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Abstract: Bartonella henselae is an important zoonotic pathogen with a wide range of clinical
manifestations in humans. Despite advances in understanding its pathogenesis, there is no
broadly applicable laboratory animal model for bartonellosis. This study aimed to assess
the potential utility of an experimental model of chronic B. henselae infection using ferrets,
a species previously utilized in various human pathogen studies. Six ferrets (n = 6) were
divided into three groups: a control group (n = 2), a low-dose infection group (n = 2), and
a high-dose infection group (n = 2). The two infection groups were inoculated intrader-
mally with 105 (low dose) and 109 (high dose) CFU/mL B. henselae, respectively. Clinical
signs, serological responses, and bacteriological findings were monitored over seven weeks;
ferrets were then euthanized and tissues were examined histologically. Only minimal or
transient systemic clinical signs and laboratory abnormalities developed in B. henselae inoc-
ulated ferrets. The high-dose group seroconverted to B. henselae antigen within two weeks,
maintaining elevated titers throughout the study. Histopathological examination revealed
that four B. henselae-infected ferrets had notable microscopic inflammatory lesions in the
liver parenchyma (3/4), heart (1/4), and brain (1/4); similar lesions were not observed in
the tissues of the two control ferrets. Despite the presence of microscopic lesions and sero-
conversion in the high-dose group, bacteremia was not documented and B. henselae DNA
was not successfully amplified by quantitative PCR from lesional organs. This pilot study
demonstrated that ferrets may serve as a promising model for investigating B. henselae
pathogenesis, diagnosis, treatment, and prevention.

Keywords: cat scratch disease; bartonellosis; Bartonella henselae; vector-borne disease;
flea-borne disease; zoonotic disease; zoonosis; animal model; experimental infection; ferret;
cat flea; Ctenocephalides felis

1. Introduction
Members of the bacterial genus Bartonella are important emerging pathogens in hu-

mans worldwide. There are over 45 named species, more than half of which have been
associated with human and animal diseases [1–3]. One of the most common zoonotic
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species is Bartonella henselae, which has also been shown to infect a variety of other inciden-
tal mammal hosts [2–4].

B. henselae is distributed globally, and transmitted among its reservoir host, the do-
mestic cat, via the cat flea Ctencephalides felis. The prevalence of infection in cats is variable
depending on the cats’ age, lifestyle, and geographic location, with ranges from <1%
through >65%; highest prevalence occurs in free-roaming cats under one year old, particu-
larly in warm and humid locations with high year-round flea burdens [5]. Transmission to
humans typically occurs when infected flea feces contaminate a wound—typically a cat
scratch or bite [1].

Clinical manifestations of zoonotic B. henselae infection in humans can range from mild
to life-threatening and can present as acute or chronic [1,4,6]. Bartonella spp. are associated
with culture-negative endocarditis in up to one-quarter of cases—making Bartonella spp. the
second most common cause of culture-negative endocarditis—with mortality rates up to
30% [7–9]. Other sequelae attributed to infection with zoonotic Bartonella species include the
typical manifestations of acute cat scratch disease (CSD) [1,10–12] and neuroretinitis/optic
neuritis [13–15], but also “atypical” manifestations such as severe febrile illness [1,16–19],
neurological manifestations including encephalitis/meningitis (as recently reviewed) [20],
and other chronic, sometimes non-specific symptoms or pathologies that can range from
mild to severe [1,21–24]. Because of this range of manifestations, including many currently
under study, one or more laboratory animal models that mimic human disease would be
extremely valuable.

Despite considerable advances in our understanding of the pathogenesis, immune
response, and transmission of B. henselae through in vitro and epidemiological studies, there
remains no broadly applicable laboratory animal model of bartonellosis. Animal models of
human diseases provide the bedrock of much of the current understanding of cell tropism
and pathogenesis and are essential for the development and licensure of drugs and vaccines.
A laboratory animal model of bartonellosis could be used to understand pathogenesis,
evaluate diagnostic testing methods and treatment responses, and investigate modes and
routes of transmission and prevention of infection using vector control approaches or
vaccine efficacy studies.

Previous studies have used cats experimentally infected with B. henselae and other
Bartonella spp. to draw conclusions regarding human disease and transmission [25–39].
However, the use of cats as an experimental model for B. henselae in humans is problematic.
As a primary reservoir host for B. henselae, cats have different evolutionarily determined
biological responses to infection compared to humans, so their clinical signs and immuno-
logical responses would not be expected to accurately recapitulate human disease. In
addition, optimal diagnostic testing strategies, as well as maintenance and transmission
of infection, likely differ between the cat reservoir host and incidentally infected humans.
These factors limit the utility of the cat as an experimental model for studying disease
immunopathogenesis, as well as transmission pathways and vaccination development for
the prevention of B. henselae infection in people.

Other animal models of clinical bartonellosis have been elusive. Mice have been
used to study the cellular and immunological basis of infection, but investigators have
often infected them with mouse-adapted Bartonella spp. rather than B. henselae [40–43].
Mouse models of B. henselae have been attempted to study immunological and pathological
responses to infection [42–45], but have proved not to be broadly useful in modeling
clinical disease or transmission due to the difficulty of inducing infection and lack of
clinical manifestations in immunocompetent mice [42,46–48]. Zebrafish embryos have
been successfully used to identify virulence factors and define molecular mechanisms
of B. henselae pathogenesis, but are clearly not useful in recapitulating human disease or
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assessing transmission [49]. As incidental hosts with disease manifestations in natural
infections similar to humans, naturally infected dogs are considered a promising animal
model of human disease [50–55]. Dogs experimentally infected with other species of
Bartonella have also been proposed as animal models for human disease, but the laboratory
use of dogs—particularly in terminal studies—is undesirable due to ethical considerations
for this companion animal species [56,57].

