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Abstract

Pain and psychological stress are intricately linked, with sex differences evident in disorders
associated with both systems. Glutamatergic signalling in the central nervous system is
influenced by gonadal hormones via the hypothalamic-pituitary-adrenal axis and is central in
pain research. Emerging evidence supports an important role for the gut microbiota in
influencing pain signalling. Here, the functional activity of excitatory amino acid transporters
(EAATS) in the anterior cingulate cortex (ACC) and lumbosacral spinal cord of male and female
Wistar-Kyoto rats, an animal model of comorbid visceral hypersensitivity and enhanced stress
responsivity, was investigated across the oestrous cycle. Correlations between the gut
microbiota and changes in the functional activity of the central glutamatergic system were
also investigated.

EAAT function in the lumbosacral spinal cord was similar between males and females across
the oestrous cycle. EAAT function was higher in the ACC of dioestrus females compared to
proestrus and oestrus females. In males, aspartate uptake in the ACC positively correlated
with Bacteroides, while aspartate uptake in the spinal cord positively correlated with the
relative abundance of Lachnospiraceae NK4A136. Positive associations with aspartate uptake
in the spinal cord were also observed for Alistipes and Bifidobacterium during oestrus, and
Eubacterium coprostanoligenes during proestrus. Clostridium sensu strictol was negatively
associated with aspartate uptake in the ACC in males and dioestrus females.

These data indicate that glutamate metabolism in the ACC is oestrous stage-dependent and
that short-chain fatty acid-producing bacteria are positively correlated with aspartate uptake

in males and during specific oestrous stages in females.



61
62
63
64
65
66

67

68

Significance statement

The data from this manuscript indicates that glutamate metabolism in the anterior cingulate

cortex is oestrous stage-dependent and that short-chain fatty acid-producing bacteria are

positively correlated with aspartate uptake in males and during specific oestrous stages in

females.
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Introduction

Chronic stress has been linked to several disorders including functional pain syndromes,
autoimmune disorders, and depression [1-3]. In fact, patients with chronic functional pain
syndromes such as irritable bowel syndrome (IBS) exhibit altered baseline plasma levels of
noradrenaline, supporting a potential relationship between stress and pain disorders [4, 5].
Repeated or prolonged activation of the hypothalamic-pituitary-adrenal (HPA) axis by internal
or external stressors has been implicated in the development of both depression and IBS [6-
8] and can result in nervous system dysregulation such as central sensitisation [9] and the
development of chronic pain states [10-12].

Visceral pain can be influenced by the gut microbiota [13, 14]. Probiotics, beneficial bacteria,
have been shown to decrease stress or antibiotic-induced visceral hypersensitivity in rodent
models [15-17]. In clinical studies, microbiota-targeted interventions have also been shown
to alleviate abdominal pain [18]. Recently, distinct sex-dependent clusters in the gut
microbiota have been found to precede behavioural phenotypes related to visceral pain in
adulthood [19]. Interestingly, positive correlations have also been observed between pain
sensation thresholds and specific stages of the menstrual cycle and bacterial genera [14].
Intestinal microbial richness and functions have been shown to modulate the oestrous cycle
in rats [20] and oestrogen levels in humans [21] and the gut microbiome was found to
modulate variations in visceral pain across the oestrous cycle [22].

The Wistar-Kyoto (WKY) rat strain demonstrates hyperresponsivity to stress [23, 24] and
elevated basal and stress-state corticotropin-releasing hormone (CRH), adrenocorticotropic
hormone (ACTH), and corticosterone levels compared to other strains [25, 26]. These animals
have decreased expression levels of glial fibrillary acidic protein (GFAP), an astrocytic marker

[27], and increased neuronal activation in the rostral anterior cingulate cortex (ACC), a key
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brain region involved in the affective components of pain [28-30] in response to pain
compared to Sprague-Dawley (SD) rats [31]. Changes in glial activation have been shown to
modify glial glutamate metabolism through direct effects on the activity of excitatory amino
acid transporters (EAATs), a family of transmembrane transporters mainly found in astrocytes
and neurons, [32, 33] which has also been implicated in major depression [34]. Previously,
male and female WKY rats have been shown to be more sensitive to painful stimuli compared
to SD rats of the same sex [35, 36]. Female WKY rats presented lower pain thresholds and
increased nociceptive behaviours compared to male WKY rats [37], however, responses to
painful stimuli across the oestrous cycle in this strain have yet to be fully explored.

