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Prion disease pathogenesis in the absence of the commensal
microbiota
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Abstract

Prion diseases are a unique group of transmissible, typically sub-acute, neurodegenerative disorders. During central nervous

system (CNS) prion disease, the microglia become activated and are thought to provide a protective response by scavenging

and clearing prions. The mammalian intestine is host to a large burden of commensal micro-organisms, especially bacteria,

termed the microbiota. The commensal microbiota has beneficial effects on host health, including through the metabolism of

essential nutrients, regulation of host development and protection against pathogens. The commensal gut microbiota also

constitutively regulates the functional maturation of microglia in the CNS, and microglial function is impaired when it is

absent in germ-free mice. In the current study, we determined whether the absence of the commensal gut microbiota might

also affect prion disease pathogenesis. Our data clearly show that the absence of the commensal microbiota in germ-free

mice did not affect prion disease duration or susceptibility after exposure to prions by intraperitoneal or intracerebral

injection. Furthermore, the magnitude and distribution of the characteristic neuropathological hallmarks of terminal prion

disease in the CNS, including the development of spongiform pathology, accumulation of prion disease-specific protein (PrP),

astrogliosis and microglial activation, were similar in conventionally housed and germ-free mice. Thus, although the

commensal gut microbiota constitutively promotes the maintenance of the microglia in the CNS under steady-state

conditions in naïve mice, our data suggest that dramatic changes to the abundance or complexity of the commensal gut

microbiota are unlikely to influence CNS prion disease pathogenesis.

INTRODUCTION

Prion diseases, or transmissible spongiform encephalopa-
thies, are typically sub-acute neurodegenerative diseases
that affect humans and a number of captive and free-
ranging animal species. During prion disease progression,
affected tissues accumulate abundant aggregations of PrPSc,
abnormally folded isoforms of the host-encoded cellular
prion protein, PrPC [1]. Cumulative scientific evidence sug-
gests that PrPSc is the major, if not sole, component of the
infectious prion agent [2, 3]. Once the prions establish
infection in the central nervous system (CNS) they often
cause extensive neuropathology that is typically character-
ised by the activation of microglia and astrocytes, accumula-
tions of PrPSc, and neurodegeneration [4, 5].

Microglia are the tissue macrophages of the CNS and play
important roles in maintaining neuronal homeostasis, syn-
aptic remodelling, clearing dead and dying cells, and provid-
ing a first line of defence against pathogens [6–9]. A change
in microglial status, from resting to activated, is amongst the

first pathological features observed during CNS prion dis-

ease, occurring before the onset of neuropathology [4, 10].

Within the prion disease-affected brain, an anti-inflamma-

tory cytokine milieu appears to be induced in order to stimu-

late the microglia to protect the host by scavenging and

clearing prions and prion-affected cells [11–15]. However,

systemic administration of inflammatory stimuli such as

bacterial lipopolysaccharide (LPS) during CNS prion disease

can switch the microglial phenotype to one with a more pro-

inflammatory bias, leading to exacerbated neuropathology

[16, 17]. Consistent with this hypothesis, prion disease is

delayed in mice deficient in CD14 (a component of the LPS

receptor) and is accompanied by enhanced expression of

anti-inflammatory cytokines such as IL-10 [18].

The mammalian gastrointestinal tract is home to a vast
community of commensal micro-organisms, termed the
microbiota [19]. For example, the large intestine of the adult
human may contain approximately 100 trillion micro-
organisms, representing over 1000 different bacterial
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species. The commensal gut microbiota provides a diverse
range of beneficial effects to host health including the
metabolism of essential nutrients [20], influencing the
development and regulation of the immune system [21, 22],
and providing protection against pathogens by outcompet-
ing them for nutrients or habitats [23].

