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Abstract 

C3H mice that were inoculated with ehhrlichiae isolated from a patient with human 

granulocytic ehrlichiosis (HGE) developed anemia and leukopenia, but by day 24, they returned 

to normal values. Granulocytic morulae were present in peripheral blood and spleen smears on 

days 5 and 10, and there was a reduction in morulae on day 17. Ehrlichiae were present in HL-

60 cell cultures of blood and spleen from all mice at all intervals. Pathogenicity, but not 

infectivity, waned with mouse passage but could be resurrected by SCID mouse passage. 

Various methods were tested for their relative sensitivity in detecting infection: blood smears, 

HL-60 cell cultures, polymerase chain reaction (PCR) amplification of a 16S recombinant DNA 

target, and a mouse infectivity assay. All assays detected the HGE agent in blood during early 

infection, but PCR and the mouse infectivity assay were most sensitive during late infection. 

Xenodiagnosis demonstrated that mice remain persistently infected through 55 days. 

Introduction 

Ehrlichiae are obligate, intracellular, gram-negative proteobacteria that localize within 

hematopoietic cell phagosomes of a variety of mammals, including humans. Ehrlichiae are 

currently classified as rickettsiae, with segregation into three 16S rDNA genetic clusters, 

including groups represented by the prototype Ehrlichia species E. canis, E. phagocytophila, and 

E. sennetsu. Members of the 2 most closely related groups, E. canis and E. phagocytophila, 

occur in the United States and are transmitted by tick vectors [1-3]. Until recently, human 

ehrlichiosis in the United States has only been documented to be associated with monocytotropic 

Ehrlichia chaffeensis, a member of the E. canis group [4, 5], More than 400 serologically 

confirmed E. chaffeensis human cases have been confirmed by the Centers for Disease Control 

and Prevention, and cases have occurred in at least 30 states [6], Members of the E. canis group 

(E. canis, E. chaffeensis, and E. ewingii ) are transmitted by Amblyomma, Dermacentor, and 

Rhipicephalus ticks [7-9]. 

In 1994, a new type of human ehrlichiosis was described in a patient from Minnesota 

who had a severe acute febrile illness. In contrast to infection of monocytes typical of E. 

chaffeensis, this patient had morulae (membrane-enclosed clusters of organ-isms in the 

cytoplasm) in peripheral blood neutrophils, and serology with E. chaffeensis antigen was 

negative [10]. Subsequent to this case, numerous cases of granulocytic ehrlichiosis have been 

documented. Patients develop an acute febrile illness without localized symptoms, but have 
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leukopenia, anemia, thrombocytopenia, and elevated hepatic aminotransferase levels. Fatalities 

have been reported, usually associated with secondary opportunistic bacterial and fungal 

infections [10, 11]. 

The human granulocytic ehrlichiosis (HGE) agent may be the same agent as or closely 

related to Ehrlichia equi and possibly E. phagocytophila, in that there is 99.8% and 99.9% 16S 

rDNA homology with these organisms, respectively [12-14], In Europe and the United States, 

the E. phagocytophila group of ehrlichiae is transmitted by ticks of the Ixodes persulcatus 

complex [3]. These ticks are also the principal vectors of Borrelia burgdorferi, the agent of 

Lyme disease, and coinfections of humans with both B. burgdorferi and the HGE agent are 

suspected. Peromyscus leucopus is apparently a main reservoir host for both agents in the 

northeastern United States [15-18]. 

Animal models are needed to investigate pathogenesis and immunity to these agents. The 

purpose of the current study was to build upon the known susceptibility of laboratory mice to 

infection with the HGE agent [17] by defining and optimizing a mouse model for experimental 

investigation. 

Materials and Methods 

Mice. C3H/HeJ, C3H/HeN, and C3H/Smn.CIcrHsd/scid (SCID) specific pathogen-free 

mice (3 -5 weeks old) were obtained from Jackson Laboratories (Bar Harbor, ME), National 

Cancer Institute Animal Production Program, Frederick Cancer Re-search Center (Frederick, 

MD), and Harlan Sprague-Dawley (Indianapolis), respectively. Pregnant outbred Crl:CD-l 

(ICR) (CD-I) mice were obtained from Charles River Breeding Laboratories (Wilmington, MA). 

HGE agent. Peripheral blood from an HGE patient from Nantucket, Massachusetts, [18] 

was inoculated intraperitoneally (ip) into mice, yielding the NCH-1 isolate of the HGE agent. 

The isolate was maintained in the laboratory of one of the authors (S.R.T.) by serial passage 

from infected mice to naive mice by ip inoculation of anticoagulated peripheral blood, as 

described [17]. These mice were then utilized as hosts for larval ticks that were used as infected 

nymphs for tickborne inoculation. For other experiments, HL-60-cultured HGE organisms were 

inoculated into SCID mice and then maintained by serial SCID mouse passage. For syringe-

inoculation studies, 0.1 mL of EDTA-anticoagulated infected SCID mouse blood was used for 

infectious inocula. 

