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The blood-cerebrospinal fluid barrier (BCSFB) located in the epithelial 
cells of the choroid plexus (CP) forms the interface between the cerebrospinal 
fluid (CSF) and pathogen components circulating in the blood. The CP is also im-
plicated in the passage of peripheral immune signals and circulation of immune 
cells into the central nervous system. Toll-like receptors (TLRs) are pattern-
recognition receptors that play a crucial role in the recognition of pathogens and 
triggering of the innate immune response. In sheep, ten members of the TLR fam-
ily have been identified and cloned. We used real-time PCR analyses to examine 
the profiles of TLR mRNA expression in the CP of cerebral ventricles in healthy 
adult ewes. The transcripts for all ten TLRs except TLR8 were present; however, 
we observed a high variation in the degree of expression of the TLR5 and TLR1 
genes (coefficient of variation: 61% and 46%, respectively) as well as a moderate 
variation in the expression of the TLR4 (34%), TLR2 (27%) and TLR6 (26%) 
genes. The TLR9, TLR7, TLR3 and TLR10 genes were the four receptors with 
relatively invariable expression levels (coefficient of variation: 7%, 8%, 16% and 
17%, respectively) across the six adult ewes. The concentration of cortisol in 
blood collected prior to sacrificing the ewes ranged from 0.18 to 78.9 ng/ml. 
There was no correlation between cortisol concentration and mRNA expression of 
any of the examined TLRs. These data suggest that the CP has the potential to 
sense the presence of many bacterial and viral components and mediate responses 
for the elimination of invading microorganisms, thereby protecting the brain.  
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The immune system plays an important role in the protection of an organ-
ism against pathogenic invasion through contact, ingestion and inhalation. The 
first defensive line, which is activated immediately after infection, is natural (in-
nate) immunity. The recognition of particular types of molecules that are com-
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mon to many pathogens (called pathogen-associated molecular patterns, PAMPs) 
plays a key role in the initiation of the innate immune response (Medzhitov and 
Janeway, 1998). PAMPs are recognised by pattern recognition receptors, among 
them toll-like receptors (TLR), which are expressed by many cell types such as 
neutrophils, macrophages, endothelial and epithelial cells, natural killer cells and 
dendritic cells (Werling and Coffey, 2007). Mammalian TLRs comprise a large 
family consisting of at least 13 members; all TLRs have been identified in mice 
and 10 (TLR1–10) have been identified in humans, pigs, cattle and sheep (Ta-
keda and Akira, 2005; Chang et al., 2009). Individual TLRs detect specific mi-
crobial components derived from pathogens such as bacteria, fungi, protozoa and 
viruses (Takeda and Akira, 2005). TLR2 binds to a variety of microbial compo-
nents, which include: lipoproteins/lipopeptides, peptidoglycans and lipoteichoic 
acid, lipoarabinomannan, glycoinositolphospholipids, a phenol-soluble maudlin, 
zymosan, glycolipids and atypical lipopolysaccharides (LPS) found in Lepto-
spira interrogans and Porphyromonas gingivalis. The wide spectrum of micro-
bial components recognised by TLR2 is the result of heterodimerisation of TLR2 
with TLR1 and TLR6, which discriminates between diacyl and triacyl lipopep-
tides. TLR3 is implicated in the detection of double-stranded RNA and viruses 
(Tabeta et al., 2004). TLR4 is known as a receptor for LPS and endogenous 
ligands (such as heat shock proteins and other proteins) involved in the inflam-
matory response even in the absence of infection. TLR5 recognises flagellin, a 
monomeric constituent of bacterial flagella, while TLR7 and TLR8 detect single-
stranded RNA from viruses such as human immunodeficiency virus, vesicular 
stomatitis virus and influenza virus (Takeda and Akira, 2005). TLR9 appears to 
be a receptor for viral-derived CpG DNA because TLR9-mutant mice are suscep-
tible to mouse cytomegalovirus infection (Takeda and Akira, 2005). TLR10 is an 
orphan member of the TLR family (Hasan et al., 2005). 

