
ABSTRACT 

LASHNITS, ERIN WRIGHT. Epidemiology and Modeling Bartonella in a One Health Context. 

(Under the direction of Dr. Edward Breitschwerdt) 

 

 

As emerging zoonotic vector borne pathogens, members of the genus Bartonella are 

increasingly recognized as causes of disease in human and veterinary medicine. The domestic cat 

is the reservoir host for multiple species of zoonotic Bartonella, the most well-studied of which 

is Bartonella henselae, the etiologic agent of a syndrome historically termed “cat scratch 

disease” (CSD). Often in human infection with zoonotic Bartonella spp. the source of infection 

remains unknown or speculative, and some reports indicate potential for other epidemiologically 

important hosts and vectors that are not cats and fleas (particularly ticks). Further understanding 

of transmission and pathogenesis of Bartonella spp. is most effectively gained with a One Health 

approach. 

With this background, the research presented here describes the epidemiologic landscape 

of Bartonella spp. exposure in dogs, characterizing potential risk factors for exposure, and 

describing possible transmission scenarios. Additionally, the clinical research studies included 

here evaluated one potential disease manifestation in dogs, and another in people, among the 

many currently proposed for investigation. 
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CHAPTER 1 

Introduction 

As emerging zoonotic vector borne pathogens, members of the genus Bartonella are 

increasingly recognized as causes of disease in human and veterinary medicine. While human 

Bartonella species – B. bacilliformis in South America and B. quintana worldwide – have been 

recognized as the cause of disease for generations, the potential for zoonotic Bartonella species 

to cause disease in humans has only been realized over the past few decades, with the first report 

of B. henselae as a cause of cat scratch disease in 1990.1 It has taken even longer for Bartonella 

spp. to be recognized as etiologic agents of infectious disease in veterinary medicine, with the 

first case of bartonellosis in a dog reported in 1995.2 

Given this short history, transmission has been comparatively well-studied for the 

human-adapted Bartonella spp. (B. quintana and B. bacilliformis), but relatively little is still 

known about transmission of zoonotic Bartonella spp.3 The domestic cat is the reservoir host for 

multiple species of zoonotic Bartonella, the most well-studied of which is Bartonella henselae, 

the etiologic agent of a syndrome historically termed “cat scratch disease” (CSD).4,5 

Bartonellosis has historically been defined by CSD, which includes a triad of a cat scratch or 

bite, fever, and regional lymphadenopathy. However, with the advent of increasingly sensitive 

molecular and microbiological tools with which to diagnose Bartonella spp. infection, there are 

increasing reports of atypical manifestations of bartonellosis (historically termed “atypical 

CSD”), including severe and persistent neurological and neuropsychological manifestations, 

endocarditis, and other non-specific signs of chronic illness.6–8 The cat flea is the major vector 

for transmission of B. henselae among cats, but the exact role of the cat flea in the transmission 

of B. henselae to humans – and whether fleas act as mechanical or biological vectors – has not 
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been determined. Often in human infection with zoonotic Bartonella spp. the source of infection 

remains unknown or speculative, and some reports indicate potential for other epidemiologically 

important hosts and vectors that are not cats and fleas (particularly ticks). 8,9  

Further understanding of transmission and pathogenesis of Bartonella spp. is most 

effectively gained with a One Health approach. While investigating Bartonella infection in cats 

helps to elucidate transmission risk in ecological and epidemiological studies, as well as for 

individual human patients, accurately diagnosing dogs may help by providing a natural model 

system in which to study zoonotic Bartonella species. As has been seen with Lyme Disease and 

in the realm of toxicology, dogs may have similar exposures to their human companions, thereby 

potentially serving as a sentinel for emerging infectious diseases affecting both species.10–12 In 

addition, as an incidental hosts for B. henselae and other cat- or wildlife-adapted Bartonella spp., 

dogs and humans appear to exhibit similar disease manifestations and immunological responses, 

enhancing the dog as a naturally occurring model for human bartonellosis.13,14 Similar zoonotic 

Bartonella spp. to those that infect humans also infect pet dogs, and it has been suggested that 

dogs may serve not only as a sentinel of human exposure risk, but also as a source of infection 

for human cases of bartonellosis.15,16 Investigating Bartonella spp. infection in both cats and 

dogs is, therefore, of paramount importance to informing our understanding of human Bartonella 

spp. transmission and infection and ultimately protecting human health. 

With this background, the research presented here aimed to describe the epidemiologic 

landscape of Bartonella spp. exposure in dogs, characterize potential risk factors for exposure, 

and describe possible transmission scenarios. Additionally, the clinical research studies included 

here evaluated one potential disease manifestation in dogs, and another in people, among the 

many currently proposed for investigation. 
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Abstract 

Recently, infections with the emerging zoonotic bacterial pathogens of the genus 

Bartonella have been reported in association with a range of CNS symptoms, some of which 

resolved with aggressive antibiotic treatment. Yet it remains unknown if infection with 

Bartonella spp. is associated with symptoms of schizophrenia. The objective of this study was to 

determine if there was an association between Bartonella species infection and schizophrenia. A 

secondary objective was to determine if schizophrenia symptoms were more severe amongst 

schizophrenic people with Bartonella spp. infection.  