The glutamatergic system is known to play a key role in the initiation, processing, and
maintenance of pain [38]. Glutamate is released from primary afferent neurons into the
dorsal horn of the spinal cord and contributes to the diffusion of pain signals. Intrathecal
injections of a glutamate receptor antagonist at the level of the lumbar spinal cord have been
shown to block stress-induced hyperalgesia in rats [39]. Glutamate is also the major fast
excitatory neurotransmitter in the central nervous system (CNS) and is present in the ACC.
Overactivation of the glutamatergic system in the ACC has been linked to chronic pain states
[40, 41] and to an increased nociceptive behaviour in female rats [42]. Interestingly, EAATSs,
seem to play a crucial role in glutamate homeostasis through rapid glutamate uptake from
the synaptic cleft [43]. Variations in visceral sensitivity and aberrant spinal and ACC excitatory
amino acid transport were observed in response to stress and gonadal hormone fluctuations
across the oestrous cycle in female rats [44].

There is growing evidence to support the role of gonadal hormones in the regulation of the
HPA axis with, for instance, differences in cortisol response being noted between male and

female patients suffering from IBS [45] and depression [46, 47]. In rodents, adult females
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exhibit higher stress-state levels of ACTH and corticosterone compared to males following
both acute and repeated restraint [48]. Similarly, sex differences in pain-related aversive
behaviours were observed following optogenetic activation or inhibition of glutamatergic
receptors in the ACC [42]. In female rodents, the excitability of CRH neurons was found to
fluctuate across the oestrous cycle with higher levels of excitability during high-oestrogen
stages, i.e. proestrus, when compared to other stages [49]. Fluctuations in the circulating
levels of oestrogen during the menstrual cycle can also lead to variations in the
symptomatology of chronic pain syndromes through the activation of glutamatergic receptors
[50-52]. In female rats, pain-related aversive behaviours were attenuated through inhibition
of oestrogen receptors in the ACC [52]. In the spinal cord, oestrogen has also been shown to
modulate spinal glutamatergic homeostasis [53-55]. Female rats in high-oestrogen states
exhibit reduced EAAT function in the ACC and spinal cord compared to low-oestrogen states
[44]. Additionally, gonadal hormones significantly affect visceral sensitivity in animal models,
with oestrogen demonstrating pronociceptive effects in rats [53-56].

However, there is a paucity of literature examining the interaction between the oestrous cycle
and glutamate signalling in key pain-processing regions of the CNS and whether it is related
to the gut microbiota. Thus, given this evidence we hypothesised that glial aspartate uptake
in the spinal cord and/or ACC may follow the natural gonadal hormone fluctuations over the
oestrous cycle in female WKY rats in comparison to males. We also explored if correlations
were evident between changes in functional activity of the EAATs and the caecal microbiota,

and whether these were dependent on gonadal hormones.
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Material and Methods

Animals

Thirty adult females (125-150g) and ten males (150-175g) were purchased from Envigo, UK
and were group housed (4-5 animals per sex per cage) in plastic cages in a humidity- and
temperature- (21°C £ 1°C) controlled room in the Biological Services Unit of University College
Cork. Food and water were available ad libitum, and the light/dark cycle was set to 12 hours
(lights on at 7:00am). Rats were allowed to habituate in the new environment for 1 week
before the commencement of experiments.

A number of samples were not suitable for analysis due to damage upon collection: 1 female
(in proestrus) for spinal cord analysis and 3 females (2 in proestrus and 1 in oestrus) for ACC
analysis. All experiments were in full accordance with the European Community Council
Directive (2010/63/EU), and approved by the Animal Experimentation Ethics Committee of
University College Cork (2012/045) and the Health Products Regulatory Authority. All animals
were visually checked daily and all efforts were made to reduce stress in the holding room.