Ticks. Uninfected larval Ixodes scapularis (also known as Ixodes dammini) ticks were 

fed to repletion on infected mice, placed in mesh-covered vials containing moist plaster of paris, 
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and held at room temperature until molting into nymphs, as described [17]. Five mature nymphs 

(2-3 weeks after molting) were used to infect each naive experimental mouse by allowing ticks 

to feed to repletion. At least 1 engorged tick was recovered from each mouse. Uninfected ticks 

were maintained on uninfected mice and rabbits and were free of inherited spirochetal and other 

known infections. For xenodiagnosis, 200 uninfected Ixodes larvae were placed on each mouse 

and allowed to feed to repletion. Replete larvae were collected from each mouse, placed in 

gauze-covered vials, and then held at room temperature and 95% relative humidity until they 

molted into nymphs. Molted nymphs were then individually tested by polymerase chain reaction 

(PCR) for presence of the HGE agent. 

Hematology. Blood and spleen impression smears were air-dried, fixed in methanol, 

stained with Giemsa, and then examined for morulae. The percentage of granulocytes in 

peripheral blood smears containing morulae were recorded among 200 granulocytes examined in 

each smear. EDTA-anticoagulated blood was sent to a commercial laboratory (Vet Research, 

Farmingdale, NY) for determination of the differential blood count. 

Pathology. Mice were killed with carbon dioxide gas and then exsanguinated by 

cardiocentesis. Cardiac blood was placed in EDTA and then aliquoted for blood smear analysis, 

hematologic testing, culture, and PCR or mouse infectivity assays. Plasma was frozen for 

serologic testing. Spleens were collected aseptically for culture, homogenized gently in a glass 

tissue grinder containing 5 mL of tissue-culture fluid, and then cultured in HL-60 cells. 

Impression smears were made of cut surfaces of the spleen to assess presence of morulae in 

hematopoietic tissue. 

For histopathology, a full set of tissues was examined from each mouse, including brain, 

lungs, mediastinal lymph nodes, heart, spleen, salivary glands, cervical lymph nodes, eyes, skin, 

gastrointestinal tract (including stomach, duodenum, jejunum, ileum, cecum, proximal colon, and 

distal colon), mesenteric lymph node, pancreas, kidneys, urinary bladder, reproductive tract 

(including uterus and ovaries), adrenals, bone marrow, front and rear limbs (including joints, 

muscle, and bone), spinal column (including cervical, thoracic, and lumbar regions), and cross-

sections through the head (including, tongue and nasal turbinates). Tissues were fixed in 

formalin, paraffin-embedded, sectioned, and stained with hematoxylin and eosin, using standard 

techniques. 

Cultivation of the HGE agent from mouse tissues. The promyelocyte cell line HL-60 

(ATCC 240-CCL) was cultured in Iscove's modified Dulbecco medium supplemented with 20% 

fetal bovine serum and maintained at 37°C with 5% carbon dioxide, as described [19]. One drop 

of mouse blood or one drop of spleen homogenate (gently homogenized in a glass tissue grinder 

containing 5 mL of tissue culture fluid) was incubated with 10 mL of HL-60 cell cultures (106 
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cells/mL) in 70-mL culture flasks. Cell density was maintained at ~106 cells/mL by feeding the 

cells twice a week. To determine infection of HL-60 cultures, cells were air-dried and stained 

with DiffQuick (Baxter, Miami). 

PCR. An HGE agent-specific, 16S rDNA fragment was amplified by PCR from 

peripheral blood, using primers that distinguish the HGE agent from other ehrlichiae: primers 

497-521 (5 ' -TGTAGGCGGTTCGGTAAGTTAAAG-3 ' ) and 747-727 (5 ' -

GCACTCATCGTTTACAGCGTG-3') [17]. Amplification was done in a thermal cycler with 5 

min of denaturation at 95°C, followed by 35 cycles consisting of 1 min at 94°C, 1 min at 54°C, 

and 2 min at 72°C. On the last cycle, extension was continued for 10 min. Amplifications were 

done on 50 u.L of blood, lysed in red cell lysis buffer for 20 min, and then pelleted at 15,000 

RCF. The pellets were washed two times with PBS and digested with 40 pg of proteinase K at 

56°C for 1 h. Proteinase K was inactivated for 15 min at 95°C and then centrifuged to discard 

the pellet. The supernatant, which contained HGE organisms, served as the amplification 

template. Each 50-uL PCR reaction mixture contained 5 uL of template, 5 uL of buffer, 0.2 mM 

dNTP, 1.5 mM MgCl, 2 U Taq polymerase, 100 pmol of each primer, and water. Negative 

controls consisted of blood from normal mice, and HGE agent DNA served as a positive control. 