Using a case-control study design, 17 cases and 13 controls were evaluated with a series 

of clinical and cognitive assessments. Blood samples were collected and tested for Bartonella 

spp. using serological (IFA), microbiological (BAPGM) and molecular techniques (qPCR and 

ddPCR).  

People with schizophrenia were more likely than healthy volunteers to have Bartonella 

spp. DNA in their bloodstream, with 11 of 17 cases (65%) positive by Bartonella spp. ddPCR. In 

comparison, only one healthy volunteer was positive by Bartonella spp. ddPCR (8%, p = 

0.0024). Based on serology, the healthy volunteers had and unexpectedly high Bartonella spp. 

antibody prevalence, with 12 of 13 controls seroreactive to one or more Bartonella spp. antigen. 

While Bartonella spp. seroreactivity was also common amongst people with schizophrenia (12 

of 17), because of the unexpectedly high level of exposure in the control group there was no 

statistically significant association between Bartonella spp. seroreactivity and schizophrenia (p = 

0.1961). Among cases, there was no significant difference in schizophrenia symptom severity 

scores between ddPCR positive and ddPCR negative individuals.  
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This study provides preliminary evidence in support future investigations of the potential 

contribution of Bartonella spp. infection to the neuropsychological manifestations of 

schizophrenia. Future research should focus on strengthening this preliminary epidemiological 

association. If further substantiated, studies establishing the mechanistic underpinning of 

Bartonella spp. infection in schizophrenia, and considering treatment of Bartonella infection as 

an adjunctive therapy for schizophrenia, would be warranted. 

 

Background 

Exposure to infectious agents can cause neuropsychiatric symptoms. For some infectious 

diseases such as neurosyphilis, the neuropsychiatric symptoms are well known. For 

schizophrenia, there is substantial evidence for an association with infection by Toxoplasma 

gondii; however, the demonstration of a causal link between toxoplasmosis and symptoms of 

schizophrenia has remained elusive.17–19 Given that cat ownership during childhood is robustly 

associated with an increased risk of developing schizophrenia, it is reasonable to consider a 

potential contribution of cat-transmitted infectious agents other than T. gondii in the etiology of 

schizophrenia.20–22  

Recently, infections with the genus Bartonella, emerging zoonotic bacterial pathogens, 

have been reported to cause a range of CNS symptoms such as hallucinations and depressive 

symptoms that resolved with aggressive antibiotic treatment.6,16,23–27 The domestic cat is the 

reservoir host for multiple species of zoonotic Bartonella, the most well-studied of which is 

Bartonella henselae. B. henselae is a relatively recently identified pathogen, first described in 

1990.1 Over the following decade the role of B. henselae as a zoonotic pathogen was further 

defined, as the etiologic agent of a syndrome termed “cat scratch disease” (CSD).4,5 Bartonellosis 
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was therefore historically defined by CSD, an acute-onset illness that includes a triad of a cat 

scratch or bite, fever, and regional lymphadenopathy. However, with the advent of increasingly 

sensitive molecular and microbiological tools with which to diagnose Bartonella spp. infection, 

there is an increasing number of reports of atypical manifestations of bartonellosis (historically 

termed “atypical CSD”), including severe chronic neurological and neuropsychological 

manifestations and Pediatric Acute-onset Neuropsychiatric Syndrome (PANS).6,24,26,27 Yet, to 

our knowledge no previous controlled epidemiologic study has directly investigated the role of 

Bartonella in a sample of people with a serious mental illness such as schizophrenia 

The objective of this study was to determine if Bartonella spp. infection is associated 

with schizophrenia. A secondary objective was to compare symptom severity between people 

with schizophrenia who were infected with Bartonella to those who had no comparable evidence 

of infection. Our hypothesis was that infection with Bartonella spp. would be more common in 

people with schizophrenia compared to healthy controls. Secondarily, we expected Bartonella 

infected cases to exhibit more severe symptomatology. 

 

Materials and Methods 

Study Design and Setting 

This was a prospective case-control study conducted at University of North Carolina-

Chapel Hill and approved by the UNC-Chapel Hill Biomedical Institutional Review Board. 

Participants were enrolled between March 1 and October 31, 2019. Cases were recruited from 

the local community using fliers and newspaper advertisements. Controls were healthy 

volunteers recruited from the surrounding local community via targeted online and email 

advertising. Recruitment material did not specify the purpose of the study, thus minimizing 
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selection bias by not recruiting participants with concerns about potential Bartonella spp. 

exposure. Participants were paid $80 to compensate them for their time. The STROBE checklist 

is included as supplementary material.  

Participants 

Inclusion criteria for cases was a diagnosis of schizophrenia or schizoaffective disorder 

(confirmed by the Structured Clinical Interview for DSM-V); clinical stability as demonstrated 

by no psychiatric hospitalizations for the past 3 months; stable dosing of antipsychotic 

medications (no changes in medication or dose for 1 month prior to enrollment); ability to 

provide written informed consent; and at least one set of blood samples collected for 

microbiological and molecular testing. 

