
by SINV, a neurotropic virus in zebrafish.®' Future studies should
address mechanisms by which CSF-cNs can respond to such
diverse pathogens and further characterize the diversity of
pathogens that can activate CSF-cNs.

Promotion of host survival during a bacterial infection of
the CNS

During an infection with S. pneumoniae, when comparing sur-
vival of zebrafish larvae without CSF-cNs with that of their con-
trol siblings, CSF-cNs confer a 3-fold survival benefit to the
host. We found that the selective blockage of neurosecretion in
CSF-cNs led alone to a 2-fold reduction of survival in infected
larvae. Accordingly, we found an elevated bacterial load in larvae
where neurosecretion had been impaired. Although we did not
monitor in vivo exocytosis at the CSF-cN membrane in the
context of infection, our results from calcium imaging, transcrip-
tome during infection, and survival upon silencing of CSF-cN
release are all consistent with a model in which, upon activation,
CSF-cNs release compounds that improve survival of the host
(see graphical abstract). CSF-cNs can secrete multiple neuro-
peptides (somatostatin 1.1, secretogranin 2a, and nppc, among
others; Figure 4) that they highly express at baseline together
with the secreted compounds whose expression we found un-
regulated during an infection (Data S1), including cytokines
and complement factors (Figures 5C and 5D). The mechanisms
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by which CSF-cNs promote host survival likely involve the
secretion of multiple factors, including antimicrobial peptides
such as secretogranin 2a°* or the release of factors modulating
inflammatory signaling (msmp2, esm1, txn, nppc, sst3, and
ntn1b).5*° Knocking out single peptides did not lead to a
decrease in survival in our infection model, possibly due to
redundancy.”’ Combining knockouts of multiple peptides may
be needed to observe an effect on survival rates. Since large
calcium transients such as those observed in CSF-cNs during
pneumococcal infection are typically necessary for neurosecre-
tory cells to release the content of dense core vesicles in which
peptides and secreted proteins are loaded,”® we speculate that
the large transients observed in CSF-cNs during the infection
induce secretion. The reduced survival that we observed for
zebrafish larvae with impaired CSF-cN secretion supports this
hypothesis. Interestingly, an activation of broad neurosecretion
in CSF-cNs would lead to an increase in the circulation of
peptides of the urotensin family, which recently have been
shown to precisely elicit dorsal arching in Xenopus and zebrafish
embryos and larvae.''*'° By this means, CSF-cN activation
during bacterial infection could directly lead to the postural
defects referred to as stiffness of the neck and opisthotonos,
which are pathognomonic signs for meningeal infection in
patients of unknown origin.

Taken together, our data reveal that CSF-cNs can play an
important role in CNS defense by tasting the CSF to detect the
presence of multiple bacterial and viral pathogens and by
secreting factors that enhance the innate immune response. It
does, however, have some limitations. First, our observations
that pneumolysin and bacterial metabolites elicit calcium tran-
sients in CSF-cNs in vitro only suggest that these molecules
may be involved in vivo. Accordingly, CSF-cNs express multiple
orphan bitter taste receptors that could mediate the response
to bacterial metabolites, but CSF-cN response to bitter
compounds was not abolished in double bitter taste receptor
mutants for tas2r3a/b. Further studies are needed to decipher
the contribution of these pathways to CSF-cN response during
pneumococcal infection as well as the chemical cues secreted
by bacteria in vivo. The redundancy of taste receptor expression
in CSF-cNs suggests that loss of function of a subset only may
not be sufficient to ablate the calcium response to pathogens.
Furthermore, we serendipitously identified two likely tas2r3
paralogs in our fish, but there could be more due to incomplete
annotation of the genome.

Second, consistent with an induction of CSF-cN neurosecre-
tion during infection, larval zebrafish exhibited a dorsal arching
posture, in a similar manner to that described upon injection of
CSF-cN-specific peptides from the urotensin family.'®"*~"°
Upon pneumococcal infection of the CNS, we showed that
CSF-cNs upregulated the expression of secreted factors (cyto-
kines and complement factors). Together with the evidence
that blocking secretion from CSF-cNs reduced host survival
and increased bacterial loads, our results point toward an activa-
tion of secretion of CSF-cNs during infection to promote innate
immunity. We were unable to affect post-infection survival by
knocking out any of the expressed secreted factors individually.
However, again, any individual loss of function may be insuffi-
ciently deleterious as peptides may exhibit redundancy. Future
studies will be needed to monitor vesicular fusion associated
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with CSF-cN neurosecretion in vivo. Third, our results indicate
that ciliated sensory neurons in contact with the CSF exhibit
categorically different calcium responses to pathogenic bacteria
in vivo, although they homogeneously responded to pneumoly-
sin and bitter compounds in vitro. This discrepancy suggests
that the CSF in the central canal is a heterogeneous medium,
where pneumococci may differ locally in terms of density or state
during an infection. Although estimating the density and move-
ments of bacteria is theoretically possible in vivo by using
confocal microscopy with mCherry-positive bacteria, monitoring
two channels to collect the information of CSF-cN activation
does lead to phototoxicity and subsequent silencing of activity
in CSF-cNs. This experiment could therefore not be achieved
with the fluorescent sensors available for monitoring calcium
and bacteria simultaneously in vivo. It is critical to note here
that the observed calcium transients may not correspond to
the earliest steps of detection of pathogens as they occur
more than 10 h into infection. CSF-cNs may therefore contribute
more to later symptoms (such as opisthotonos and seizures)
rather than to initial pathogen detection. We effectively did corre-
late the loss of CSF-cN function with reduced survival. However,
our study did not show the causal link between CSF-cN activa-
tion via massive calcium transients and larval survival. As it is
well known for other neurosecretory systems, massive calcium
transients are associated with exocytosis of dense core vesicles
containing peptides. Since blocking neurosecretion specifically
in CSF-cNs reduced survival, we propose that CSF-cNs are acti-
vated by the presence of bacteria in the CSF and respond by
secretion to boost innate immunity. Whether CSF-cN calcium
events are necessary to improve survival will be the subject of
subsequent studies.

