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Formalin-evoked pain triggers
sex-specific behavior and spinal
Immune response

Lucie Pepino, Pascale Malapert, Andrew J. Saurin, Aziz Mogrich”? & Ana Reynders™

Mounting evidence shows sex-related differences in the experience of pain with women suffering
more from chronic pain than men. Yet, our understanding of the biological basis underlying those
differences remains incomplete. Using an adapted model of formalin-induced chemicalf/inflammatory
pain, we report here that in contrast to male mice, females distinctly display two types of nocifensive
responses to formalin, distinguishable by the duration of the interphase. Females in proestrus and

in metestrus exhibited respectively a short-lasting and a long-lasting interphase, underscoring the
influence of the estrus cycle on the duration of the interphase, rather than the transcriptional content
of the dorsal horn of the spinal cord (DHSC). Additionally, deep RNA-sequencing of DHSC showed
that formalin-evoked pain was accompanied by a male-preponderant enrichment in genes associated
with the immune modulation of pain, revealing an unanticipated contribution of neutrophils. Taking
advantage of the male-enriched transcript encoding the neutrophil associated protein Lipocalin 2
(Lcn2) and using flow cytometry, we confirmed that formalin triggered the recruitment of LCN2-
expressing neutrophils in the pia mater of spinal meninges, preferentially in males. Our data
consolidate the contribution of female estrus cycle to pain perception and provide evidence supporting
a sex-specific immune regulation of formalin-evoked pain.

Men and women experience pain differently. Women exhibit increased sensitivity to several acute pain
modalities'~* and are over-represented in various chronic pain conditions such as migraine, fibromyalgia, tem-
poromandibular joint disorder and irritable bowel disorder*. Despite a well-established literature reporting
quantitative sex differences in pain, the underlying biological mechanisms are not fully understood. Sex hor-
mones play an important contribution, but more recent data put forward that other biological substrates involved
in pain detection, transmission and modulation, including genes, neurons and immune cells, differently operate
in males and females®”. In rodents, quantitative sex differences have been documented in various pre-clinical
model of pain, including in the formalin paradigm of inflammatory/chemical pain®'*. Intra-plantar injection
of formalin elicits a spontaneous phasic nocifensive behavior (licking, flinching, biting of the paw) initiated by
a short-lasting intense pain (first phase), followed by a time-lapse with reduced pain (interphase) and finally by
a last phase during which pain resumes (second phase)'*. The first phase is considered to represent the activa-
tion of nociceptive fibers, the interphase, the recruitment of endogenous pain-inhibitory mechanisms and the
second phase, the spinal sensitization of the pain pathway'*™¢. Previous studies, mostly performed in rats, have
shown that females exhibit increased formalin-induced pain'®!"” and that males and females process differ-
ently formalin-evoked pain'*'®-%°. This is widely attributed to sex hormones, as shown by the absence of sex
differences in gonadectomized subjects'>'7*°. Importantly, in all of these studies, the same volume of 1 to 5%
formalin is administrated to both sexes, and given that there are considerable weight differences between males
and females of the same age (https://www.arc.wa.gov.au/?page_id=125), one may put forward that the initial
intensity of the stimulus (formalin) is readily higher in females as compared to males. Considering this, in the
present study, we adapted the volume of injected formalin to the weight of the mice, as previously described?!,
to determine sex differences in formalin-evoked pain behavior and to investigate the associated transcriptional
modifications in the dorsal horn of the spinal cord (DHSC). Despite no sex differences in the amplitude of
formalin-evoked pain, we report here that in contrast to males, females distinctly displayed two types of nocif-
ensive responses, distinguishable by the duration of the interphase. This was mainly influenced by female estrus
cycle, rather than by the transcriptional content of the DHSC. Notably, we found that proestrus and metestrus
females exhibited respectively a short- and a long-lasting interphase. In addition, deep RNA-sequencing of DHSC
tissues of formalin-exposed mice of each sex, showed a male preponderant enrichment of genes associated with
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the immune response, revealing an unanticipated contribution of neutrophils. Taking advantage of the male-
enriched transcript encoding the neutrophil associated protein Lipocalin 2 (Lcn2) and using flow cytometry, we
confirmed that formalin triggered the recruitment of LCN2-expressing neutrophils in the pia mater of spinal
meninges, preferentially in males. Altogether, our data consolidate the contribution of female estrus cycle to
pain perception and provide evidence supporting a sex-specific immune regulation of formalin-evoked pain.