Controls were considered healthy based on self-reported health status, and were excluded 

if reporting a previous diagnosis of schizophrenia or schizoaffective disorder. 

For this pilot study, controls were not age or sex matched, due to the difficulty of 

predicting the age/sex structure of the case group and challenges associated with enrolling 

age/sex matched controls. Rather, controls were selected from a local volunteer population, 

expected to have similar exposures for potentially acquiring Bartonella infection. 

Variables, Data Sources, and Measurement 

Whole blood and serum were collected from each participant. To maximize the 

likelihood for detection of intermittent bacteremia, blood samples were collected twice within a 

one-week period.28  

As described in previous studies,29–31 each participant was tested using six indirect 

fluorescent antibody (IFA) assays, each representing a unique Bartonella species or subspecies. 
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A sample was considered seroreactive if Bartonella spp. seroreactive at an IFA titer of ≥1:64 for 

any one or more antigen 

Bartonella alpha proteobacteria growth medium (BAPGM) enrichment blood culture and 

qPCR was performed as previously described.31 Briefly, qPCR was performed on each whole 

blood sample; whole blood was then culture enriched in BAPGM, and DNA was extracted from 

the growth media and tested by qPCR at 7, 14, and 21 days of culture. All qPCR amplifications 

were performed by targeting the Bartonella intergenic 16S-23S rRNA (ITS) region. A sample 

was considered BAPGM/qPCR positive if any one or more of these four qPCR tests was positive 

on any one or more whole blood sample.  

In addition to BAPGM/qPCR, all blood and BAPGM enrichment blood culture DNA 

extractions were tested by droplet digital PCR (ddPCR) for Bartonella DNA using the QX200 

Droplet Digital PCR (Bio-Rad, Hercules, CA) system. Digital PCR amplification of the 

Bartonella ITS region, and the human hydroxymethylbilane synthase (HMBS) as house-keeping 

human reference gene, was conducted as previously described.32 Bio-Rad QuantaSoft Analysis 

Pro software was utilized to track and analyze the fluorescent drop distribution and to define the 

positive detection threshold readings for each channel (FAM channel 1 for Bartonella, and HEX 

channel 2 for house-keeping gene amplification). A sample was considered BAPGM/ddPCR 

positive if any one or more of these four ddPCR tests was positive on any one or more whole 

blood sample. Due to technical limitations associated with ddPCR instrument design, Bartonella 

species identity could not be determined by DNA sequencing for ddPCR positive samples.  

For the primary aim, study participants were considered to have Bartonella spp. exposure 

if they were Bartonella spp. seroreactive at an IFA titer of ≥1:64 for any one or more antigen. 

Participants were considered to have Bartonella spp. infection if they were positive on any one 
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or more BAPGM/qPCR or BAPGM/ddPCR assay. All Bartonella testing was performed by 

researchers blinded to participant identity and group assignment. 

For the secondary aim, schizophrenia severity was measured with a series of clinical and 

cognitive assessments including the Positive and Negative Syndrome Scale (PANSS),33 Brief 

Assessment of Cognition in Schizophrenia (BACS),34 and Quality of Life Enjoyment and 

Satisfaction Questionnaire (Q-LES).35 PANSS results were analyzed using the positive, negative, 

and general symptom subscores, and a total PANSS score. BACS results for each primary 

measure were first converted to Z scores, then the Z scores from each primary measure were 

averaged to create a BACS composite score. For the Q-LES, the results were normalized to the 

possible total score and reported as a percentage. 

Data on possible confounders or effect modifiers was collected with a questionnaire 

(health history questionnaire, Supplementary material 2) assessing employment, geographic 

location, health history, and animal and insect vector contact.  

Bias 

To address bias, researchers performing Bartonella spp. diagnostic tests were blinded to 

sample group. Recruiting healthy volunteers as a control group may introduce bias if the 

volunteers have different exposures than the enrolled cases. Because of the small sample size, 

potential confounding was not able to be addressed in statistical analysis. Misclassification bias 

due to poor sensitivity or specificity of Bartonella spp. diagnostic testing was possible, but 

expected to be non-differential and would have a similar effect in both case and control groups. 

Study Size 

During the 8-month recruitment period, 17 cases and 13 controls were enrolled. Based on 

previous studies of healthy volunteers, we estimated that 15% or less of the control group would 
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have Bartonella spp. exposure.30,36 This sample size therefore gave us 80% power at alpha <0.05 

to detect a statistically significant difference in Bartonella infection between the cases and 

controls if less than 15% of controls and more than 70% of the cases had infection. 