A bidirectional neurohumoral communication system,
termed the gut–brain axis, can integrate neural, hormonal
and immunological signalling between these two tissues.
This enables the brain to influence a variety of physiological
activities in the intestine including motility and secretion,
and the actions of the mucosal immune system [24]. Gut-
and microbiota-derived products can also influence the
brain, for example, through the release of cytokines or hor-
mones from enteroendocrine cells, or via stimulation of
afferent neural pathways of the vagus nerve and spinal cord.
These, in turn, can influence the composition of the gut
microbiota, either directly, or due to physiological effects on
the intestine (for reviews see [24–27]). Exciting data have
revealed that the commensal gut microbiota constitutively
maintains the homeostasis of the microglia in the brains of
naïve mice under steady-state conditions [28]. Furthermore,
the functional maturation of the microglia was compro-
mised in germ-free mice and coincided with their signifi-
cantly reduced responses to LPS-stimulation or virus
infection in the CNS [28]. The nature of the microglial acti-
vation status during CNS prion disease is considered to
influence the severity of neurodegeneration [5], but whether
the commensal gut microbiota also influence prion disease
pathogenesis is uncertain [29]. Modifications to the gut
microbiota can contribute to the pathogenesis of anxiety
and depression, and certain neurodegenerative disorders
such as Alzheimer’s disease and Parkinson’s disease [30].
Therefore, in the current study, prion disease pathogenesis
and susceptibility were compared in conventional and
germ-free mice to determine whether significant reductions
to the abundance of the commensal gut microbiota might
also affect prion disease pathogenesis and susceptibility.

RESULTS

Groups of conventionally housed mice (specific pathogen
free control) and germ-free mice were injected with prions
by either intracerebral (IC; n=10/group) or intraperitoneal
(IP; n=9/group) routes and survival times and disease inci-
dence compared. As anticipated, all the conventionally
housed mice succumbed to clinical prion disease with a
mean survival time of 174±2 days after IC exposure (median
175 days), and 248±3 days after IP exposure (median
247 days; Table 1). Our data show that the microbiological
status of the mice did not significantly affect survival times
or disease susceptibility as all the germ-free mice succumbed
to clinical disease with similar survival times when injected
with prions by either of these exposure routes (IC, mean 174
±0 days, median 175 days, P=0.702; IP, mean 245±3 days,
median 245 days, P=0.576). These data clearly demonstrate
that the absence of the commensal microbiota in germ-free
mice does not influence disease susceptibility or duration

when infected with prions directly into the CNS (IC) or after
peripheral exposure via the peritoneal cavity (IP).

During prion diseases, aggregations of prion disease-specific
PrP (PrPd) accumulate in affected tissues. Immunohis-
tochemistry (IHC) analysis suggested that the abundances
of prion disease-specific PrPd within the brains of clinically
affected conventionally housed or germ-free mice were sim-
ilar (Fig. 1). Prion infection within the CNS also leads to the
development of significant spongiform pathology (vacuola-
tion) in the neuropil (Fig. 2a). We therefore compared the
magnitude of the spongiform pathology within nine distinct
grey matter regions in the brains of all the clinically affected
mice from each group. Irrespective of the microbiological
status of the mice, the average severity and distribution of
the spongiform pathology within the brains of the clinically
affected mice after IC or IP injection with prions were simi-
lar (Fig. 2b, c, respectively). These data clearly show that the
absence of the commensal microbiota in germ-free mice did
not affect the accumulation of PrPd in the brain or the
development of spongiform pathology at the clinical stage
of disease.

Microglial activation is another prominent histopathological
feature within the prion disease-affected brain [4, 5, 10].
Since the commensal microbiota can constitutively regulate
the functional maturation of the microglia [28], we next
compared the status of the microglia in the brains of con-
ventionally housed and germ-free mice with clinical prion
disease. Our IHC analysis suggested a similar abundance of
Iba1+ microglia in the brains of the clinically affected con-
ventionally housed and germ-free mice after IC or IP injec-
tion with prions (Fig. 3a). Morphometric analysis of nine
distinct grey matter regions also indicated equivalent areas
of Iba1+ immunostaining in the brains of mice from each
group (Fig. 3b, IC-injected; Fig. 3c, IP-injected).