For PCR on ticks, single ticks were placed in individual vials, flash-frozen in liquid 

nitrogen, and pulverized with a plastic grinder. Tris-EDTA buffer (50 uL) was added to the vial, 

the homogenate was boiled for 10 min, and 20 u.L of target was added to the PCR reaction 

mixture. Amplification was done with 5 min of denaturation at 94°C, followed by 40 cycles 

consisting of 45 seconds at 94°C, 45 seconds at 60°C, and 45 seconds at 72°C. On the last cycle, 

extension was continued for 5 minutes at 72°C. 

IFA. Infected and uninfected (control) HL-60 cells suspended in culture medium were 

washed two times in PBS, air-dried, and fixed in cold acetone (-20°C for 10 min) on 12-well 

Teflon-coated multiwell slides (CELLINE, Hewfield, NJ). Twenty microliter volumes of serial 

2-fold dilutions of plasma from individual infected and control mice (starting at 1:40 dilution) 

were placed in the wells of antigen-coated slides, incubated in humidified chambers at 37°C for 

30 min, washed three times in PBS, and then flooded with fluorescein-conjugated goat anti-

mouse polyvalent immunoglobulin (Sigma, St. Louis) at a 1:100 dilution. Slides were 

incubated, washed, air-dried, covered with PBS-glycerol and coverslips, and examined by use of 

a fluorescence microscope. Antibody titer was expressed as the reciprocal of the highest plasma 

dilution with specific fluorescence. Negative control antigen (uninfected HL-60 cells) and 

negative control plasma were included for each assay. 

Blood and spleen impression smears were also examined by IFA. Smears were fixed in 

acetone-alcohol, air-dried, and blocked with normal mouse serum (1:20 dilution in PBS 
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containing 2% bovine serum albumin [BSA]). Slides were then washed in PBS containing 

0.002% Tween 20 and incubated (37°C for 30 min) with antiserum to the HGE agent (obtained 

from mice 30 days after inoculation with infected HL-60 cells). Slides were washed and 

incubated with secondary label, as described above. 

ELLSA. A modification of a previously described indirect ELISA [20] was used to detect 

and quantify specific IgM and IgG reactivity to the HGE agent. Microtiter plates (96-well; 

Corning Glass Works, Corning, NY) were coated with infected or unin-fected HL-60 cells at 1 x 

104 cells/well. Coated plates were fixed in 10% neutral buffered formalin, washed with PBS-

Tween 20, and blocked for 1 h with 200 uL of blocking buffer (3% gelatin in PBS, 0.5% BSA, 

0.05% Tween 20). One hundred microliters of serial 2-fold dilutions of plasma samples in PBS-

1% BSA (starting at 1:80) were added to each well containing infected or uninfected cells, 

incubated for 1 h at 37°C, washed three times, and then incubated with 100 uL of horseradish 

peroxidase-conjugated goat anti-mouse polyvalent immunoglobulin (Sigma) diluted 1:12,000 in 

PBS-1% BSA as above. The substrate TMB (0.4% 3,3',5,5'-tetramethylbenzidine) in an organic 

base and 0.02% hydrogen peroxide in a citric acid buffer (Kirkegaard & Perry, Gaithersburg, 

MD) were added to each well and incubated for 10 min in darkness at 25°C, and the reaction was 

stopped by the addition of an equal volume of 1 N HCl. The optical density of each well was 

measured at 450 nm with an ELISA reader (UV Max; Dynatech, Alexandria, VA). The signal to 

noise (S/N) ratio and the signal minus noise (S-N) value were determined for each dilution of 

every plasma sample by dividing and subtracting, respectively, the optical density of the well 

with infected cells by the well with uninfected cells. Cutoff points for each dilution were 

determined by testing normal mouse sera (n = 10) and determining the means (+3 SDs). 

Results 

Tickborne infection. In this experiment, we examined the course of tickborne infection of 

C3H/HeJ mice. We chose C3H/ HeJ mice because this strain is immunocompetent but has 

defective activation of macrophages and is unresponsive to bacterial lipopolysaccharide [21]. As 

a result, C3H/HeJ mice are relatively more susceptible to many viral and bacterial pathogens, 

including Rickettsia species [22]. Within 3 days of arrival in the laboratory, C3H/HeJ mice were 

each exposed to 5 ehrlichia-infected nymphal ticks. Infection was verified by identification of 

morulae in peripheral blood smears for all mice at 5-10 days after tick feeding. Control 

(uninfected) mice were age-matched with infected mice. Infected mice manifested no overt 
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Table 1. ELISA and IFA antibody titers to human granulocytic ehrlichiosis HL-60 
antigen in mice at various intervals after tickborne infection. 