Results

Female mice display two types of formalin-induced pain behaviors, respectively marked by
short- and long-lasting interphase. The amplitude and time-course of formalin-evoked pain behavior
was analyzed in female and male C57Bl/6 mice, using an adapted experimental setting, as previously described?'.
Each mouse received an intraplantar injection of a 2% formalin solution at a rate of 8 ul/20 g of weight and their
pain behavior was monitored per 5 min intervals for 60 min. We started this study by analyzing relatively small
cohorts of male and free cycling females (n =38, per sex). Under these conditions, the total duration of formalin-
evoked nocifensive behavior was equal between sexes (Fig. 1a). However, we observed differences in the time-
course of pain responses (Fig. 1a). In males, formalin triggered a classical biphasic response with a short-lasting
first phase, followed by an interphase and then a second phase (Fig. 1a). In contrast females exhibited three peaks
of formalin-evoked nocifensive behavior, either corresponding to a tri-phasic response or underlining variability
in the appearance of the second phase, reflecting a variability in the duration of the interphase (Fig. 1a). Analysis
of individual responses clearly revealed two typical formalin-triggered nocifensive behaviors amongst females,
with one group of females (hereafter called F1) exhibiting a short-lasting interphase and a second group (hereaf-
ter called F2), displaying a much longer-lasting interphase (Fig. 1b). In contrast, no subgroups were observable
in males (https://figshare.com/articles/figure/K-means_clustering for_males/22036304). We defined the inter-
phase as the total duration of the quiescent period following the first phase and before the emergence of the
second phase of the formalin-induced pain. Because large-enough datasets are required to increase the power of
statistical analysis, especially when considering free-cycling females, we considerably increased the number of
mice per sex (n=24 males and 53 females). In this large sampling, formalin triggered a similar biphasic response
in both sexes with no difference in the total duration of nocifensive behavior (Fig. 1c). However, when we ana-
lyzed the behavioral responses during the 5 min intervals, female mice started their second phase earlier than
males (Fig. 1c). Despite this apparent homogeneity in the time-course of formalin-evoked pain response within
females, the above observed typical F1 and F2 behaviors remained identifiable, as revealed by unbiased k-means
clustering (Fig. 1d,e). Using this approach, we found that in 29 of the 53 females included in our study (55%), the
second phase of formalin-evoked pain resumed after about 10 min and thus corresponded to the short-lasting
interphase F1 group, while in the remaining 24 (45%) the second phase started at about 23 min post-formalin
injection, consistent with what observed in the long-lasting interphase F2 group (Fig. le,f). We also noticed
slight differences in the first phase of the formalin group, with F2 females exhibiting less formalin-evoked pain
than F1 females (Fig. 1e). When applied to males, k-means clustering highlighted the outliers, as among the 24
male subjects, 20 of them (83%) exhibited similar formalin-evoked pain behavior (Fig. 1d). Of note, the mean
duration of the interphase in males was 20 min (Fig. 1f). Together, these data demonstrate sex-related differences
in the behavioral responses to formalin-induced pain.

Estrus cycle influences formalin-evoked pain behavior in females, with minimal impact on
gene expression levels in the DHSC.  We next searched for the biological underpinnings underlying the
differences in formalin-evoked pain behaviors in females. The interphase of the formalin test is mainly thought
to reflect the recruitment of endogenous inhibitory systems. One possible explanation is that the variations in
the levels of circulating gonadal hormones (estrogen and progesterone) across the estrus cycle, influence the
strength of endogenous inhibition recruited during the interphase'. We thus determined the stage of the estrus
cycle of each of the females analyzed in Fig. 1, right after the formalin test. We found that metestrus females were
under-represented in the F1 group (n=3/29), while F2 group contained only a very small fraction of females in
proestrus (n=2/24) (Fig. 2a). Additionally, when analyzed with respect to their estrus cycle and independently
of their belonging to F1 or F2 groups, proestrus females exhibited a F1-like behavior, while females in metestrus
displayed a F2-like behavior, with respectively short and long-lasting interphases (Fig. 2b,c). We also observed
that females in metestrus exhibited less formalin-evoked pain as compared to females in proestrus, in the first
phase of the test (Fig. 2b). Mice that were in estrus and diestrus had an intermediate response to formalin and
could be found in both groups (Fig. S1). Hormonal fluctuations across the estrus cycle have been recently shown
to affect the transcriptional activity of several genes in the hippocampus, including genes involved in the regu-
lation of neural activity and behavior?>. We thus further asked if the differences in formalin-evoked behaviors
observed in F1/proestrus and F2/metestrus could be also explained by differential gene expression in the DHSC.
To this aim, we performed unbiased RNA sequencing (RNA-Seq) on ipsilateral DHSC tissues from F1/proestrus
(n=6) and F2/metestrus females (n=6), at 2 h (2H) post-formalin, a time-point we estimated will include early-
induced genes in response to formalin (Fig. 2d,e).

