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during the tick’s blood meals (Rosa et al., 2005).
Although Lyme disease is usually curable with prompt anti-

biotic treatment, nonspecific symptoms make early diagnosis dif-
ficult, and untreated infection can induce rheumatic, cardiac, and 
neurologic complications. The current screening test is still subop-
timal in detecting Lyme reliably (Centers for Disease, & Preven-
tion, 1995; Dressler et al., 1993). Lyme is often diagnosed after 
the emergence of the classic bulls-eye-shaped rash at the site of 
the tick bite, which occurs in over 70% of patients (McConville, 
2014). The infection spreads throughout the body, causing general 
inflammation during the early dissemination stage, and years after 
initial infection, painful arthritis and joint swelling are observed 
among 60% of patients (McConville, 2014). Borrelia are trans-
ported throughout the body, and persistent infections are estab-
lished in the skin, joint, heart, bladder, and, in only humans and 
primates, the central nervous system (Rosa et al., 2005).

Some of these tissues are particularly affected by infection-
induced inflammation. Lyme carditis (inflammation of the heart 
tissue, interfering with its electrical activity) occurs in 4-10% of 
infections during the early dissemination stage. Carditis responds 
well to antibiotic treatment; however, because it occurs so early 
in the infection process and Lyme disease is difficult to diagnose, 
it can be fatal (McAlister et al., 1989). Additionally, 10-15% of 
Lyme disease cases manifest neurological conditions, such as pain 
caused by temporary or permanent inflammation of the nerves, 
meningitis, memory and anxiety problems, depression, and both 
cranial and peripheral neuritis (Narasimhan et al., 2003; Pachner, 
& Steere, 1984; Rupprecht et al., 2008).

Some patients will experience Post-Treatment Lyme Disease 

INTRODUCTION
Lyme disease is prevalent from southern Scandinavia to the north-
ern Mediterranean countries and in the northeastern United States 
(U.S.). In the U.S., Lyme disease is the most common vector-borne 
disease: over 251,000 cases were reported between 2005 and 2014, 
with about 25,000 confirmed cases each year. Most cases occur 
in the northeast; however, notable expansion was observed in the 
Great Lakes region (CDC 2014). Lyme disease is caused by the 
infection of Borrelia burgdorferi sensu lato (family Spirochaeta-
ceae), a diderm, microaerophilic spirochete bacteria (Wang et al., 
1999). Within the genus Borrelia, three other species (B. afzelii, B. 
garinii, and possibly B. valaisiana) can cause the disease, but are 
more prevalent on the European continent (WHO, 2006). Other 
Borrelia species are carried by soft-bodied ticks and cause relaps-
ing fevers (Garcia-Monco et al., 1997). All four pathogenic species 
of Borrelia are spread to humans by the bite of an infected tick. In 
the U.S., two blacklegged, or deer, tick species (Ixodes scapularis 
and Ixodes pacificus) are known to carry B. burgdorferi. The bac-
teria infect several mammal and bird species and are transmitted 
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Syndrome (PTLDS), a chronic manifestation of Lyme disease. 
PTLDS is diagnosed when symptoms continue despite bacterial 
clearance from the body (McConville 2014). Unlike many other 
gram-negative bacteria, little epidemiological evidence shows 
antibiotic-resistant Borrelia infections to be a threat; however, the 
prevalence of persistent symptoms is concerning. Because antibi-
otic treatment does not necessarily resolve PTLDS, understanding 
how Borrelia affects the body, especially the heart and brain tis-
sues, is crucial in reducing the burden of this disease. We hypoth-
esize that Borrelia infection induces a self-perpetuating cascade of 
immunological responses, such that symptoms remain after infec-
tion. The B31 B. burgdorferi genome has been fully sequenced, 
consisting a small linear chromosome (~900kb) and 21 unique 
plasmids (5-56kb) (Fraser et al., 1997), but does not reveal any 
obvious virulent elements (Rosa et al., 2005). Thus, looking at the 
transcriptional activities of the infected host rather than the ge-
nome of B31 B. burgdorferi may shed light the immune response 
and on its pathogenesis.