ELISA titer* IFA titer* 

Interval Geometric mean Range Geomet ric mean Range 

Control mice 
Infected mice 

10 days 
17 days 
24 days 

<80 

905 
5382 
3026 

640- 1280 
3200-6400 
1280-6400 

<40 

67 
190 
113 

40-160 
80-320 
40-320 

: Expressed as last positive 2-fold reciprocal dilution of serum (4 mice/interval). 

signs of illness. Groups of infected mice and controls (4 each) were necropsied 5, 10, 17, and 24 

days after tick feeding. 

At necropsy, splenomegaly was apparent in all infected mice examined on day 10, but spleens 

were normal size in infected mice at later intervals. Peripheral blood and spleen (pooled 

homogenates from all 4 infected mice at each interval) from mice on days 17 and 24 were 

cultured in HL-60 cells. Ehrlichiae grew from peripheral blood of all 4 mice and from pooled 

spleen homogenates of mice on days 17 and 24. Mice seroconverted to the HGE agent antigen 

by both IFA and ELISA, but titers were higher with ELISA (table 1). Both assays revealed an 

apparent peak in the antibody level at 17 days with a decline at 24 days, even though all mice 

had confirmed infections through 24 days. 

7-

6 

0 5 10 15 20 25 

Days after Tick-Borne Infection 

Figure 1. Mean (±SD) erythrocyte count im peripheral blood of mice at various intervals after tickborne infectie 
with human granulocytic ehrlichiosis agent (4 mice/interval), emm = mm3 
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O 5 10 15 20 25 

Days after Tick-Borne Infection 

Figure 2. Mean (2 SD) leukocyte, granulocyte, and lymphocyte counts in peripheral blood of mice at various 
intervals after tickborne infection with human granulocytic ehrlichiosis agent (4 mice/inter-val). cmm = mm'; 
WBCs = white blood cells. 

Hematologic testing of infected mice revealed anemia, reaching a nadir on day 10, 

followed by recovery (figure 1). Reduced erythrocyte counts (11.7 g/dL [± 0.3 SD]; normal 

range, 13 -15) were accompanied by decreases in hematocrit and total hemoglobin on day 10. 

Leukopenia was also apparent, with a reduction in total leukocytes, granulocytes, and 

lymphocytes reaching a nadir on day 17 (figure 2). Thrombocytes appeared in adequate numbers 

in blood smears of all mice but were not counted due to inadequate volumes of blood for 

analysis. Peripheral blood smears contained cytoplasmic morulae in neutrophilic (figure 3) and 

eosinophilic granulocytes but not in other cell types. Morulae were present in 6.2 ± 2.7% SD of 

granulocytes of mice on day 5, in 8.3 ± 0.8% SD on day 10, and in < 1% on day 17; none were 

found on day 24. Infection of granulocytes but not other cells was confirmed by IFA in both 

blood and spleen (a hematopoietic organ in the mouse) impression smears of mice on days 10, 

17, and 24 (data not shown). Spleen impression smears contained more IFA-positive cells than 

did peripheral blood smears. Morulae were visible only in mature granulocytes (defined by 

typical segmented nuclei) among hematopoietic cells in spleen impression smears (figure 4). 

Among the complete set of tissues examined from each mouse, microscopic lesions were 

restricted to hematopoietic and lymphoid tissue. At all intervals, there was marked hematopoiesis 

in spleens and bone marrow of all infected mice. In addition, there was generalized lymphoid 

hyperplasia with prominent follicle formation (reactive hyperplasia) in cervical, mediastinal, and 
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Figure 3. Peripheral blood smear depicting granulocyte containing mtracytoplasmic morula 10 days after tickborne 
infection with human granulocytic ehrlichiosis agent (arrow). Note polychromasia of eryth-rocytes, consistent with 

Figure 4. Impression smear of hematopoietic spleen tissue of mouse 10 days after tickborne infection with human 

farrowryt lC I C h l ° S 1 S a g e m ' I n t r a c y t 0 P l a s m i c m°™>^ were found only in ma-ture stages of granulocytes 

mesenteric lymph nodes, spleen, and Peyer's patches in infected mice at all intervals. There 

were perivascular lymphoid nodules in the lungs of most infected mice, indicating antigenic 

stimulation. Hematopoietic activity and lymphoid hyperplasia were most marked at day 10, 

accounting for the splenomegaly, and subsided on days 17 and 24. 