Comparative analysis with a false discovery rate of 5 (FRD5) revealed only 2 differentially-expressed genes
(DEG) between F1/proestrus and F2/metestrus (Fig. 2e). X-linked lymphocyte regulated 3a (XIr3a) was up-
regulated in F1/proestrus females with a 1,79-fold-change (FC) as compared to F2/metestrus females. Guanylate-
binding protein 10 (Gbp10) transcripts were found about 10 times more abundant in F2/metestrus females as
compared to F1/proestrus. Both XIr3a and Gbp10 are described to be part of the immune system***, potentially
suggesting a differential immune status in F1/proestrus and F2/metestrus females DHSC. These data demonstrate
that the transcriptional content of the DHSC in formalin-injected F1/proestrus and F2/metestrus females is
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Figure 1. Female mice display two types of formalin-induced pain behaviors, respectively marked by short- and
long-lasting interphases. (a) Cumulative duration (left) and the duration per 5 min intervals (time-course, right)
of formalin-evoked pain behavior (in seconds, s) in a small cohort of n=38 male and n=8 female mice. Data

are presented as mean + SEM. (*p <0.05; **p<0.01). (b) Individual data for the time-course of formalin-evoked
pain in the females included the (a). (¢) Cumulative duration (left) and time-course (right) of formalin-evoked
nocifensive behavior (in seconds, s) in a large group of mice (n=24 males and 53 females). Data are presented as
mean+ SEM. (*p<0.05). (d) K-means based subdivision of males and females; shows the percentage of subjects
in each sub-group (males and outlier males and F1 and F2 females). (e) Cumulative duration (left) and time-
course (right) of formalin-evoked nocifensive behavior (in seconds, s) in F1 (n=29) and F2 (n=24) females and
in males (n=24). Data are presented as mean + SEM. (M-F1: ®p <0.05; %%p < 0.001) (M-F2: °p <0.05; °*p<0.01)
(F1-F2: *p<0.05; ***p <0.001). (f) Duration of the interphase in males (n=24), F1 (n=29) and F2 (n=24)
females (in minutes, min). Data are presented as mean + SEM. (M-F1: *%p <0.001) (M-F2: °p<0.05) (F1-F2:
4 < 0.001).
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Figure 2. The duration of the interphase in females is influenced by the estrus cycle. (a) Vaginal cytology

used for the identification of the different stages of the estrus cycle and the percentage of females in proestrus,
estrus, metestrus and diestrus in F1 and F2 subgroups. (b) Cumulative duration (left) and time-course (right)
of formalin-evoked nocifensive behavior (in seconds, s) in females in proestrus (n=12) as compared to females
in metestrus (n=15). Data are presented as mean + SEM. (*p <0.05; ***p <0.001). (c) Duration of the interphase
(in minutes, min) in females in proestrus (n=12) and females in metestrus (n=15). Data are presented as

mean + SEM. (**p <0.001). (d) Ilustration of the experimental design for RNA-Seq preformed on the dorsal
horn of the spinal cord (DHSC) of proestrus (n=6) and metestrus (n=6) females following formalin injection.
(e) Volcano-plot representation of the RNA-Seq data, highlighting the transcripts enriched in proestrus females
and those in metestrus females (FDR5).

highly similar. They also put forward a preponderant contribution of the estrus cycle in the post-transcriptional
modulation of the mechanisms regulating the duration of the interphase.

Sex-related transcriptional differences in the ipsilateral DHSC following formalin administra-
tion. Several studies report that even in absence of quantitative sex differences in pain behavior, there are
inherent male—female differences in the molecular and cellular mechanisms underlying pain processing, includ-
ing in formalin pain”?*?. Thus, we asked whether there were differences in the transcriptional content of the
ipsilateral DHSC between males and females, 2H post-formalin injection. Towards this aim, we compared the
transcriptional profiles of all the female samples (i.e. F1/proestrus and F2/metestrus females were not analyzed
separately, they were combined to be analyzed as a single condition, n=12) to male samples (n=6). Using the
same RNA-Seq approach as above-described, we found 158 DEG between sexes with FDR of 5, among which
57 were up-regulated in females as compared to males and 101 in males as compared to females (Fig. 3a,b
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and Table S1). As expected when comparing female versus male transcriptomes, the top-ranking DEG were X
and Y-linked genes (Xist and Tsix, as well as Uty, Kdm5d, Eif2s3y and Ddx3y) (Table S1). Functional analysis
using Metascape software? revealed different pathways enriched in each sex (Fig. 3¢). For instance, female DEG
were enriched for transcripts involved in glycosyl compound metabolic regulation, in the sensory regulation of
pain and in the positive regulation of translation. Male DEG were enriched for transcripts involved in micro-
glial activity and development, as well as in leukocyte chemotaxis (Fig. 3c). We further used Ingenuity Patway
Analysis (IPA) software to interpret the female- and male-enriched genes in the context of biological processes,
pathways and networks (Table S2). In line with the Metascape analysis, IPA revealed a significant enrichment
of male-DEG involved in the recruitment of leukocytes and recruitment of myeloid cells (Fig. 3d). These genes
included macrophages/microglial-associated transcripts such as colony stimulating factor receptor 1 and 2b
(Csflr, Csf2rb), Interleukin-16 (II-16), as well as genes associated with neutrophil function such as myeloper-
oxidase (Mpo) and lipocalin2 (Lcn2). Thus, this analysis further highlights a potentially male-specific spinal
neuro-immune regulation of formalin evoked pain, possibly involving microglia, as previously reported®’, but
also neutrophils.