Similarity with peripheral sensory neurons involved in
proprioception and pain

CSF-cNs are located in an ideal position to respond to patho-
genic bacteria invading the CSF, as well as to modulate immu-
nity in the CNS by interacting with resident microglia and circu-
lating leukocytes recruited in the ventricular space. Our
discovery that in vivo, central sensory neurons are activated
by live pathogens in the CSF and that they confer a survival
benefit to the host recalls recent in vitro results on peripheral
nociceptive sensory neurons activated by bacteria"’® or
nodose ganglia.”® Dorsal root ganglia (DRG) are anatomically
positioned to detect pathogens entering the body following
injury. The similarity in sensory and secretory properties be-
tween nociceptive peripheral neurons and interoceptive CSF-
cNs is important: (1) DRG, like CSF-cNs, are activated by bac-
terial toxins as well as other bacterial products,’ and (2) upon
activation, both DRG and CSF-cNs secrete immunomodulatory
neuropeptides.’’>~"* Our results therefore emphasize that sen-
sory neurons are tuned throughout the nervous system (periph-
eral and central) to respond to intruding pathogens and to
promote host survival. We find here that CSF-cNs carry polymo-
dal sensory functions in different physiological contexts.
We and others have shown that these neurons are mechano-
sensory cells activated by spinal compression,>® influencing
posture'®"" and leading to dorsal arching by release of uroten-
sin-related peptides.'®'*'>°? We show here that CSF-cNs’
sensory role can be expanded to tasting chemical compounds
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in the CSF associated with the intrusion of bacteria, and it pro-
vides a potential mechanism by which CSF-cN activation could
lead to postural defects that are pathognomonic for meningeal
infection.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Escherichia coli DH5a ATCC N/A

Listeria monocytogenes LL195 Weinmaier et al.”® N/A

Sindbis virus Hernandez et al.”® N/A
Streptococcus pneumoniae D39V: serotype 2 Avery et al.”” and Slager et al.”® N/A
Streptococcus pneumoniae D39V hipA-GFP cam” Kjos et al.”® N/A
Streptococcus pneumoniae D39V hipA_hlpA-mCherry cam” Beilharz et al.®° N/A
Chemicals, peptides, and recombinant proteins

2-butanone Sigma-Aldrich Cat#W217012
2-methylpropanal Sigma-Aldrich Cat#W222003
2-pentanone Sigma-Aldrich Cat#W284220
a-bungarotoxin Tocris Biosciences Cat#2133
p-Slide 8 Well ibidi Cat#80826
Acetone Sigma-Aldrich Cat#534064
B27 Supplement Thermo Fisher Scientific Cat#17504044
Bacto Brain Heart Infusion Becton, Dickinson and Company Cat#237500
C+Y medium Martin et al.®' N/A

CaCl, Sigma-Aldrich Cat#C3306
CaCl, Sigma-Aldrich Cat#223506
Columbia agar, 5% v/v defibrinated sheep blood bioMérieux Cat#43049
Columbia Agar Base Thermo Fisher Scientific Cat# R452954
FBS Thermo Fisher Scientific Cat#10270106
Defibrinated Sheep Blood bioTRADING Cat#BTSG100
Dextran, Alexa Fluor 647; 10,000 MW, Anionic, Fixable Invitrogen Cat#D22914
Dimethy! disulfide (DMDS) Sigma-Aldrich Cat#W353604
DMEM Thermo Fisher Scientific Cat#10938025
DMSO Sigma-Aldrich Cat#D8418
Ethyl 3-aminobenzoate methanesulfonate Sigma-Aldrich Cat#A5040
Ethylenediaminetetraacetic acid Sigma-Aldrich Cat#E5134
disodium salt dihydrate (EDTA)

FACSMax Buffer AMC Biotechnology Cat#T200100
Gibco Human GDNF Recombinant Protein Fisher Scientific Cat#10679963
Glass beads 1.0mm Sigma-Aldrich Cat#2250473
D-(+)-Glucose Sigma-Aldrich Cat#G8769
D-(+)-Glucose Sigma-Aldrich Cat#G8270
HBSS Fisher Scientific Cat#14170088
HEPES Sigma-Aldrich Cat#H3375
KClI Sigma-Aldrich Cat#P9333
L-cysteine Sigma-Aldrich Cat#30089
L-glutamine Thermo Fisher Scientific Cat#25030024
Metronidazole Sigma-Aldrich Cat#M3761
MgCl, Sigma-Aldrich Cat#M2670
N2 Supplement Thermo Fisher Scientific Cat#17502048
Na2HPO4 Sigma-Aldrich Cat#5136
NaCl Sigma-Aldrich Cat#S7653
NaH2PO4 Sigma-Aldrich Cat#4269

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
NaOH Sigma-Aldrich Cat#71687
Neurobasal Medium Thermo Fisher Scientific Cat#10888022
NGF Merck Millipore Cat#01-125
Papain Serlabo Technologies Cat#WOLK03176-1
Paraformaldehyde Sigma-Aldrich Cat#158127
Penicillin/Streptomycin Thermo Fisher Scientific Cat#15140122
Phenol red solution Sigma-Aldrich Cat#P0290
Recombinant serotype 4 pneumolysin MyBioSource Cat#MBS1141054
Sea salts Sigma-Aldrich Cat#S9883
Sheep blood defibrinated bioTRADING Cat#BTSG10
Sodium pyruvate Thermo Fisher Scientific Cat#11360039
Streptococcus selective supplement (COBA) Oxoid Cat#SR0126
Sucrose Sigma-Aldrich Cat#S7903
Tricaine Sigma-Aldrich Cat#A5040
Critical commercial assays

Clontech SMART-Seq v4 Kit Clontech Cat#634888
Gateway LR Clonase Thermo Fisher Scientific Cat#11791020
lllumina NextSeq 500 lllumina Cat#SY-415-1001
Luminaris HiGreen gPCR Master Mix Thermo Fisher Scientific Cat#K0991
Nextera DNA Library Preparation Kit lllumina Cat#FC-131-1024
RNAeasy Micro Kit Qiagen Cat#74004
RNAeasy Mini Kit Qiagen Cat#74104
SMART-Seq v4 PLUS kit Takara Bio Cat#R400752
SuperScript IV First-Strand Synthesis System Thermo Fisher Scientific Cat#18091050
SuperScript IV VILO Invitrogen Cat#11756050
TOPO-TA for subcloning Thermo Fisher Scientific Cat#451641

Experimental models: Cell lines

BHK-21 cells ATCC Cat#CCL-10; RRID:CVCL_1915
Experimental models: Organisms/strains

Zebrafish: AB wild-type N/A ZFIN: ZDB-GENO-960809-7
Zebrafish: pkd2/17°m°2 Béhm et al.® ZFIN: ZDB-ALT-160119-6
Zebrafish: scg2a mutant allele This paper scg2a’°m’?