A microarray study of Borrelia genes during infection of heart 
and CNS tissue in non-human primates revealed elevated expres-
sion of over 90 genes in bacteria in the CNS when compared to 
bacteria in the heart (Narasimhan et al., 2003), indicating that par-
asite-host responses are different in the two tissues. Infection in-
duces a macrophage response and upregulated cytokine expression 
in the murine macrophage cell line (Wang et al., 2008). However, 
little is know about the host’s transcriptional response at tissue 
level upon Borrelia infection. Here, we present a transcriptome 
study that integrates experimental and computational methods to 
probe for the effect of B. burgdorferi infection on gene expres-
sion, and subsequently, biological pathways of inflammation in 
murine heart and brain tissues. We have designed a dual-method 
redundant pipeline to overcome issues arising from the lack of rep-
licates owing to the scarcity of samples and the high cost of RNA-
sequencing (RNA-seq). This method will allow us to better study 
and characterize acute and persistent Borrelia infection.

MATERIALS AND METHODS
Culture and Infection
B31-MI B. burgdorferi, from ATCC (Manassas, VA), was grown 
in BSK-H (Sigma BSK-H Complete, St. Louis, MO) at 37°C to a 
concentration of 7.2x107 viable spirochetes/mL at the Baumgarth 
lab at University of California Davis and shipped on ice for next-
day infections.

Six female C3H/HeJ mice (The Jackson Laboratory, Bar 
Harbor, ME), aged 6-8 weeks old, were infected, and four female 
C3H/HeJ mice, also aged 6-8 weeks old, were used as controls. 
Two injections of approximately 0.5mL each were injected into 
each mouse subcutaneously in the mid-back with a 21-gauge nee-
dle. Control mice were injected with BSK-H media via the same 
protocol. C3H/HeJ mice carry a chromosomal inversion on Chro-
mosome 6 (Chang, 2015), which yields no phenotypic change, as 
well as mutations in the Pde6b and Tlr4 genes. The Pde6b muta-
tion causes retinal degeneration and eventual blindness. The Tlr4 

mutation makes these mice more tolerant to endotoxin in bacterial 
infections. Higher than the minimum dose (3.6x105 times higher) 
(Barthold et al., 1993; Rego et al., 2014) of spirochetes was in-
jected to the mice to ensure infection. Arthritic swelling was ob-
served in all three experimental mice collected on day 14, and in 
one mouse collected on day 42. All mice were used in accordance 
with Lafayette College's Institutional Animal Care and Use Com-
mittee approved protocol that followed the guidelines for ethical 
conduct in care and use of animals.
RNA Extraction
Only mice infected for 14 days were selected for RNA-seq to ex-
plore the acute phase of the disease. They were sacrificed with 
carbon dioxide gas and then cervical dislocation. Samples of heart 
and brain tissue were collected at 14 and 42 days. RNA extrac-
tion using TRIzol Reagent (Ambion, Austin, TX) was conducted, 
following the manufacturer’s protocol, from sample tissues. A 
preliminary analysis of one sample from control and experiment 
was conducted. Both samples, brain and heart, were extracted 
from control and experimental animals after 14 days of infection. 
These samples were chosen as a condition-constant (day) control-
experimental pair for their high concentrations and 260/280 ratios 
indicative of higher RNA purity (Table S1).
RNA-Seq
One sample was selected from control and experimental condi-
tions from heart and brain tissues for RNA-seq. Each sample con-
sisted of 5ug of poly(A)+ total RNA. Single-end RNA-seq was 
performed in Illumina HiSeq platform offsite by GENEWIZ (GE-
NEWIZ 2013). Sequencing results were returned in FASTQ files 
in which short read was about 50 bps long on average. The total 
number of short reads ranged from 47 million to 59 million per 
sample. The quality of short reads was checked by FASTQC (An-
drews); average Q-score was 37 and over 94% of the short reads 
was above 30 (Table S2).
Differentially Expressed Gene Analysis
We built a dual, redundant pipeline to circumvent the scarcity of 
replicates, in which each dataset was processed twice by two prin-
cipally distinct methods. The advantages of this pipeline include 
the elimination of method bias and the confidence of identifying 
truly differentially expressed genes (DEGs).

DEGs were identified largely by the Tuxedo pipeline (Trap-
nell et al., 2012) with some modifications (Figure 1A-B). Before 
making DEG calls, short reads obtained from Next Generation 
Sequencing (NGS) were mapped to the mouse genome (mm10 
(Browser)) by Tophat (v2.0.10) (Trapnell et al., 2009) via align-
ment engine bowtie2 (v2.2.1.0) (Langmead, & Salzberg 2012). 
Following short reads mapping was the assembly of overlapping 
short reads into long transcripts. By counting the number of tran-
scripts mapped to genes, gene expression levels were determined.

