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Introduction
Bartonella spp. are Gram-negative, fastidious, and facultative 

intracellular bacteria [1] which can cause Peruvian bartonellosis 
(Carion’s disease), cat scratch disease, bacillary angiomatosis, trench 
fever, endocarditis, bacteremia [2], hepatitis, chronic lymphadenopathy, 
joint and neurological disorders. Recognition of the clinical spectrum 
of Bartonella spp. infection in humans has greatly increased in the last 
20 years [3,4]. The infection may be fatal even to immunocompetent 
patients [5]. 

B. henselae is the most frequently documented species of the
genus to cause human infection [6]. It can infect erythrocytes of many 
mammals including cats, dogs, mice, rats, horse, dolphins, etc., causing 
cyclic bacteremia. B. henselae can also infect endothelial cells [7], 
macrophages [8], and pericytes [9].

The medical literature is conflicted about whether this species is 
able to infect mature as well as immature erythrocytes. The initial steps 
of erythrocyte invasion in human red blood cells (RBC) as a potential 
primary niche(s) of B. henselae is yet to be determined [10,11]. Clinical 
observations indicate that some Bartonella species infect mature RBC 
as see in Bartonella baciliformis infection. In Peruvian bartonellosis, in 
the initial phase of infection (Oroya fever), B. baciliformis can infect 
numerous erythrocytes [12], causing anemia shock which can often be 
fatal [13].

Previously, techniques used to visualize the blood/Bartonella spp. 
invasion process often included a fixation step, which can induce 
artifacts and limits the observation to a single time point. Because 
the infection process is dynamic, observing the invasion in real-time 
with live non-transfected mature erythrocytes will provide a better 
understanding of the initial invasion of mature erythrocytes.  

Imaging endogenous fluorescence or natural autofluorescence 
does not require introduction of an exogenous reporter. Most bacteria 
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Bartonella henselae is a causative agent of anemia, cat scratch disease, bacillary angiomatosis, recurrent fever, 
hepatitis, endocarditis, chronic lymphadenopathy, joint and neurological disorders. B. henselae are intra-erythrocytic 
bacteria. The goal of this study was to visualize the B. henselae invasion into enucleated human red blood cells in 
real time using bacterium endogenous fluorescence. We took advantage of the unique fluorescence emission spectral 
profile of the bacteria. We used a linear unmixing approach to separate the fluorescence emission spectra of human 
erythrocytes from native B. henselae when excited at 488nm. Human blood samples were inoculated with B. henselae 
and incubated for 60 hours. 3-D live images were captured at select intervals using multi-photon laser scanning 
microscopy. Uninfected blood samples were also analyzed. This study revealed bacteria entering mature erythrocytes 
over a 60 hour time period.

possess unique endogenous fluorescent signals [14-18]. Images can 
be acquired in real time, making it an ideal technique to observe the 
initial steps of B. henselae interacting with the mature RBC. Because 
the endogenous fluorescence of RBCs and B. henselae are very similar 
we used linear unmixing of the respective spectra in spectral confocal 
microscopy, which makes a deconvolution using known spectra of each 
fluorophore. In this study, we used spectral imaging combined with 
linear unmixing to untangle the fluorescence spectral overlap of B. 
henselae and mature RBC excited at 488 nm.

Materials and Methods
Cultures

B. henselae (Houston 1, American Type Culture Collection,
Rockville, MD, ATCC 49882T) was grown on 5% sheep blood agar plates 
and incubated at 37°C in 5% CO2 enriched atmosphere. A bacterial 
suspension was generated using approximately 3 × 108 colony forming 
bacterium units (CFU) in human serum. Peripheral human blood from 
healthy subjects, two of the authors, was collected with EDTA and 900 
µL was inoculated with 100 µL of the bacterial suspension in serum. 
Similarly, 100 µl of serum was added to a 900 µl aliquot of blood to 
serve as a negative control. These samples were incubated at 37°C in 5% 
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CO2 enriched atmosphere for 60 hours. At select intervals (12, 24,36 
and 60 hr), aliquots were removed, diluted 1:1000 in NaCl 0.9% and 
imaged using multi-photon laser scanning microscopy in sterile, 35-
mm glass bottom culture dishes(CELLVIEWTM) at 35°C. 

Live cell imaging

Endogenous fluorescence of erythrocytes and bacteria were 
acquired using a Zeiss multi-photon laser scanning microscopy system. 
The Zeiss scanning system LSM780 is on a Zeiss inverted microscope 
Axio Observer Z1 located at the National Institute of Science and 
Technology on Photonics Applied to Cell Biology (INFABIC) at 
UNICAMP, Brazil.  