All cages were changed once weekly, and environmental enrichment was provided.

Vaginal Smears

Female rats were vaginally lavaged [57] immediately before euthanasia, to accurately
determine oestrous stage for all collected tissue. Samples were collected via vaginal lavage
with saline, and cells were analysed under a microscope. The stage of the oestrous cycle was
determined as previously described [58]. As metestrus only lasts for a short period (5-6
hours), and the plasma oestrogen concentration in metestrus is similar to that during

dioestrus, these two stages were combined and assessed together [22, 44].
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Male rats were handled for the same duration as females, but no additional procedures were

performed.

Sample Preparation for Aspartate Transport Assay

Animals were euthanised by decapitation and spinal cords were removed by hydraulic
pressure into Hanks’ balanced salt solution (HBSS)-filled Petri dishes. Slices (400um) were
obtained from the lumbosacral spinal cord using a Mcllwain tissue chopper. Brain tissue was
removed from the skull and coronally sectioned using a vibratome to obtain 400pum-thick ACC
sections. These slices were separated by fine dissection under a microscope and transferred
to 24-well culture plates filled with either sodium-containing HBSS at 35°C, or sodium-free
HBSS kept on ice. Slices from the sodium-enriched plate were washed once with 1mL of 35°C
HBSS, and slices from the sodium-free plate were washed with 1mL of 4°C sodium-free HBSS

to assess sodium-dependent and independent uptake, respectively.

Aspartate Transport Assay

Since EAATs show high affinity for both glutamate and aspartate, aspartate was used. This
protocol has been previously described for brain and spinal cord slices [59, 60]. Aspartic Acid,
D-[2,3-3H] (specific activity 12.9Ci/mmol) was purchased from Perkin-Elmer, USA.
Radioimmunoprecipitation assay (RIPA) buffer and Pierce bicinchoninic acid (BCA) protein
assay kit was purchased from Fisher Scientific Ireland. All other reagents were purchased from
Sigma-Aldrich. HBSS was prepared containing (in mM): 137 NaCl; 0.63 Na;HPO4; 4.17
NaHCOs; 5.36 KCI; 0.44 KH,;POs; 1.26 CaCly; 0.41 MgSO4; 0.49 MgCl; and 1.11 glucose,
balanced to pH 7.2. In sodium-free HBSS, NaCl was replaced by 137mM N-methyl-D-

glucamine.
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Spinal cord and ACC slices were pre-incubated at 35°C and 4°C in sodium-enriched and
sodium-free HBSS, respectively, for 30 minutes. Following this, a solution containing 1L of
0.66uCi/mL aspartic acid D-[2,3-3H], 20uL of cold 100uM D-Aspartate and 84uL of H,0 was
added. After 3 minutes of incubation for the spinal cords and 7 minutes for the ACC, the slices
were washed twice with 1ml of corresponding ice-cold HBSS. Tissues were transferred into
1.5mL tubes containing RIPA buffer and were mechanically dissociated with pestles. This
mixture was homogenised for 15 minutes at 4°C, and the residue was removed. Radioactivity
was measured in terms of counts per minute (CPM) using a liquid scintillation counter and
the results for sodium-free samples were subtracted from those of sodium-enriched samples
to achieve sodium-dependent uptake-hallmark of EAAT 1 and 2 function. The uptake
procedure was performed in triplicate for each rodent. Protein levels were quantified using
Pierce BCA protein assay kit. The final scintillation result for each slice was divided by
respective protein quantity to achieve aspartate uptake in terms of CPM/mg, which is

indicative of spinal and cortical EAAT function.