Taken together, our results underscore qualitative sex-related differences in the molecular mechanisms associ-
ated with neuronal and neuro-immune regulation in formalin-evoked pain.

Formalin triggers LCN2-positive neutrophils recruitment to the pia layer of spinal meninges,
preferentially in males.  Given the growing interest in sex-specific immune regulation of injury-induced
pain’, we decided to further explore this aspect in our model. In particular, we were intrigued by the fivefold up-
regulation of Lcn2-encoding transcripts within the ipsilateral DHSC of males as compared to females (Table S1).
Of note, Lcn2 expression levels were not dependent on the estrus cycle, as we did not observe differences in the
transcripts per million (TPM) between F1/proestrus and F2/metestrus females (Fig. S2). LCN2, also known as
Neutrophil Gelatinase-Associated Lipocalin (NGAL), is an acute phase protein, reported to be up-regulated and
secreted by a wide range of cell types (including neutrophils, monocytes, reactive astrocytes, activated microglia,
neurons and endothelial cells) in response to tissue insults”’. LCN2 has been reported to participate to the patho-
genesis of neuropathic and inflammatory pain and to contribute to the amplitude of pain in the second phase
of the formalin test®?. Importantly, so far, the role of LCN2 in pain was demonstrated in males only, and our
RNA-Seq data pointed towards a sex-predominant mode of action of LCN2, at least in the formalin pain model.
Consistent with this hypothesis, 2H post formalin administration, Lcn2 mRNA was significantly up-regulated
in males ipsilateral DHSC as compared to naive condition, while this was not the case for females (Fig. 4a). In
addition, we confirmed that there were no significant changes in Lcn2 expression levels across the estrus cycle in
formalin-injected females, although we observed higher variability in estrus females (Fig. S2). Therefore, all the
following experiments were carried on free-cycling females. To determine the identity of the cell types in which
such up-regulation occurred, we performed immunolabelling of male spinal cord transversal sections harvested
2H post-formalin. Our results showed that in the DHSC, LCN2 expression occurred in small round cells that
were located in CD31* blood vessels, likely irrigating the pia mater of spinal meninges (Fig. S3). Further immu-
nostaining on floating DHSC whole tissue confirmed an increase in the number of these small round LCN2-
expressing cells in male, but not female pia mater, that was observed at 2H post-formalin (Fig. 4b). Because,
given their shape and size we thought that these LCN2-expressing cells belonged to the immune compartment,
we used flow cytometry to gain insight in their identity. We first showed that we could use intracellular staining
to accurately detect LCN2-expressing cells with flow cytometry (Fig. S4). We next performed flow cytometry
analysis of cell suspensions obtained from the pia mater, dura mater and ipsilateral L3-L5 segments of the SC of
both males and females either naive or 2H post-formalin. In all these tissues, the vast majority of LCN2* cells were
also positive for leucocyte-marker CD45, confirming that these are immune cells (Fig. S4). Formalin injected
males exhibited a significant increase in the percentage CD45"LCN2" cells as compared to naive animals, in the
pia mater only (Fig. 4c). Among these CD45"LCN2* cells, 96.94 £ 1.08 were CD11b*CD3" and the vast major-
ity of them co-expressed Ly6G, demonstrating that they are neutrophils (Fig. 4d). Additionally, the percentage
of neutrophils in male pia mater was significantly increased following formalin, and the vast majority of them
expressed LCN2 (Fig. S5). The remaining CD45*LCN2*CD11b*CD3 Ly6G™ ones expressed Ly6C, showing that
they belong to monocytic lineage (Fig. 4d). Importantly, formalin did not induce the above-described increase
in the percentage of CD45.2*LCN2" cells or neutrophils in any of the female tissues analyzed, including pia
mater (Figs. 4c,d and S5). Together, these results demonstrate an un-anticipated male-preponderant recruitment
of LCN2-expressing neutrophils in the pia mater of the spinal meninges, in response to formalin-evoked pain.