Independent histopathological analyses have demonstrated
increased microglial size and densities in the brains of naïve
germ-free mice [28]. A similar semi-automatic quantitative
morphometric analysis approach was used here to compare
the density and morphology of the Iba1+ microglia in the
brains of conventionally housed and germ-free mice with
clinical prion disease. From each group, six individual mice
were sampled, and from each of their brains, data were col-
lected from at least 25 individual Iba1+ microglia within the
dorsal medulla (G1) and hippocampus (G6) regions. Our
data clearly show that the density and morphology of the
microglia within each region were similar in brains from
clinically affected conventionally housed or germ-free mice
(Fig. 4). No significant differences between groups were
observed in the number of microglia within regions, or in
the length of dendrites, number of segments, branching
points or terminal points on individual microglia (Fig. 4b).
Thus although the commensal gut microbiota may control
the homeostasis of the microglia under steady-state condi-
tions in naïve mice [28], our data show that its absence does
not significantly affect the density or morphology of micro-
glia during CNS prion disease.
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CNS prion disease is also accompanied by the induction of
reactive astrocytes expressing high levels of glial fibrillary
acidic protein (GFAP). Our IHC analysis showed that the
abundance of GFAP+ immunostaining across nine distinct
grey matter regions was similar in the brains of convention-
ally housed or germ-free mice at the terminal stage of prion
disease (Fig. 5). These data are consistent with the indepen-
dent demonstration that the number of GFAP+ astrocytes in
the brain was not affected by the absence of the commensal
microbiota in naïve germ-free mice [28].

DISCUSSION

The commensal gut microbiota can constitutively regulate
the functional maturation of the microglia in the CNS and
influence their responses to LPS-stimulation or CNS virus
infection [28]. Disturbances to the gut microbiota can con-
tribute to the pathogenesis of several human neurodegener-
ative diseases [30]. Microglial activation is a prominent
feature of CNS prion disease [4, 10], but whether the com-
mensal gut microbiota influence the progression of CNS

disease is uncertain [29, 31, 32]. Data in the current study
clearly demonstrate that prion disease pathogenesis and sus-
ceptibility after exposure by either the IP or IC routes is not
influenced by the absence of the commensal gut microbiota
in germ-free mice. We also show that the microbiological
status of the host did not influence the magnitude or distri-
bution of the characteristic neuropathological hallmarks of
terminal prion disease in the CNS, including the develop-
ment of spongiform pathology, accumulation of disease-
specific PrP, astrogliosis and microgliosis. Thus, these data
suggest that dramatic changes to the abundance or com-
plexity of the commensal gut microbiota are unlikely to
influence prion disease duration or susceptibility, or the
development of neuropathology in the CNS. Of course, our
data cannot exclude the possibility that an effect of the
microbiota on CNS disease pathogenesis may have been
observed after exposure of the germ-free mice to a much
lower dose of prions than used in the current study.

Data presented in the current study appear to contradict

data reported in two independent studies reported more

Table 1. Prion disease susceptibility in conventional and germ-free mice

Group Route of prion

exposure*

Individual survival times (days) Mean survival times (days

±SE)

Clinical

disease†

Vacuolar pathology in

brain

P-

value‡

Conventional IC 163, 168, 2�173, 5�175, 185 174±2 10/10 10/10

Germ-free IC 3�173, 7�175 174±0 10/10 10/10 0.702

Conventional IP 2�238, 2�245, 249, 252, 255,

257, 261

248±3 9/9 9/9

Germ-free IP 235,

2�236, 3�245, 248, 258, 261

245±3 9/9 9/9 0.576

*Mice were injected IC or IP with 20 µl of a 1.0% dose of mouse-passaged 22C scrapie prions.

†Incidence = no. animals affected/no. animals tested.