Infectivity of mouse-passaged HGE agent. We have found that culture of the HGE agent 

in HL-60 cells results in rapid attenuation of infectivity and pathogenicity of the HGE agent to 
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Mouse Passage Number 

Figure 5. Effect of passage on infectivity and pathogenicity of human granulocytic ehrlichiosis agent. Groups of 3 
C3H mice were inoculated intraperitoneally with blood from infected SCID mice. Infection was verified 10 days 
later, and blood was passed to next group of C3H mice. At 6th passage, all mice were infected, but % of 
granulocytes with morulae declined. Sixth-passage C3H mouse blood was then passed into groups of 3 SCID mice 
(7th-12th passage), with restoration of pathogenicity. 

mice (data not shown). We therefore sought to optimize a means of maintaining infectivity and 

pathogenicity of the HGE agent. We investigated the stability of infectivity and pathogenicity of 

the HGE agent for C3H/HeN mice at different mouse-to-mouse passages (figure 5). Three mice 

were inoculated ip with 0.1 mL of undiluted blood from an infected SCID mouse (15% 

granulocytes with morulae). Mice were necropsied on day 10, and blood was obtained, 

examined for morulae, pooled, and passaged into 3 additional C3H mice. Passage was repeated 

6 times, with mice receiving 0.1 mL of infected blood from mice used in the previous passage. 

Upon first and second passage, all mice manifested high levels of granulocytes with morulae, but 

despite the fact that all mice were positive, the percent of granulocytes with morulae decreased 

with the third through sixth passages. 

We then passed sixth-passage C3H blood (1.3% morulae) into 3 SCID mice as above. In 

the seventh (first SCID passage) through ninth (third SCID passage) passages, recipient SCID 

mice possessed few discernable morulae, whereas the SCID mice infected with higher-passaged 

inocula developed progressively higher percentages of granulocytes with morulae. This 

experiment suggested that infectivity of the HGE agent can be maintained by mouse passage. 

Pathogenicity, however, wanes in immunocompetent mice but can be maintained successfully 

and restored by passage through SCID mice. It also demonstrated that C3H/HeN mice, which do 

not have the macrophage and lipopolysaccharide response defects of C3H/HeJ mice, are also 

suitable for HGE studies. Our subsequent studies therefore utilized C3H/HeN mice and their 
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Table 2. Relative susceptibility of C3H mice to mouse-passaged HGE agent administered 
by different routes. 

dilution 

Granulocytes with morulae at various days after inoculation 

Inoculum route, dilution 7 days 14 days 17 days 21 days 

Intraperitoneal 
Undiluted 1:10+ 1.0 13.5 ±0.7 2.0± 1.2 0 
1:10 3.0 + 0.6 8.0 ±2 .0 1.5+ 1.1 0 
1:100 0.5 ±0 .3 4.0 ±1.0 0.5 ± 0.6 0 
1:1000 0 0 1.0 ± 1.4 0 

Subcutaneous 
Undiluted 0.6 + 0.4 0 1.0 ± 1.7 0 
1:10 0 0 0 0 
1:100 0 0 0 0 
1:1000 0 0 0 0 

NOTE. Dataare%± SD. Groups of' 4 C3H mice were inoculated with 0.1 mL of blood, 
or dilutions thereof, from ehrlichiae-infected SC1D mice. 

congenic CiH-scid counter-parts. 

Relative susceptibility to different routes of syringe inoculation. Because the HGE agent 

grows intracellularly in clusters of organisms, it cannot be accurately quantitated. We therefore 

examined the relative susceptibility of C3H/HeN mice to limiting dilutions of inocula (infected 

SCID mouse blood) after ip and subcutaneous (sc) inoculation (table 2). A blood pool from 2 

SCID mice (10% granulocytes with morulae) was serially diluted in PBS, and 0.1 mL of each 

serial dilution was inoculated ip or sc into groups of 4 C3H mice. Blood was obtained via the 

eye of mice on days 7, 14, 17, and 21 after inoculation, and the percent granulocytes with 

morulae was determined for each mouse at each interval. On the basis of the presence of 

morulae, mice were more susceptible to ip inoculation than sc inoculation. Furthermore, the 

number of morulae was highest in mice receiving the highest doses of inocula. 

Relative sensitivity of different detection methods and assessment of duration of infection. 

The above experiments were based upon examination of blood smears for morulae and culture of 

blood in HL-60 cells. We next sought to compare the relative sensitivity of four different 

methods for detecting the HGE agent in infected mice: examination of blood smears for morulae, 

culture of blood in HL-60 cells, 16S rDNA PCR amplification from blood, and infectivity in 

C3H mice. We used these methods to examine the course of infection over 60 days (table 3). 

C3H mice were inoculated ip with 0.1 mL of infected SCID blood (17% morulae) or normal 

mouse blood (controls). Groups of 4 infected mice were necropsied on days 5, 10, 30, and 60 
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Table 3. Relative sensitivity of different detcetion methods for the human 
granulocytic ehrlichiosis agent in C3H mice at various intervals after inoculation 
with ehrlichiae-infected blood. 