Following tissue damage, TLRs may also detect certain host proteins, such 
as beta-defensins, and heat shock proteins (Hopkins and Sriskandan, 2005). The 
stimulation of TLRs by their respective ligands triggers the expression of several 
genes that are involved in the synthesis of chemokines and cytokines, as well as 
adhesive and co-stimulatory molecules (Takeda et al., 2003). It has been demon-
strated that peripheral inflammation can stimulate the synthesis of inflammatory 
cytokines in the brain (Laye et al., 1994; Pitossi et al., 1997). In general, the 
brain is protected from pathogens through brain barriers. Two barrier layers limit 
and regulate the exchange of molecules at the interface between the blood and 
brain tissue and their fluid spaces: the blood-brain barrier (BBB), located be-
tween the blood and interstitial fluid surrounding the neural tissue, and the 
blood-cerebrospinal fluid (CSF) barrier (BCSFB), which consists of the inter-
nally situated choroid plexus (CP) and the externally located arachnoid mem-
brane (Skipor and Thiery, 2008). The cellular basis of these barriers is located 
within the endothelial cells of the microvessels of the brain and the epithelial 
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cells of the CP and arachnoid barrier cells (Skipor and Thiery, 2008). Some 
ligands of TLRs, such as LPS and poly I:C (TLR3 ligand), do not pass brain bar-
riers; therefore, the localisation of TLRs in structures where these barriers are lo-
calised plays a key role in transferring signals from TLRs to the brain (Singh and 
Jiang, 2004; Borghetti et al., 2009). Laflamme and Rivest (2001) used in situ hy-
bridisation techniques to provide evidence that the mRNA for TLR4 is present in 
the circumventricular organs, CP and leptomeninges. These structures are easily 
reached by molecules present in the bloodstream; therefore, they are exposed to 
pathogens and the molecules derived from them early in systemic infection 
(Mishra et al., 2006). 

The profile of TLR expression in the brain barrier of domestic animals is 
not known. Therefore, the aim of this study was to evaluate the profile of TLR 
mRNA expression in the CP of adult ewes. The ovine model is commonly used 
and is becoming more widely accepted as an animal model for neuroendocrine 
studies in domesticated animals. 

 
 

Materials and methods 

Animals and treatment 

The study was performed on adult ewes of the Polish Black Face breed 
(n = 6, body mass: 50–60 kg). Animals were kept indoors under natural lighting 
conditions (latitude 52 °N, 21 °E) and fed a constant diet of hay, straw and com-
mercial concentrates. Water and mineral licks were available ad libitum. Blood 
samples (5 ml) were collected in late June through a jugular venipuncture site. 
After centrifugation in heparinised tubes, plasma was stored at –20 °C until as-
sayed. Thereafter, animals were sacrificed in a certified slaughterhouse. After 
decapitation, the brain was dissected and the CP was detached from its anchor to 
Galen’s vein and then split along the midline, separating the CP from each lateral 
ventricle. Both sections of the CP were separately frozen in liquid nitrogen and 
stored at –80 °C until further analysis. All animal procedures were conducted in 
accordance with the Polish Guide for the Care and Use of Animals (1997) and 
approved by the Local Ethics Committee (authorisation no. 26/2012). 

Measurement of cortisol in the blood plasma 

The concentration of cortisol in the blood plasma was assayed using a 
competitive electrochemiluminescence immunoassay (ECLIA, Roche) in accor-
dance with manufacturer’s protocol. This analysis was performed by our accred-
ited Analytical Laboratory. 
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Relative gene expression assays 

One section of the CP from each animal was cut into smaller pieces and 
20 mg of frozen tissue was used for total RNA isolation. Initial homogenisation 
of the frozen CP tissue was performed in Lysing Matrix D (MP Biomedicals) 
and filled with lysing buffer from NucleoSpinRNA (RA1) using a FastPrep24 in-
strument (MP Biomedicals) at an oscillation speed of 6.5 m/s for 30 s. Total 
RNA was isolated using a NucleoSpin RNAII assay (Marcherey-Nagel) according 
to the manufacturer’s protocol. The genomic DNA digestion step was included in 
the isolation procedure. The purity and concentration of isolated RNA were 
quantified by spectrophotometry, measuring the optical density at 260 and 280 nm, 
using a NanoDrop 1000 instrument (Thermo Scientific). The integrity of RNA 
was verified by electrophoresis using 1.2% agarose gel stained with ethidium 
bromide (Sigma Aldrich). 