Two DEGs callers were used in our dual-method pipeline: cuf-
flinks (v2.1.1) (Trapnell et al., 2010) and DESeq2 (v3.2.1) (Love et 
al., 2014). Figure 1A illustrates the overview of the DESeq2 pipeto 
line. A slight alteration was done the Tuxedo pipeline in which the 
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number of transcripts mapped to each gene (raw count) was pre-
pared by htseq-count (v0.6.1p1) (Anders et al., 2015) per sample 
before running DESeq2. This pipeline identified 365 (p < 0.10) and 
168 (p < .04) DEGs in heart and brain, respectively (Supplemental 
File 2, Tables S4 & S6). To corroborate with the DEGs found by 
DESeq2, we also used the standard Tuxedo cufflinks package as 
an alternative method to analyze the genome-wide gene expres-
sion levels between the two conditions. This package comprises 
of three programs, namely cufflinks, cuffmerge, and cuffdiff. The 
result is a list of DEGs that show statistical significance expression 
patterns between control and infection.

For quality assurance purpose, RNA-seq and DEG results 
were inspected by a visualization method CummeRbund (v2.10.0), 
an R package (cummeRbund). Bias in harvesting RNA samples 
from control and experimental conditions may cause mislead-
ing conclusion in gene differential expression analysis. Thus, we 
used CummeRbund to reveal genome-wide expression distribu-
tion plots under two conditions of two tissues. Figure S1 shows 
similar distributions of genes in control and experimental condi-
tions, meaning the absence of sequencing bias among our samples 
and both control and experimental mice of each tissue type had a 
similar quantity of total reads on a genome scale. Thus, expression 
levels are comparable on locus-focused basis.

CummeRbund also generates scatterplot to show the wide-

Figure 1. Workflow of the dual-method approach to differential gene expression analysis and signaling pathway identification. (A) Short reads mapping and differ-
entially expressed gene (DEG) identification using DESeq2. (B) RNA-seq short reads mapping and DEG identification using the Tuxedo pipeline. (C) Signaling pathway 
analysis of DEGs using WebGestalt and SPIA.

spread of DEGs in experiments. Scatterplots of differential gene 
expression (Figures S2 and S3) showed the presence of a small set 
of differentially expressed genes between the two conditions in 
the brain and heart tissues. By using cuffdiff, 136 and 100 genes in 
heart tissue and brain tissue were discovered to express differen-
tially, respectively (Supplemental File 1, Tables S3 & 35).
Signaling Pathway Analysis
Similar to the discovery of DEGs, two distinct signaling path-
way analysis tools were used to search for biological pathways 
perturbed by DEGs due to B. burgdorferi infection: WebGestalt 
(Zhang et al., 2005), and SPIA (v3.2.1) (Tarca, 2013). Both meth-
ods sourced biological pathway information from KEGG pathway 
database (Kanehisa, & Goto, 2000; Kanehisa et al., 2014). Web-
Gestalt detects enriched pathways by identifying over-represented 
Gene Ontology (GO) (Ashburner et al., 2000) terms associated 
with DEGs. The underlying statistical test used to substantiate 
over-representation of GO terms is the hypergeometric test. Thus, 
it assumes DEGs are independent of each other. Such a condition 
may not hold, as DEGs belonging to the same pathway inherently 
interact directly or indirectly with each other.

We used SPIA to cross-examine results obtained from Web-
Gestalt. SPIA harnesses genes’ topological relationship in assess-
ing the degree of perturbation exerted on the network by DEGs. 
More DEGs in a pathway indicates greater significance that the 
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experimental condition induced a perturbation in that pathway. 
The location of the gene in the pathway is also taken into consid-
eration by SPIA. For example, insulin receptor anchored at the 
cell surface functions as an on/off switch in the insulin signaling 
pathway. Thus, its differential expression induces a larger ripple 
effect to the downstream cellular processes than genes situated at 
the end of the cascades.

In our dual-method approach, each pathway analysis tool re-
ceived two lists of DEGs, one from each aforementioned DEG 
calling methods, and produced four lists of predicted pathways for 
each tissue (Figure 1C). We then overlapped these lists to reliably 

identify pathways perturbed by B. burgdorferi infection. Pathways 
found in at least three out of four lists were selected for analysis 
(Table 1).