Caecal Microbiota Analysis
DNA Extraction and PCR

DNA was extracted from the contents of the caecum, sequenced by Illumina MiSeq, and
bioinformatics analyses were performed. Briefly, a 0.25g aliquot of sample was added to 1ImL
lysis buffer (500mM NaCl, 50mM Tris-HCI, pH 8.0, 50mM EDTA, and 4% sodium dodecyl
sulfate) together with 0.4g of zirconia beads. The samples were homogenised for 3 minutes
using the Biospec Mini-beadbeater at maximum speed. The homogenised samples were then
heated to 70°C for 15 minutes and then centrifuged at 16,000g for 5 minutes. The supernatant
was then removed, fresh lysis buffer added, and the beadbeating, heating, and centrifugation

steps were repeated. The nucleic acids were then precipitated using 10M ammonium acetate,
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followed by the addition of isopropanol. The nucleic acids were then pelleted, washed, and
resuspended in 1X TE buffer. Subsequently, removal of RNA, protein, and purification of the
DNA was completed using components of the QIAGEN QlAamp DNA Stool Mini kit along with
the wash buffers and elution buffer, and DNA was stored at -20°C.

The V3-V4 variable region of the 16S rRNA gene was amplified from the DNA extracts using
the 16S metagenomic sequencing library protocol (lllumina), as is standard practice for
microbiome analysis [61]. The DNA was amplified with primers specific to the V3-V4 region
of the 16S rRNA gene, which also incorporates the Illumina overhang adaptor (Forward primer
5" TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG; reverse primer 5’
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC). Each PCR
reaction contained DNA templates, 5uL of forward primers (1uM), 5uL of reverse primers
(1uM), 12.5uL of 2X Kapa HiFi Hotstart ready mix (Anachem, Dublin, Ireland), and PCR-grade
water to afinal volume of 25uL. PCR amplification was carried out as follows: heated lid 110°C,
95°C x 3 minutes, 25 cycles of 95°Cx 305, 55°Cx 30s, 72°C x 30 s, then 72°C x 5 minutes and
held at 4°C. PCR products were visualised using gel electrophoresis (1X TAE buffer, 1.5%
agarose, 100V). Successful PCR products were cleaned using AMPure XP magnetic bead-based
purification (Labplan, Dublin, Ireland). A second PCR reaction was completed on the purified
DNA (5ul) to index each of the samples, allowing samples to be pooled for sequencing on the
one flow cell and subsequently demultiplexed for analysis. Two indexing primers (lllumina
Nextera XT indexing primers, lllumina, Sweden) were used per sample. Each PCR reaction
contained 5pL index 1 primer (N7xx), 5ulL index 2 primer (S5xx), 25uL 2x Kapa HiFi Hot Start
Ready mix, and 10uL PCR grade water. PCRs were completed as described above, but only 8
amplification cycles were completed instead of 25. PCR products were visualised using gel

electrophoresis and subsequently cleaned (as described above). Samples were quantified
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using the Qubit™ 3.0 Fluorometer (Biosciences, Dublin, Ireland) along with the high sensitivity
DNA quantification assay kit. Samples were then pooled at equimolar concentrations. The
sample pool was prepared following lllumina guidelines. Samples were sequenced on the
MiSeq sequencing platform (Clinical Microbiomics, Denmark), using a 2 x 250 cycle kit,

following standard Illumina sequencing protocols.

Bioinformatic Analysis

250 base pair paired-end reads were assembled using FLASH (FLASH: fast length adjustment
of short reads to improve genome assemblies). Further processing of paired-end reads
including quality filtering based on a quality score of >25 and removal of mismatched
barcodes and sequences below length thresholds was completed using QIIME Version 1.9.0.
Singleton removal (to ensure a minimum of 2 copies to be counted), denoising, chimera
detection, and clustering into operational taxonomic units (OTUs) (97% identity) were
performed using USEARCH v7 (64-bit) (Edgar, 2010). OTUs were aligned using PyNAST
(PyNAST: python nearest alignment space termination; a flexible tool for aligning sequences
to a template alignment) and taxonomy was assigned using BLAST against the SILVA SSURef
database release v123. Data were not rarefied/normalised for further analysis. The richness

and a-diversity indices were generated in QIIME Version 1.9.0 [62].