One microgram of total RNA was retained for further use in the reverse 
transcription (RT) reaction. The RT reaction was performed with a DyNAmo 
cDNA Synthesis Kit (Thermo Scientific) according to the protocol supplied by the 
manufacturer. The resulting cDNA was stored at –20 °C until further analysis. 

The expression pattern of the TLRs in the ovine CP was determined by 
real-time PCR. Specific primer pairs for all of the analysed genes were used ac-
cording to the literature (see Table 1). All primers were synthesised by Genomed 
(Poland). To find the optimal temperature for annealing the primers, gradient PCR 
reactions were performed with a SensoQuest Labcycler (SensoQuest GmbH), us-
ing the RedTaq Ready Mix (Sigma Aldrich). The following protocol was used: 
95 °C for 5 min for the hot start REDTaq DNA polymerase, followed by 40 cy-
cles of 94 °C for 30 s (denaturation), then X °C (54.9 °C / 56.4 °C / 57.8 °C / 
59.3 °C / 60.7 °C / 62.2 °C ) for 45 s (annealing), then 72 °C for 30 s (extension) 
and finally 72 °C for 5 min (last chain elongation). After gradient PCR, the prod-
ucts were separated in 2% agarose gels, stained with ethidium bromide and ex-
amined under UV light (Gel Logic 100; KODAK). 

Real-time PCR analyses were performed on a Viia7 instrument (Applied 
Biosystems). Each real-time PCR reaction (10 μl) contained 3 μl of diluted 
(1:10) cDNA, 0.2 μM each of forward and reverse primers and 5 μl of DyNAmo 
SYBR Green qPCR Kit with ROX (Thermo Scientific). The following protocol 
was used: 95 °C for 10 min for the hot start modified Tbr DNA polymerase, fol-
lowed by 40 cycles of 95 °C for 15 s (denaturation), X °C (see Table 1) for 30 s 
(annealing) and 72 °C for 30 s (extension). The last cycle was performed to 
evaluate the specific amplification using a final melting curve analysis under 
continuous fluorescence measurement. The results were analysed using the real-
time PCR Miner (available online: http://www.miner.ewindup.info/version2), 
which is based on the algorithm developed by Zhao and Fernald (2005). 
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Table 1 

Sequences of oligonucleotide primers used for real-time PCR 

Gene Primers (5'→3') Product 
size (bp) Reference Temperature of  

primers annealing (°C)

TLR1 Forward: CCCACAGGAAAGAAATTCCA 
Reverse: GGAGGATCGTGATGAAGGAA 208 Menzies and Ingham (2006) 55 

TLR2 Forward: GGCTGTAATCAGCGTGTTCA 
Reverse: GATCTCGTTGTCGGACAGGT 159 Chang et al. (2009) 55 

TLR3 Forward: TCAGCTCCAACTGGAGAACC 
Reverse: CACCCAGGAGAGAACTCTTTGA 150 Chang et al. (2009) 59 

TLR4 Forward: TGGATTTATCCAGATGCGAAA 
Reverse: GGCCACCAGCTTCTGTAAAC 152 Chang et al. (2009) 55 

TLR5 Forward: CGACAACCTCCAAGTTCTCAA 
Reverse: TTTCCCCAGGAATTTGAATG 152 Chang et al. (2009) 55 

TLR6 Forward: TTTGTCCTCAGGAACCAAGC 
Reverse: TCATATTCCAAAGAATTCCAGCTA 213 Chang et al. (2009) 55 

TLR7 Forward: CTGGACCATCTGGTGGAGAT 
Reverse: GCTGGTTTCCATCCAGGTAA 153 Chang et al. (2009) 59 

TLR8 Forward: TCCACATCCCAGACTTTCTACGA 
Reverse: GGTCCCAATCCCTTTCCTCTA 150 Menzies and Ingham (2006) 55 