The ferret has been used in numerous experimental models to study human pathogens,
including most notably influenza, but also bovine tuberculosis, measles, chronic wasting
disease, and, most recently, SARS-CoV-2 [58–67]. As a commonly utilized laboratory
animal species, if ferrets are susceptible to B. henselae infection they would be an attractive
surrogate species with which to study various aspects of B. henselae transmission and
pathogenesis and to assess treatment efficacy. Exposure to various Bartonella spp. has been
found in a variety of mustelids (the family of carnivores into which ferrets fall), including
otters [68–70], martens [71], minks [72], and badgers [73,74], and B. henselae specifically was
reported in sea otters [69]. While there is a single case report proposing a pet ferret as the
source for B. henselae neuroretinitis, ferrets have not otherwise been investigated as hosts of
either B. henselae or other Bartonella spp. that induce zoonotic infections [75].

The overall objective of this study was to investigate a novel experimental model
of B. henselae bartonellosis using the ferret. The development of such an animal model
could ultimately lead to improvements in the diagnosis, treatment, and prevention of
bartonelloses in animals and human patients. The specific aims of this pilot study were to
describe clinical signs, histopathologic changes, longitudinal serological responses, and
bacteriological findings after a single intradermal inoculation of B. henselae in healthy ferrets.

2. Materials and Methods
2.1. Experimental Animals

One male neutered and one female spayed ferret, aged 16–19 weeks, were included in
each group (n = 6). Ferrets were obtained from a commercial source (Triple F Farms Inc.,
Gillett, PA, USA) and were neutered and descented prior to arrival.

2.2. Housing and Husbandry

Ferrets were housed in individual cages (Figure 1C) with a 12 h day–night cycle in a
temperature- (70–74 ◦F) and humidity- (30–70%) controlled room. Ferrets were allowed
free access to water and a maintenance diet (Marshall BioResources, North Rose, NY, USA).
All cages contained a litter pan and toys for environmental enrichment. When removed
from their cages for cage cleaning, each ferret was placed into an individual portable carrier
assigned to that ferret (Figure 1B) to minimize the potential for carryover of bacteria or
bacterial DNA between ferrets during handing. Because of ferret temperament and to
ensure the safety of facility staff, all ferret handling was carried out with bite-proof gloves.

2.3. Ethical Statement

This study was carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
The study was approved by the North Carolina State University Institutional Animal Care
and Use Committee (IACUC #18-175-B). All blood draws were performed under inhaled
isoflurane anesthesia (isoflurane 1–2% to effect via mask), and all efforts were made to
minimize suffering.
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tine bloodwork (CBC and serum chemistry) were performed and prophylactic ectopara-
site preventative (15 mg selemectin topical, Revolution® topical solution for puppies and 
kittens, Zoetis, Parsipanny, NJ, USA) was administered topically. Ferrets’ clinical health 
status was monitored throughout the experiment by facility staff and/or investigators. All 
ferrets were inoculated on a single day (PID 0), and serial blood samples were collected 
over the following 7 weeks. Ferrets were sedated with midazolam and butorphanol for 
the initial physical exam; for each subsequent sample collection, they were sedated with 
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2.4. Study Design

For this pilot study, there were three groups of two ferrets each (one male and one
female): a control group, inoculated with 1 mL sterile saline intradermally (ID); a low-dose
group, inoculated with 105 CFU/mL B. henselae ID; and a high-dose group, inoculated
with 109 CFU/mL B. henselae ID. The intradermal route and inoculation doses were chosen
based on previous experiments with cats and dogs [26,33,76]. Ferrets were grouped by
sex and randomly allocated into groups. Researchers performing B. henselae testing were
blinded to the group status for all samples.

Details of the study timeline are provided in Figure 2. Briefly, ferrets were purchased
from a commercial provider and arrived at the NC State University Laboratory Animal
Resources (NCSU LAR) facility 12 days prior to inoculation (PID -12). Following 4 days of
acclimation in which the ferrets were not handled, physical exams, ear cytology, and routine
bloodwork (CBC and serum chemistry) were performed and prophylactic ectoparasite
preventative (15 mg selemectin topical, Revolution® topical solution for puppies and
kittens, Zoetis, Parsipanny, NJ, USA) was administered topically. Ferrets’ clinical health
status was monitored throughout the experiment by facility staff and/or investigators. All
ferrets were inoculated on a single day (PID 0), and serial blood samples were collected
over the following 7 weeks. Ferrets were sedated with midazolam and butorphanol for
the initial physical exam; for each subsequent sample collection, they were sedated with
inhaled isoflurane to effect. Temperatures were taken at the beginning of sedation via a
rectal thermometer. Ferrets were euthanized on day 49 following infection (PID 49).
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Figure 2. Timeline of experimental events. Test type is shown on the y-axis and study day on the
x-axis. Dots indicate date on which the given test occurred. * indicates missing tests due to a lack
of serum. Complete blood counts (CBCs) scheduled for PID 14 were performed on PID 13 or 16
due to animal handling and sampling constraints. Chem = serum chemistry panel; CBC = complete
blood count; qPCR = quantitative PCR; BAPGM = Bartonella alpha proteobacteria growth medium
enrichment culture with qPCR; cPCR = conventional PCR; IFA = B. henselae immunofluorescent
antibody assay.

2.5. Inoculum and Animal Procedures

For the B. henselae inoculum, B. henselae San Antonio 2, isolated from a naturally in-
fected cat (NCSU strain 95 FO-099), was plated on trypticase soy agar plates supplemented
with 5% defibrinated rabbit blood (BBL, Cockeysville, MD, USA) and incubated for 7 days
at 35 ◦C in the presence of 5% CO2 and 99% relative humidity [77]. Colonies were then
suspended in 1 mL sterile saline. Bacterial concentration was confirmed with qPCR. Sus-
pension of colonies into sterile saline and qPCR were performed on the day of inoculation
of ferrets (PID 0). After inoculation of the ferrets, the remaining inocula were stored at
−80 ◦C.

For infection, each ferret was moved individually from its cage to a box, sedated via
inhaled isoflurane to effect, and then moved to the hood where sedation was maintained
with isoflurane via a mask. A small section of fur was shaved on both sides of the thorax
for the inoculation sites (Figure 1A). Each inoculum was divided into 0.5 mL aliquots and
2 aliquots were injected intradermally in multiple locations within the shaved site, on both
sides, for a total of 1 mL inoculum per ferret (Figure 1A). Ferrets were monitored until they
were awake and then returned to individual cages.