Statistical Methods 

Summary statistics for demographics, Bartonella test results, schizophrenia symptom 

measures, and health history questionnaire results were calculated for cases and controls. For 

continuous variables, groups were compared using the Wilcoxon rank sum test for non-

parametric data. For categorical variables, cases and controls were compared using chi-squared 

test (or Fisher’s exact test for small group sizes). Correction for multiple comparisons for the 

primary and secondary outcome was performed using Bonferroni correction. For the remaining 

comparisons, including demographics, animal and insect exposure, and self-reported symptoms 

from the health history questionnaire, statistical significance was set at p < 0.05. This manuscript 

was prepared in accordance with STROBE guidelines for case-control studies.37 All statistical 

analysis was performed in R v. 4.0.2.38 

 

Results 

Demographic and geographic characteristics of the cases and controls are shown in table 

1. Cases were significantly older than controls. Race and employment status were both 

significantly different between cases and controls. Cases reported living in North Carolina for 

significantly longer than controls. Gender and urban/suburban/rural living environment did not 

differ significantly between cases and controls. 
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Table 1: Demographics and geography. Demographic and geographic information for study 

participants. P values for comparison between cases and controls, using chi-squared tests (or 

Fisher’s Exact tests for small group numbers). Statistical significant considered at p < 0.0083 to 

correct for multiple comparisons (indicated with *). 

 

 Control 

n = 13 

Case

  

n = 17 

p-value 

Age:  

Median (range) 

 

20.9 (18.1, 45.4) 

 

43.3 (29.4, 63.3) 

 < 0.0001 * 

Sex:  

Male 

Female 

 

3 

10 

 

12 

5 

0.0271 

Race:  

Caucasian 

Asian 

African-American 

Other 

 

6 

7 

0 

0 

 

9 

0 

7 

1 

0.0004 * 

Employment:  

Student 

Medically Disabled 

Part-Time 

Full-Time 

Retired 

 

9 

0 

3 

1 

0 

 

0 

14 

2 

0 

1 

< 0.0001 * 

Years in NC:  

Median (range) 

 

14 (1, 24) 

 

28.5 (3, 49) 

0.0003 * 

Living Area:  

Urban  

Suburban  

Rural  

 

2 

9 

2 

 

7 

7 

3 

 

0.3105 

 

For the primary aim, Bartonella testing results are shown in figure 1. Based on 

BAPGM/ddPCR testing, Bartonella spp. infection was significantly more common in cases 

(65%, 11/17) than controls (8%, 1/13; p = 0.0024). Based on IFA seroreactivity, Bartonella spp. 

exposure was not significantly different between cases and controls: 71% of cases and 92% of 

controls were seroreactive to one or more Bartonella species antigens (p = 0.1961). 

BAPGM/qPCR failed to amplify Bartonella spp. DNA from any participant blood or enrichment 
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culture sample; by this enrichment blood culture/qPCR method no participant had evidence of 

Bartonella spp. infection. 

Figure 1: Bartonella testing results. Left panel shows IFA results, right panel shows ddPCR 

results. No participant was positive on qPCR/BAPGM (not shown). Black = positive test results, 

white = negative test result. 

 

 

Of the 12 BAPGM/ddPCR positive participants, 5 were positive only directly from whole 

blood and 7 were positive only after BAPGM enrichment blood culture. No participants were 

ddPCR positive both directly from whole blood and from BAPGM enrichment blood culture.  

One participant was ddPCR positive on BAPGM blood culture of their first blood sample at all 

three culture time points (7, 14, and 21 days of incubation); that participant’s second blood 

sample and BAPGM enrichment blood culture from the second blood sample were all ddPCR 
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negative. Another participant was only ddPCR positive on BAPGM enrichment blood culture 

day 14 from both the first and second blood samples; whole blood and other culture time points 

were ddPCR negative. 

Based on serology, among both cases and controls, seroreactivity against Bartonella 

henselae was the most common species (65% of cases, 92% of controls). However, most 

seroreactive participants had reactivity against more than one Bartonella species/strain. 

Bartonella spp. IFA results are shown in table 2.  

Table 2: Bartonella spp. IFA results. Number (and percentage) of participants in each group that 

were seroreactive against each Bartonella species/genotype antigen tested. Bh = Bartonella 

henselae, Bk = Bartonella koehlerae, Bq = Bartonella quintana, Bvb I = Bartonella vinsonii 

subsp. berkhoffii genotype I, Bvb II = Bartonella vinsonii subsp. berkhoffii genotype II, Bvb III = 

Bartonella vinsonii subsp. berkhoffii genotype III. 

 

 Control 

n = 13 

Case

  

n = 17 

Bh  12 (92%) 11 (65%) 

Bk 7 (54%) 7 (41%) 

Bq 6 (46%) 7 (41%) 

Bvb I 2 (15%) 3 (18%) 

Bvb II 7 (54%) 4 (24%) 

Bvb III  9 (69%) 7 (41%) 

 

Clinical assessment test results for cases and controls are shown in table 3. As expected, 

cases had significantly lower BACS composite scores, and significantly higher PANSS scores in 

each of the three primary categories (positive, negative, general). There was no significant 

difference in quality of life between cases and controls as measured by the Q-LES. Among cases, 

there was no significant difference in any of the severity scores between BAPGM/ddPCR 

positive and BAPGM/ddPCR negative individuals. There were two participants with 

schizophrenia receiving medications previously reported to have activity against Toxoplasma 
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gondii (fluphenazine and loxapine)39,40: both participants were Bartonella spp. seroreactive, and 

one was positive by Bartonella spp. BAPGM/ddPCR. 

Table 3: Schizophrenia severity scores. Median and range of severity scores based on three 

assessment tools for cases and controls. Statistical significant considered at p < 0.01 to correct 

for multiple comparisons (indicated with *). 