‡Conventional versus germ-free, Student’s t-test.
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Fig. 1. Influence of the commensal gut microbiota on the distribution of prion disease-specific PrP within the brains of mice with ter-

minal prion disease. Conventionally housed or germ-free mice were injected with 22C prions by the IC or IP routes, and brains were

collected at the terminal stage of disease. Sections were immunostained to detect PrP (brown) and counterstained with haematoxylin

(blue) to detect cell nuclei. IHC analysis suggested that the absence of the commensal gut microbiota in germ-free mice did not influ-

ence the distribution of disease-specific PrP within the brain. Representative images are presented from six mice per group. Scale

bar, 100µm.
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than 20 years ago [31, 32]. However, fundamental differen-

ces in experimental design and purpose make direct com-

parisons between these studies difficult. In an attempt to

define the nature of the scrapie prion agent, Lev and col-

leagues infected conventionally housed and germ-free CD1

mice with lyophylized and irradiated preparations of

Chandler mouse-adapted scrapie isolate by the IC route.
Survival times were reported to be extended in the germ-
free mice, but from the data presented it is uncertain
whether this effect was significant [31]. In a later study,
Wade and colleagues compared prion disease survival times
after IC or IP injection with ME7 scrapie prions in germ-
free mice with those colonized with a highly restricted
Gram-positive bacterial microflora [32]. Consistent with
data presented in the current study, survival times after IC
prion exposure were not influenced by the microbiological
status of the mice, but a prolongation was observed in the
germ-free mice after IP exposure [32]. Precise explanations
for the inconsistencies between data in this study and the
current study are uncertain, but a highly restricted Gram-
positive bacterial microflora similar to that used as a control
in the Wade study can itself influence microglial status
[28]. After IP exposure to prions, early accumulation and
replication of the prions on follicular dendritic cells (FDCs)
within the B cell follicles of the spleen is essential for them
to subsequently infect the CNS, termed neuroinvasion [33–
35]. Certain bacterial constituents of the commensal gut
microbiota can have a profound influence on the function
and development of the host immune system [22, 36, 37].
Therefore, the possibility cannot be excluded that a highly
restricted Gram-positive bacterial flora may have enhanced
prion neuroinvasion from the spleen after IP exposure,
shortening survival times when compared to germ-
free mice.

The study by Erny and colleagues [28] showed that the pro-
inflammatory responses of microglia after LPS stimulation
were diminished in the brains of germ-free mice. The
microglial phenotype during CNS prion disease, in contrast,
is considered to be predominantly anti-inflammatory to
enable the microglia to protect the host by scavenging and
clearing prions [11–15]. In the current study, our data show
that microglial abundance and complexity in the brains of
mice with clinical prion disease were unaltered in the
absence of the microbiota. Effects of the microbiota on the
microglial response to anti-inflammatory stimuli were not
determined in the above study [28]. However, it is plausible
that the influence of the microbiota on microglia may be
dependent on their activation status and phenotype.

Many of the actions of the commensal microbiota on the
host immune system have been shown to be mediated
through the ability of some bacterial species to break down
indigestible dietary fibre into short chain fatty acids
(SCFAs) [22]. Furthermore, microglial development can be
restored in germ-free mice by the administration of SCFAs
[28]. The human ‘Western diet’ is characteristically high in
fat and simple carbohydrates, and can modify the constitu-
ents of the commensal gut microbiota by decreasing the
abundance of Bacteroidetes, which are important providers
of SCFA [38, 39]. Despite its potential to induce significant
changes in the commensal gut microbiota, CNS prion path-
ogenesis is not significantly affected in mice raised on a
high-fat diet [40].
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Fig. 2. The commensal gut microbiota does not influence the magni-

tude or distribution of the spongiform pathology within the brain at the

terminal stage of prion disease. Conventionally housed or germ-free

mice were injected with prions by the IC (n=10/group) or IP (n=9/

group) routes, and brains collected at the terminal stage of disease.