For blood sample collection, ferrets were sedated with inhaled isoflurane to effect.
Blood was collected via the cranial vena cava. After collection, blood was transferred into
an ethylenediaminetetraacetic acid (EDTA)-treated tube (Greiner Bio-One VACUETTE™
K2EDTA Blood Collection Tubes; Kremsmünster, Austria) and an untreated tube to allow
the blood to clot prior to serum separation. At the endpoint of the experiment, ferrets were
sedated with isoflurane, urine was collected via cystocentesis, and ferrets were euthanized
by intracardiac injection with an overdose of pentobarbital.

Autopsies were performed immediately following euthanasia by a board-certified
veterinary pathologist (K.L.). New sterile scalpel blades were used for each ferret and
were sterilized with heat in between tissues to minimize the potential for DNA carryover
between animals and between tissues within each animal. The following tissues were
sampled, with one sample stored frozen and one fixed in 10% neutral buffered formalin for
histology analysis: bone, bone marrow, brain, diaphragm, ear tip, eyeball, heart, kidney,



Pathogens 2025, 14, 421 6 of 23

liver, mandibular and mesenteric lymph nodes, skin (inoculation site, intrascapular and
caudal dorsum), striated skeletal muscle, spleen, thymus, adrenal gland (except for the
male ferret in the high-dose group), lung (except for the female ferret in the low-dose
group), and thyroid gland (except for both control ferrets). The following additional tissues
were available for all except the male ferret in the low-dose group: gall bladder, pancreas,
salivary gland, stomach, small intestine, and caecum/colon. Fixed tissues were processed,
embedded in paraffin, sectioned at 5 µm thickness, and stained with hematoxylin and eosin.
Selected tissues were also stained with Gram and Warthin–Starry. Histology evaluation
was performed by a board-certified veterinary pathologist (C.R.) in a blinded manner.

For all animal procedures, the order in which ferrets were removed from their cages
for procedures was standardized: the control group first, followed by the low-dose group,
then the high-dose group. This was carried out to minimize the likelihood of the spread of
bacteria or bacterial DNA from infected to uninfected ferrets. An exception occurred during
inoculation when one low-dose group ferret was removed from the cage for experimental
procedures prior to the second control group ferret (female) due to constraints on LAR staff
and animals being amenable to handling.

2.6. Humane Endpoints

Specific criteria were developed to limit suffering in experimental animals. The
experiment was planned for a duration of 7 weeks, at which time all animals would be
humanely euthanized as described above to determine chronic infection status and for
evidence of chronic infection in B. henselae inoculated ferrets. There were 6 ferrets used,
and all 6 were euthanized as planned after 7 weeks; none were found dead.

All ferrets were monitored closely for an initial 2 weeks following infection (or sham
infection). Animals had physical examinations including rectal temperature, observation of
attitude, appetite changes, presence of nausea, hydration status, examination of inoculation
site, and evaluation for skin lesions. These exams were performed and recorded twice
daily by a veterinary technician, with results reviewed by study personnel (E.L.) daily.
Planned blood draws for infection and disease monitoring followed the pre-determined
schedule, with increased frequency planned for any ferrets who developed more severe
clinical signs. No animals required additional blood draws or any supportive care during
the experiment. With no signs of disease at the 2-week timepoint, monitoring continued
for another approximately 5 weeks with the above-outlined technician evaluations every
2–3 days, and weekly blood draws for CBC and Bartonella testing.

Supportive care planned prior to study initiation included the following: Ferrets
showing a reduced appetite would be enticed to eat with a high-calorie diet supplement
(Carnivore Care by Oxbow Animal Health, Omaha, NE, USA). Ferrets that showed evidence
of dehydration on physical examination would be treated supportively with subcutaneous
fluids. If ferrets developed signs of severe disease, euthanasia with a complete post-mortem
exam would be performed to determine the cause of illness and specific pathology. Criteria
for severe disease included, but were not limited to, the following parameters: fever in
excess of 103.5 ◦F persisting longer than 72 h; refusal of food for 72 h; and progressive
dehydration over 72 h (based on the clinical assessment of the veterinary staff, including
skin turgor, tear film, and mucous membrane appearance).
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2.7. Diagnostic Procedures

According to the schedule in Figure 2, CBCs and chemistry panels were performed
at the Clinical Pathology Laboratory at the Veterinary Hospital at North Carolina State
University. Physiologic reference intervals for ferret CBC and chemistry values were
retrieved from the International Species Information System [78]. The remaining blood
samples were then stored and refrigerated. Bartonella testing was performed in two batches
(mid-point and endpoint) to minimize variation.

For Bartonella PCR, DNA was extracted from EDTA anti-coagulated blood and fresh
frozen tissue samples using a Qiagen DNeasy® Blood and Tissue kit (Qiagen, Valencia,
CA, USA) following the manufacturer’s protocols. DNA yield and quality were assessed
by spectrophotometry (Nanodrop, Wilmington, DE, USA). For tissue samples obtained
during autopsy (cerebrum, heart, liver, spleen), two approximately 25 mg samples from
each organ were tested by qPCR. qPCR was performed using 5 µL of each DNA sample.

Bartonella genus-specific conventional PCR was performed on ferret blood DNA ex-
tracts using primers designed to amplify the sequence in the Bartonella 16S–23S internal
transcribed spacer (ITS) region as previously described [79]. For conventional PCR, primers
325s (CCTCAGATGATGATCCCAAGCCTTCTGGCG) and 1100as (GAACCGACGACCCC-
CTGCTTGCAAAGCA) were used.

Ferret blood and tissue DNA extracts were screened for the presence of Bartonella spp.
DNA using qPCR, with primers targeting the 16S–23S intergenic transcribed spacer (ITS)
region of Bartonella species as described previously [80], in conjunction with a BsppITS500
FAM-labeled hydrolysis probe (TaqMan, Applied Biosystems, Foster City, CA, USA). Am-
plification was performed in a 25 µL final volume reaction containing 12.5 µL of MyTaq
Premix (Bioline, Memphis, TN, USA), 0.2 µL of 100 µM of each forward primer and reverse
primer (IDT® DNA Technology, Coralville, IA, USA), 7.1 µL of molecular-grade water, and
5 µL of DNA from each sample tested.