RESULTS
Differentially Expressed Genes
Cufflinks and DESeq2 identified 136, and 365 DEGs in heart tis-
sue, respectively (Tables S3 and S4). Surprisingly, these two sets 
of DEGs overlapped meagerly. We then checked whether the two 
sets of DEGs still pertained coherent biological functions. We 
grouped DEGs by molecular functions using WebGestalt’s GO 

Figure 2. Comparison of Gene Ontology (GO) molecular function terms. (A ) Molecular function GO terms of heart DEGs generated by DESeq2 (left) and cufflinks 
(right). In both panels, the numbers below the captions of the bars represent the order sorted by the number of GO terms in each group. Underlined numbers on the right 
panel signify the conservation of their order on both panels. (B) Molecular function GO terms of brain DEGs generated by DESeq2 (left) and cufflinks (right).
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Heart Pathways
SPIA KEGG ID Name Number of DEGs pPERT
Cufflinks 4650 Natural killer cell mediated … 15 .226

4062 Chemokine signaling pathway 13 .116
4670 Leukocyte transendothelial … 12 .129
4810 Regulation of actin cytoskeleton 12 .173
5152 Tuberculosis 12 .329
4380 Osteoclast differentiation 11 .13
5150 Staphylococcus infection 11 .252
5140 Leishmaniasis 11 .306
4666 Fc gamma R-mediated … 10 .165
5166 HTLV-I infection 10 .253

DESeq2 5168 Herpes simplex infection 19 .334
4062 Chemokine signaling pathway 17 .182
5164 Influenza A 16 .353
4060 Cytokine-cytokine receptor … 15 .606
4666 Fc gamma R-mediated … 13 .417
4380 Osteoclast differentiation 13 .722
5132 Salmonella infection 12 .012
4810 Regulation of actin cytoskeleton 11 .597
5152 Tuberculosis 11 .667
5162 Measles 10 .302

WebGestalt KEGG ID Name Number of DEGs p-value
Cufflinks 4650 Natural killer cell mediated … 15 3.74E-15

4145 Phagosome 14 3.53E-12
4062 Chemokine signaling pathway 13 7.51E-11
5140 Leishmaniasis 12 1.01E-14
4670 Leukocyte transendothelial … 12 9.33E-12
4810 Regulation of actin cytoskeleton 12 5.49E-09
5150 Staphylococcus infection 11 1.82E-14
4380 Osteoclast differentiation 11 1.51E-10
4666 Fc gamma R-mediated … 10 1.96E-10
4662 B cell receptor signaling … 8 2.63E-08

DESeq2 4062 Chemokine signaling pathway 17 1.16E-08
4060 Cytokine-cytokine receptor … 15 1.35E-05
4145 Phagosome 14 1.64E-06
4666 Fc gamma R-mediated … 13 1.16E-08
4380 Osteoclast differentiation 13 1.30E-07
4514 Cell adhesion molecules (CAMs) 10 2.00E-04
5323 Rheumatoid arthritis 9 1.55E-05
5140 Leishmaniasis 8 2.19E-05
5100 Bacterial invasion of epithelial … 8 3.58E-05
5150 Staphylococcus infection 7 3.58E-05

Table 1.  Altered pathways associated with differentially expressed genes (DEGs). Top ten pathways ordered by the number of DEGs are listed in below. Only nine 
pathways in brain tissue were identified by WebGestalt and DESeq2. pPERT is the p-value for a pathway to be perturbed by DEGs. Pathways shared by at least three 
datasets are in bold.
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Brain Pathways
SPIA KEGG ID Name Number of DEGs pPERT
Cufflinks 4724 Glutamatergic synapse 8 .431

5034 Alcoholism 7 5.00E-06
4728 Dopaminergic synapse 6 .018
4020 Calcium signaling pathway 6 .055
5030 Cocaine addiction 6 .96
5032 Morphine addiction 5 .077
4540 Gap junction 5 .222
4916 Melanogenesis 5 .569
4723 Retrograde endocannabinoid … 5 .787
5031 Amphetamine addiction 4 .047