Discussion

In this study we report sex and estrus-cycle related differences in behavioral response to formalin-evoked pain.
We also highlight that formalin-evoked pain is accompanied by sex-related differential gene expression in the
DHSC, marked by a male-preponderant enrichment in genes participating to the neuro-immune modulation of
pain. Finally, we show that formalin injection promotes the recruitment of LCN2-expressing neutrophils in the
pia mater of spinal leptomeninges, preferentially in males. Sex differences in formalin-evoked pain have been
documented in both rats and mice, with females exhibiting increased pain behavior as compared to males'-1>17,
In our study, we did not observe such differences in the amplitude of formalin-evoked pain behavior when we
compared the group of male mice with free-cycling females (Fig. 1¢). Our data include unusual high numbers
of individuals per sex (24 males and 53 females), thus we are confident of the power of our statistical analysis.
Differences with what previously reported are very likely to be explained by our experimental setting®'. What
was striking in our study, was that female mice displayed two different types of behaviors in response to formalin,
marked by significant differences in the duration of the interphase: F1 females had a short-lasting interphase,
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Figure 3. Sex-related transcriptional differences in the ipsilateral DHSC following formalin administration. (a)
Mlustration of the experimental design for RNA-Seq preformed on the dorsal horn of the spinal cord (DHSC)
of males (n=6) and females (n=12, including n=6 F1/proestrus and n =6 F2/metestrus) following formalin
injection. (b) Volcano-plot representation of the RNA-Seq identified DEG between males and females (FDR5).
For a matter of representation, the following DEG were not represented on the volcano plot: Xist, Tsix, Gm2223
for females and Kdm5d, Eif2s3y, Uty, Ddx3y for males. (c) Metascape functional enrichment of transcripts
enriched in males and those enriched in females. (d) IPA disease and function prediction showing clusters of
male-enriched transcripts associated with immune response.
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Figure 4. Formalin triggers LCN2-positive neutrophils infiltration in the pia layer of spinal meninges, preferentially in males.

(a) RT-qPCR analysis of Lcn2 expression levels in the ipsilateral DHSC of naive males (n=3) and free-cycling females (n=3) and
formalin-injected males (n=8) and free-cycling females (n=12). Data are presented as mean of relative expression normalized to
B-actin and expressed in arbitrary units (a.u) £ SEM. (**p<0.01). (b) Whole-mount immunostaining on L3-L5 segments of the DHSC
with anti-CD31 (red) and anti-LCN2 (green) antibodies, of naive and formalin-injected males and free-cycling females. The tissue

is oriented to allow visualization of the dorsal pia mater. Representative of 2 to 3 independent experiments. Scale bars: 100 pm. (c)
Fold change between formalin and naive conditions of the percentages of CD45"LCN2"* cells in the pia and dura maters and in the
ipsilateral SC in males and in free-cycling females, naive and 2H after formalin injection. Data are expressed as mean + SEM calculated
from 3 to 6 independent samples. (*p <0.05). (d) Flow cytometry analysis of CD45*LCN2* cells in the pia mater of naive and formalin-
injected males and free-cycling females. From left to right are shown: the percentages of CD45* LCN2"* cells within live CD45" cells,
the percentages of Ly6C*'Ly6G* (LCN2* neutrophils) and Ly6C*Ly6G™ (LCN2* monocytes) in the CD45*LCN2*CD11b*CD3" gate.
Data are expressed as mean + SEM.
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while F2 females exhibited a much longer lasting interphase (Fig. 1d—-f). We further showed that the duration of
the interphase in females was influenced by the stage of females’ estrus cycle, rather than by the transcriptional
content of the DHSC (Figs. 2 and S1). The fluctuations in female steroid hormones across the estrus cycle have
been reported to influence behavior, including pain®?>***!. However, it is still unclear to what extent cycling
sex hormones influence the sensitivity to experimental pain in both humans and rodents'>**=%. Several studies
report that in female rats, nociceptive sensitivity is increased during proestrus and is reduced during metestrus/
diestrus®***3%37 Moreover, pain symptoms in women with chronic pain change with the fluctuations of gonadal
hormones across the menstrual cycle>*. Regarding formalin-evoked pain, Kim et al., and Vincler et al., reported
that the estrus cycle does not influence the amplitude of formalin-evoked pain in the first and in the second
phase of the test, respectively in mice and rats'>*. However, studies on ovariectomized female rats have shown
that both estrogens and progesterone regulate the intensity of formalin-evoked pain'”*°. We found striking dif-
ferences in the duration of the interphase of the formalin test amongst females, with females in proestrus and
in metestrus exhibiting respectively a short and a long-lasting interphase (Fig. 2b). Importantly, neither Kim
and colleagues, nor Vincler and colleagues have evaluated the pain behaviors during the interphase!>®. Thus,
our findings suggest that cycling female hormones regulate the duration of the interphase of the formalin test
(Fig. 2b). The interphase of the formalin test represents the recruitment of spinal endogenous inhibition!®*.
One important regulator of the interphase of the formalin test is the ionotropic gamma aminobutyric acid
(GABA)-ergic system™. Our data suggest that the low estradiol levels and the rising levels of progesterone that
characterize females in metestrus potentiate the endogenous spinal inhibition recruited during the interphase.
Consistent with this hypothesis, the progesterone metabolite derivate allopregnanolone has been shown to be a
potent positive allosteric modulator of spinal ionotropic GABAergic receptors*! and systemic administration of
allopregnanolone reduced formalin-evoked pain in rats*.