No. of 
Interval, mice with Mouse HL-60 
status of mice morulae infectivity culture PCR 

5 days 
Infected 4/4 4/4 3/4 4/4 
Control 0/1 0/1 0/1 0/1 

10 days 
Infected 4/4 4/4 3/4 4/4 
Control 0/1 0/1 0/1 0/1 

30 days 
Infected 0/4 4/4 1/2 4/4 
Control 0/1 0/1 0/1 0/1 

60 days 
Infected 0/4 1/4 0/4 0/4 
Control 0/1 0/1 0/1 0/1 

NOTE. Data are no. positive/no. tested. Mice were inoculated with 0.1 
mL of blood from infected SCID mice. PCR = polymerase chain reaction. 

after inoculation. One uninfected control mouse was also processed at each of these intervals. 

Mouse infectivity was assessed by inoculation of 4 C3H mice with 0.1 mL of blood from each 

infected mouse followed by examination of blood smears for morulae on day 10. 

Among the infected C3H mice at 5 and 10 days, there was good correlation between the 

presence of morulae and the results of the mouse infectivity assay and PCR, with somewhat less 

sensitivity for the HL-60 culture. On day 30, morulae were no longer visible in peripheral blood 

smears, but blood continued to be infectious as determined by the mouse infectivity assay and 

culture in HL-60 cells, and blood was consistently positive as determined by PCR. By 60 days, 

infection could be demonstrated in only 1 mouse by mouse infectivity assay; all other parameters 

were negative. 

Optimization of an infectivity assay for infectious HGE agent. Because a mouse 

infectivity assay appeared to be the most sensitive means of detecting an infectious HGE agent in 

the above experiment, with the added advantage of detecting infectious organisms, we sought to 

optimize the assay. In this case, we tested the relative sensitivity of infant mice at different ages 

(1 day, 1 week, 2 weeks) to infection (table 4). We used CD-I mice for this experiment because 
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Table 4. Comparison of indices for infectivity assay in outbred CD-I mice 
of different ages. 

Age, status % morulae Hematocrit (%) Spleen weight (g) 

1 day 
Infected 11.9 ±0.8 36.2 10 .9 0.11 +0.01* 
Control 0 40.0 0.03 + 0.01 

1 week 
Infected 0.3 ± 0.4 41.2 + 0.7 0.12 + 0.2* 
Control 0 42.6 + 0.2 0.04 ± 0 

3 weeks 
Infected 0.2 + 0.2 53.8 ± 1.2 0.39 + 0.05* 
Control 0 52.0+ 1.2 0.10 + 0.01 

NOTE. Groups of 5 infected and 5 control mice were evaluated 10 days 
after intraperitoneal inoculation with 0.1 mL of blood from ehrlichiae-
infected SCID mice or normal nice, respectively. 
* P < 0.001, compared with controls. 

they are less expensive, more tolerant to manipulation of pups, and have larger litters than C3H 

mice. On the basis of our previous results, we chose two easily assessed parameters (hematocrit 

and spleen weight) to compare with two more definitive parameters (morulae and PCR results). 

Infection was assessed 10 days after ip inoculation with 0.1 mL of infected SCID mouse blood 

(20% granulocytes with morulae) in groups of 5 mice at 1 day, 1 week, and 3 weeks of age and 

compared with results in groups of 5 control mice (matched for age) that were inoculated with 

normal mouse blood. 

Hematocrit was not a useful marker of infection. Spleen weight, however, was 

consistently and markedly increased in infected mice (compared with controls) inoculated at 1 

day, 1 week, or 3 weeks of age (Student's unpaired t test, P < 0.001). Differences in spleen size 

could be readily and accurately discerned at gross necropsy and proved to be a rapid marker of 

potential infection. All mice inoculated with infected SCID blood had morulae in their 

granulocytes, but the percentage of granulocytes with morulae was significantly higher in mice 

inoculated at 1 day of age than in those inoculated at 1 or 3 weeks of age (P < 0.001). 

Because of these findings, we next examined groups of 4 infant CD-I mice inoculated ip at 1, 3, 

5, or 7 days of age with infected SCID mouse blood or normal mouse blood (controls; table 5). 

Mice infected at 1 and 3 days of age had abundant morulae, whereas mice infected at 5 days of 

age had an intermediate number, and mice infected at 7 days of age, as before, had relatively few 
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Table 5. Relative sensitivity of infant CD-I mice at 1,3, 5, and 
7 days after inoculation with ehrlichiae infected blood. 

Age, status % morulae Spleen weight (g) 

1 day 
Infected 23.5 ± 1.8 0.10 + 0.08* 
Control 0 0.04 ±0.10 

3 days 
Infected 18.6 + 2.5 0.11 ±0.05* 

Control 0 0.04 ± 0.05 

5 days 
Infected 6.8 ± 1.8 0.16 + 0.10* 
Control 0 0.03 ±0.05 

7 days 
Infected 0.6 ±0.6 0.16 ±0.05* 

Control 0 0.07 ± 0.08 

NOTE. Groups of 5 infected and 5 control mice were evaluated 
10 days after intraperitoneal inoculation with 0.1 mL of blood 
from ehrlichiac-infected SCID mice or normal mice, respectively. 
All mice inoculated with infectious material had verified 
infections (morulae). 
* P< 0.001 compared with controls. 

morulae. Nevertheless, spleen weights were consistently increased in infected mice compared 

with control mice at all ages (P < 0.001). 