DESeq2 4020 Calcium signaling pathway 12 .469
4510 Focal adhesion 11 .983
4724 Glutamatergic synapse 10 .239
4725 Cholinergic synapse 10 .974
4723 Retrograde endocannabinoid … 9 .448
4010 MAPK signaling pathway 9 .468
4728 Dopaminergic synapse 9 .503
4530 Tight junction 8 .153
5034 Alcoholism 8 .173
4810 Regulation of actin cytoskeleton 8 .205

WebGestalt KEGG ID Name p-value
Cufflinks 4020 Calcium signaling pathway 6 .0004

4540 Gap junction 5 .0004
4916 Melanogenesis 5 .0004
5200 Pathways in cancer 5 .0218
4730 Long-term depression 3 .0123
4720 Long-term potentiation 3 .0123
4972 Pancreatic secretion 3 .0218
4270 Vascular smooth muscle … 3 .0315
4972 Pancreatic secretion 3 .0218
5216 Thyroid cancer 2 .0218

DESeq2 4916 Melanogenesis 6 .0011
4540 Gap junction 5 .0041
4530 Tight junction 5 .0133
230 Purine metabolism 5 .0238
5217 Basal cell carcinoma 3 .028
4920 Adipocytokine signaling … 3 .0396
4720 Long-term potentiation 3 .0396
4730 Long-term depression 3 .0396
5216 Thyroid cancer 2 .043

Table 1.  Altered pathways associated with differentially expressed genes (DEGs). Top ten pathways ordered by the number of DEGs are listed in below. Only nine 
pathways in brain tissue were identified by WebGestalt and DESeq2. pPERT is the p-value for a pathway to be perturbed by DEGs. Pathways shared by at least three 
datasets are in bold.
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Figure 3. Biological pathways altered by B. burgdorferi infection in heart tissue. Pathway diagrams were generated by Pathview (Luo, & Brouwer 2013). (A) 
Chemokine signaling pathway (mmu04062). (B) FcγR-mediated phagocytosis (mmu04666). 
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Slim Classification function. This function virtually determines 
molecular function GO terms enrichment among genes. As seen 
in Figure 2A, the two sets of DEGs exhibited highly similar GO 
molecular function profile; 15 out of 17 molecular functions were 
shared between the two sets. Moreover, the order of five functions 
was preserved between the two profiles. These five functions are 
protein binding, ion binding, molecular transducer activity, trans-
porter activity, and chromatic binding. Furthermore, we repeated 
the same analysis using DAVID (Huang da et al., 2009a; Huang 
da et al., 2009b), a similar method but independently developed 
by a different research group. The two sets shared the top two bio-

logical process GO terms: immune 
response, and defense response 
(Tables S7 and S8).

In brain tissue, cufflinks and 
DESeq2 identified 100 and 168 
DEGs, respectively (Tables S5 and 
S6). The two sets of brain DEGs 
shared 67 genes or 67% of cuf-
flinks’s predictions. Out of the 14 
molecular functions of DEGs, 12 
functions were common between 
the two groups (Figure 2B). Ad-
ditionally, the two methods found 
the same top six functions in the 
two datasets but in a slightly dif-
ferent order. Similarly, the two sets 
of brain DEGs were analyzed us-
ing DAVID. Biological processes 
behavior and locomotive behavior 
were shared between the two sets 
(Tables S9 and S10).

Immune Response to B. 
burgdorferi Infection in Heart 
Tissue
As genes do not function alone, the 
infected host is expected to launch 
concerted biological processes 
to battle against B. burgdorferi. 
Thus, we examined whether or not 
the list of DEGs originated from 
common pathways in response to 
B. burgdorferi infection. We used 
a dual-method approach to over-
come the issue of replicate-deple-
tion in biological pathway analy-
sis in which four sets of predicted 
pathways were generated for each 
tissue (Figure 1C). The top ten 
pathways, by the highest number 
of DEGs with applicable p-values, 
were selected for analysis in this 

study (Table 1). Ten genes belonging to the chemokine signaling 
pathway were up-regulated in B. burgdorferi infection (Figure 
3A). Upregulation of β-arrestin 1 (Arrb1) was detected and is up-
stream of a myriad of downstream factors in response to infection. 
This result suggests that B. burgdorferi infection activated Arrb1, 
which stimulated a broad inflammatory response.