Zebrafish: nppc mutant allele This paper nppccm38

Zebrafish: esm1 mutant allele This paper esm1/°m34

Zebrafish: tas2r3a mutant allele This paper tas2r3a’cm%4

Zebrafish: tas2r3b mutant allele This paper tas2r3b’°me®

Zebrafish: Tg(pkd2/1:GCaMP5G)™°” Béhm et al.® ZFIN: ZDB-ALT-160119-4
Zebrafish: Tg(UAS:GCaMP5G)°™%8 Fidelin et al.” ZFIN: ZDB-ALT-150417-4
Zebrafish: Tg(pkd2/1:Gald)y°™"° Fidelin et al.’ ZFIN: ZDB-ALT-150324-1
Zebrafish: Tg(UAS:BoTxBLC-GFP)°™?! Sternberg et al.> ZFIN: ZDB-ALT-160119-9
Zebrafish: Tg(mnx1:Gal4)°™23 Boéhm et al.” ZFIN: ZDB-ALT-160120-1
Zebrafish: Tg(GFAP:Gal4)°™” This paper ZFIN: ZDB-ALT-190115-1
Zebrafish: Tg(UAS:epNTR-tagRFP-UTR.zb3)362 Marquart et al.”’ ZFIN: ZDB-ALT-160830-1
Zebrafish: Tg(UAS:GFP)°333 Scheer et al.®” ZFIN: ZDB-ALT-030716-2
Zebrafish: Tg(UAS:tagRFP) Boéhm et al.® N/A

Zebrafish: Tg(mpx:GFP)""4

Renshaw et al.®®

ZFIN: ZDB-FISH-161202-8

Oligonucleotides

scg2a F1 - TTTTTCTCTCTCATGTAAATCTGTCTG
scg2a R1 - GAGATGCCATTTTAAGCACTGAAC
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REAGENT or RESOURCE SOURCE IDENTIFIER

scg2a F2 - AAATTTATCCGGATTAGTGTAGACATG This paper N/A

scg2a R2 - ATAAGAAACGGGTTCAGTTCCACTAAG This paper N/A

nppc F1 - TGTTGATTTTAAGTCATAGGCTACATG This paper N/A

nppc R1 - TTAAAGCAGCTTTTCTTTTTAACACTG This paper N/A

nppc F2 - GAGAGGTTGTTAATGGAGTGGTAG This paper N/A

nppc R2 - TAGAGTGAATCCAGAGTCATTATGAAG This paper N/A

esm1 F1 - ATAATCATCCTCATCCTTGTAGAAGTC This paper N/A

esm1 R1 - CTTCATTCACTGTCACATCCAAGGAG This paper N/A

tas2r3 F1 - TAATGTTTTACTGTGGTCACTTATTGG This paper N/A

tas2r3 R1 - AAACACAACCTCGAATAGACATATATG This paper N/A

scg2a crRNA1 - GCTGGGAGGAGGGCGCAATT This paper N/A

scg2a crBRNA2 - TCATCTCGATGCTGCGCAGC This paper N/A

nppc crRNA1 - CAGCAAATGCGAGATGATCA This paper N/A

nppc crRNA2 - ACACTCGGGCACGGGGCCCC This paper N/A

esm1 crRNA1 - GACTGAGGCGTGGGGTCCCG This paper N/A

esm1 crRNA2 - GCAGTGCTCACCCCGTCCCG This paper N/A

tas2r3 crRNA1 - ATGACTGAAATTCCTGCAGC This paper N/A

tas2r3 crRNA2 - TCCAGACCAAAAACGGCCAC This paper N/A

Software and algorithms

lllustrator Adobe https://www.adobe.com/
ImageJ Schneider et al.® https://imagej.nih.gov/ij
MATLAB Mathworks N/A

Prism 7.0 GraphPad https://www.graphpad.com/
Other

Gemma Micro 500 Skretting N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Claire
Wyart (claire.wyart@icm-institute.org).

Materials availability

® Plasmids used in this study are available on request.
® Zebrafish lines generated in this study are available on request.
@ This study did not generate new reagents.

Data and code availability

o All tabulated RNAseq results are provided as Data S1; the raw data are available from the lead contact upon request.
o all MATLAB code used for analysis can be obtained at https://github.com/wyartlab
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebrafish handling and husbandry

Zebrafish adults were maintained on a 14h/10h light/dark cycle and fed using a combination of Gemma Micro 500 diet and cultured
rotifers.®>%¢ All embryos and larvae described in this study were obtained by natural mating procedures. Animals were used for ex-
periments until no later than 6 days post fertilization. All experimental procedures comply with European animal welfare regulations.
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Bacterial strains and growth conditions

Streptococcus pneumoniae D39 serotype 2 wild-type strain, the isogenic red fluorescent S. pneumoniae D39 HIpA-mCherry mutant
strain, or green fluorescent S. pneumoniae D39 HIpA-GFP mutant strain, in which the fluorescent proteins are fused to the histone-
like protein, was grown on Columbia agar supplemented with 5% (v/v) defibrinated sheep blood (Biomerieux; 43049) at 37°C in a
humidified atmosphere with 5% CO,.”%8%" The Listeria monocytogenes LL195 wild-type strain was grown on Columbia agar sup-
plemented with 5% (v/v) defibrinated sheep blood at 37°C.”° Before injection, S. pneumoniae or L. monocytogenes was grown to mid
log phase in C+Y medium®' or BHI medium respectively at 37°C. Bacteria were subsequently harvested by centrifugation (6000 rpm,
10 min for S. pneumoniae, 4000 RPM for 5 min for L. monocytogenes) and suspended in sterile 0.5% (w/v) phenol red solution in PBS
(Sigma-Aldrich, P0290) to aid visualization of the injection process.”* Note that at this concentration, the use of phenol red for
injections did not affect bacterial growth during the pre-injection interval.