Sensitivity of the infant mouse infectivity assay. We next sought to determine if infant 

mice could be used as an accurate assay for infectivity with the HGE agent at the minimal 

infectious dose (table 6). Since the HGE agent cannot be effectively quantitated due to its 

intracellular growth characteristics, we examined the sensitivity of CD-I infant mouse infectivity 

for detecting infection with serial terminal dilutions of SCID mouse blood. Groups of 4 infant 

mice, 1 day of age, were inoculated ip with 0.1 mL of infected SCID mouse blood (10% 

morulae) or equal volumes of 1:10 or 1:100 dilutions of the infected blood. All of the mice 

inoculated with infected blood developed discernable morulae when inoculated with undiluted or 

1:10 diluted blood. At the 1:100 dilution, 2 of 4 mice had morulae. When compared with spleen 

weights, there was 100% correlation. If a mouse had morulae, its spleen was significantly larger 

than that of the uninfected control mouse (inoculated with normal mouse blood). Spleen weights 

were not affected by inoculum dose, whereas the percentage of morulae declined as the dose 

diminished. 
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Table 6. Sensitivity of 1-day-old CD-I mice as an assay for infection 
following inoculation with serial dilutions of ehrlichiae-infected blood. 

Inoculum % morulae Spleen weight (g) 

Undiluted infected SCID blood 16.8+ 1.7 0.10 + 0.07* 
1: 10 diluted infected SCID blood 9.4 + 0.1 0.11 ±0.03* 
1: 100 diluted infected SCID blood 22 0.09 

5 0.10 
0 0.02 
0 0.04 

Undiluted normal mouse blood 0 0.03 + 0 1 

NOTE. All mice inoculated with undiluted and 1:10-diluted infected SCID mouse blood had morulae (means + SD 
represented), whereas 2/4 mice inoculated with 1:100-diluted infected SCID mouse blood had morulae. Two mice 
inoculated with 1:100-diluted material without morulae had spleen weights equivalent to controls; 2 mice inoculated 
with 1:100-diluted materials with morulae had significantly enlarged spleens compared with control spleens (P < 
.01). * P < .001 compared with controls 

Assessment of infection by xenodiagnosis. The above studies suggested that C3H mice 

but not SCID mice recover from infection with the HGE agent. We next sought to confirm this 

using xenodiagnosis (figure 6), a sensitive means of detecting infection with another tickborne 

agent, B. burgdorferi [23]. We infected 4 C3H and 4 SCID mice by ip inoculation with SCID 

mouse blood (17% granulocytes with morulae) and then placed 200 tick larvae upon each mouse, 

including 1 uninfected mouse, on days 2, 9, 17, 23, 30, 45, and 52 (days 5, 12, 20, 26, 33, 48, and 

55 relative to completion of feeding) for C3H mice and on days 2, 17, 32, and 47 (days 3, 20, 35, 

and 50 relative to completion of feeding) for SCID mice. Repleted larvae were collected from 

each mouse and allowed to molt, and then 20 nymphs from each mouse at each interval were 

analyzed individually by PCR. The mean percent (±SD) of infection among the fed and molted 

ticks was calculated for each interval. 

All of the C3H mice transmitted infection to ticks on days 5, 12, 20, 26, and 33, but on 

day 48, none of the ticks that fed upon any of the mice became infected, and on day 55, only 1 of 

4 of the mice transmitted infection, based upon testing of 20 ticks/mouse. We therefore tested 

additional ticks from the 3 mice that did not transmit infection to ticks on day 55 (determined on 

the basis of a sampling of 20 ticks). Two of 50 additional ticks tested from 1 of these mice and 1 

of 39 additional ticks tested from another of these mice tested positive, but none of 16 additional 

ticks available for testing was positive from the third mouse. Thus, on the basis of 

xenodiagnosis, 3 of 4 C3H mice remained infectious for ticks at 55 days of infection. In 
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Figure 6. Xenodiagnosis (infection of ticks feeding on mice) at various intervals after infection of C3H and SCID 
mice with human granulocytic ehrlichiosis agent. Groups of 4 mice were infected and then fed upon by 200 larval 
ticks at sequential intervals after inoculation. Twenty ticks from each mouse at each interval were tested by 
polymerase chain reaction for acquisition of infection. Data are mean % infection (+SD) of 20 ticks from each 
mouse for each interval. 

contrast, SCID mice consistently transmitted the HGE agent to feeding ticks at a higher rate than 

the C3H mice at all intervals; however, they manifested a decline in transmission efficiency at 30 

days and beyond. Of note, the xenodiagnosis curve did not follow the number of morulae in the 

peripheral blood of the SCID mice (l 1.5% ± 0.9 SD at 5 days 19.0% ± 1.1 SD at 20 days, 20.3% 

± 4.9 SD at 35 days, 14.0% ± 2.1 SD at 50 days). 