Our enrichment results indicated that Borrelia infection in 
heart also perturbs the same set of genes as Staphylococcus au-
reus (Figure 3C) and Leishmaniasis (Figure 3E). Unlike Borrelia, 
Staphylococcus aureus is a gram-positive bacterium and Leish-
maniasis is caused by parasites (genus Leishmania). We have found 

Figure 3. Biological pathways altered by B. burgdorferi infection in heart tissue. Pathway diagrams were generated by 
Pathview (Luo, & Brouwer 2013). (C) Response to S. aureus infection (mmu05150).
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Figure 3. Biological pathways altered by B. burgdorferi infection in heart tissue. Pathway diagrams were generated by Pathview (Luo, & Brouwer 
2013). (D) Osteoclast differentiation (mmu04380). (E) Response to Leishmanias infection (mmu05140).
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Figure 4. Biological pathways altered by B. burgdorferi infection in brain tissue. (A) Calcium signaling pathway (mmu04020). (B) Gap junction (mmu04540). 
Circled are Adcy4 and Plcb1 genes, discussed in text.
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that similar to S. aureus infection (as defined by a gene cluster in 
DAVID), the complement genes C3 and C1Q were up-regulated in 
B. burgdorferi infection (Figure 3C). Similarly, three genes from 
the complement system (C3b, C3bi, CR3) were up-regulated by B. 
burgdorferi infection and Leishmaniasis (Figure 3E). The comple-
ment system supplements the activities of antibodies and afore-
mentioned phagocytosis to remove pathogenic particles and cells.
Calcium Signaling in Response to B. burgdorferi Infection in 
Brain Tissue
When compared with heart tissue, only three pathways in brain 
tissue were identified by SPIA and WebGestalt: calcium signal-
ing, genes involved in gap junction, and melanogenesis (Table 1). 
Two G-Protein Coupled Receptors (GPCRs) implicated in calcium 
signaling, glutamate metabotropic receptor 5 (Grm5) and adenos-
ine A2a receptor (Adora2a) showed differential expression (Fig-
ure 4A). Upregulation of Grm5 triggered a higher expression of a 
downstream factor PLCβ (phospholipase C beta) in the pathway. 
In contrast, Adora2a was down-regulated compared to heart tissue.

The second neurological pathway perturbed by B. burgdor-
feri infection was the gap junction (Figure 4B). The gap junction 
serves intercellular exchange of ions or small molecules between 
neighboring cells’ cytosolic compartments. Inflammatory response 

attributed to infection is often associated with the loss of such an 
exchange channel (Eugenin et al., 2012). Five genes in this path-
way were perturbed, with subpathways both up- and down-reg-
ulated (Figure 4B). To our knowledge, no literature suggests an 
association between melanogenesis and bacterial infection. Two 
genes from this pathway, adenylate cyclase 4 (Adcy4) and phos-
pholipase C beta 1 (Plcb1; Figures 4A-C), also participate in cal-
cium signaling and gap junction pathways discussed above.

DISCUSSION
Differentially Expressed Genes Identification
We built a dual, redundant pipeline to identify DEGs associated 
with B. burgdorferi infection in heart and brain tissue, in which 
each dataset analyzed by two principally distinct methods (cuf-
flinks and DESeq2) and interpreted with multiple enrichment 
approaches. We found hundreds of genes to be differentially ex-
pressed via the two methods in each tissue.

The set of DEGs identified in heart tissue by our two methods 
(Cufflinks and DESeq2) overlapped meagerly. This could be partly 
attributed to the difference of bowtie2 and htseq-count in mapping 
of non-unique short reads to genes/genome. Bowtie2 considers 
short reads to be mappable if the number of mismatches against 