Negative and positive controls for PCR were prepared using 5 µL of DNA from the
blood of a healthy dog previously characterized positive dog (clinical case), respectively.
Validation of positive results was performed by Sanger sequencing of amplicons followed
by chromatogram evaluation and sequence alignment using Contig-Express and Align X
software (Vector NTI Suite 10.1, Invitrogen Corp, Carlsbad, CA, USA). For bacterial species
identification, DNA sequences were analyzed for nucleotide sequence homology at the
NCBI nucleotide database using BLAST version 2.0.

Stringent processing methods were used to avoid DNA carryover during tissue pro-
cessing [81]. Specifically, tissue samples were processed independently using manual DNA
extraction. For all batches of DNA extractions, between 2 and 4 blank samples (water) were
used as negative controls. All negative controls for DNA extractions rendered negative re-
sults on all PCR assays. DNA carryover after PCR amplification was avoided by processing
each sample in three separate laboratory rooms (one for sample sorting and DNA extraction,
a second for PCR processing, and a third for PCR analysis post amplification), and strict
use of personal protective equipment for sample handling by laboratory personnel. All
tissues were tested by qPCR.

Bartonella spp. bacteremia was assessed using Bartonella alpha proteobacteria growth
medium enrichment culture with qPCR (BAPGM-ePCR), as previously described with
minor modifications [82]. Briefly, for each sample, first 0.5 mL of blood-EDTA was cultured
in 5 mL of BAPGM media, then incubated in 5% CO2 at 35 ◦C with 100% humidity for
21 days. Aliquots of each culture, consisting of 200 µL of blood culture, were subsampled
after 7, 14, and 21 days of growth and tested by qPCR for Bartonella DNA, as described
above. A blood sample was considered BAPGM-ePCR positive if any one or more of these
3 subsamples was qPCR positive.
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For immunofluorescent antibody assay (IFA) testing, Bartonella antibodies were de-
termined using cell culture-grown B. henselae as antigens and following standard tech-
niques [83]. Briefly, bacterial colony isolates were passed from agar plate-grown cultures
into permissive cell lines. For each antigen, heavily infected cell cultures were spotted
onto 30-well Teflon-coated slides (Thermo Fisher Scientific, Carlsbad, CA, USA), air-dried,
acetone-fixed, and stored frozen. Fluorescein conjugated goat anti-ferret IgG (KPL, Ser-
aCare, Milford, MA, USA) was used to detect bacteria within cells using a fluorescent
microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY, USA). Serum samples were di-
luted in phosphate-buffered saline (PBS) solution containing normal goat serum, Tween-20,
and powdered nonfat dry milk to block nonspecific antigen binding sites. Sera were first
screened at dilutions of 1:16 to 1:64. All sera that were reactive at 1:64 were further tested
with two-fold dilutions to 1:8192. A cutoff IgG titer of 1:64 was used to define a seroreactive
IFA titer.

2.8. Experimental Outcomes

Two primary outcomes indicating successful infection were analyzed: first, acute
B. henselae infection, as determined by assessment of conventional and qPCR and BAPGM
ePCR on blood samples, and B. henselae IFA seroreactivity during the initial 4 weeks of the
study. Second, chronic B. henselae carriage was determined by qPCR on tissue samples at
the endpoint of the study (7 weeks). In addition, a secondary outcome of clinical disease
was assessed by longitudinal physical examinations, along with CBC and serum chemistry
panel results and histopathological changes on tissue samples at the endpoint of the study
(7 weeks).

2.9. Statistical Methods

For this pilot study using 6 animals, descriptive results for each animal are presented.
Specifically, the clinical data collected on each ferret included body temperature and body
weight (shown as line graphs). Mean body temperature and body weight for all ferrets at
each timepoint was calculated. Relevant parameters from complete blood counts included
hematocrit, platelet count, absolute white blood cell count, absolute neutrophil count,
absolute lymphocyte count, absolute eosinophil count, and absolute monocyte count.
Values are shown for each ferret at each timepoint as line graphs; the mean value for each
parameter at each timepoint was also calculated. Finally, relevant parameters from serum
chemistry panels included albumin, globulin, glucose, blood urea nitrogen, creatinine,
cholesterol, creatine kinase, alkaline phosphatase, gamma-glutamyl transferase, alanine
aminotransferase, and aspartate aminotransferase. Values are shown for each ferret at
each timepoint as line graphs; the mean value for each parameter at each timepoint was
also calculated.

3. Results
3.1. B. henselae Infection

Molecular and microbiological test results are shown in Figure 3. Based on conven-
tional and qPCR, no ferrets had B. henselae DNA in their blood prior to experimental
infection (PID 0). Based on conventional PCR, one ferret (male) in the high-dose group had
B. henselae DNA amplified from whole blood on post-inoculation day (PID) 3. Amplicon
sequence from this ferret shared 100% homology (132/bp) with B. henselae SA2 (GenBank
accession # AF369529), the species and strain type inoculated. Using qPCR on DNA ex-
tracted from whole blood, there were no other positive samples from any ferret at any
timepoint. Based on BAPGM enrichment blood culture, viable B. henselae was not isolated,
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and all BAPGM-ePCR blood culture assays were negative, from blood samples from all
ferrets at all timepoints both prior to and following experimental infection.

Pathogens 2025, 14, x FOR PEER REVIEW 9 of 23 
 

 

and all BAPGM-ePCR blood culture assays were negative, from blood samples from all 
ferrets at all timepoints both prior to and following experimental infection. 