Discussion 

This study establishes the laboratory mouse as a model for investigating host immunity 

and pathogenesis of granulocytic ehrlichiosis, as it is for monocytic ehrlichiosis, caused by E. 

chaffeensis [24]. Mice can be consistently infected by either tickborne infection or syringe 

inoculation, and the course of infection can be monitored by a number of techniques, including 

blood smears, culture, PCR, mouse infectivity assay, and serology. Our ability to find ehrlichiae 

in cultures of small aliquots (1 drop) of whole peripheral blood, including samples that were 

obtained when circulating morulae were rare, confirms the sensitivity of cultures for human 

patients with extremely low-level rickettsemia [19]. However, blood culture was less sensitive 
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than PCR and the mouse infectivity assay at detecting experimental infection. The infant mouse 

infectivity assay was an efficient means of amplifying otherwise undetectable levels of infection, 

and it has the advantage over PCR of being an assay for infectious organisms. Clearly, reliance 

on morulae in peripheral blood smears is not a suitable means for detecting infection, especially 

in the later stages of infection. 

Our initial study of tickborne infection suggested that mice were persistently infected, at 

least through 24 days. Previous studies have confirmed infection in laboratory mice for > 6 

weeks [17]. We therefore extended this interval, finding that most immunocompetent C3H mice 

appear to recover from infection at ~8 weeks, on the basis of our various indices for infection. 

However, xenodiagnosis suggested that at least some C3H mice remain persistently infected for 

up to 55 days. Thus, we have yet to resolve the issue of whether or not immunocompetent mice 

recover fully from infection. Further analysis of other tissues is needed to confirm this assertion. 

Persistent infection has been documented in a human HGE patient [25], but it is unknown if 

persistence is common, since parameters for documenting persistent infection are based on 

detection of morulae in peripheral blood smears, which are ephemeral. 

In support of earlier findings [17], SCID mice remain persistently infected. 

Unexpectedly, our xenodiagnosis data suggested that transmissibility of the HGE agent from 

infected SCID mice to ticks seemed to peak after a few weeks and then decline, with no apparent 

correlation to abundance of morulae in peripheral blood granulocytes. We did not test the 

possibility that SCID mice, albeit immunodeficient, developed resistance to repeated infestation 

and feeding by ticks that may have influenced the kinetics of xenodiagnosis. Previous studies 

with the same HGE isolate (NCH-1) used in the present study demonstrated infection of 

C3H/HeJ, CB-ll-scid, outbred Swiss (CD-I), and DBA/2 mice, and Peromyscus leucopus and 

LVG hamsters. All animals became infected, as determined by the demonstration of morulae in 

peripheral blood smears. DBA and SCID mice had detectable morulae in peripheral blood for > 

6 weeks, compared with transient (through 10 days) rickettsemia in other strains and stocks of 

mice (or other species of rodents) [17]. 

C3H mice developed transient hematologic aberrations similar to those described in 

human HGE. Of note, we found morulae only in granulocytes of peripheral blood and spleen 

impression smears (extramedullary hematopoietic tissue in the mouse), yet mice developed 

significant anemia as well [26], Anemia is also present in human HGE, posing interesting 

questions about pathogenesis. A common feature of the human condition is thrombocytopenia 

[10, 18, 19, 26], but thrombocytes appeared to be within normal limits in mice in the current 

study. We did not enumerate platelets in this study because of inadequate sample sizes. 

However, no overt reduction of platelets was noted in blood smears of our mice. This requires 
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further scrutiny, but thrombocytopenia may not be a feature of granulocytic ehrlichiosis in the 

mouse, and thus may not parallel the human condition. 

One of the difficulties in comparing clinical signs and lesions in human HGE patients 

with those seen in experimental animals is the role of secondary, opportunistic organisms (virus, 

fungi, and bacteria) in human disease and the complexity of other organ dysfunction in the 

uncontrolled and variable human patient population [10, 24]. It is thus difficult to directly 

ascribe cause and effect on the basis of human clinical material. Microbiologically and 

genetically defined laboratory mice offer the opportunity to experimentally manipulate the model 

with various genetic alterations, immunologic perturbations, and controlled coinfections. With 

baseline information established about granulocytic ehrlichiosis in the C3H mouse, further 

studies are now possible for examining pathogenesis, host immunity, and coinfection with other 

tickborne pathogens. 
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