TLR9 Forward: CCCTGGAGAAGCTGGACAT 
Reverse: GACAGGTCCACGAAGAGCAG 175 Chang et al. (2009) 59 

TLR10 Forward: TGCCAAGACATCCATTCTGT 
Reverse: GAATTGTGGTCAAGATAAACCTTAC 149 Chang et al. (2009) 55 

GAPDH Forward: TGACCCCTTCATTGACCTTC 
Reverse: GATCTCGCTCCTGGAAGATG 143 Herman and Tomaszewska-Zaremba (2010) 55 / 59* 

TLR: Toll-like receptor; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; *the gradient PCR analysis for GAPDH showed similar results at 
all annealing temperatures 
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Data analysis 

The concentration of cortisol is presented as the mean ± standard deviation 
(SD). Real-time PCR results are presented as the relative gene expression (mean ± 
standard error of the mean [SEM]) of the TLR genes vs. the reference gene 
(GAPDH). The significance of differences between the expression of each TLR 
gene was analysed using a one-way analysis of variance (ANOVA) with multiple 
comparison Tukey’s post-hoc tests. Statistical significance was set at P < 0.05. 
Statistical analyses were performed using GraphPad PRISM 6 (San Diego, USA), 
including calculations of the coefficient of variation for the expression values of 
each TLR gene and the correlations between cortisol concentration and the gene 
expression of each TLR. 

 
Results 

Mean (± SEM) expression of each TLR, determined by real-time PCR, in 
the ovine CP is presented in Fig. 1. Transcripts for all TLR genes, except TLR8, 
were found in all of the ewes examined. Real-time PCR showed that TLR3 and 
TLR7 had the highest expression, followed by TLRs 6, 5, 9, 2, 4, 1 and 10, 
which had the lowest expression observed in this study. A high variation in the 
degree of expression of TLR5 and TLR1 genes was observed (coefficient of 
variation 61% and 46%, respectively); however, this high variability was not 
found in TLR9 (7%), TLR7 (8%), TLR3 (16%) and TLR10 (17%). For TLRs 6, 
2 and 4, the coefficient of variation was calculated as 26%, 27%, and 34%, re-
spectively (Fig. 1). The concentration of cortisol in the blood plasma collected 
just before ewes were sacrificed ranged from 0.18 to 78.9 ng/ml. There was no 
correlation between the cortisol concentration and the mRNA expression of any 
of the TLRs examined. 

 
Fig. 1. TLRs relative mRNA expression (mean ± SEM) vs. GAPDH in the choroid plexus of cerebral 
ventricles of adult ewes (n = 6). The coefficient of variations (%) for each TLR is inserted into each 

bar. Differences between means marked with different letters are statistically significant (P < 0.05) 
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Discussion 

In the present study, we examined the profiles of mRNA expression of 
TLRs in the CP of adult ewes. Transcripts for nine TLRs were present; however, 
individual TLRs were differentially expressed. This differential expression po-
tentially allows for the detection of many bacterial and viral components, mediat-
ing the responses necessary for the elimination of invading microorganisms, 
thereby protecting the brain. However, there are also data that demonstrate that 
infectious and non-infectious endogenous stimuli may be associated with a dis-
turbance of BCSFB function (Marques et al., 2009a, b; Schwerk et al., 2010; 
Stridh et al., 2013). Marques et al. (2009a, b) showed an altered gene expression 
profile in the CP of mice after peripheral administration of LPS, including the 
up-regulation of genes implicated in acute phase reactions and extracellular ma-
trix remodelling, as well as the down-regulation of genes involved in the mainte-
nance of BCSFB function. LPS rapidly induce the mRNA levels of interleukin 1 
beta (IL-1β) and tumour necrosis factor alpha (TNFα) in the CP as well as TNFα 
concentration in the CSF of mice (Marques et al., 2007). Moreover, activation of 
TLR1/TLR2 and TLR4 in mice was shown to down-regulate mRNA expression 
of the tight junction protein occludin in the CP, leading to increased BCSFB 
penetration by blood white cells (Stridh et al., 2013). All of these findings, taken 
together, may explain the rapid increase in IL-1β concentration observed in the 
CSF of adult ewes treated with LPS (data not published). In ewes, IL-1β infused 
into the brain ventricles reduces GnRH biosynthesis and release during an im-
mune/inflammatory challenge (Herman et al., 2012). This is particularly interest-
ing because, in animals, bacterial and viral infections induce a strong immune re-
sponse that affects the animal’s productivity, including reproduction. Decreased 
concentrations of luteinising hormone following LPS administration has been 
documented in cows, sheep and pigs (Tomaszewska-Zaremba and Herman, 
2009). Moreover, pro-inflammatory cytokines appear to be important immune 
mediators involved in the central inhibition of the neuroendocrine reproductive 
axis (Tomaszewska-Zaremba and Herman, 2009). 