(a) High levels of spongiform pathology were detected in the brains of

all the conventionally housed and germ-free mice with terminal prion

disease. Sections were stained with haematoxylin and eosin. Scale

bar, 100 µm. Mice were infected with prions by the IC (b) or IP (c)

routes, and at the terminal stage of the disease the severity and distri-

bution of the spongiform pathology (vacuolation) within each brain was

scored on a scale of one to five in nine grey matter areas: G1, dorsal

medulla; G2, cerebellar cortex; G3, superior colliculus; G4, hypothala-

mus; G5, thalamus; G6, hippocampus; G7, septum; G8, retrosplenial

and adjacent motor cortex; G9, cingulate and adjacent motor cortex.

Each point represents the mean vacuolation score±SE. IC (n=10/group)

or IP (n=9/group).

Bradford et al., Journal of General Virology

4



Downloaded from www.microbiologyresearch.org by

IP:  129.215.45.152

On: Thu, 20 Jul 2017 14:34:02

The replication of certain prion strains on FDCs in the gut-
associated lymphoid tissue (GALT) in the small intestine
(such as the Peyer’s patches and isolated lymphoid follicles,
ILFs) is essential for efficient neuroinvasion after oral expo-
sure [41–45]. Although data in the current study suggest
that dramatic changes to the abundance or complexity of
the commensal gut microbiota do not influence CNS prion
disease pathogenesis or susceptibility after IC or IP expo-
sure, potential effects on susceptibility to orally acquired
prion infections cannot be excluded. Cross-talk between the
host immune system and the commensal microbiota can
significantly influence the development and function of the
GALT [36, 37, 46]. Mature ILFs, comprising individual B
cell follicles with a network of FDCs, can act as important
sites of prion accumulation and neuroinvasion in the small
intestine [43, 44]. The density of ILFs is reduced in the small
intestines of germ-free mice [46], implying that microbiota-
mediated alterations to GALT abundance or status in the
small intestine could significantly affect oral prion disease
susceptibility by influencing the uptake, replication and
neuroinvasion of prions from the gut lumen. Further studies
are clearly necessary to study the effects of the commensal
gut microbiota on oral prion disease susceptibility. How-
ever, the use of germ-free mice is not appropriate here as
these mice have altered gastrointestinal motility and transit
time [47] and substantially enlarged caeca [48], which could

have profound effects on the uptake of prions from the gut
lumen after oral exposure.

Although changes to the abundance or complexity of the
commensal gut microbiota are unlikely to influence prion
disease duration or susceptibility, concurrent gastrointesti-
nal infection with pathogenic bacteria or systemic exposure
to their pro-inflammatory components can exacerbate prion
disease pathogenesis. For example, systemic treatment with
bacterial LPS can induce an aggressive pro-inflammatory
phenotype in the microglia in the prion disease affected
brain, leading to increased neuropathology and accelerated
disease progression [49, 50]. Pathology to the gut epithelium
at the time of oral prion exposure, such as that caused by
oral infection with the enteroinvasive bacterium Salmonella
typhimurium, can also increase prion disease susceptibility
[51], most likely through the enhanced uptake of prions
from the gut lumen [52].

Despite the apparent widespread exposure of the UK
human population to bovine spongiform encephalopathy
(BSE) prions through the food chain [53, 54], it is fortunate
that relatively low numbers of clinical cases of variant
Creutzfeldt–Jakob disease (vCJD) in humans have been
reported [55]. However, data from the retrospective analy-
ses of PrPSc accumulation in archived human GALT speci-
mens suggest the prevalence of vCJD infection may be
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higher than the clinical cases suggest [56]. This implies
the potential existence of a subclinical carrier state. A thor-
ough understanding of the factors which influence the

progression of the preclinical phase will help to identify
those that enhance the risk of developing clinical prion dis-
ease. For example, the presence of prion-specific PrPSc

Conventional

G1: dorsal medulla G6: hippocampus

IC

IC

P =0.064 P =0.486 P =0.071
P =0.405

P =0.056
P =0.445

P =0.073 P =0.282

P =0.086
P =0.480

P =0.871
P =0.209

P =0.805

P =0.480

P =0.086
P =0.211

P =0.092

P =0.480
P =0.886

P =0.195

IP IC IP

G
6

: 
h
ip

p
o
c
am

p
u
s 50 µm

IP

Germ-free

Conventional Germ
-free

Conventional Germ
-free

Conventional Germ
-free

Conventional Germ
-free

Conventional Germ-free

(a)

