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Abstract

The gut microbiota communicates with the brain through several pathways

including the vagus nerve, immune system, microbial metabolites and through

the endocrine system. Pathways along the humoral/immune gut microbiota–
brain axis are composed of a series of vascular and epithelial barriers including

the intestinal epithelial barrier, gut–vascular barrier, blood–brain barrier and

blood–cerebrospinal fluid barrier. Of these barriers, the relationship between

the gut microbiota and blood–cerebrospinal fluid barrier is yet to be fully

defined. Here, using a germ-free mouse model, we aimed to assess the relation-

ship between the gut microbiota and the integrity of the blood–cerebrospinal
fluid barrier, which is localized to the choroid plexus epithelium. Using confo-

cal microscopy, we visualized the tight junction protein zonula occludens-1,

an integral aspect of choroid plexus integrity, as well as the choroid plexus fen-

estrated capillaries. Quantification of tight junction proteins via network anal-

ysis led to the observation that there was a decrease in the zonula occludens-1

network organization in germ-free mice; however, we did not observe any dif-

ferences in capillary structure. Taken together, these data indicate that the

blood–cerebrospinal fluid barrier is another barrier along the gut microbiota–
brain axis. Future studies are required to elucidate its relative contribution in

signalling from microbiota to the brain.
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1 | INTRODUCTION

The composition and function of the gut microbiota play
a major role in influencing brain and behaviour (Cryan
et al., 2019; Morais et al., 2021). This is possible via the
gut–brain axis, a bidirectional communication system
between the gut microbiota and the brain. There are sev-
eral pathways of communication along the gut–brain axis
including the vagus nerve, immune system, microbial
metabolites, and through endocrine pathways (Cryan &
Dinan, 2012; Sherwin et al., 2016). Several of these com-
munication pathways involve the systemic circulation, a
route that includes a series of barriers between the resi-
dent gut microbes and the brain. The barriers closest to
the resident microbes are the intestinal epithelial barrier
and gut–vascular barrier, which are greatly responsible
for regulating the flux of molecules between the gut and
blood (Spadoni et al., 2017). When molecules enter circu-
lation, they can travel as far as the brain. The brain, how-
ever, is equipped with several blood–brain/cerebrospinal
fluid (CSF) barriers including the blood–brain barrier
(BBB), meninges and choroid plexus (Spadoni
et al., 2017). These barriers are all composed of special-
ized endothelial or epithelial cells, which express the
tight junction proteins, which greatly restrict paracellular
permeability, preventing unwanted molecules and patho-
gens from moving across the barriers (Knox, Aburto,
Clarke, et al., 2022; Sol�ar et al., 2020; Stamatovic
et al., 2016).

To date, there are many studies that investigate the
impact of the presence of the gut microbiota on the anat-
omy and physiology of the gut barriers (Hayes
et al., 2018; Kelly et al., 2015; Spichak et al., 2018). For
instance, specific bacteria strains (Han et al., 2019; Zhou
et al., 2022), altered microbiota composition, altered fibre
intake, and gut microbiota-derived metabolites have been
shown to alter intestinal epithelial cells and gut barrier
integrity (Zhou et al., 2022). Additionally, the BBB has
also been identified as a target of the gut microbiota
whereby gut microbes modulate brain barrier integrity
and specific microbial metabolites have been found to
directly disrupt, improve or protect BBB integrity
(Braniste et al., 2014; Hoyles et al., 2018, 2021; Knox,
Aburto, Clarke, et al., 2022; Lin et al., 2020; O’Riordan
et al., 2022; Quinn et al., 2014). The tight junction protein
expression of brain endothelial cells and BBB permeabil-
ity are altered in germ-free mice (mice raised devoid of
microorganisms) when compared with conventional mice
(Braniste et al., 2014). Although both the gut barrier and
BBB are altered in germ-free mice (Braniste et al., 2014;
Ghosh et al., 2021; Parker et al., 2020; Spichak
et al., 2018), the effects of germ-free status on blood–CSF
barrier remains to be characterized.