 

Figure 3. Molecular and microbiological B. henselae test results. Test type is shown on the y-axis and 
study day on the x-axis. Dots indicate the date on which the given test occurred; open dots indicate 
a negative test, closed black dots indicate a positive test. Positive tests included: on PID 3 whole 
blood from one high-dose infected ferret (male); and at the time of euthanasia on PID 49, urine from 
one high-dose infected ferret (female), one of two heart DNA extractions from one low-dose infected 
ferret (female), and one of two spleen DNA extractions from one control ferret (female). qPCR = 
quantitative PCR; BAPGM = Bartonella alpha proteobacteria growth medium enrichment culture 
with qPCR; cPCR = conventional PCR. 

Samples were obtained at autopsy on PID 49 (Figure 3). B. henselae DNA (70/70 bp 
identical with B. henselae strain SA-2) was amplified and sequenced from two of eight tis-
sues: one of two heart DNA extractions from a female low-dose infected ferret, and one of 
two spleen DNA extractions from a female control ferret. The remaining tissues, including 
two DNA extractions each from the heart, cerebrum, liver, and spleen, were Bartonella spp. 
qPCR negative. DNA extractions from urine samples obtained via cystocentesis at the 
time of euthanasia were all Bartonella spp. qPCR negative, except for the sample from the 
female high-dose ferret. 

IFA titers for all ferrets are shown in Figure 4. Based on IFA, all ferrets were B. henselae 
seronegative (IFA titer < 1:16) prior to experimental infection (PID 0). Following inocula-
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Figure 3. Molecular and microbiological B. henselae test results. Test type is shown on the y-axis and
study day on the x-axis. Dots indicate the date on which the given test occurred; open dots indicate
a negative test, closed black dots indicate a positive test. Positive tests included: on PID 3 whole
blood from one high-dose infected ferret (male); and at the time of euthanasia on PID 49, urine from
one high-dose infected ferret (female), one of two heart DNA extractions from one low-dose infected
ferret (female), and one of two spleen DNA extractions from one control ferret (female). qPCR =
quantitative PCR; BAPGM = Bartonella alpha proteobacteria growth medium enrichment culture with
qPCR; cPCR = conventional PCR.

Samples were obtained at autopsy on PID 49 (Figure 3). B. henselae DNA (70/70 bp
identical with B. henselae strain SA-2) was amplified and sequenced from two of eight
tissues: one of two heart DNA extractions from a female low-dose infected ferret, and one of
two spleen DNA extractions from a female control ferret. The remaining tissues, including
two DNA extractions each from the heart, cerebrum, liver, and spleen, were Bartonella spp.
qPCR negative. DNA extractions from urine samples obtained via cystocentesis at the time
of euthanasia were all Bartonella spp. qPCR negative, except for the sample from the female
high-dose ferret.

IFA titers for all ferrets are shown in Figure 4. Based on IFA, all ferrets were B. henselae
seronegative (IFA titer < 1:16) prior to experimental infection (PID 0). Following inoculation,
both ferrets in the high-dose group seroconverted to B. henselae antigen by PID 14. Titers
remained elevated through the endpoint of the study, with peak titers of 1:1024 and 1:256
for the female and male high-dose group ferrets, respectively. Low-dose group ferrets had
consistently increased IFA titers (1:32) that did not reach the predefined cutoff point to be
considered seroreactive. However, both control ferrets had no change in their titers from
baseline (<1:16).
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Figure 4. B. henselae immunofluorescent antibody (IFA) seroreactivity. Colored lines and points
indicate individual ferrets; colors show groups (green = saline, purple = low dose, red = high dose)
and points show sex (squares = female, triangles = male). Gray shading indicates titers considered
below the predetermined two-dilution cutoff point for positive seroreactivity (1:64). Titers < 1:16
were set at 1 for visualization.

3.2. Histopathologic Lesions

The four B. henselae infected ferrets had notable microscopic inflammatory lesions in
the liver parenchyma (3/4), heart (1/4), and brain (1/4); similar lesions were not observed
in the tissues of the two control ferrets (Figure 5A,C,E). One low-dose ferret and both high-
dose ferrets had a few small (≤200 µm) foci, randomly distributed among the hepatocytes,
composed of a variable number of neutrophils, lymphocytes, plasma cells, and histiocytes
(Figure 5B). In addition to the liver lesions, the high-dose female ferret had mild multifocal
lymphoplasmacytic myocarditis and epicarditis (Figure 5D), and the high-dose male ferret
had mild lymphoplasmacytic plexus choroiditis (Figure 5F). Given the positive qPCR
result in the heart of the low-dose female ferret, which was initially unremarkable at
the microscopic evaluation, three additional deep sections (100 µm between sections)
were examined. No evidence of lesions, including inflammation, was observed in these
additional sections. Splenic extramedullary hematopoiesis was minimal in both control
ferrets, mild in three infected ferrets, and moderate in one high-dose ferret (male). One
low-dose ferret (male) had a single eosinophilic granuloma (250 µm × 200 µm) with a
Splendore–Hoeppli reaction in one lymph node; this finding was likely incidental. No
pathogens were identified with Gram or Warthin–Starry staining in lesional tissues. There
were no significant lesions or differences between control ferrets versus infected ferrets
in the other evaluated tissues. Distinct from the hepatic parenchymal lesions in the three
infected ferrets, there were also lymphocytes and sometimes plasma cells observed in the
portal tract of all four infected ferrets, and both control ferrets. There was no correlation
between the severity of the portal inflammation and the status of the ferrets.
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3.3. Clinical Disease 

Body temperature and weight throughout the experiment are shown in Figure 6. All 
ferrets had normal physical exams including normal vital signs prior to experimental in-
fection (PID -8, -5, -1) and prior to inoculation on PID 0. Ferret weights fluctuated but 
generally increased over the course of the study. No ferret developed a fever; however, 
one ferret (low-dose female) had a temperature of 102.6 °F on day 35 after inoculation 
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Figure 5. Microscopic findings at ×20 objective, hematoxylin, and eosin. Liver parenchyma (A), epi-
cardium (C), and choroid plexus (E) are unremarkable in the control ferret. Mixed-cell inflammatory
infiltrate associated with loss of hepatocytes in the high-dose male ferret (B). Lymphoplasmacytic
epicarditis in the high-dose female ferret (D). Lymphoplasmacytic plexus choroiditis in the high-dose
male ferret (F).