Among the TLRs expressed in the CP, TLR3, TLR7, TLR9 and TLR10 
presented relatively invariant expression levels across all ewes investigated. The 
reason for the high variability found in the mRNA expression of TLR1 and TLR5 
in our studies is not known. It has been previously demonstrated that neuroendo-
crine hormones, particularly glucocorticoids, play a role in modulating TLR ex-
pression (Shuto et al., 2002). However, in this study we could exclude the in-
volvement of glucocorticoids in the induction of variability, which was found in 
the mRNA expression of TLR1 and TLR5, because no correlations were found 
between cortisol concentration and the mRNA expression of each TLR. Constitu-
tive expression of mRNA has been demonstrated so far for TLR1, TLR2, TLR3 
and TLR4 in the CP of neonatal mice (Stridh et al., 2013), TLR2 (Laflamme et 
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al., 2001) and TLR4 in adult mice (Chakravarty and Herkenham, 2005) and 
TLR4 in adult rats (Laflamme and Rivest, 2001). It should be noted that, in the 
present studies, mRNA was extracted from the whole CP including endothelial, 
epithelial and blood cells, as well as macrophages and dendritic cells residing in 
the stromal matrix (Meeker et al., 2012). Therefore, TLR transcripts found in the 
CP may originate from all of these components. To our knowledge, there are no 
studies showing the pattern of TLR expression separately in epithelial, endothe-
lial and other cells of the CP. However, there are studies demonstrating that the 
Gram-positive bacterium Streptococcus suis and LPS induce the expression of 
cytokines in porcine CP epithelial cells (Schwerk et al., 2011). TLR2, TLR6 and 
TLR9 are involved in the recognition of Streptococcus suis (Zheng et al., 2012). 
Therefore, TLR2, TLR4, TLR6 and TLR9 are at least expressed in the epithelial 
cells of the porcine CP. It should be noted that the pattern of TLR expression has 
been presented for the human brain endothelial cell line (hCMEC/D3) and pri-
mary cultures of rat brain endothelial cells. The hCMEC/D3 cells express TLR2, 
TLR3, TLR4 and TLR6, whereas in endothelial cells of the rat brain, TLR4 was 
undetected (Nagyoszi et al., 2010). 

According to Nalubamba et al. (2007, 2013), individual TLRs are differ-
entially expressed in ovine tissues such as the spleen, lung, kidney, skin and uri-
nary bladder. In all of the investigated tissues, TLR4 was expressed at the highest 
transcript level, while TLR9 and TLR10 were expressed at the lowest level, ex-
cept in the spleen and lungs. Our studies showed that, in the ovine CP, TLR3 and 
TLR7 were expressed at the highest level. Expression of TLR1, TLR2 and TLR6 
in the ovine CP allow for the formation of heterodimers between TLR2 and TLR1 
and TLR6. Our findings indicate the mRNA expression of nine members of the 
TLR family in the CP of adult ewes; however, further studies are necessary to 
examine the protein profiles of TLRs. A study conducted by Mishra et al. (2006) 
demonstrated that not all TLRs, for which mRNA is found, are expressed as pro-
teins. For example, ependymal cells in mice were detected as being positive for 
TLR2, TLR6 and TLR7 proteins, suggesting that other TLRs may be post-
transcriptionally regulated (Mishra et al., 2006). However, it has also been sug-
gested in previous studies that the protein expression of TLRs in the brain is 
variable due to the lack of high specificity of the antibodies used (Mallard, 2012). 
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