The blood–CSF barrier is localized to the choroid
plexus at the four brain ventricles and is composed of fen-
estrated capillaries surrounded by connective tissue and
immune cells enclosed by cuboidal epithelial cells, which
are tightly joined by tight junction proteins (Sol�ar
et al., 2020). This brain barrier is more similar to the intes-
tinal epithelial barrier (Spadoni et al., 2017) rather than
the BBB, as they are both composed of epithelial cells, not
endothelial cells, making it a likely target of the gut
microbiota. The blood–CSF barrier, gut–vascular barrier
and intestinal epithelial barrier are all immunomodula-
tory selective gateways (Spadoni et al., 2017). The blood–
CSF barrier is also more accessible than the BBB to for-
eign toxins, but the blood–CSF barrier is far less studied
in the context of the gut microbiota–brain axis (Gorlé
et al., 2018). Compared with the BBB, the blood–CSF bar-
rier is also much tighter to soluble tracers and has higher
electrical resistance (Spadoni et al., 2017). The blood–CSF
barrier is crucial for maintaining brain homeostasis and
reducing the spread of inflammatory reactions from
reaching the central nervous system (CNS) (Sol�ar
et al., 2020). The tight junction proteins, zonula occludens
(ZO-1, -2, -3), claudins and occludin are an integral aspect
of maintaining blood–CSF barrier integrity as they greatly
restrict paracellular permeability and maintain electrical
resistance of the epithelial layer of cells in the choroid
plexus. Occludin and claudins are transmembrane pro-
teins mediating contact between epithelial cells, whereas
zonula occludens are sub-membrane proteins anchoring
occludin and claudins to actin filaments. Bacterial infec-
tions such as Streptococcus suis have been previously
shown to induce disruption of blood–CSF barrier but not
BBB, through rearrangement of the tight junction pro-
teins (Sol�ar et al., 2020; Tenenbaum et al., 2008).

Considering the role of choroid plexus integrity in
health and disease as well as the understanding that the
gut microbiota influences several other barriers along the
gut microbiota–brain axis, it is urgent to understand the
impact of the gut microbiota on choroid plexus physiol-
ogy. Here, we used isolated choroid plexus tissue from
germ-free mice to investigate the relationship between
the gut microbiota and choroid plexus physiology.
Through confocal microscopy of tight junction protein
networks and capillaries, we quantified ZO-1 network
and in-depth analysis of capillary structure.

2 | MATERIALS AND METHODS

2.1 | Animals

Male F1-generation offspring from germ-free (n = 5–7)
and conventionally raised (n = 8) C57/BL6 mice breeding
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pairs previously obtained from Taconic (Germantown,
New York, USA) were used in all experiments. Mice were
sacrificed at 3–4 months with similar body weights (con-
ventional; mean � SEM = 27.66 � 0.66 g, germ-free;
mean � SEM = 29.25 � 0.59 g). Germ-free mice were
housed in gnotobiotic isolators, as two to four mice per
cage. All mice were housed in identical controlled condi-
tions (20–21�C, 55%–60% humidity) under a strict 12-hour
light/dark cycle, with access ad libitum to autoclaved
chow (Special Diet Services, product code 801010) and
water. All experiments were conducted in accordance
with the European Directive 2010/63/EC, the require-
ments of the SI No 543 of 2012, and approved by the Ani-
mal Experimentation Ethics Committee of University
College Cork and the Health Products Regulatory Author-
ity (HPRA AE19130 P047).

2.2 | Tissue collection and fixation

Choroid plexus tissues from both lateral ventricles were
placed in Dulbecco’s Modified Eagle Medium: Nutrient
Mixture F-12 immediately following isolation. Following
isolation, tissue was fixed with 10% trichloroacetic acid
for 15 min and stored in PBS with azide (0.05%) at 4�C.