 

 

 

\ 

 

 

Animal and insect exposures are shown in table 4. There were no significant differences 

in dog or cat ownership, or reports of dog or cat bites, between cases and controls. A 

significantly higher proportion of cases (41%) reported exposure to bedbugs compared to 

controls (0, p = 0.0273). A higher proportion of cases (41%) reported exposure to fleas compared 

to controls (15%), but this difference was not statistically significant. There were no other 

significant differences in reported exposure to potential insect vectors between cases and 

controls. When all participants were considered together, there were no significant differences in 

dog or cat ownership, reports of dog or cat bites, or exposure to potential insect vectors between 

seropositive or BAPGM/ddPCR positive participants and those who were seronegative or 

BAPGM/ddPCR negative. 

 

 

 

 Control 

n = 13 

Case 

n = 17 

p-value 

Q-LES 

Percentage 

 

78.6 (57.1, 96.4) 

 

69.6 (44.6, 92.9) 

 

0.1799 

PANSS 

Positive  

Negative  

General 

 

8.5 (7, 18) 

9.5 (7, 15) 

21 (16, 29) 

 

18.5 (10, 29) 

14 (10, 23) 

33.5 (20, 46) 

 

< 0.0001 * 

0.0019 * 

0.0003 * 

BACS 

Composite 

 

0.739 (0.113, 1.12) 

 

-0.390 (-1.31, 0.676) 

 

< 0.0001 * 
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Table 4: Reported exposures. Number of participants reporting each type of exposure. Years of 

ownership reported as median and range, otherwise number of participants reported. Statistical 

significant considered at p < 0.0036 to correct for multiple comparisons (indicated with *). 

 

Based on the health history questionnaire, the most commonly reported symptoms were 

different between cases and controls (table 5). Cases also reported a significantly higher number 

of symptoms (median 8, range 1-24) compared to controls (median 0, range 0-3; p < 0.0001). 

Table 5: Reported health symptoms. Most common symptoms reported on the health history 

questionnaire, cases and controls. 

 

Control 

n = 13 

Case 

n = 17 

Sleepiness 3 Hallucinations             13 

Fatigue 1 Difficulty remembering          10 

Headache 1 Mental confusion             10 

Difficulty sleeping 1 Weight Gain              9 

n/a Depression              8  

 

Paired Bartonella testing results were missing for 6 cases for IFA: 4 cases did not return 

for the second blood draw, 1 case returned but the blood sample was unable to be drawn due to 

difficulty obtaining venous access, and for 1 case the sample hemolyzed during storage and 

 Control 

n = 13 

Case 

n = 17 

p 

value 

Dog Contact:  

Number of participants who currently own a dog 

Years participant has owned a dog (median, range) 

Number participants bitten/scratched by dog 

 

6 

4 yrs (1, 11) 

7 

 

4 

8 yrs (1, 41) 

6 

 

0.3619 

0.2887 

0.5193 

Cat Contact: 

Number participants who currently own a cat 

Years participant has owned a cat (median, range) 

Number participants bitten/scratched by cat 

 

4 

8.5 yrs (1, 22) 

9 

 

3 

20 yrs (2.5, 48) 

7 

 

0.6844 

0.1325 

0.2473 

Insect Bites:  

Mosquitoes 

Bees 

Ticks 

Fleas 

Spiders 

Biting Flies 

Bedbugs 

Lice 

 

12 

8 

6 

2 

3 

4 

0 

3 

 

14 

11 

6 

7 

4 

4 

7 

1 

 

0.8003 

1 

0.8215 

0.2603 

1 

0.9778 

0.0273 

0.406 
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serum was unable to be separated. Paired Bartonella testing results were missing for 7 cases for 

BAPGM/ddPCR and BAPGM/qPCR: 4 cases did not return for the second blood draw, and 3 

cases returned but whole blood was unable to be drawn due to difficulty in obtaining venous 

access. All controls had paired blood testing results available. Comparisons of Bartonella test 

results between paired samples are shown in table 6. For IFA, paired (first and second timepoint 

for same participant) results showed substantial agreement (kappa = 0.71). In contrast, paired 

results for BAPGM/ddPCR showed agreement slightly less than chance alone (kappa = -0.01). 

When comparing IFA to BAPGM/ddPCR results for the same participant, agreement was also 

less than chance alone (kappa = -0.31). 

Table 6: Paired Bartonella test results. Agreement between paired samples from all participants 

(drawn between 2-8 days apart) for IFA and ddPCR, and agreement between IFA and ddPCR for 

each participant. Cohen’s kappa score indicates agreement between tests. 

 
 All participants Kappa 

IFA Test/Retest:  

         Pos/Pos 

         Pos/Neg 

         Neg/Pos 

         Neg/Neg 

n = 24 

15 

3 

0 

6 

0.71 

ddPCR Test/Retest:  

         Pos/Pos 

         Pos/Neg 

         Neg/Pos 

         Neg/Neg 

n = 23 

1 

5 

3 

14 

- 0.01 

ddPCR/IFA: 

         Pos/Pos 

         Pos/Neg 

         Neg/Pos 

         Neg/Neg 

n = 30 

7 

5 

17 

1 

-0.31 

 

Discussion 

This study found that people with schizophrenia were more likely than healthy volunteers 

to have evidence of Bartonella spp. infection, with 11 of 17 cases (65%) Bartonella spp. 
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BAPGM/ddPCR positive. In comparison, only one healthy volunteer (8%) was Bartonella spp. 