The other finding of this study is that there are significant differences in the transcriptional content of the
DHSC in formalin-exposed males and females (Fig. 3). One of the most striking difference is underlined by an
over-representation of transcripts involved in microglia activity and the recruitment of immune cells, in males
(Fig. 3¢,d). We acknowledge that our experimental design does not include naive controls, thus the sets of DEG
identified here contain both transcripts that are differentially expressed at steady-state and in response to formalin
injection. Recent studies demonstrate fundamental sex differences in neuro-immune interactions in the spinal
cord, in particular regarding the contribution of spinal microglia to pathological pain’. It has been shown that
spinal microglia contribute more prominently in males than in females to inflammatory pain and to chronic
neuropathic pain*~*°. Most recent reports based on single-cell RNA-Seq analysis of spinal microglia demon-
strate a robust inflammatory response predominantly in male microglia at early time-points post-neuropathic
injury*®. Hence, our RNA-Seq data, even if performed on total DHSC tissue, which contains several cell types,
support a predominant activation of microglia in formalin-injected males (Fig. 3c). Consistently, pharmacologi-
cal inhibition of spinal microglia has a more pronounced effect in decreasing formalin-evoked pain in males as
compared to females?.

Finally, our data indicate that formalin promotes the recruitment of LCN2-expressing neutrophils in spinal
leptomeninges, preferentially in males as compared to females (Fig. 4). Meninges of the central nervous system
harbor very diverse subsets of immune cells, which impact on its function both in physiological and pathologi-
cal conditions*. The contribution of spinal meningeal immune system to distinct pain conditions is currently
emerging*®*. Here, we report for the first time a sex-dependent recruitment of LCN2* neutrophils in spinal
leptomeninges in the formalin pain model (Fig. 4b-d). Neutrophils are the most abundant circulating immune
cell types in the blood, rapidly recruited at inflammatory sites. Neutrophils are a heterogenous pool of immune
cells, as they exist in various maturation states, and LCN2 is preferentially expressed in immature neutrophils®®>!.
Sex differences in neutrophil biology have been acknowledged in both humans and mice®-**. Neutrophils from
reproductive-aged males are more immature than their female counterparts®*? and female mice recruit fewer
neutrophils upon detection of an inflammatory stimulus®. Consistent with this, we did not observe that forma-
lin induced an increase in the total population of neutrophils (LCN2" or LCN2") in either of the female tissues
analyzed (Fig. S4). Thus, our data fit in this immunological literature which shows that even if neutrophils are in
a more immature state, they are more abundantly recruited at inflammatory sites, in males. With respect to its
function in pain biology, LCN2 participates to pain amplification in inflammatory (including formalin pain) and
neuropathic pain models, via both peripheral and spinal mechanisms?*****, LCN2 receptor is widely expressed
in spinal microglia and astrocytes”” in which it induces inflammatory cytokine expression. On this basis and on
the basis of our data, we propose that LCN2 release from pia neutrophils may contribute to formalin-evoked
spinal sensitization mechanisms, preferentially in males.

In conclusion, our data consolidate the contribution of female estrus cycle to pain perception and provide
evidence supporting a sex-specific immune regulation of formalin-evoked pain.

Materials and methods

Mice. (C57BL/6] males and females were purchased from Janvier Labs. Mice were maintained under standard
housing conditions (22 °C, 40% humidity, 12 h light cycles, and free access to food and water). All experiments
were conducted on adult mice (8 to 12 weeks). Special effort was made to minimize the number as well as the
stress and suffering of mice used in this study.

Ethics declaration. The authors confirm that all experimental protocols were approved by the French Min-
istry of Research and Innovation (APAFIS 2021062313194207-V1 #30046). All methods were carried out in
accordance with European Union recommendations for animal experimentation (EU0221). The authors con-
firm that all experimental procedures were accordance with ARRIVE guidelines.
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Formalin test. Animals were habituated to the experimenter before performing the test. Formalin solu-
tion was prepared at 2%, by diluting the 37% formaldehyde stock solution (Fischer Scientific) in phosphate
buffer saline (PBS) 1X. Mice were placed individually into Plexiglas chambers, allowed to habituate to the testing
environment for 30 min. Mice were weighted and formalin solution was injected subcutaneously in the plantar
surface of the left hind paw, at a volume of 8 uL/20 g. The animals were immediately placed individually in
observation chambers and then monitored for pain behavior (shaking, licking and biting of the injected paw) for
60 min. The cumulative pain behavior was counted in seconds, per 5 min intervals.