2.3 | Immunofluorescence assays

Choroid plexus tissue was washed with 1� phosphate
buffered saline (PBS), permeabilized with 0.1% Triton X
and blocked with 10% normal donkey serum. Isolectin
GS-IB4 from Griffonia simplicifolia, Alexa Flour 647 con-
jugate (1:200, Thermo Fisher Scientific, #I32450), was
used to detect blood vessels, and primary antibodies were
used against ZO-1 (1:150, Invitrogen #61-7300, RRID:
AB_138452). Images were captured using a confocal laser
scanning microscope (Olympus FV1000) fitted with
488, 633-nm lasers and 20� dry objective lens (isolectin)
or 100� oil immersion objective lens (ZO-1). All tissues
were imaged at the same resolution (1024 � 1024) under
the same speed (10.0 μs/pixel), laser intensity, gain and
off set. Images include five confocal planes with a step
size of 0.47 μm for 20� lens and 1.14 μm for 100� lens.

2.4 | Image analysis

2.4.1 | Tight junction protein network
analysis

The 100� confocal images were used to analyse the tight
junction protein networks. To remove background

speckles and focus on the tight junction protein net-
works, the images were processed in Fiji/ImageJ to
reduce the background noise under pro-
cess > noise > reduce outliers. A radius of 1 pixel and a
threshold of 100 was chosen to uniformly remove some
of the background. The images were then converted to a
binary image and then skeletonized. The skeleton
image was then analysed using the Analyse Skeleton plu-
gin for FIJI/ImageJ (https://imagej.net/plugins/analyze-
skeleton/). The animals processed were then normalized
to the respective conventional control animals and
expressed as a percentage.

2.4.2 | Vessel analysis

The 20� confocal images were used to analyse the
choired plexus vessels. A region of interest (ROI) was cre-
ated 7� smaller than the original image. This ROI was
used to crop four smaller regions within the 20� images.
ROIs were collected from diverse sections of the larger
images, and these ROIs were then analysed using Angio-
Tool. The ROIs of each image were averaged, then the
choroid plexus for each animal were averaged then nor-
malized to the respective conventional control animals
and expressed as a percentage.

2.5 | Statistical analysis

Experimental data were expressed as mean � SEM,
n = animal replicates. A maximum of one outlier (if any)
were removed using the Grubbs outlier test. Following
Levene’s test for equality of variances and Shapiro–Wilk
test for normality, data were analysed by a two-sided
t test with equal variances assumed using SPSS Statistics
software (IBM, Armonk, New York, USA). A p-value of
less than 0.05 was considered significant.

3 | RESULTS

3.1 | Choroid plexus tight junction
protein network is disrupted in germ-free
mice

Choroid plexus tissue of germ-free mice was collected,
and the tight junction protein ZO-1 was immunodetected
to assess its expression and localization in germ-free mice
compared with conventional controls. The tight junction
proteins are localized to the cell–cell junctions, forming
network-like structures. In conventional mice, ZO-1
formed a continuous network among cells, whereas in
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germ-free mice, it appeared more fragmented (Figure 1a).
The junctions themselves, when present, appeared
similar in both germ-free and conventional mice, forming
hexagonal networks. However, there appeared to be less
tight junction protein-linked polygon-like structures. To
quantify this tight junction network, we converted these
confocal images to binary and then skeletonized projec-
tions. Using the ‘analyse skeleton’ plugin for Fiji/ImageJ
(https://imagej.net/plugins/analyze-skeleton/), we quan-
tified the total length of the ZO-1 skeletonized branches,
the mean and maximum branch length and the number
of endpoints (Figure 1b–e). There was no difference in
the total length of the ZO-1 skeletonized branches
between conventional and germ-free mice (Figure 1b).
However, there was a decrease in both the mean
(p < 0.1, mean � SEM = 63.5 � 8.4) and max (p < 0.01,
mean � SEM = 73.3 � 4.7) branch length in germ-free
mice compared with the conventional controls (mean;
mean � SEM = 100.0 � 4.6, max; mean � SEM = 100.0

� 3.9) (Figure 1c,d). The number of endpoints (p < 0.5,
mean � SEM = 137.7 � 9.6) in the images was increased
in the germ-free mice compared with the conventional
control animals (mean � SEM = 100.0 � 8.1)
(Figure 1e). Taken together, the decrease in ZO-1 branch-
ing and increase in endpoints indicates a disrupted ZO-1
network in germ-free mice.