Figure 4. Biological pathways altered by B. burgdorferi infection in brain tissue. (C) Melanogenesis (mmu04916). Circled are Adcy4 and Plcb1 
genes, discussed in text.
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genome falls below a specified threshold. This permits the pos-
sibility of double-counting non-unique reads in multiple genomic 
locations. Besides mismatch factor, htseq-count only counts short 
reads that can be mapped to a single location in the genome. Thus, 
fewer reads are mapped by htseq-count than bowtie2, and this dif-
ference in mapping strategy likely contributed to the difference in 
DEGs being identified. Intriguingly, regardless of which differen-
tially expressed gene calling methods we used, results from Web-
Gestalt and DAVID coherently point to the activation of immune 
system despite the meagerly overlapping of the two DEG lists.
Immune Response to Borrelia Infection in Heart Tissue
In heart tissue, chemokine signaling, Fc gamma R-mediated 
phagocytosis, osteoclast differentiation, and both S. aureus and 
Leishmania infection-response are associated with B. burgdorferi 
infection. Chemokine signaling and phagocytosis events are to 
be expected, as B. burgdorferi actively infects heart tissue during 
early stages of the disease (Armstrong et al., 1992). Our results 
indicated that B. burgdorferi infection activated Arrb1, which is 
known to stimulate a broad innate and adaptive inflammatory re-
sponses (Jiang et al., 2013). Little is known about the difference in 
pathogenicity between S. aureus, Leishmania, and Borrelia; how-
ever, it is not surprising to see similar genes and biological path-
ways are mobilized to defend the host against pathogens as many 
innate (early) immune responses are non-specific. Osteoclast dif-
ferentiation was likely perturbed because S. aureus infects osteo-
blasts (osteomyelitis) (Rasigade et al., 2013; Webb et al., 2007) 
and associates with osteoblast differentiation pathways (Figure 
3D). Although Borrelia does not infect osteoclasts, the similarities 
in infection response may produce this observation. The shared 
pathways predicted by the two distinct pathway methods unequiv-
ocally indicate upregulation of phagocytosis and pathways associ-
ated with response to infection in heart tissue. The altered gene 
expression indicates activation of white blood cells, induction of 
the complement system, and cellular targeting for immune de-
struction of tissue cells through alterations in receptor proteins. We 
observed these immunological reactions in heart only, suggesting 
tissue-specific targeting of B. burgdorferi primarily in the heart. 
However, the number of DEGs (>100) may be too extensive to 
draw any actionable therapeutic conclusions at this stage. Further 
investigation is needed to elucidate essential symptomatic genes.
Blood-brain barrier disruption in Response to Borrelia 
Infection in Brain Tissue
Only three consensus pathways were perturbed in the brain tissue 
by our dual-method pipeline. Moreover, these pathways had fewer 
differentially expressed genes compared to the heart tissue results 
(Table 1). This is expected: because B. burgdorferi does not ac-
tively infect murine brain tissue (Radolf et al., 2012), a less cohe-
sive response occurs upon host infection as a variety of cell types 
are responding to inflammation, not generating an inflammatory 
response. We observed perturbations in calcium signaling, gap 
junction, and melanogenesis. Calcium signaling has been shown 
to influence bacterial infection (Soderblom et al., 2005; TranVan 
Nhieu et al., 2004). We propose that this phenomenon is exploited 

by B. burgdorferi to cross the blood-brain barrier (Coureuil et al., 
2013; Grab et al. 2005; Halperin, 2015), even if these bacteria fail 
to establish infection (Radolf et al., 2012) once across the barrier. 
This perturbation of the blood-brain barrier could be used to study 
human neuroborreliosis. Previous studies indicate that neurologi-
cal symptoms exhibited by Borrelia infection in humans may be 
attributed to the success of Borrelia in crossing the blood-brain 
barrier and attacking the CNS (Grab et al., 2009). Our results are 
consistent with these findings, suggesting that the bacterium may 
also disrupt the blood-brain barrier in mice by dysregulated calci-
um signaling and gap junctions. This suggests the potential of tar-
geting bacterial crossing of blood-brain barrier for therapeutic use.

The GPCR Grm5 and a downstream factor PLCβ in the cal-
cium signaling pathway show elevation of transcriptional activi-
ties in response to infection. Infection of the bacterium Neisseria 
meningitidis (meningococci) has also been shown to activate cal-
cium signaling (Asmat et al., 2014). It was found that elevation 
of cytoplasmic calcium concentration elevated in N. meningiti-
des-infected cells is for the adherence of the bacteria to the cells. 
The activity of PLCβ facilitates the adherence of N. meningitidis 
through the upregulation of cytoplasmic calcium concentration. 
This result suggests that B. burgdorferi infection may also harness 
similar regulatory mechanism used by N. meningitides in elevating 
cytoplasmic calcium concentration in order to achieve high adher-
ence to blood vessels, facilitating the crossing of the blood-brain 
barrier for subsequent CNS infection.