Statistical Analysis

Data are expressed as mean + SEM. The threshold of statistical significance was set at p<0.05.
Spearman rank correlation coefficients were calculated for determination of the existence of
significant associations between aspartate uptake and microbial relative abundances in the

gut. P-values were corrected for multiple comparisons as described by Benjamini and



264  Hochberg [63]. Finally, a Canonical Correspondence Analysis (CCA) was carried out using the

265  vegan package in R [64].
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Results

Sex and oestrous cycle have no effect on spinal glial aspartate uptake

An independent samples t-test found no significant difference in aspartate uptake in the

lumbosacral spinal cord between male and female WKY rats (t(35) = 1.463, p = 0.152; Figure

1A). To investigate the potential impact of the oestrous cycle on aspartate uptake in the

lumbosacral spinal cord, a one-way ANOVA performed between the various oestrous stages

revealed no significant difference between the groups (F(2,28) = 0.34, p = 0.966; Figure 1B).
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Figure 1. Aspartate uptake is reduced in the high-oestrogen stages of the oestrous cycle in the anterior

cingulate cortex (ACC). Aspartate uptake was assessed as a function of sex and the oestrous cycle in the

10



277

278

279

280

281

282

283
284

285

286

287

288

289

290

291

292
293

294
295

296

297

298

299

300

301

302

lumbosacral spinal cord (A and B) and anterior cingulate cortex (C and D). (A) In the spinal cord, aspartate uptake
was similar in between males (n = 10) and all females (n = 27) (B) females across all oestrous stages (n=9-
10/group). (C) In the ACC, aspartate uptake in males (n = 10) and all females (n = 28) was similar (D) significant
oestrogen-dependent changes in females (n = 8-11/group). Uptake was higher in dioestrus compared to

proestrus females. **p < 0.01, *p < 0.05.

Aspartate Uptake in ACC relates to oestrous Cycle stage

To compare the uptake of aspartate in the ACC between male and female WKY rats, a Welsh’s
t-test was performed, revealing no significant difference (t(35.531) = -0.458, p = 0.65; Figure
1C). To assess the potential impact of the oestrous cycle on ACC aspartate uptake, a one-way
ANOVA between the 3 female groups revealed a significant difference in aspartate uptake
between the groups (F(2,27) =7.681, p = 0.003; Figure 1D). Further analysis using Tukey’s HSD
post hoc test revealed that ACC aspartate uptake was higher in dioestrus compared to

proestrus (p = 0.003) and versus oestrus (p = 0.025) (Figure 1D).

Associations between bacterial relative abundances in the gut and aspartate uptake in the
ACC and spinal cord

Changes in relative abundances of the most prominent bacterial taxa are illustrated as a
function of increasing levels of aspartate uptake in the ACC and spinal cord between samples
at the genus level in females as well as in males (Figure 2A). CCA revealed that the effect of
aspartate uptake in the ACC on bacterial dispersion was orthogonal to the effect exerted by
aspartate uptake in the spinal cord (Figure 2B). However, neither aspartate uptake in the ACC
(p=0.912) norin the spinal cord (p = 0.586) were found to significantly influence the gradient
of bacterial dispersion between samples with a clear majority of taxa observed to cluster

together at the centre of the plot. Sample groups also failed to form distinct clusters indicating

11
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that differences in the relationships between bacterial abundances of the gut microbiota and
aspartate uptake in the ACC and spinal cord are not influenced by sex or oestrous cycle stage.
Despite this, significant positive associations were observed in the male rats between
aspartate uptake in the ACC and the Bacteroides (q = 0.0003; Spearman’s rho 0.967).
Alloprevotella correlated negatively (q = 0.0145; Spearman’s rho -0.881) with ACC aspartate
uptake during the dioestrus stage. Clostridium sensu stricto 1 negatively correlated with
aspartate uptake in dioestrus females (g = 0.0091; Spearman’s rho -0.905) and males
(g=0.0215; Spearman’srho -0.817). Aspartate uptake in the spinal cord was found to correlate
positively with relative abundances of the Lachnospiraceae NK4A136 group (q = 0.0427;
Spearman’s rho 0.766) in males. Further positive associations with aspartate uptake in the
spinal cord were also observed for Alistipes (q = 0.0344; Spearman’s rho 0.783) and
Bifidobacterium (q = 0.0427; Spearman’s rho 0.766) during oestrus in females, as well as for
the Eubacterium coprostanoligenes group (q = 0.0333; Spearman’s rho 0.943) during