(b)

lb
a1

+
 c

e
lls

/m
m

2
D

e
n
d

ri
te

 le
n
g

th
 (
µ

m
)

N
o
. s

e
g

m
e
n
ts

N
o
. b

ra
n
ch

 p
o
in

s
N

o
. t

e
rm

in
al

 p
o
in

s

50

40

30

20

10

0

1000

800

600

400

200

0

100

80

60

40

20

0

50

40

30

20

10

0

50

40

30

20

10

0

50

40

30

20

10

0

50

40

30

20

10

0

50

40

30

20

10

0

50

40

30

20

10
0

50

40

30

20

10

0

50

40

30

20

10

0

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

1000

800

600

400

200

0

1000

800

600

400

200

0

1000

800

600

400

200

0

50

40

30

20

10

0

80

60

40

20

0

80

60

40

20

0

Fig. 4. Semi-automatic quantitative morphometric analysis of the density and morphology of microglia in the brains of conventionally

housed or germ-free mice with terminal prion disease. (a) Representative Imaris-based reconstructions of Iba1+ microglia in the hippo-
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within specific regions of the brains of prion-affected hosts
is insufficient on its own to trigger neurodegeneration [5].
Neurodegeneration was observed to occur only when PrPSc

accumulation was associated with an upregulated innate
immune response by the microglia within the same brain
regions. This indicates that factors manipulating the activa-
tion status of the microglial may have a significant impact
on the magnitude of the neurodegeneration exhibited dur-
ing CNS prion disease. For example, factors that enhance
clearance of prions by microglia may reduce disease patho-
genesis. Conversely, factors that enhance the destruction of
neurones by microglia may enhance the progression of CNS
prion disease [49, 50]. However, although the commensal
gut microbiota can control the functional maturation of
microglia, data presented in the current study suggest that
dramatic changes to the commensal microbiota are unlikely
to influence the development of CNS prion disease.

METHODS

Mice

C3H/LacDk mice (6–10 weeks old) were used throughout
this study. Where indicated, some mice were conventionally
housed and maintained under standard specific pathogen
free (SPF) conditions. Others were bred and maintained
under strict germ-free conditions in sterile isolators. SPF

mice and germ free mice were each housed in groups of
four to six in conventional cages with sterilized Aspen Chip
bedding, under a 12 h light/12 h dark cycle, and provided
with unrestricted access to sterile water and food (RM1,
Special Diet Services, Essex, UK). The germ-free status of
the colony was continually maintained over many years and
confirmed by regular microbial testing of sentinel mice
from the same isolators. Indeed, in separate studies our
analyses confirmed that germ-free mice from our colony
had the disturbed development of gut-associated lymphoid
tissues in their intestines and substantially enlarged caeca
[46] reported in independent studies of germ-free mice else-
where [48, 57, 58]. All studies and regulatory licences were
approved by the Neuropathogenesis Unit’s ethics committee
and carried out under the authority of a UK Home Office
Project Licence.