Samples  were irradiated with a 488 nm Argon laser [Lasos, model 
LGN3001] using a 40 × N.A. 1.3 oil immersion objective (EC Plan Neofluar) 
and scanned from 450 to 700nm. The epifluorescent image was detected by 
an array of 32 Avalanche Photodiodes at 512 × 512 pixels, using a pixel 
dwell time of 12.61 µs. Total scanning time of each optical section in the 
z-plane was15seconds. Each 3D z-stack was six optical sections acquired 
at 0.73 micron intervals. Initial observations (data not shown) in blood 
from these volunteers indicated that 3D image stacks acquired at the time 
intervals 24, 36 and, 60 hours, best demonstrate the dynamic interactions 
of the erythrocyte and the B. henselae.

Spectral imaging and linear unmixing of endogenous 
epifluorescence of the RBC and the B. henselae is accomplished by first 
acquiring the fluorescence emission spectral profile/library of each 
component, as well as the background, when irradiated at 488nm. This 
spectral library is used to determine the spectral contribution from 
each component, namely the RBC, the bacteria and the background.  
The spectral reference and measured curves are normalized to remove 
any influence from the intensity of each point. Spectral library profiles 
were collected for each time point (baseline, 24, 36 and 60 hours) to 
minimize contributions of any differences in time-dependent spectral 
properties that may have occurred. The background fluorescence is 
subtracted prior to unmixing the fluorescence signal contributions of 
the RBC and the bacterium. Linear unmixing calculates the relative 
contribution of the red blood cell and the bacterium to facilitate signal 
separation and accurate location of the bacteria with respect to the RBC 
[19].

Results 
Spectral characterization

The emission spectra of B. henselae and RBC (Figure 1) were 
individually captured between 450 nm and 700 nm using 488 nm 
excitation. The fluorescence emission peak of B. henselae was 554 nm 
and the red blood cell peak at 589 nm. This data is representative of 
three replicate experiments from each subject.

To better discern the bacteria from the red blood cells in these live 
imaging experiments we used spectral imaging combined with linear 
unmixing to untangle the fluorescence spectral overlap. Typically, 
unmixing is used with synthetic fluorescence reporters but we were able 
to take advantage of the relatively strong endogenous fluorescence of 
the erythrocytes and the bacteria. We used a different couple of spectra 
for each image. We unmixed all images with the same couple of spectra 
that we got from RBC and B. henselae in the image.

B. henselae infects mature human erythrocytes. In 24 hours 
infection, the bacteria were found adhered to the erythrocytes 
membrane, but still outside the cells (Figure 2). In 36 hours the bacteria 
were in the inside of the erythrocytes, near the edge (Figure 3). Only in 

Figure 1:  The emission spectra of B. henselae and RBC.

 

Figure 2:  24 hours after infection: B. henselae adhered to erythrocytes. 
40x N.A. 1.3 oil immersion objective.

the 60 hours images we observed B. henselae inside the red blood cells 
(Figure 4) which was confirmed in different axial planes (Figure 5).

Discussion
Mändle et al. [20] found the bacteria in human immature red 

cells in vitro, by immunofluorescence, but not in mature erythrocytes. 
Afterwards, in 2007, through electron microscopy [21], we 
demonstrated the bacteria within mature erythrocytes, and in 2012 
[22], also found them within mature red cells, using fluorescence after 
a staining procedure with carboxyfluorescein diacetate succinimidyl 
ester. However, these techniques require processing of samples. In this 
work, we confirmed, for the first time using endogenous fluorescence, 
that B. henselae infects mature RBC. Because of the difference in 
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Figure 3:  36 hours after infection: Arrow: B. henselae entering to 
erythrocytes. 40x N.A. 1.3 oil immersion objective.

 

Figure 4:  60 hours after infection: Arrow: B. henselae inside to erythrocytes. 
40x N.A. 1.3 oil immersion objective.

 

Figure 5:  60 hours after infection: Arrow: B. henselae inside to erythrocytes. 
40x N.A. 1.3 oil immersion objective.

erythrocytes. Initial observations showed that in the first twenty 
hours, we did not observe bacteria bind to the erythrocytes membrane 
or inside (data not shown). At 24 hours, 3D image analysis revealed 
apparent binding of the bacteria to the RBC membrane (Figure 2). At 
36 hours, B. henselae entering to erythrocyte (Figure 3). Only at 60 
hours were bacteria found inside the RBC’s. Interestingly, the infected 
RBC harbored more than one bacterium (Figures 4 and 5). 

It is possible similar mechanisms of adhesion and invasion, 
namely an integrin-dependent invasion [20], could play a role in the B. 
henselae invasion of RBC’s, we were able to observe invasion of mature 
erythrocytes by B. henselae using real-time imaging over 60 hours with 
multi-photon laser scanning microscopy. 

Our results corroborate with the clinical findings of anemia related 
to B. henselae infection as reported in medical literature [24-26].  B. 
henselae should be investigated in cases of anemia of unknown origin 
[25].

In conclusion, we observed B. henselae and RBC endogenous 
fluorescence spectra using a laser scanning system. By acquiring a 
spectral image we recognized the B. henselae attached to the RBC via 
fluorescence unmixing. We were able to detect for the first time B. 
henselae invasion in RBC in real-time using bacterium endogenous 
fluorescence.
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