proestrus (Figure 2C).
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Figure 2. Associations between bacterial relative abundances and aspartate uptake in the ACC and spinal cord.
A) The influence of increasing aspartate uptake, in the ACC and spinal cord respectively, on sample relative
abundances at the genus level, both in males and across the oestrous cycles in females. B) CCA of microbiota
composition regressed on measures of aspartate uptake in both the ACC and spinal cord. Filled circles represent
samples while red crosses represent bacterial taxa (genus level) with the top 5% of taxa which best fit the axes
being indicated by name. The ACC and spinal cord vectors both point to the direction of taxa which exhibit the
strongest association with the variable while their magnitude indicate the strength of the variable in explaining
the bacterial dispersion observed. The canonical variates explain 14.4% and 16.3% of the total explainable
variance in the first and second axis respectively. C) Heat map of the 50 most abundant bacterial taxa (genus
level) correlated against aspartate uptake in the ACC and spinal cord using Spearman's correlation (* g < 0.05;
** 0<0.01; *** g <0.001; q = False discovery rate adjusted p-value (g-value) after Benjamini-Hochberg multiple

testing corrections).

13



331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

Discussion

Our results reveal a correlation between oestrous stage and the function of sodium-
dependent glutamate transporters in female WKY rats. Cortical EAAT activity was reduced in
the proestrus and oestrus stages when compared to the dioestrus stage of the oestrous cycle.
However, there were no changes in glutamate metabolism at the lumbosacral spinal cord
level. In males, aspartate uptake in the ACC and spinal cord was found to correlate positively
with Bacteroides and Lachnospiraceae NK4A136, respectively. In the spinal cord,
Alloprevotella was negatively correlated with aspartate uptake in dioestrus females, and
Clostridium sensu stricto 1 negatively correlated with aspartate uptake in males and dioestrus
females. In females, positive associations with aspartate uptake in the spinal cord were
observed for Alistipes and Bifidobacterium during oestrus, and for the Eubacterium
coprostanoligenes during proestrus.

The lumbosacral spinal cord is an important part of the CNS in relation to the processing of
pain signals from most of the abdominal viscera. Afferents from the viscera play only a small
role in the hormonal modulation of pain responses [65], however a decreased expression of
EAAT in the spinal cord of female WKY rats exposed to chronic stress has been associated
with increased pain responses [36]. In our study, there was no change observed in the
function of lumbosacral spinal EAATs between the sexes or across the oestrous cycle. This
may suggest that in this animal strain, the hormonal state-dependent function of EAATs may
play a larger role in pain processing along the higher ascending pain pathways rather than the
lumbosacral spinal cord.

The ACC interconnects with other key brain regions involved in cognition and behaviour such
as the frontal cortex, the thalamus, and the amygdala [66, 67]. Clinical studies have reported
activation of the ACC using imaging techniques in response to painful stimuli, supporting its
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role in pain processing [68]. The rostral area of the ACC is thought to be particularly involved
in the processing of the affective component of pain [69] and an increased activation of
glutamate receptors in the ACC has been observed in viscerally-hypersensitive rats [70].

As chronic pain and depression are closely related, various studies have investigated and
elucidated the role of the ACC in the development of depression [71]. Reductions in ACC
volume visualised using MRI have been reported in patients with depression [72], and some
studies have shown ablative procedures such as anterior cingulotomy to be effective in
treatment-resistant depression [73]. A reduction in the volume of the ACC in depressed
patients is believed to be caused by a decrease in glial density rather than neuronal tissue [74,
75]. Since glial cells participate in the uptake and recycling of glutamate, a reduction in glial
density may be accountable for the reported decrease in glutamate levels in patients with
depression [76, 77]. In WKY rats, which are also an animal model of depression-like behaviour
[23], glutamate receptors have been reported as either less functional or less numerous in
female hippocampi and frontal cortices [78].