3.3. Clinical Disease

Body temperature and weight throughout the experiment are shown in Figure 6. All
ferrets had normal physical exams including normal vital signs prior to experimental
infection (PID -8, -5, -1) and prior to inoculation on PID 0. Ferret weights fluctuated but
generally increased over the course of the study. No ferret developed a fever; however,
one ferret (low-dose female) had a temperature of 102.6 ◦F on day 35 after inoculation
[reference range of 100−104 ◦F].
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The two high-dose inoculated ferrets developed raised erythematous lesions at the
injection sites the day after inoculation (PID 1). These lesions improved quickly without
treatment, initially resolving by PID 3−4. However, skin lesions reappeared by PID 9−14,
persisting through PID 18−20 before resolving without treatment. Initially, the injection
site lesions were mildly raised and erythematous, and some sites formed small scabs. Later,
the skin lesions were erythematous but flat, and mildly pruritic. Other than the skin lesions,
all but one ferret continued to have normal physical exams throughout the duration of the
study. One ferret (high-dose female) was noted to cough on PID 8 and had mild serous
ocular discharge bilaterally on Day 9. On PID 16, this ferret was shaking, and on PID
17−18, noted to be quieter and less active than normal in the cage.
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Figure 6. Physical exam findings. Colored lines and points indicate individual ferrets; colors show
groups (green = saline, purple = low dose, red = high dose) and points show sex (squares = female,
triangles = male). Gray shading indicates reference ranges. On each plot, left-most gray vertical line
shows the day of arrival, middle gray vertical line shows the day of inoculation, and right-most gray
vertical line shows the day of euthanasia. Black line shows mean value for each measurement. Temp
= body temperature.

Relevant complete blood count parameters from each ferret are shown in Figure 7.
There were no clinically relevant patterns of change in hematocrit or erythron indices
throughout the 49-day course of the study. White blood cell counts and platelet counts had
a general decreasing trend through the course of the study for most ferrets (control and
infected), though there was individual variability. There was persistent mild eosinophilia
in one low-dose male ferret; this ferret also had a single eosinophilic granuloma in one
lymph node collected at autopsy on PID 49.

Relevant serum chemistry parameters from each ferret are shown in Figure 8. Serum
chemistry abnormalities prior to inoculation included elevations of ALP, ALT, and/or AST
for multiple ferrets, including one (high-dose female) with a severe elevation of ALT; the
ALT, AST, ALP, and GGT in this ferret all increased following inoculation. The CK was
elevated prior to inoculation in most (5 of 6) ferrets. Otherwise, there were no clinically
relevant abnormalities on serum chemistry panels (Figure 8) or electrolytes either before or
after inoculation.
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Figure 7. Complete blood count (CBC) results. Colored lines and points indicate individual ferrets;
colors show groups (green = saline, purple = low dose, red = high dose) and points show sex (squares
= female, triangles = male). Gray shading indicates reference ranges. On each plot, left-most gray
vertical line shows the day of arrival, and right-most gray vertical line shows the day of inoculation.
Black line shows mean value for each measurement. HCT = hematocrit; PLT = platelet count; WBC =
absolute white blood cell count; NP = absolute neutrophil count; LC = absolute lymphocyte count;
Eos = absolute eosinophil count; Monos = absolute monocyte count.



Pathogens 2025, 14, 421 14 of 23

Pathogens 2025, 14, x FOR PEER REVIEW 14 of 23 
 

 

Relevant serum chemistry parameters from each ferret are shown in Figure 8. Serum 
chemistry abnormalities prior to inoculation included elevations of ALP, ALT, and/or AST 
for multiple ferrets, including one (high-dose female) with a severe elevation of ALT; the 
ALT, AST, ALP, and GGT in this ferret all increased following inoculation. The CK was 
elevated prior to inoculation in most (5 of 6) ferrets. Otherwise, there were no clinically 
relevant abnormalities on serum chemistry panels (Figure 8) or electrolytes either before 
or after inoculation. 

 

 

Figure 8. Serum chemistry panel results. Colored lines and points indicate individual ferrets; colors 
show groups (green = saline, purple = low dose, red = high dose) and points show sex (squares = 
female, triangles = male). Gray shading indicates reference ranges. On each plot, left-most gray ver-
tical line shows the day of arrival, and right-most gray vertical line shows the day of inoculation. 
Black line shows mean value for each measurement. ALB = albumin; GLOB = globulins; GLU = glu-
cose; BUN = blood urea nitrogen; CREA = creatinine; CHOL = cholesterol; CK = creatine kinase; ALP 
= alkaline phosphatase; GGT = gamma-glutamyl transferase; ALT = alanine aminotransferase; AST 
= aspartate aminotransferase. 

4. Discussion 

Figure 8. Serum chemistry panel results. Colored lines and points indicate individual ferrets; colors
show groups (green = saline, purple = low dose, red = high dose) and points show sex (squares =
female, triangles = male). Gray shading indicates reference ranges. On each plot, left-most gray
vertical line shows the day of arrival, and right-most gray vertical line shows the day of inoculation.
Black line shows mean value for each measurement. ALB = albumin; GLOB = globulins; GLU =
glucose; BUN = blood urea nitrogen; CREA = creatinine; CHOL = cholesterol; CK = creatine kinase;
ALP = alkaline phosphatase; GGT = gamma-glutamyl transferase; ALT = alanine aminotransferase;
AST = aspartate aminotransferase.

4. Discussion
In this pilot study, ferrets became acutely infected with B. henselae following a sin-

gle 1 mL intradermal inoculation of 109 CFU/mL, seroconverting within 2 weeks after
inoculation, and maintaining positive titers throughout the study period of 7 weeks after
inoculation. B. henselae DNA was detected in blood 3 days after inoculation in one ferret
and in the heart tissue of another ferret 7 weeks after inoculation; however, B. henselae DNA
was not detected in blood or organs showing histopathological lesions on post-mortem
examination of infected ferrets 7 weeks after inoculation. This extremely rare detection
of B. henselae DNA from inoculated, seroreactive ferrets may reflect complete clearance
of the pathogen via a rapid and effective immune response in conjunction with the de-
velopment of B. henselae-specific circulating antibodies. Alternatively, it is also possible
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that the immune response to infection decreased bacteremia to below the level of qPCR
detection, or induced changes in the bacteria to cause biofilm formation [84], but did not
actually clear the infection. If that is the case, a longer follow-up period, or comorbid
illness/immunosuppression, may have allowed us to document recrudescent or chronic
infection by increases in the level of bacteremia above the level of detection [85,86].