BAPGM/ddPCR positive. A surprisingly high proportion of healthy volunteers had Bartonella 

spp. antibodies, with 12 of 13 controls seroreactive to one or more Bartonella species. Bartonella 

spp. seroreactivity was similarly common among people with schizophrenia (12 of 17), with no 

statistically significant difference between the groups. 

The use of ddPCR allows absolute quantification of target DNA sequences with increased 

efficiency and sensitivity compared to qPCR. This is possible by massively partitioning samples 

(15,000 to 20,000 1ηL sized droplets per sample).41,42 One of the most significant advantages of 

ddPCR over its real-time qPCR counterpart is that by sequestering target DNA among individual 

droplets, ddPCR reduces the impact of inhibitory substances (including hemoglobin, heparin, and 

high concentrations of host DNA) that would typically compete with low-concentration pathogen 

DNA during amplification. In this way, the analytical sensitivity of ddPCR is improved 

compared to qPCR for detection of low-concentration pathogen DNA.32,43 

The 5 participants who were ddPCR positive directly from whole blood samples but 

negative following enrichment culture of those same blood samples suggest that viable bacteria 

was not present in blood, or that bacterial growth occurred only transiently or below the limit of 

ddPCR detection sensitivity. In contrast, the 7 participants who were ddPCR positive only after 

BAPGM enrichment culture of their blood suggest that viable bacteria were present in their 

blood at the time of blood collection. Two unique participants were presented in the results – one 

was ddPCR positive on BAPGM blood culture of their first blood sample at all three culture time 

points (days 7, 14, and 21), but negative from blood and all BAPGM enrichment blood cultures 

from the second blood sample. In addition to highlighting the microbiological complexity 



   

79 

 

associated with detecting Bartonella spp. infection in immunocompetent people, this result also 

supports the possibility that Bartonella spp. induce a relapsing bacteremia. 

The reason for such high prevalence of Bartonella spp. antibodies in the healthy 

volunteers is unknown. Previous studies of healthy control populations have found a wide range 

of seroreactivity, seemingly depending on the number of Bartonella spp. antigens tested, the 

cutoff titer utilized to define a seropositive result, and the population under study. At the high 

end, Bartonella spp. seroreactivity was documented in 83% of 100 participants, using a six-

antigen panel (the same panel as used in this study) when enrolling healthy volunteers from 

among physicians, nurses, researchers, medical students, and administrative personnel who 

worked at the Center of Biomedical Research (including the Center of Rickettsiosis and 

Arthropod‐borne Diseases) and San Pedro’s University Hospital at La Rioja, in northern Spain.44 

In contrast, early studies (now over 20 years old) using one or two antigens and blood from 

blood donors have shown seroreactivity as low as 3-7%.5,45 More recently, sampling from 

diverse populations have shown seroreactivity anywhere from 3%, in a convenience sample of 

adult students and employees at Duke University Medical Center (Durham, NC),30 to 32% of 500 

blood donors in Campinas, a large city in southeastern Brazil, using serology performed at the 

Centers for Disease Control and Prevention (Atlanta, GA).36 The differences in seroreactivity can 

be partially explained by differences in exposures, further highlighting the importance of 

sampling from an appropriate control population with similar exposures to the case population in 

a case-control study. The study from Duke University showing 3% seroreactivity in healthy 

volunteers30 highlights the need to control for other confounders than simply geography, since 

that study and this one used the same panel of 6 Bartonella spp. antigens and recruited healthy 

volunteers from locations within the same geographic area of North Carolina. 
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Among participants with schizophrenia, Bartonella spp. infection was not associated with 

more severe symptoms. However, this study included a small sample size (17 people with 

schizophrenia), so it was likely underpowered to detect such differences. With a larger sample 

size, it would be possible to better understand whether Bartonella infection is associated with 

positive or negative symptoms, or differences in more specific domains of cognition and overall 

functional capacity. 

The case and control samples in this study had multiple significant differences, including 

age, race, employment status, and years living in North Carolina. These demographic and 

lifestyle factors are possible confounders, and could not be adjusted for in analysis due to the 

small sample size for this initial study. While there may prove to be an association between 

Bartonella spp. infection and schizophrenia, an epidemiological association does not imply a 

causal link. Future epidemiological studies investigating a possible association between 

Bartonella spp. infection and schizophrenia should either use a matched design, or have a sample 

size large enough to control for these confounders in the statistical analysis.  

There were no significant differences in animal exposures between cases and controls. 