The gut microbiota can significantly influence the structure and functioning of the ACC. In
germ-free (GF) mice, the volume of the ACC was seen to be reduced along with dendritic
changes [79], whilst ovariectomy-induced visceral pain was not evident in GF mice [22]. Our
study indicated that Bacteroides had a sex-specific positive correlation with ACC glial
aspartate uptake in male rats. While the findings of this study are correlative and causality
may not be implied, some Bacteroides species have been previously shown to modulate
depression-like behaviour through gut-brain signalling pathways [80, 81]. Further,
Lachnospiraceae and Alistipes both displayed positive correlations with lumbar spinal glial
aspartate uptake in males and oestrus female rats, respectively. Lachnospiraceae has been

found to be reduced in patients with IBS displaying comorbid depression/anxiety [82] and in
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stress models exhibiting depression-like behaviours [83]. In other rodent models, the
probiotic Bifidobacterium longum has been shown to reduce symptoms of depression [84]. In
our study, Bifidobacterium correlated positively with spinal aspartate uptake in oestrus
female rats. Further, short-chain fatty-acid (SCFA)-producing bacteria, including
Bacteroides, Lachnospiraceae, and Bifidobacterium had a positive correlation with aspartate
uptake in the ACC and spinal cord in a sex-dependent manner. Different SCFA’s elicit opposite
effects on pain sensitivity. For instance, butyrate has been shown to alleviate visceral pain
[85], while the role of acetate and propionate are less studied but both are found in lower
levels in patients with irritable bowel disease and fibromyalgia, respectively [86]. This
presents a unique opportunity to potentially alter visceral sensitivity via modulation of SCFA
composition by administration of probiotics.

Oestrogen has a significant influence on glutamate metabolism through the regulation of
EAATS via the nitric oxide pathway [87]. It has been previously shown that oestradiol triggers
the production of nitric oxide by coupling NMDA receptors (EAATs) to neuronal nitric oxide
synthase, thus activating neuronal nitric oxide signalling [88]. This may represent an avenue
of further study to better understand pain disorders in females given the cyclic changes in
oestrogen across the menstrual cycle. In our study, in the high-oestrogen state, i.e. proestrus
and ensuing oestrus, a markedly decreased activity of EAATs in the ACC compared to
dioestrus was observed. A similar link between oestrous cycle and EAAT activity had been
previously reported and also associated with increased visceral pain in Sprague-Dawley
females [44]. This supports an oestrous cycle-dependent modulation of glutamate
metabolism in the ACC, possibly leading to a heightened pain sensitivity. SCFAs have been
shown to enhance cellular oestrogen sensitivity through the mitogen-activated protein kinase

pathway [89]. Through this pathway, SCFA-producing gut bacteria may have shown positive
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correlations with aspartate uptake in WKY rats that exhibit phenotypic features of depression
with altered ACC structure and function.

Finally, our data suggest that while there is no impact of the oestrous cycle on the glutamate
transporters in the lumbosacral spinal cord, excitatory glial transport in the ACC is dependent
on the oestrous cycle stage of the WKY female rats and the gut microbiota may be an
important modulating factor. These data agree with previous findings linking variations in
pain threshold and gut microbiome across the menstrual cycle [14]. As the ACC is related to
the affective aspect of pain, our study supports the need for future preclinical and clinical
trials evaluating pain-associated behavioural traits in both sexes and across the
oestrous/menstrual cycle, with an emphasis on the role of the gut microbiota. By identifying
microbial strains or communities that play a role in the apparition of visceral pain, such
targeted approaches may inform the next generation of microbiota-targeted interventions
for the management of pain.

Overall, the data from this manuscript suggests that glutamate metabolism in the ACC is
oestrous stage-dependent and that SCFA-producing bacteria are positively correlated with

aspartate uptake in males and during specific oestrous stages in females.
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