Prion exposure and disease monitoring

Where indicated, mice were injected by either the intracere-
bral (IC) or intraperitoneal (IP) routes with 20 µl of a 1.0%
(w/v) dilution of scrapie brain homogenate prepared from
mice terminally affected with 22C scrapie prions (contain-
ing approximately 4.5 log IC infectious dose50 units). The
brains used to prepare the homogenate used in this study
were washed in absolute alcohol and g-irradiated before use
to eliminate potential contamination from commensal
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Fig. 5. Influence of the commensal gut microbiota on the distribution of reactive astrocytes within the brains of mice with terminal
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terminal stage of disease. (a) Sections were immunostained to detect astrocytes (GFAP+ cells, brown) and counterstained with haema-
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micro-organisms. Following prion exposure, mice were
coded and assessed weekly for signs of clinical disease and
culled at a standard clinical endpoint. The clinical endpoint
of disease was determined by rating the severity of the clini-
cal signs of prion disease exhibited by the mice. Mice were
clinically scored as ‘unaffected’, ‘possibly affected’ and ‘defi-
nitely affected’ according to the standard clinical character-
istics typically present in mice with terminal scrapie prion
disease. Clinical signs following infection of mice with scra-
pie prions may include: weight loss, ruffled or starry/spiky
fur, hunched posture, jumpy behaviour (at early onset) pro-
gressing to limited movement, upright tail, wet genitals,
decreased awareness, discharge from eyes/blinking eyes and
ataxia of hind legs. The clinical endpoint of disease was
defined in one of the following ways: (i) the day on which a
mouse received a second consecutive ‘definite’ rating; (ii)
the day on which a mouse received a third ‘definite’ rating
within four consecutive weeks; (iii) the day on which a
mouse was culled in extremis. Survival times were recorded
for mice that did not develop clinical signs of disease during
the observation period. Prion diagnosis was confirmed by
histopathological assessment of vacuolation in the brain.
For the construction of lesion profiles, vacuolar changes
were scored in nine distinct grey-matter regions of the brain
as described previously [59].

Immunohistochemisty (IHC)

For the detection of prion disease-specific PrP (PrPd), brains
were fixed in paraformaldehyde fixative and embedded in
paraffin wax. Sections (thickness, 6 µm) were deparaffinized
and pre-treated to enhance the detection of PrPd by
hydrated autoclaving (15min, 121

�

C, hydration) and subse-
quent immersion in formic acid (98%) for 5min. Sections
were then immunostained with PrP-specific mAb BH1 [60].
For the detection of astrocytes, brain sections were immu-
nostained with anti-glial fibrillary acidic protein (GFAP;
DAKO, Ely, UK). For the detection of microglia, deparaffi-
nized brain sections were first pre-treated with citrate buffer
and subsequently immunostained with anti-ionized cal-
cium-binding adaptor molecule 1 (Iba1; Wako Chemicals
GmbH, Neuss, Germany). Following the addition of pri-
mary antibodies, biotin-conjugated species-specific second-
ary antibodies (Stratech, Soham, UK) were applied and
immunolabelling was revealed using horseradish peroxidase
conjugated to the avidin–biotin complex (ABC kit, Vector
Laboratories, Peterborough, UK) and visualized with 3,3¢-
diaminobenzidine (Sigma). Sections were counterstained
with haematoxylin to distinguish cell nuclei.

Image analysis

For morphometric analysis, images were analysed using
ImageJ software (http://rsb.info.nih.gov/ij/) as described on
coded sections [61]. Background intensity thresholds were
first applied using an ImageJ macro which measures pixel
intensity across all immunostained and non-stained areas of
the images. The obtained pixel intensity threshold value was
then applied in all subsequent analyses. Next, the number of
pixels of each colour were automatically counted. For these

analyses, data are presented as the proportion of positively
stained pixels for a given IHC marker per total number of
pixels (all colours) in the specific area of interest. In each
instance tissues from six mice per group were analysed.
Details of all the sample sizes for each parameter analysed
are provided in the figure legends.

The density and morphology of Iba1+ microglia was ana-
lysed using Imaris 8.2.1 software (Bitplane, Belfast, UK)
according to a previously established protocol [28]. Six indi-
vidual mice were sampled from each group and from each
of these mice data were collected from at least 25 individual
Iba1+ microglia within the dorsal medulla (G1) and hippo-
campus (G6) regions of their brains. Microglial morphology
was compared by measuring dendrite length, numbers of
segments, branching and terminal points. Thus, from each
mouse group, data were collected from at least 150 individ-
ual Iba1+ microglia.

Statistical analyses

Unless indicated otherwise, data are presented as mean±SE
and significant differences between groups were sought by
using Student’s t-test. Values of P<0.05 were accepted as
significant.
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