Primary cell culture of CSF-cNs

We adapted a two-step culture protocol previously published comprising an initial feeder layer of cells on which were plated a second
layer of fluorescent positives CSF-cNs cells.® Briefly, all embryos were bleached prior to dissociation in 0.003% bleach in reverse
osmosis water in order to avoid contaminations. To perform the initial feeder layer of cells, we dissociated 2 dpf AB WT embryos using
papain at 20U/mL (Serlabo Technologies, WOLK03176-1) in HBSS 1X solution (Fisher Scientific, 14170088) complemented with
0.2 mg/mL cysteine (Sigma-Aldrich, 30089), 1.25 uM CaCl, (Sigma, C3306), 0.5 uM EDTA (Sigma-Aldrich, E5134), and 2 uM
NaOH at 37° for 20 minutes. Dissociated cells were rinsed using HBSS 1X and plated overnight at a concentration of 1.10° cells/
well in DMEM medium (ThermoFisher, 10938025) complemented with 2mM L-Glutamine (Thermo Fisher Scientific, 25030024),
50U/mL penicillin/streptomycin (Thermo Fisher Scientific, 15140122), 25ng/mL NGF (Merckmillipore, 01-125), 4ng/mL GDNF (Fisher
Scientific, 10679963), 25mM glucose (Sigma-Aldrich, G8769-100ML), and 10% FBS (Thermo Fisher Scientific, 10270106). 24 hours
after the initial feeder layer plating, we dissociated 3 dpf Tg(pkd2/1:tagRFP, pkd2/1:GCaMP5G) double transgenic embryos using the
same 20u/mL papain complemented solution used for the initial layer. Dissociated cells were rinsed using HBSS 1X and plated over-
night at a concentration of 5.10° cells/well in Neurobasal medium (Thermo Fisher Scientific, 10888022), complemented with 1X B27
supplement (Thermo Fisher Scientific, 17504044), 1X N2 supplement (Thermo Fisher Scientific, 17502048), 2 mM L-glutamine
(Thermo Fisher Scientific, 25030024), 10 U/mL penicillin/streptomycin (Thermo Fisher Scientific, 15140122), decomplemented
FBS (Thermo Fisher Scientific, 10270106), and 1 mM sodium pyruvate (Thermo Fisher Scientific, 11360039). Cells were used 48
hours after the plating of the second layer.

METHOD DETAILS

Confocal imaging

All widefield confocal imaging was either performed live or mounted in 1.5% agarose on a Nikon ECLIPSE Ti2 inverted microscope
(Figure 1), a Nikon AIR confocal microscope system (Figure 2), a 3i VIVO spinning disk microscope (Figure 6), or fixed and mounted in
50% glycerol on a Zeiss LSM5 Pascal confocal microscope (Figure 4).

Bacterial load

We injected zebrafish larvae with S. pneumoniae D39 wild-type strain into the hindbrain ventricle (see Table S1 for a summary of all
conditions used in imaging and survival experiments) and determined the bacterial load in whole infected zebrafish larvae homog-
enates at 24 hours post injection (hpi). At 24 hpi, infected zebrafish larvae were anesthetized in 0.02 % Tricaine (Sigma-Aldrich
A5040), transferred to a 1.5 ml screwcap tube (1 larva per tube) filled with 1.0 mm glass beads (Sigma-Aldrich Z250473) to ~25%
capacity of the tubes volume, placed in a microvial rack, and violently shaken (3 times 10 sec, 10 sec interval) in a bead beater
(Biospec Products; Mini Beadbeater) to disrupt the cells and tissues. Subsequently, serial dilution plating of the homogenates
was performed on Columbia Blood Agar (Thermo Fisher, R452954) plates supplemented with 5% defibrinated sheep blood (bio-
TRADING, BTSG10), 10 mg/ml colistin sulphate and 5 mg/ml oxolinic acid (COBA, Oxoid), to inhibit growth of commensal bacteria
in zebrafish. The plates were incubated O/N at 37°C and quantified the next day. All experiments were performed in duplicate.

Simulations of in vitro CSF-cN stimulation

In order to estimate the concentration of molecules at the surface of the CSF-cN during and after the 1-second stimulus, we carried
out numerical simulations applying finite-element method (Comsol Multiphysics, Transport of Diluted Species & Laminar Flow
modules). We here describe the model in more details. The concentration of molecules ¢ obeys the advection-diffusion law:

oc
E+v-Vc—DAc:0

where D is the diffusion coefficient of the molecule, V is the differential operator and A is the Laplacian operator. Here v is the fluid
velocity vector obeying the incompressible Navier-Stokes equations:

pVe(v) =0
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p% + p(veV)v = — V.o +uAv

where p = 10% kg/m is the water density and ¢ = — pl+uVu + ,u(Vu)Tis the total stress tensor, with u = 102 Pa.s the water vis-
cosity and / the identity matrix. Bold terms represent three dimensional vectors or tensors.

The flow is simulated in a cylindrical container of height 0.45 mm and diameter 2 mm. Note that the concentration distribution
around the cell was found not to depend on the size of the container when the diameter exceeds 1.2 mm, which is smaller than
the selected value. Inside this container, the initial concentration ¢, is set to 0. A flow of concentration ¢, passes through a spherical
opening of diameter 3 um, representing the stimulation pipette, with a flow rate of 3.6 nL/s during 1s, in the direction of the cell. The
cell is represented by a portion of sphere of diameter 10 um and of height above the floor plate 8 um. The cell is located at a distance
of 100 um from the stimulation pipette.

Concerning the boundary conditions for the flow and the concentration, a no slip is imposed at the bottom wall and onthe cell (v =
0), and a complete impermeability is imposed against the passage of molecules (n+(DVc +cv) = 0). The lateral walls as well as the
upper wall of the cylindrical container are at imposed constant pressure pg, and we impose the absence of concentration gradients
n-Vec = 0.

Numerically, the transition between the stimulus process (which lasts 1s) and the post-stimulus phase (t > 1s) is achieved via a

smoothing function:
t—1\%\
f(t) = exp| — | —— ,withT = 17 ms
T

The number of tetrahedral mesh elements varies between 685000 and 850000 in the simulations presented in this manuscript. All
the simulations converged, and doubling the number of mesh elements led to similar results.

Fluorescence activated cell sorting of CSF-cNs and validation

50 to 300 Tg(pkd2l1:GAL4, UAS:GFP) zebrafish larvae expressing green fluorescent protein (GFP) in cerebrospinal fluid-contacting
neurons (CSF-cNs) were collected at 3 days post fertilization (dpf), anaesthetized in 0.02 % (w/v) buffered 3-aminobenzoic acid
methyl ester (pH 7.0) (Tricaine; Sigma-Aldrich, A5040) and decapitated at the level of the hindbrain. The remaining trunk tissue
was immediately de-yolked (in de-yolking buffer: 55 mM NaCl, 1.8 mM KCI, 1.25 mM NaHCO3;) and manually dissociated in
FACSMax buffer (AMS Biotechnology, T200100) through a 30 um sterile filter as described previously.®® The resulting suspension
was re-filtered and then sorted on a BD Biosciences FACS Jazz sorter to isolate CSF-cNs (between 3000-15000 cells/run,
~0.2% of total input). Cells were sorted directly into lysis buffer (Qiagen, 74004; Clontech, 634894) for both gRT-PCR validation
and RNAseq library preparation; sorting runs were either entirely diverted to validation or library preparation as cell yield was insuf-
ficient to perform both analyses on the same sample. In each sorting run, we isolated separate populations of putative CSF-cNs and
an assortment of other, GFP- cell types as a reference population (referred to as “green” and “dark” cells, respectively throughout
this manuscript). To verify that a highly enriched population of CSF-cNs was being isolated prior to library preparation, several sorting
runs were diverted to gRT-PCR analysis. These cells were converted to cDNA using the RNeasy Micro kit (Qiagen, 74004) followed by
the VILO RT kit (Thermo Fisher, 11756500). qRT-PCR was performed comparing the relative expression of a panel of diagnostic tran-
scripts including known CSF-cN-specific genes between “green” and “dark” cDNA pools using SYBR Green chemistry (Thermo
Fisher, K0991). Previously known CSF-cN markers, such as pkd2/1°°*" and pkd1/2,>**> were massively upregulated while markers
of hindbrain cells (raraa, rarab) were not.