While cat ownership has been previously implicated as a risk factor for schizophrenia, in this 

small sample cat ownership was not associated with schizophrenia. In fact, cat ownership was 

more common among healthy volunteers (31%) than people with schizophrenia (18%), though 

this difference was not statistically significant. Of relevance to B. henselae transmission, bites or 

scratches from a cat, as well as exposure to fleas, was commonly reported among both cases and 

controls. Exposure to bedbugs was more common among cases than controls: over 40% of cases 

reported exposure to bedbugs, while bedbug exposure was not reported by any healthy 

volunteers. Bedbugs have been shown to be competent vectors for Bartonella quintana,46 a 
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human-adapted Bartonella species, but in a survey of bedbugs from across the United States, 

Bartonella DNA was not amplified from any of the >300 bedbugs screened.47 

Paired Bartonella spp. IFA tests showed substantial agreement for both cases and 

controls, indicating that most seropositive participants likely had not been acutely exposed to 

Bartonella spp. but rather had previous exposures leading to relatively stable antibody titers. In 

contrast, paired BAPGM/ddPCR results had very poor agreement. This may be due to relapsing 

or intermittent bacteremia in people with chronic Bartonella infection, as has been documented 

in Bartonella quintana infection in people,48–51 and other Bartonella spp. in cats52 and 

rodents.53,54 Additionally, IFA and BAPGM/ddPCR results often did not agree, indicating the 

possibility that seroreactivity may be providing some degree of protection, or that Bartonella 

antibodies effectively suppress the number of circulating bacteria below the level of 

BAPGM/qPCR or even BAPGM/ddPCR detection.  

There are several limitations to this study. The specificity of Bartonella spp. IFA has 

been questioned due to the potential for cross-reactivity with other bacterial organisms – mainly 

Coxiella spp., but also other Rickettsia-like pathogens including Ehrlichia and Chlamydia 

species.55–58 However epidemiologic studies do not consistently support the existence of cross-

reactivity, but rather suggest that at least in some cases presumed “cross-reactivity” is due to 

exposure to multiple bacterial pathogens and that IFA specificity is high.30,59,60 Sensitivity of 

IFA, however, is often poor: patients with demonstrated Bartonella spp. infection are often 

seronegative, particularly in patients with chronic infections.61–63 When positive, serology can 

only provide evidence for previous exposure. Low sensitivity is also a concern for 

BAPGM/qPCR, as evidenced by none of the participants having a positive BAPGM/qPCR 

despite multiple participants being positive by BAPGM/ddPCR.59 Unfortunately the droplets 
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generated during ddPCR cannot be obtained for DNA sequencing, so it is currently impossible to 

determine the Bartonella species detected in these participants by ddPCR. To increase the 

likelihood of detection of Bartonella, two blood samples were collected from each participant. 

However, paired samples were unable to be obtained from 7 of the 17 cases because they either 

did not return for their second visit, or because of difficult blood draws; in contrast all controls 

had both blood samples available. This difference could lead to bias, since fewer samples for 

cases were tested than controls, but this would bias the results toward the null hypthesis and lead 

to an underestimate of the difference between cases and controls.  

Given the limitations of this study, no conclusions regarding a causal role for Bartonella 

in schizophrenia should be inferred. However, the results of this pilot study do support the need 

for a more in-depth examination of the epidemiology of Bartonella infection in people with 

schizophrenia. Such a larger follow-up study would control for confounding variables and would 

lay the groundwork for subsequent studies to investigate if any potentially observed effects are 

replicable across sample populations. Finally, if the epidemiological association between 

Bartonella infection and schizophrenia is replicated, studies could be designed both to test 

whether Bartonella-targeted antimicrobial therapy can ameliorate one or more domains of 

schizophrenia symptoms, as well to test the hypothesis that Bartonella infection may contribute 

to the pathogenesis of schizophrenia for affected individuals. 
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CHAPTER 6 

Conclusions 

The research presented here aimed to describe the epidemiologic landscape of Bartonella 

spp. exposure in dogs, characterize potential risk factors for exposure and describe possible 

transmission scenarios. Additionally, the clinical research studies included here evaluated one 

potential disease manifestation in dogs, and another in people, among the many currently 

proposed for investigation.  

In Chapter 2, the seroepidemiologic study64 found that Bartonella exposure was most 

common in male intact dogs, with no seasonal trend to exposure risk (unlike in humans)65, and 

associated with exposure to a number of other vector-borne pathogens. Bartonella exposure was 

also possible broadly across the United States and Canada, with wide geographic variation. 

Chapter 3 provided a detailed follow-up investigation of possible drivers of that variation in 

exposure, specifically within North Carolina.66  That study reported a number of demographic, 

ecological, and socioeconomic associations with Bartonella henselae exposure in dogs; these 

potential drivers were thought more likely to be associated with ticks as vectors of B. henselae 

transmission, particularly because fleas can live for multiple generations entirely indoors thus 

circumventing the role of many of the ecological and climatological drivers that would otherwise 

affect their abundance. Whether ticks truly play an ecologically important role in Bartonella spp. 

transmission to/among dogs remains unclear, and is worthy of further study in naturally infected 

dogs. 