The IgG antibody titers were higher in the high-dose group (up to 1:1024) compared
to the low-dose group (1:32), indicating a possible dose-dependent antibody response
following the inoculation. To demonstrate the specificity of this immune response, there was
no change from baseline (<1:16) in the control ferrets. While IgG titer dynamics and [87,88]
variability among individual cats following experimental B. henselae infection have been
previously reported [28,76], at least one previous study reported a lack of correlation
between inoculum dose and peak-IgG titer [26]. Whether the apparent dose-dependent
humoral immune response shown here in ferrets occurs during natural B. henselae infection
of incidental hosts with B. henselae is unknown, though high-IgG titers are expected in
human Bartonella spp. endocarditis cases [7].

Despite minimal to no systemic or clinical signs of illness, both high dose and one of
the two low doses inoculated infected ferrets had microscopic lesions that were not found in
the control ferrets at the end of the study. The liver was the most commonly affected organ.
Three out of four infected ferrets had hepatic lesions, characterized by small (≤200 µm)
mixed-cell inflammatory foci in the parenchyma. Hepatitis and micro-abscesses in the
liver parenchyma have been reported in cats infected with B. henselae by the intravenous
(IV) route [26,38] and in a naturally infected dog [52]; it is also a well-known atypical
manifestation of Bartonella henselae infection in children [87,88] and has been reported in
both immunocompromised and immunocompetent adult humans [89–97].

In addition to the liver lesions, one high-dose ferret (female) had mild lymphoplasma-
cytic infiltrates in the heart and epicardium, whereas one low-dose ferret had B. henselae
DNA PCR amplified and sequenced from cardiac tissue, despite no discernible histopatho-
logical changes. The heart, especially the aortic valve, is a common location for B. henselae
localization in people and dogs with culture-negative endocarditis [7]. No evidence of
endocarditis was seen in the infected (or control) ferrets. It is possible that pre-existing
valve defects increase the risk for endocarditis after Bartonella spp. infection, as reported in
some human and dog cases [7]. It is also possible that the infected ferret had myocardial
inflammation despite clearance of the pathogen. Myocarditis has been reported in feline ex-
perimental infections by IV route [26,38], as well as in natural infection in cats [98], Florida
pumas [99], and one dog [100]. Bartonella infection can be associated with neutrophils,
lymphocytes, plasma cells, and macrophages. Lymphoplasmacytic inflammation, such as
described here, can be the primary change or a chronic change secondary to a previous
suppurative inflammation. Without cardiac tissue samples from earlier timepoints, it is
unknown whether there was an initial neutrophilic component to the inflammation seen.
In one experimental study of B. henselae- and B. clarridgeiae-infected cats, the myocardial
inflammation found in over half of infected cats (8 or 13) at over one year after initial
infection was reported as a mixture of lymphocytes and plasma cells, supporting this as a
chronic sequela of Bartonella spp. infection [38]. While lymphoplasmacytic inflammation
is not specific to Bartonella spp. infection or even infectious causes, it was not seen in the
heart samples of control ferrets.

Lymphoplasmacytic infiltrates were visible in the choroid plexus in one high-dose
ferret (male). This histology finding has been described in a dog infected with B. henselae
SA2 strain by subcutaneous inoculation [57]. In experimentally infected cats, neurological
signs such as nystagmus and/or seizures have been reported, and Bartonella spp. DNA has
been amplified in the brain from both symptomatic and asymptomatic cats [25,38]. In the



Pathogens 2025, 14, 421 16 of 23

past few years, B. henselae has been implicated in an increasing number of humans with
neurological, cognitive, and/or neuropsychiatric symptoms [20]. Meningitis and/or en-
cephalitis have been reported in humans, including rarely with a fatal outcome [20,101,102].
Diagnostically, cerebrospinal fluid can be normal or contain elevated proteins in patients
with B. henselae neurobartonellosis [103,104].

The ferrets receiving high-dose inoculation in this study did develop local skin reac-
tions, though no histopathological changes persisted in the inoculated skin 7 weeks after
infection. Local transient skin lesions have been previously reported in experimentally
infected cats [25,36,37] and dogs [56] and are known to occur in human infection [105].

For reasons that remain unknown, pathological lesion severity frequently does not
correlate with microbiological isolation, PCR amplification, or organism visualization in
both natural and experimental B. henselae infections involving immunocompetent indi-
viduals. For this reason, deriving definitive conclusions on the histopathological changes
induced in ferrets by B. henselae infection in this study cannot be made because the var-
ious histopathological lesions were visible in only one or a few infected ferret(s). More
studies are needed to understand the variability in histological lesions, the duration and
pathogenicity associated with prolonged infections, and the ferrets’ potential to mimic
natural disease in animals and human patients.

Unexpectedly, B. henselae SA2 DNA was amplified from the spleen of one saline-
inoculated control ferret. Although DNA carryover or contamination are possibilities,
all DNA extraction and qPCR negative controls remained negative throughout the study.
Bartonella infection occurring at the commercial provider, prior to procurement of the
ferrets and housing in the research facility, is also possible, though all ferrets were PCR
and BAPGM negative, as well as seronegative, prior to experimental inoculation. If occult
infection prior to procurement was the cause of the B. henselae DNA in the control group
ferret spleen, this infection does not appear to have induced seroreactivity via IFA.