Library preparation and RNAseq (differential CSF-cN RNAseq)

Following validation by gPCR, five additional RNA pools were generated from both “dark” and “green” cells isolated by sorting on
five different experimental days (since RNA yield was too low to split the pool for validation and sequencing). The SMART-Seq
v4 Ultra Low Input kit (Qiagen, 74004) was used to generate double-stranded cDNA from each sorting replicate; these pools were
fragmented and tagged for sequencing using the Nextera DNA Library Preparation Kit (lllumina). Finally, the prepared library was
sequenced on an lllumina NextSeq 500 (SY-415-1001).

Fluorescent in situ hybridization and immunohistochemistry

cDNA was generated from 3 dpf AB larvae using the RNeasy Mini Kit (Qiagen, 74104) and SuperScript IV reverse transcriptase
(Thermo Fisher, 18091050). DNA fragments from a subset of ~40 candidate genes derived from the RNAseq hitlist were amplified
from this cDNA by PCR and cloned into TOPO vectors (Thermo Fisher, 451641). Antisense digoxigenin-incorporating probes
were transcribed from these clones and hydrolyzed to ~300 bp as previously described.?=°" To verify that these transcripts were
enriched in CSF-cNs, we combined fluorescent in situ hybridization and immunohistochemistry for GFP in Tg(pkd2/1:GCaMP5G)
or Tg(mnx1:GCaMP5) transgenic animals at 24 hours post fertilization (hpf) and adult stages as previously described.?%49-0:9

Generation of transgenic zebrafish lines
To generate a Tol2 vector driving GAL4 under the control of GFAP regulatory elements, we used Gateway recombination-based
cloning (Thermo Fisher, 11791020) using p5E-GFAP, which contains 7.4 Kb of GFAP intron 1 and exon 1,%>°° pME-GAL4, and
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p3E-poly(A) into pDestpA2. The resulting vector was injected into Tg(UAS:RFP; cryAA:Venus) at 30 ng/uL with 35 ng/uL Tol2 trans-
posase to generate germline transgenics as previously described.**%°

Generation of tas2r3 mutants

Site-specific crRNAs were designed targeting the tas2r3 coding sequence using the CRISPOR web tool°® (IDT). These were then
annealed to a common tracRNA component to form an RNA duplex stock (33 uM) which was then complexed with 10 pg/pL
Alt-R-S.p. Cas9 Nuclease V3 (IDT) in Cas9 buffer (20 mM HEPES, 150 mM KCI, pH 7.5) at a 1:1 molar ratio according to the manu-
facturer’s instructions. Zebrafish embryos were obtained at the 1-2 cell stage and 1 nL of the described mixture was injected into
each embryo. Embryos were allowed to recover in E3 medium. ~10 embryos were collected at 1-3 days post fertilization (dpf)
and their DNA was harvested by proteinase K digest and gRNAs were validated using an Eael restriction cleavage site present in
the crRNA binding region that would be disrupted by indel mutations caused by CRISPR/Cas9 modification. As noted in Figure S6,
we would later find that tas2r3 is present in our wild type background as at least two different paralogous alleles, which we were able
to independently mutate and segregate in genotyping assays using paralog-specific PCR.

Generation of mutants in genes encoding CSF-cN neuropeptides
To generate scg2a, nppc, esm1 null mutant line, we used the CRISPR/Cas9-mediated genome editing method. crRNA were de-
signed by using online CRISPOR program (crispor.tefor.net/). crRNA and tracRNA were ordered from Integrated DNA Technology.
The guiding RNA (key resources table) complex is prepared by duplex buffer, and mixed with Cas9 protein provided by Dr. Jean-Paul
Concordet (MNHN, Paris, France). The mixed complex was injected into one-cell stage wild type eggs. The editing efficiency was
tested after injection at 2 dpf by performing genotyping on 3 pools of 20 embryos. Genomic DNA was extracted in lysis buffer
(10 mM Tris pH 8.2 mM EDTA, 0.2% Triton X-100, 200 ng/mL Proteinase K) at 55°C for 2 h followed by 10 min of deactivation at
99°C. Then the target region was amplified by performing PCR with specific primers (key resources table). The FO generation which
contains high efficiency mutations was raised to sexual maturity. The best transmitters were selected by screening the rate of mu-
tation in F1 embryos. The mutations of F1 adult fish have been analyzed by sequencing the subcloned PCR product. The F1 fish that
carried the best type of the mutation has been chosen and raised by crossing with AB wild type fish to generate the F2 fish. Analyzing
enzymatic restriction digest in the targeted site was used to screen the homozygote, heterozygote, and wild type F2 fish.

scg2a encodes a precursor of 540 amino acids in a single exon. The beginning of this exon was targeted by two gRNAs. To
generate the scg2a°™#2 mutant allele, sequence analysis revealed that 10 nucleotides were deleted by the gRNA1/Cas9 complex,
leading to a frameshift and a premature STOP codon leading to a truncated amino acid sequence deprived of the mature peptide
precursor sequence. The Nppc precursor is encoded by 3 exons and the mature peptide sequence is contained in the second
exon. To generate the nppc©™® mutant allele, we targeted the beginning of the first exon in order to disrupt the signal peptide
sequence. The gRNA/Cas9 complex we used mediated a 3 nucleotide deletion that led to a mutation on the start codon (from
ATG to ATT), hindering the translation of first exon. The esm1 gene is composed of 3 exons and encodes a 139 amino acids protein
whose binding domain is encoded by exon1. The gRNA1/Cas9 complex we used induced an insertion of 13 nucleotides, which led to
frame shift and premature STOP codon forming a truncated protein of 29 amino acids devoid of the binding domain in the esm 1734
mutant allele.