3.2 | Choroid plexus vasculature is
unaltered in germ-free mice

The fenestrated capillaries in the blood–CSF barrier are a
major aspect of the choroid plexus tissue, structure and
function (Lun et al., 2015). Since we observed differences
in choroid plexus tight junction protein networks, we
explored possible differences in the structure of the cho-
roid plexus vascular network upon the absence of the
microbiota. To assess this, we stained the vessels in the

F I GURE 1 Tight junction protein network is reduced in germ-free mice. (a) Representative 100� confocal Z-stack projection of ZO-1

pre-processing, post-processing (remove noise), binary and skeleton in conventional and germ-free mice. Skeletal image analysis of (b) total

length, (c) mean branch length, (d) max branch length and (e) number of endpoints of ZO-1 networks. Mean � SEM two-sided t test

comparing means. *p < 0.05, **p < 0.01, *** p < 0.001 compared with untreated control group. Scale bar, 20 μm
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choroid plexus with isolectin-B4 from Griffonia simplici-
folia and imaged a wide section of the tissue with a 20�
objective (Figure 2a). To better assess the structure of the
capillaries, but not the larger veins and arteries, we ana-
lysed four smaller ROIs from diverse sections of each
image (Figure 2a) and quantified the vessel density,

junction density, total number of endpoints, total vessel
length, average vessel length and mean E lacunarity
(a measure of the nonuniformity) using AngioTool
(Figure 2b–g). Overall, there were no differences in any
of the metrics measured between the germ-free and
conventional mice.

F I GURE 2 Vessels are unaltered in germ-free mice. (a) Representative 20� confocal Z-stack projection of vessels (isolectin) pre-

processing, representative region of interest (ROI) and AngioTool analysis in conventional and germ-free mice. AngioTool image analysis of

(b) vessel density, (c) junction density, (d) total number of endpoints, (e) total vessel length, (f) average vessel length, and (g) mean E

lacunarity. Mean � SEM. Scale bar, 100 μm, 4 μm
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4 | DISCUSSION

Investigating the integrity and physiology of the blood–
CSF barrier in the absence of commensal microbes is
imperative for understanding the regulatory role of the
gut microbiota in brain signalling. Since the choroid
plexus is vital to maintaining brain homeostasis in
health and disease and is a major immunomodulatory
selective gateway to the brain (Spadoni et al., 2017), it
is important to understand what factors influence this
barrier. In the current study, we show that the tight
junction protein network, but not the vascular net-
work, is disrupted in the choroid plexus of germ-
free mice.

Functional tight junction proteins are localized at
the cell–cell junctions in epithelial cells. The connection
between endothelial cells forms a tight junction protein
network, where each cuboidal cell is closely connected
to the adjacent ones like a puzzle. Our results indicate
that there is a disruption of the ZO-1 tight junction pro-
tein network in male germ-free mice. The overall
length of the total quantified ZO-1 expression between
groups remained unaltered, indicating that the same
level of ZO-1 was quantified between both groups. Fur-
ther studies are merited to determine if this reduction
in the tight junction protein network is also an indica-
tion of a decrease in functional ZO-1, overall protein
expression of ZO-1 or mRNA decreased expression in
ZO-1. Additionally, the expression and localization of
the other tight junction proteins including claudins and
occludin should be explored. Our results in the blood–
CSF barrier complement previous studies that found
germ-free mice have lower tight junction protein
expression in the BBB (Braniste et al., 2014), further
implicating the gut microbiota in the regulation and
maintenance of brain barrier integrity. Although we did
not measure the gut microbiota composition in this
study, the conventional mice were all raised under the
same variables known to influence the gut microbiota
composition (i.e., diet and light cycles) (Guo et al.,
2022). Additionally, even if we were to have seen varia-
tion in microbiota composition among the conventional
mice, we did not see different clusters in ZO-1 network
quantification.