Another possible explanation for the positive qPCR from the control group ferret
includes horizontal direct transmission: the potential for horizontal direct transmission of
Bartonella spp. among dogs in a vector-free laboratory animal setting was recently reported
after experimental infection with Rickettsia rickettsii [106]. Recently, occult infection and
reactivation have been further supported in a recent study indicating that mice main-
tained in a laboratory animal facility for many generations appeared to be infected with
B. henselae [107], and other reports suggesting reactivation of latent B. henselae infection
following COVID in people [108,109]. Despite being a vector-borne intravascular and
endotheliotropic bacteria, the B. henselae SA2 strain used in this study has also been shown
to remain viable in air-dried blood, milk, saline, serum, and urine following 7 days of
desiccation [110]. One urine sample from one high-dose ferret at the time of euthanasia
(PID 49) was also qPCR positive, indicating that Bartonella spp. DNA was present in the
urine of at least one of the inoculated ferrets. Although ferrets were housed individually
throughout the experiment, feces, and urine were not maintained solely within the individ-
ual cages. Also, ferrets were routinely handled in a common location during cage cleaning,
examinations, and blood draws. Therefore, transmission through aerosolization, direct
contact with feces and urine, or inadvertent inoculation of bacteria from contamination
of environmental surfaces during blood draw could have resulted in infection of the con-
trol ferret. This could have occurred late in the experiment and, prior to documentation
of seroconversion, earlier with a minimal immune response due to extremely low-dose
inoculation or as in the case of young cats inoculated with B. henselae orally, seroconversion
did not occur [36]. This control ferret did not have any of the abnormal histopathological
lesions seen in the infected ferrets, making symptomatic or clinically relevant infection less
likely. Based upon these observations, if this experimental model is pursued in the future,
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uninfected controls should be physically separated and maintained in a manner to avoid
exposure to infected fomites in experimental colonies, particularly when procedures that
could inoculate microscopic infectious material are planned (e.g., blood draws).

Despite the high dose of B. henselae used in this experiment, bacteremia was only
identified at PID 3 in one of the two high-dose ferrets, even with the use of enrichment
blood culture. The ferrets’ culture and serological results in this study were very similar
to previously published results from the experimental infection of a dog with culture-
grown B. henselae SA2 [57]. The intradermal inoculation doses were chosen based on
previous experiments with cats and dogs [26,33,76]. It appears that the high inoculum dose
was sufficient to induce a robust serological response as well as possibly chronic disease
and/or infection.

It has been suggested that B. henselae strain differences may influence the clinical
manifestations of the disease [27,28,30–32,111]. For example, cats infected with a feline
strain of B. henselae developed fever for nearly two weeks as well as relapsing bacteremia,
whereas cats infected with B. henselae derived from a human patient showed no signs of
clinical illness and no recurrence of bacteremia after initial infection, despite developing
lower IgM and IgG titers [28]. The B. henselae strain chosen for inoculation in this study
(SA2) is a feline strain initially isolated from a naturally infected cat; future studies could
consider using human strains as well.

In addition to considering the impact of inoculum dose and strain, it is important
to discuss the route of infection. B. henselae is typically transmitted to cats by C. felis, the
cat flea, and to humans by inoculation of infected flea feces through the patient’s skin,
often by scratches [1,3,4,112]. Because of the logistical and biosecurity challenges of an
experimental model that relies on flea-borne transmission, most cat experimental models
have used IV or ID inoculation of inoculum derived from cultured bacteria; in these studies,
cats typically did not develop signs of clinical illness during acute or chronic infection,
even when associated with persistent or relapsing bacteremia [25,26,33,36,113]. In this
study, intradermal inoculation was used to mimic flea bites, but it is possible that bacterial
virulence was diminished by using culture-grown organisms injected intradermally, rather
than by transmission by the actual vector [114]. The importance of the vector in the
transmission of B. henselae was illustrated in an experimental model in which cats infected
with B. henselae by flea infestation developed signs of clinical illness, whereas cats infected
by IV injection of the same B. henselae (CSU-1) strain grown in culture did not [30,32].
Similarly, cats experimentally infected by inoculation of B. henselae-infected flea feces
developed clinical signs, long-duration bacteremia, and histopathological evidence of
disease in multiple organ systems [27]. Indeed, ferrets are also susceptible to C. felis
infestation [115], so it is possible to consider this infection route for future studies. Exposure
to B. henselae from actual flea bites or inoculation of infected flea feces in future studies
would more accurately mimic natural transmission and may change the disease outcomes
compared to those reported in this study.

Considering the difficulties of maintaining a live flea colony to use for infection,
some previous studies have also used blood transfusion from naturally infected cats to
induce experimental infection [38,39,113]. In experimental models using cats infected by
transfusion of blood from other infected cats, clinical signs were minimal but there was
evidence of long-duration bacteremia, and histologic lesions in multiple organ systems [38].
Developing a ferret model that most closely mimics transmission in nature is of critical
importance but establishing a reliable mode of transmission presents a number of challenges
for future investigators.

There are several limitations of this study. The small number of animals included in
this pilot study allowed for only two controls and four infected ferrets; future work on this
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potential model should increase the sample size to account for individual variation in health
status. B. henselae DNA was only rarely detected in infected ferrets, and histopathological
lesions were variable and not correlated with molecular detection, making it difficult to
draw definitive conclusions on the pathophysiology of Bartonella infection even in this
model animal. An unexpected positive qPCR result in one of the DNA extracts from the
spleen of a control ferret suggests potential contamination, occult infection, or horizontal
transmission, highlighting the critical importance of biosecurity and strict control measures
in housing and handling when studying this pathogen. The use of intradermal inoculation
may not accurately mimic natural transmission, and strain differences may influence
clinical manifestations.

5. Conclusions
In conclusion, ferrets infected with B. henselae by intradermal developed circulating

antibodies against B. henselae and had histologic evidence of inflammation in the liver, heart,
and brain organs known to be potentially affected in human bartonellosis. Despite the
limitations identified in this pilot study, ferrets could be further considered as an alternative
to existing laboratory animal models of chronic B. henselae infection. Future studies should
focus on pioneering a naturalistic model of infection using flea transmission, to determine
whether or to what extent vector transmission differs from experimental intradermal needle
inoculation and attempt to recapitulate the clinical manifestations, immune response, and
a transmission pathway involved in human disease.
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