Calcium imaging of zebrafish larvae after injections in the hindbrain ventricle

Transgenic zebrafish larvae expressing GCaMP in a cell-type specific manner—Tg(pkd2/1:GCaMP5) transgenic larvae for CSF-cNs
and Tg(GFAP:GAL4, UAS:GCaMP5G) for ependymal radial glia—were anesthetized in tricaine and paralyzed with a-bungarotoxin
(1mM, 1nL, Tocris Biosciences, 2133) i.m. or i.v. for imaging. Subsequently, the larvae were embedded in 1.5% low-melting point
agarose dissolved in egg water (60 ng/mL sea salts, Sigma-Aldrich, S9883) in MilliQ) in an open uncoated 8-well chamber slide (ibidi,
80826) and kept at 28°C in a temperature-controlled chamber (Okolab). Larvae were imaged on a Nikon AIR confocal microscope
system. FIJI/MATLAB was used for image analysis. Imaging involved several experimental conditions, unless otherwise noted, all
solutions were injected into the hindbrain ventricle of 2 dpf larvae.

Pneumococcal meningitis

2000 colony forming units (CFU) of red fluorescent S. pneumoniae D39 HIpA-HIpA-mCherry or vehicle-injected with sterile 0.5% (w/v)
phenol red solution in PBS were injected into the hindbrain ventricle after anesthesia of zebrafish larvae with tricaine followed by
paralysis with a-bungarotoxin injection, before being embedded in low-melting point agarose as described previously.”*#°
Heat-killed S. pneumoniae

Bacteria were prepared as above, except the culture was incubated for 20 minutes at 80° C prior to injection.

E. coli

A culture of DH5a. E. coli (ATCC) was grown to ODggg 0.6. 1 nL of this culture was injected into the hindbrain ventricle as above.
Listerial meningitis

6000 CFU of L. monocytogenes LL195 or vehicle-injected with sterile 0.5% (w/v) phenol red solution in PBS were injected into the
hindbrain ventricle after anesthesia of zebrafish larvae with tricaine followed by paralysis with a-bungarotoxin injection, before being
embedded in low-melting point agarose.
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Calcium imaging in primary cell culture

Calcium imaging on GCaMP5G-expressing neurons from the Tg(pkd2/1:GCaMP5G) transgenic line was performed on an epifluor-
escence microscope equipped with a Lumen Dynamics XT600 Xenon lamp and a GFP filter cube. Acquisition was performed at
5 Hz using an EM-CCD Camera from Hamamatsu. Puffs stimuli were delivered using a 1 s long TTL pulse from a Digidata acquisition
system (Axon Instruments) and repeated 3 times with an inter trial interval of 64 seconds.

aCSF

Artificial CSF (aCSF) was composed of NaCl 140mM (Sigma-Aldrich, S7653), KCI 1mM (Sigma-Aldrich, P9333), CaCl, 2.5mM
(Sigma-Aldrich, 223506), MgCl, 1mM (Sigma-Aldrich, M2670), HEPES 10mM (Sigma-Aldrich, H3375), D-(+)-Glucose 10mM
(Sigma-Aldrich, G8270), diluted in MilliQ water; pH was adjusted at 7.4.

Pneumolysin

Recombinant serotype 4 pneumolysin purified from E. coli (MyBioSource, MBS1141054) was reconstituted in aCSF at a concentra-
tion of 0.1 mg/mL. In our in vitro experiments, the concentration of pneumolysin applied onto the cultured CSF-cNs was 50 pg/mL,
which exceeds the threshold for 100% hemolytic activity more than threefold.

Mix of bitter compounds

Acetone (Sigma, 534064), 2-butanone (Sigma, W217012), 2-pentanone (Sigma, W284220), dimethyl disulfide (Sigma, W353604),
2-methylpropanal (Sigma, W222003) were diluted as a mix of bitter compounds in aCSF at a concentration of 100mM each. In
our in vitro experiments, the concentration of each bitter compound applied onto the cultured CSF-cNs was 50 mM according to
in silico simulations (Figure 3).

Dimethyl disulfide (DMDS) and 2-pentanone

DMDS (Sigma-Aldrich, W353604) and 2-pentanone (Sigma-Aldrich, W284220) were diluted in aCSF at 25, 50 and 100mM concen-
trations. In our in vitro experiments, the concentrations of DMDS and 2-pentanone applied onto the cultured CSF-cNs were 12.5, 25
and 50 mM according to in silico simulations (Figure 3).

Acetone, 2-butanone and 2-methyipropanal

Acetone (Sigma-Aldrich, 534064), 2-butanone (Sigma-Aldrich, W217012) and 2-methylpropanal (Sigma-Aldrich, W222003) were
diluted in aCSF at 100 mM concentration. In our in vitro experiments, the concentration of acetone, 2-butanone and
2-methylpropanal applied onto the cultured CSF-cNs was 50 mM according to in silico simulations (Figures 3 and S2).
Supernatant after viral infection

Baby hamster kidney (BHK) cells were infected in vitro for 48 hours with Sindbis virus expressing the fluorescent protein mCherry.
Uninfected cells were used as control group. After 48 hours, infected BHK cells showed red fluorescence and were detaching
from their support, signs of infection of the cells by Sindbis virus — while control unifected cells did not show adhesion problem. Su-
pernatants of control and infected cells were collected and inactivated by UV irradiation before pressure-applications.

S. pneumoniae supernatant

Cell-free culture supernatant produced by S. pneumoniae was obtained by growing S. pneumoniae D39 wild-type bacteria until the
end of the mid-log growth phase in C+Y medium, supplemented with 0.8% yeast extract instead of 2.5% yeast extract to minimize
autofluorescence of the medium while retaining optimal growth conditions for the bacteria. The culture was then centrifuged for 15 mi-
nutes at 5000 x g, and subsequently the supernatant was collected and filtered through a 0.22uM filter to remove residual bacterial
cells before pressure-applications.

FACS sorting of infected larvae

Larvae were injected with 2000 CFU S. pneumoniae D39 wild-type strain as described above, collected at 24 hours post infection,
and a single-cell suspension was generated using the same protocol as for prior rounds of FACS. Analysis and isolation were per-
formed using a BD InFlux cell sorter controlled by BD FACS Sortware v1.2.0.142 software. Infected neurons were identified by eGFP
reporter protein which was excited by a 488nm, 200mW laser and detected through a 530/40 bp filter. Cell auto-fluorescence was
also excited by the 488nm laser and detected through a 692/40 bp filter. Live and intact cells were identified by DAPI staining and
excited by a 405nm, 100mW laser. For gating and trigger thresholds, background particulate was identified by running cell suspen-
sion buffer alone and standard FSC vs SSC gating was applied to select whole, intact events of similar scatter properties. Live cells
were then gated according to low DAPI signal events withing a distinct event cluster and, from there, 2 separate auto-fluorescent
populations were sorted from the eGFP positive events. eGFP gating edges were set with no-color and eGFP FMO controls.
Compensation was not applied to any parameters.