K-means clustering. The time course of the behavioral response to formalin injection of each mice were
partitioned into two clusters per sex using k-means algorithm to reduce data dimensionality. The k-means algo-
rithm treats each single time course segment as a point in 13-dimensional space and groups data into k mutu-
ally exclusive clusters by minimizing the centroid distance of observations within clusters and maximizing the
distance between clusters.

Determination of estrus cycle. Right after the formalin test, females’ estrus cycle was determined by
gentle repetitive vaginal injection and aspiration of 10 pL distilled water, to collect cells from vaginal wall. Vagi-
nal fluid was deposited on glass slides, allowed to dry and then stained with Crystal Violet (1 min, followed by
2 washes of 2 min each, in water), as previously™. Vaginal smears were examined under light microscopy and
the types and proportions of the cells present was identified, allowing to determine the stage of the estrus cycle.

RNA-extraction. Mice were deeply anesthetized with a mix of ketamine/xylazine, L3 to L5 spinal segments
were rapidly extracted, the ipsilateral dorsal horn was dissected and RNA was extracted by using RNeasy Micro
Kit (Quiagen), according to manufacturer’s instructions. For quality control, RNAs were loaded on an RNA Pic-
oChip (Agilent) and processed with 2100 Bioanalyzer system (Agilent technology). High quality RNA (RIN >9)
was used for RNA-Seq and q-RT-PCR.

RNA-Seq. RNA-Seq was performed on RNA from ipsilateral DHSC of males (n=6), F1/proestrus (n=6)
and F2/metestrus (n = 6) females, at 2H following formalin injection. RNA-seq libraries were prepared using the
TruSeq RNA Sample Preparation Kit (Illumina). All libraries were validated for concentration and fragment size
using Agilent DNA1000 chips. Sequencing was performed on a HiSeq 2000 (Illumina), base calling performed
using RTA (Illumina) and quality control performed using FastQC (FASTQC, 2010) and RSeQC*°. Sequences
were uniquely mapped to the mm10 genome using Subread (C version 1.4.6-p2) using default values. Reads
mapping to gene exons (GRCm38.p4 gene assembly) were counted using featureCounts™ (C version 1.4.6-p2).
Differential gene expression was performed using exon counts from biological replicates using the DESeq2 Bio-
Conductor R package®®, using a 5% false discovery rate (FDR) cutoff.

gRT-PCR. RNA obtained from each sample was converted into cDNA using Superscript III Reverse Tran-
scriptase (Invitrogen). Gene expression was assessed by quantitative PCR (qPCR), using qPCR Sybr-Green mas-
ter mix (ThermoFisher). Samples were run for 40 cycles on a StepOne qPCR apparatus (Applied Biosystems).
The relative quantity of transcript encoding each gene was determined by normalization to B-actin using the
standard ACt method. The following primers were used:

Len2-Fw: ACAACCAGTTCGCCATGGTAT
Len2-Rse: GCTCCTTGGTTCTTCCATACAG
b-actin-Fw: ACTGTCGAGTCGCGTCCA
b-actin-Rse: TCGTCATCCATGGCGAACTG

Immunostaining. Immunostaining on transverse SC sections. Mice were deeply anesthetized with a mix of
ketamine/xylazine and then transcardially perfused with an ice-cold solution of paraformaldehyde 4% diluted in
PBS 1X (4% PFA). Tissues were further fixed for 24 h in ice-cold 4% PFA. Specimens were transferred into a 30%
(w/v) sucrose solution for cryoprotection before being frozen in OCT mounting medium.18-20 um transversal
SC cryosections were obtained using a standard cryostat (Leica). For immunostaining, sections were incubated
for 1 h at room temperature (RT) with Blocking Buffer (BB) containing PBS 1X supplemented with 10% (vol/vol)
donkey serum (Sigma), 3% (weight/vol) bovine albumin (Sigma)—0.4% (vol/vol) Triton X-100, for saturation,
then and incubated overnight at 4 °C with primary antibodies diluted in BB. Primary antibodies used in this
study are as follows: goat-anti LCN2 (AF1857-SP, R&D systems) and rat anti-CD31 (553370, BD Pharmingen).
After three washes with PBS1X of 5 min each, sections were incubated for 1 h at RT with donkey anti-rat and an-
ti-goat respectively coupled with Alexa 488 and Alexa 555 fluorophores (Invitrogen or Molecular probe antibod-
ies), diluted in BB. Tissues were washed (3 times in PBS1X) before being mounted with InmuMount Reagent.

Image acquisition was performed using Axiolmager Z1 (Zeiss) fluorescence microscope and contrast was
adjusted using Fiji software.