Additionally, the activation of Adora2a reveals the dampen-
ing of immune response. Adora2a has been shown to be involved 
in the infection of Plasmodium falciparum, a common pathogen 
of malaria (Auburn et al., 2010; Gupta et al., 2015). The ligand 
adenosine activates the Adora2a receptor, which in turn triggers 
other downstream processes. To prevent cells from over-stimula-
tion, a negative feedback mechanism is launched to impede further 
excitation by mediating the dissociation of a subunit from Adora2a 
(Auburn et al., 2010; Metaye et al., 2005). This down-regulation 
of Adora2a may be to shield the cells from over-excitation. This 
indicates Adora2a expression could be a biomarker of infection 
and that anti-inflammatory drugs may exacerbate Lyme treatment.

We also found perturbations in the expression of genes in-
volved in gap junctions. Inflammatory responses due to infection 
often associate with increased expression of ion channels like 
gap junctions to facilitate cellular communication (Eugenin et al., 
2012). Moreover, studies have shown that gap function regulation 
plays a role in triggering cell death in virus-infected cells in the 
CNS (Eugenin et al. 2012). Our results reveal that some neurologi-
cal responses caused by B. Burgdorferi, including the role of gap 
junctions,  are similar to bacterial and viral infections.

We found differential expression of genes involved in me-
lanogenesis. There is no evidence suggesting melanogenesis and 
bacterial infection are linked. However, two genes from this path-
way, Adcy4 and Plcb1, are also involved with calcium signaling 
and gap junction pathways. We propose that melanogenesis was 
highlighted by the two signaling pathway discovery methods be-
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cause of this overlap.
Enzymes involved in cAMP synthesis, like Adcy4, were per-

turbed; this likely affects cellular signaling. (Tanaka et al., 2013) 
conducted a transcriptome analysis of murine brain tissue infected 
with Toxoplasma gondii, an intracellular pathogenic protozoan. 
The parasite causes systemic infection and persists in the brain and 
muscle tissue. They found over 30 genes to be significantly upreg-
ulated, including Cxcl9, H2-Eb1, Ccl8, H2-Aa, Zbp1 and Igtp. We 
observed these genes to be also upregulated in Lyme heart infec-
tion. However, no genes were found in both the T. gondii study and 
on our list of DEGs in the brain. This suggests more work needs 
to be done to understand the molecular basis of neuroborreliosis.

In conclusion, we present a dual-method pipeline to analyze 
the host transcriptome Borrelia infection using RNA-seq. Many 
immune response-related genes were differentially expressed in 
heart tissue and far fewer were identified in the brain. We propose 
that Borrelia may disrupt the blood-brain barrier in mice and in-
duces a peripheral inflammatory cascade.

First, although infection was not established in the brain, the 
tissue is affected as many genes are differentially expressed and 
we found that neuronal gap junctions and calcium signaling are 
disrupted. This is a hallmark of loss of integrity of the blood-brain 
barrier. Thus, the damage is occurring irrespective of direct brain 
infection. Moreover, this suggests that in human infection, the 
crossing of the blood-brain barrier and infection of the central ner-
vous system are two events. It may be possible to study Borrelia’s 
effect on the blood-brain barrier in mice, even though the central 
nervous system is not infected in a mouse model of the disease.

Second, none of the predicted cytokine genes were signifi-
cantly differentially expressed in this experiment even though the 
chemokine pathway was perturbed by Borrelia infection. This in-
dicates that these cytokines are induced by the peripheral immune 
response. However, cytokine-cytokine receptor interaction via 
Gm2023 (Figure 3A) and receptor CD45 were over-expressed in 
the infected heart tissue (Figure 3B), allowing phagocyte recruit-
ment to destroy infected cells. Thus, the heart tissue is responding 
to inflammation but is not producing these cytokines. These results 
not only elucidate the transcriptional basis of self-perpetuating 
cascade alluded to immunological responses found in Borrelia 
infection but also affirm the utility of the dual-method approach 
proposed in our study.

Challenges facing diagnosis and treatment of Lyme are sig-
nificant. Prolonged symptoms after antibiotic treatment are still 
afflicting a small percentage of patients, making the topic of 
“chronic Lyme disease” interesting but understudied. Although 
the mouse is not a perfect model of human Lyme disease, we show 
that the mouse can be used to examine unique features of Borrelia 
infection and the crossing of the blood-brain barrier. A thorough 
molecular study to explore these pathways over time is needed to 
elucidate the etiology of lingering Lyme symptoms in the host in 
order to improve patient outcome.
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