Library preparation and RNAseq (uninfected vs. infected CSF-cNs)

Three RNA pools were generated from both “dark” and “green” cells isolated in control and infected conditions by sorting. The
SMART-Seq v4 Ultra Low Input kit (Clontech, 634888) was used to generate double-stranded cDNA from each sorting replicate;
these pools were fragmented and tagged for sequencing using the Nextera XT DNA Library Preparation Kit (Illumina). Finally, the pre-
pared library was sequenced on an lllumina NovaSeq 6000 SP (200 cycles, up to 800 million reads, lllumina).

RNAseq (uninfected vs. infected CSF-cNs) analysis using DESeq2
Differential expression (DE) analysis of uninfected vs. infected CSF-cNs RNAseq data was conducted in R version 3.6.1 (R Develop-
ment Core Team, 2019) using the DESeqg2 Bioconductor package (v1.26.0). From the raw count data, the DESEeq function performs
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all the processing steps from the normalization of the counts with the calculation of size factors (accounting for differences in library
sizes) and dispersion factors to the differential analysis itself. DE genes between infected and control cells were explored separately
within each population of green and dark cells, and also for the difference of variation observed in the two populations (testing the
“ratio of ratios”: i.e. the Infected/Control ratio in the green cells divided by the Infected/Control ratio in the dark cells). Significant DE
genes were determined by fitting Negative Binomial Generalized Linear Models (one model per gene), followed by a Wald test on the
model coefficients for significance testing. To control for the false discovery rate (FDR), all p-values were adjusted using the
Benjamini-Hochberg (BH) procedure, and all DE genes with a BH-adjusted p-value < 0.05 were considered statistically significant.
Within each population of green and dark cells, the directional change of the DE gene expression level was indicated by the sign of the
log fold: either positive when the average expression level in the infected cells was significantly higher than that in the control cells
(“up in infected”); or negative when expression level was decreased in the infected cells (“down in infected”).

Larval zebrafish survival assays
Survival (death here is defined as larvae that do not respond to tail touches nor have a beating heart) was assessed every 24 hours.
Curves were generated with GraphPad Prism 7.0 and survival data were analyzed with the log rank (Mantel-Cox) test.

Survival experiments in CSF-cN compromised transgenic larvae

Zebrafish larvae were infected as described previously by injecting 2000 colony forming units (CFU) wild-type S. pneumoniae D39
into the hindbrain ventricle and kept in 6-well plates at 28°C with 20 larvae in each group per well.>* The mortality rate was scored
by monitoring live and dead embryos at 24 hours intervals post-injection; mortality was determined by heartbeat and response
mechanical stimuli. All experiments were performed in triplicate. Survival analyses were performed and involved the following
experimental conditions:

Nitroreductase

Tg(okd2I1:GAL4, UAS:epNTR-tagRFPT-UTR.zb3) zebrafish embryos®' and control sibling embryos were treated with 10 mM metro-
nidazole (Sigma-Aldrich, M3761) in 0.1% DMSO (Sigma-Aldrich, D8418) for at least 16 hours to induce nitroreductase-mediated
ablation of pkd2/1+ cells after mechanical dechorionation. At 2 dpf the larvae were washed 3 times with egg water and subsequently
infected.

Botulinum toxin B Light Chain

Tg(pkd2I1:GAL4, UAS:BoTxBLC-GFP) zebrafish embryos®°>°” and control wild-type embryos were infected at 2 dpf.

Survival experiments in mutant larvae

Adult heterozygous zebrafish mutants (okd2/ , sgc2a°™*  esm1°™3* nppc were incrossed in order to compare survival
between homozygous mutants and control siblings within the same clutches. Injection of S. pneumoniae targeted the hindbrain
ventricle of 2 dpf zebrafish mutants and their control siblings (Figure S7) at different doses (1000 CFU or 2000 CFU per larva). We
typically injected ~25 larvae for each CFU for each group in each experiment. The survival rate was evaluated every 12h until 72 hours
post-infection (hpi) prior to genotyping after euthanasia of all larvae.

1 icm02 icm36)

Analysis of calcium transients in vivo

To determine the overall activity of a given cell of interest defined within a region of interest (ROI), the AF/F integrated over time was
calculated as it more reliable and less sensitive to fluctuations in the level of expression of the fluorescent calcium sensor; compar-
isons across conditions were made using multifactorial ANOVAs with Scheffé post-hoc tests. To compare isolated large-amplitude
calcium transients (as in Figures 2E-2G and 2N), a MATLAB script was written to identify features of the Ca®* trace where a sustained
high-amplitude calcium transient (i.e. > 100% AF/F) was associated with a sharp onset (i.e. differential of AF/F trace > 30). Statistical
testing was performed on these isolated events using the Wilcoxon rank sum test with Bonferroni correction for multiple
comparisons.

Analysis of calcium transients in vitro

Slow translational drifts of the image due to cell movements were corrected using image registration by taking as a reference image a
frame of the original position of the CSF-cN. We identified CSF-cN calcium transients in response to 1-second stimulus by using a
100 ms-long flash of green light performed 12.74s before the stimulus. Frames corresponding to flashes stimuli were removed from
the representative traces (see Figures 3B and 3C). To determine the response of a given cell (ROI) to a 1-second stimulus (as in
Figures 3D and 3E), the AF/F amplitude of each peak calcium response after stimulus was calculated using a home-made
MATLAB script available on the Wyart lab github: the AF/F average of over six time points around the maximum AF/F of the peak
was calculated, and was subtracted to this the AF/F average of six points before the stimulus. A cell was considered as a responding
cell when we observed a response for at least one of the 3 1-second stimuli. Latency was calculated as time between the 1s-stimulus
and the beginning of the peak response. Time-to-peak was calculated as the time between the beginning of the peak response and
the maximum of the peak. Time decay was calculated by applying an exponential fit of model ‘a*exp(-b*x)+c’ and extracting the time
decay as follow: decay = 1/b. As control for no-stimulus (see Figure 3G, black circles), we measured the time decay of transients
corresponding to spontaneous activity with no stimulus (see Figures 3B and 3C, left). Comparisons across conditions (as in
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Figures 3D and 3E) were made using 2-factor ANOVAs with Turkey HSD post-hoc tests on R. Comparisons for latency, time-to-peak
and time decay were made using two-sample Kolmogorov-Smirnov non-parametric test on MATLAB.