Next, Chapter 4 reported the unexpected circumstances surrounding an apparent cluster 

of Bartonella spp. infections in laboratory beagles, which allowed for an individual-level 

investigation of possible transmission in dogs.67 Testing of blood samples previously collected 
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for the purposes of another study, followed by prospective collection and testing of blood, saliva, 

and tissue, provided evidence for possible non-vectorial transmission of B. henselae between 

dogs in this highly controlled laboratory setting. Non-vectorial routes of transmission of 

Bartonella spp. – including through bites or saliva – have been previously proposed,15,16,68,69 but 

this outbreak investigation provided the first laboratory-animal evidence for direct transmission 

among dogs. The exact route(s) of potential direct transmission, and the extent to which saliva 

might be infectious, warrant further investigation. Further ecological and laboratory research will 

be needed to determine whether non-vectorial transmission is possible, and whether it is an 

epidemiologically relevant source of exposure for dogs. 

Together these studies highlight the gaps that remain in evaluating Bartonella exposure in 

dogs, namely that the source of exposure for most dogs (like for most infected people) remains 

unknown. Much of the variation in exposure risk appears to be at an individual or household 

scale – whether a dog is routinely treated with flea and tick preventatives, or has regular contact 

with potentially infected cats or other reservoir hosts, for example. In the past, case reports 

(many from the Breitschwerdt laboratory) have documented infection with the same Bartonella 

spp. in people and their pets,15,16,68 but only in rare or unusual circumstances have investigations 

included people, pets, and potential vectors.26,70 Previous studies have instead focused solely on 

infection of potential vectors, infection or exposure of pets or dogs/cats in shelters, or 

infection/exposure in various human populations with or without animal or vector 

contact.23,30,63,71 These gaps will need to be addressed by prospective studies targeting this hyper-

local level of data collection, and investigating humans, their companion animals, and the 

surrounding environments to effectively define exposure risks. Ultimately, from a One Health 

perspective, the techniques developed and used to investigate and define exposure risk in dogs 
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can be adapted to human studies to more definitively determine risks to human health associated 

with Bartonella spp. exposure. 

The current state of knowledge of canine bartonellosis is mainly anecdotal, with most 

evidence of disease associated with Bartonella spp. infection in dogs – other than endocarditis –

from case reports or case series. The observational study of Bartonella in dogs with HSA 

presented in Chapter 5 reported that an intriguingly high proportion of dogs with HSA – nearly 

75% – have Bartonella DNA in their tissues.72 However, in the absence of a control group (due 

to that study’s design) an epidemiologic association could not be made. A case-control study will 

be needed in the future to determine whether there is such an association, and if confirmed, 

further research into a potential mechanistic basis for Bartonella infection to cause HSA would 

be warranted. From the clinical research side, if evidence for this association is found, a 

treatment trial could also be considered – both as a way to help improve survival in dogs with 

this uniformly fatal diagnosis, but also to investigate potential causation. 

Finally, in Chapter 5, a small pilot case-control study reported that a significantly higher 

proportion of people with schizophrenia had Bartonella spp. DNA in their blood (65%), when 

compared to healthy volunteers (8%). While this was a small sample, including only 17 

schizophrenic people, this study provides justification to investigate this potential association 

with a larger case-control study that can effectively control for possible demographic 

confounding. If the association is borne out, a randomized controlled trial treating Bartonella 

infection in schizophrenic patients could provide evidence for a novel treatment modality for the 

medical management of this difficult disease. 

While studies of potential clinical manifestations of Bartonella spp. in dogs and people 

are needed to begin to elucidate specific syndromes of bartonellosis, the true impact of 
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bartonellosis – on both a patient and population level in both human and veterinary medicine – 

remains unknown. This is largely because of the difficulty obtaining a definitive clinical 

diagnosis – a challenge in humans that is, unsurprisingly, recapitulated in veterinary medicine. 

The range of non-specific and variable symptoms currently reported with Bartonella spp. 

infection causes uncertainty for clinicians treating all species, placing more importance on the 

role of an accurate gold standard diagnostic test. However, current reference standard diagnostic 

tests for Bartonella infection in both human and veterinary medicine remain far from the perfect 

gold standard.73,74 While not explicitly addressed by the studies here, this remains a significant 

gap in knowledge that limits understanding of Bartonella from a clinical, epidemiological, and 

ecological perspective, and should therefore be the focus of future research. One method by 

which to address this shortcoming is through the use of a statistical modeling technique known 

as latent class modeling (LCM) to create estimates of sensitivity and specificity of these 

diagnostic tests in the context of imperfect reference standards, the results of which would serve 

to inform testing strategies for not only clinical patients, but also future ecological and 

epidemiological studies. 

Further understanding of Bartonella infection will most effectively been gained with a 

true One Health approach. While investigating Bartonella infection in cats helps to elucidate 

transmission risk in ecological and epidemiological studies, as well as for individual human 

patients, accurately diagnosing dogs may help by providing a natural model system in which to 

study zoonotic Bartonella species. As has been seen with Lyme Disease, the dog may have 

similar exposure risks and biological/immunological response to Bartonella spp. infection as 

humans, so that both transmission risks and disease manifestations may be similar. Investigating 

Bartonella spp. infection in both cats and dogs is, therefore, of paramount importance to 
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informing our understanding of human Bartonella spp. transmission and infection and ultimately 

protecting human health. 
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