Whole-mount floating immunostaining. Mice were deeply anesthetized with a mix of ketamine/xylazine and
then L3 to L5 SC segments were rapidly dissected. Special care was provided to dissect out the arachnoid mater.
The dorsal part was further dissected longitudinally and immediately placed in ice-cold PFA4% for an overnight
fixation at 4 °C. Tissues were washed with PBS 1X and then saturated with BB for 1 h at room temperature, prior
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to incubation with goat-anti LCN2 and rat anti-CD31 primary antibodies (2 to 3 h at room temperature). After
3 washings with PBS 1X, of 5 min each, tissues were incubated for 1 h at room temperature with donkey anti-rat
and anti-goat respectively coupled with Alexa 488 and Alexa 555 fluorophores. Tissues were washed (3 times
in PBS1X) before being mounted on glass slides, the dorsal part containing the pia mater facing upwards, with
ImmuMount Reagent.

Image acquisition was performed using LSM-780 confocal microscope (Zeiss) and images were analyzed
using Fiji software.

Flow cytometry. Mice were lethally anesthetized using a mixture of xylazine and ketamine and vertebral
column corresponding to the spinal L3-L5 segments was extracted and placed in ice-cold RPMI for further
processing. SC was carefully removed from the vertebral column, as well as the dura mater of the spinal menin-
ges. The dorsal and ventral roots of SC were carefully cut-out and the pia mater was separated from the SC. In
formalin-injected subjects, ipsilateral SC was harvested and cut into small pieces before being digested using a
mixture of collagenase D (2 mg/ml, Roche), DNAsel (50 ug/ml, Roche), diluted in RPMI medium (Gibco), for
1 h at 37 °C. Pia and dura maters underwent the same enzymatic digestion protocol. At the end of the enzy-
matic digestion, tissues were immediately placed on ice, supplemented with RPMI+10%FCS and triturated
using 21-G needles-equipped syringes. The resulting cell suspensions were filtered on 100 um filters, washed
with RPMI + 10%FCS and centrifugated at 1500 rpm, 4 °C, for 7 min. SC pellets were resuspended in an isotonic
40% Percoll solution, diluted with RPMI and overlaid onto a 80% Percoll solution. Following centrifugation at
2800 rpm, for 30 min at room-temperature, the ring of cells at the 40-80 interface was collected and washed
with RPMI+10% FCS. SC, pia and dura mater pellets were homogenized in FACS buffer (PBS1X supplemented
with 5% FCS and 2 mM EDTA, Gibco) and processed for immunostaining. Cell suspensions from brain tissue,
prepared using the same protocol as for SC, were included as control.

Cell surface immunostaining was performed as follows: cells were incubated with Mouse BD Fc Block™ (clone
2.4G2, BD bioscience), for 15 min on ice, then they were stained with a mix of fluorophores-labelled antibodies,
for 30 min on ice. After washing with FACS buffer, then with PBS1X, death cells were stained using LIVE/DEAD™
Fixable Aquadead Cell Stain Kit for 405 nm excitation (Invitrogen) for 20 min on ice, according to manufacturer’s
instructions, then they were fixed and permeabilized using BD Cytofix/Cytoperm Kit (BD bioscience) and were
further subjected to intracellular LCN2 staining. Cells were incubated with uncoupled polyclonal goat anti-LCN2
antibodies (AF1857-SP, R&D systems) diluted in Perm-Wash solution (BD), overnight at 4 °C prior to being
stained with donkey anti-goat Alexa 647 coupled secondary antibodies (30 min, on ice). Both goat serum and
secondary antibody alone performed on brain mononuclear cell suspensions were used as controls for LCN2
intracellular staining. Stained cells were analyzed on a LSRII-UV flow cytometer (BD bioscience) and Diva (BD
bioscience) and FlowJo software were used for data analysis.

The antibody cell surface mix contained: Ly6C-FITC (clone AL-21, BD bioscience), NK1.1-PE (clone PK136,
BD bioscience), CD3e-PECy5 (clone 145-2C11, BD bioscience), F4/80-PE-CF584 (clone T45-2342, BD biosci-
ence), Ly6G-APC-Cy7 (clonel A8, Biolegend), CX3CR1-BV421 (clone SA011F11, Biolegend), CD11b-BV510
(clone M1/70, BD bioscience) and CD45.2-BV785 (clone 3-F-11, Biolegend).

Statistical analysis. The number of tested animals is indicated in the figure legends section.

The Shapiro-Wilk test was used to assess data normality. Statistical significance was set to p <0.05 and assessed
using two-way ANOVA followed by Bonferroni’s multiple comparisons test (for formalin time course), or mul-
tiple unpaired t-test using the Sidak-Bonferroni method (for formalin cumulative time, interphase duration,
RT-qPCR data and flow cytometry Fold Change). Statistical analyses were performed with GraphPad Prism 9.0
(GraphPad Software, Inc., San Diego, CA).

Data availability
All high throughput sequencing data have been deposited with the Gene Expression Ombudsman (GEO) and
are available under the accession number GSE226443.
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