Production of virus-containing supernatant

Sindbis virus (SINV)”® was used to infect BHK cells. BHK-21 cells (ATCC #CCL-10) were cultured at 37°C and 5% CO2 in DMEM/F-12
containing phenol red (Gibco) supplemented with 5% heat-inactivated fetal bovine serum (Gibco) and penicillin-streptomycin (Life
Technologies). To produce the supernatant, DMEM without phenol red was used instead. A near-confluent layer of cells in a
75cm? flask in 20 ml of culture medium was seeded with ~10% PFU of SINV-mCherry/2A virus, isogenic with the SINV-eGFP/2A virus
whose construction is described in Boucontet et al.”® and generated in the same way but replacing eGFP with mCherry. A control
flask of BHK cells without virus was cultured in parallel. Two days later, supernatants were harvested and cell debris removed by
centrifugation (5000 rpm, 10 min, 4°C). These supernatants were UV-inactivated by delivering 30mJ/cm? of 254 nm UV light using
a CL-508 crosslinker (Uvitek). Titration on BHK cells ascertained that infective SINV particles fell from ~10” PFU/ml to zero after
UV inactivation. Supernatants were frozen until use.

Analysis of neutrophil infiltration to the central canal after infection

Tg(mpo:GFP) transgenic larvae®® expressing green fluorescent neutrophils were anesthetized and infected with 2000 CFU mCherry+
S. pneumoniae as described above or injected with 1 nl Alexa 647 Dextran (Thermo Scientific, D22914) in the hindbrain ventricle. After
embedding the larvae in low-melting point agarose, time-lapse imaging was performed at 28°C on a Nikon AIR confocal microscope
system equipped with a temperature-controlled chamber. Images were obtained at 20 min. intervals for 12-24 hours.

Behavioral analysis

Zebrafish larvae were either infected with 6000 CFU S. pneumoniae or injected with PBS at 5 dpf as above. Larvae were rested until 9,
24, or 32 hours post injection and plated individually in a 32 well (80 mm x 140 mm) made from 3 mm acrylic sheets (plexiglass) plate
(BFP CINDAR, Champigny-sur-Marne, France) cut by a laser cutter into 1.5 cm diameter wells holding a volume of 500 pL. Larvae
were then recorded freely for 5 minutes at 160 fps after 10 min of acclimation. Behavioral parameters were extracted using
ZebraZoom.*®

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral analysis
Behavioral parameters were extracted from tracking videos as previously described.”® These were tested across time points and
conditions using a 2-factor ANOVA followed by Scheffé post-hoc testing.

Quantification and analysis of axial curvature and fluorescence

Following injection and imaging, the spinal cord was manually delineated using MATLAB (curvature.m, linecurvature2D.m).® This
produced an imaging area from which curvature was calculated from a smoothing spline curve fit to the x-axis boundaries and total
568 nm fluorescence was integrated across the x-axis. We therefore obtained both a total fluorescence and local curvature for each
spinal cord; curvature was compared via a Student’s t-test (Figure 1R) while curvature and fluorescence were correlated by simple
linear regression (Figure 1S).

In vivo calcium imaging
Large AF/F events were detected using a MATLAB algorithm. These large events were effectively filtered for those where—

o Amplitude > 100% AF/F
o Initial first differential of AF/F > 30%/frame

These criteria were effectively used to threshold a series of time points where AF/F rose very rapidly to high levels; strel() and
imclose() functions were then used to smooth those thresholded points into continuous intervals (for further details, see super.m
in the referenced GitHub repository).

After filtering, these events were tabulated by time point and condition and evaluated for each experiment by 2-factor ANOVA
followed by Scheffé post-hoc testing to find time-point-specific differences. The exception to this was in Figures 2| and 2J, where
large events for most conditions were so infrequent as to not be statistically comparable; we therefore used chi-square analysis
here to show that large events were more common in the live S. pn. condition than other conditions.

RNAseq

For the initial transcriptome (Figure 4) RNAseq reads were mapped to the zebrafish GRCz10 genome draft and evaluated for
enrichment by evaluating false discovery rate of log fold change for fragments per kilobase of transcript per million fragments
mapped (FPKM).
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In vitro calcium imaging

Image registration was carried out using as image of reference a frame of the original position of the CSF-cN; this was used to correct
small cell movements occurring during calcium imaging in vitro. To synchronize the 1-second stimulus on the cell with the calcium
imaging movie recording, we used a 100 ms-long flash of green light (detectable on the calcium imaging movie) performed exactly
12.74 seconds before the stimulus. We removed frames corresponding to flash stimuli from the representative traces.

Quantification of the amplitude of CSF-cN calcium responses to 1-second stimuli was performed by calculating the AF/F amplitude
of each peak calcium response after each stimulus using a home-made MATLAB script (see Analyse_amplitudesV/5.m available on
the Wyart lab GitHub repository). This script calculated the AF/F average of over six time points around the maximum AF/F of the
peak, and subtracted to this the AF/F average of six points before the stimulus. We considered a cell responding to at least one
of the three 1-second stimuli as a responding cell.

Quantification of latency was performed by calculating the time between the 1-second stimulus and the beginning of a peak
response.

Quantification of time-to-peak was performed by calculating the time between the beginning of the peak response and the
maximum of the peak.

Quantification of time decay was performed using a home-made MATLAB script (see Analyse_kinematicsV3.m available on the
Wyart lab GitHub repository) applying an exponential fit of model ‘a*exp(-b*x)+c’ and extracting the time decay as follow: decay =
1/b. No-stimulus control (see Figure 3G, black circles) time decay was measured using the time decay of transients corresponding
to spontaneous activity with no stimulus (see Figures 3B and 3C, left).

Statistics of comparisons across conditions (as in Figures 3D and 3E) were performed using 2-factor ANOVAs with Turkey HSD
post-hoc tests on R, with the exception of S. pneumoniae supernatant experiment in vitro (Figures 7A and 7B) which was analyzed
using paired t-test. Statistics of comparisons for latency, time-to-peak and time decay were made using two-sample Kolmogorov-
Smirnov non-parametric test in MATLAB (see GitHub repository).

Survival analysis

All survival data were analyzed by log-rank test (Mantel-Cox). All data were analyzed by Student’s t-test for comparison of two groups
or two-way ANOVA followed by Sidak’s or Tukey’s post hoc test. Bacterial load and competitive index data were analyzed by un-
paired t-test or one sample t-test respectively. The number of subjects and biological replicates is indicated in the figure legends.
All data including error bars are presented as mean + SD or mean + SEM. P values <0.05 were considered statistically significant,
unless stated otherwise. All statistical analyses were performed using MATLAB or GraphPad Prism 7.0.
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