Although we saw changes in the ZO-1 network, we
did not see any differences in the choroid plexus capil-
lary structure between germ-free and conventional
mice. Similarly, in the brain, Braniste et al. did not see
differences in vessel size or density between germ-free
and pathogen-free mice (Braniste et al., 2014). Although
our data only focus on the structure of the choroid
plexus vessels, future research should further investigate
if the gut microbiota impacts the function of the

vascular barrier, fenestrations and other vascular cellu-
lar components. Additionally, our work was performed
in adult male mice, and we cannot exclude the poten-
tial for sex-specific or age-dependent effects. For
instance, in healthy developing rats, there are low num-
bers of fenestrae observed at E16 in the choroid plexus,
which increase in number up to postnatal day 30 (Lun
et al., 2015), and since germ-free mice have other devel-
opmental differences from conventional mice (Spichak
et al., 2018), there may be undetected differences in
choroid plexus vessels that are compensated by adult-
hood. Although only tight junction protein network
and vascular structure were investigated in this study, it
is also important to note another major role of the cho-
roid plexus, which is to produce CSF. Given that there
are alterations in the tight junction protein organization
of the epithelial cells, there may also be alterations in
the CSF production or secretion in germ-free mice,
since the epithelial cells are responsible for the secre-
tion of the CSF through active transport (MacAulay
et al., 2022).

Taken together, these data reveal that the gut micro-
biota plays a role in the integrity of the blood–CSF bar-
rier. This finding is the first step in understanding the
extent of influence the gut microbiota has on blood–
CSF barrier physiology. Although we did not investigate
potential mechanisms underlying these changes in the
tight junction network, we speculate that the absence
of microbial metabolites could lead to the disrupted
maintenance of the blood–CSF barrier integrity. For
instance, microbial metabolites that affect BBB (Knox,
Aburto, Clarke, et al., 2022) and gut barrier integrity
(Ghosh et al., 2021) may also affect the blood–CSF bar-
rier. Germ-free mice present with a disrupted BBB,
which is associated with decreased tight junction pro-
tein levels and increased permeability. This disruption
is ameliorated when colonized with short-chain fatty
acid (SCFA) producing strains, Clostridium tyrobutyri-
cum, or the SCFA butyrate (Braniste et al., 2014; Knox,
Aburto, Tessier, et al., 2022). In in vitro BBB models,
the SCFAs, butyrate and propionate, also have protec-
tive effects from barrier disruption and affect tight junc-
tion protein expression (Hoyles et al., 2018), and may
show similar protection of the blood–CSF barrier. Addi-
tionally, SCFAs and other microbial metabolites such as
indoles and secondary bile acids affect intestinal epithe-
lial cells through mammalian target of rapamycin
(mTOR), aryl hydrocarbon receptor (AhR) and farne-
soid X receptor (FXR) receptors (Zhou et al., 2022) and
may therefore have similar effects on the choroid plexus
epithelial cells. Previous studies have indicated that
other models of gut microbiota perturbations affect the
other barriers of the gut microbiota–brain axis such as
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the BBB, gut vascular and intestinal epithelial barrier
(Tang et al., 2020; Zhou et al., 2022). Since the tight
junctions of the blood–CSF barrier are disrupted in dis-
eases such as Huntington’s and Alzheimer’s disease
(Brkic et al., 2015; Sol�ar et al., 2020; Stopa et al., 2018),
the role of the gut microbiota and microbiota-derived
signalling molecules (e.g., SCFAs) should be explored in
order to exploit potential therapeutics for maintaining
barrier integrity. Several microbially derived metabolites
have already been shown to have positive or protective
effects over the BBB, highlighting the potential to use
microbial metabolites to therapeutically target the BBB
in disease (Knox, Aburto, Clarke, et al., 2022;
O’Riordan et al., 2022) where the barrier is compro-
mised such as in neuropsychiatric (Kealy et al., 2020)
and neurodegenerative (Sweeney et al., 2018) disorders.
Metabolites such as the short-chain fatty acids, specifi-
cally, have been shown to protect tight junction protein
expression, further emphasizing the importance of tight
junction protein networks (Braniste et al., 2014; Hoyles
et al., 2018). Moreover, our data identify the choroid
plexus as another brain barrier to be influenced by the
gut microbiota. Future studies should focus on under-
standing specific bacterial strains and their metabolites
in the maintenance and regulation of blood–CSF barrier
function.
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