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Granulocytic anaplasmosis is a severe, potentially fatal, emerg-
ing tick-borne disease caused by Anaplasma phagocytophilum, a 
rickettsia-like organism of neutrophils that can infect humans 
and other mammals. Human granulocytic anaplasmosis (HGA), 
fi rst recognized in 1990,2,8 is the 3rd most frequent vector-borne 
infection in North America.12 Infected patients often present 
with fever, myalgia, leukopenia, thrombocytopenia, and mild to 
moderate liver injury. Severe complications include adult respira-
tory distress syndrome, shock, and opportunistic infections. One 
discrepant observation is that the degree of disease and histopa-
thology in tissues does not correlate with the low quantities of 
organisms in peripheral blood neutrophils.23,29,30

To understand the disease mechanisms in HGA, we developed 
a murine model.7,22,23,29 In this system, immunocompetent mice 
never develop overt clinical disease but they generate high levels 
of plasma interferon γ (IFNγ) and generally exhibit clearance of the 
organism within 21 d. Despite the lack of clinical signs, the model is 
useful because histopathologic and cytokine responses are similar 
to those of humans and animals with clinical signs.11,18 Moreover, 
in the mouse model there is a close association between the pro-
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duction of IFNγ and the degree of hepatic histopathology,23 even in 
the absence of increased pathogen load. This pattern suggests that 
tissue injury occurs via generation of nitric oxide (NO) and reac-
tive nitrogen species (RNS) from cytokine-activated macrophages.3 
Therefore, we hypothesized that hepatic histopathology and injury 
in A. phagocytophilum-infected C57BL/6 mice results from increased 
production of RNS. To prove this hypothesis, we studied hepatic 
histopathology, clinical chemistry, RNS production, and bacterial 
load associated with A. phagocytophilum infection in mice. We also 
aimed to verify the effects of RNS in vivo by use of a nonspecifi c 
inhibitor of inducible nitric oxide synthase (iNOS).

Materials and Methods
Animals. C57BL/6 mice were obtained from Jackson Labs (Bar 

Harbor, ME) at 4 to 6 wk of age and were maintained in a barrier 
facility. These mice were negative for Helicobacter spp. and tested 
negative by sentinel evaluation for mouse adenovirus, ectromelia 
virus, mouse rotavirus, mouse encephalomyelitis virus strain GD-
VII, lymphocytic choriomeningitis virus, mouse hepatitis virus, 
Mycoplasma pulmonis, pneumonia virus of mice, reovirus, Sendai 
virus, mouse parvovirus, minute virus of mice, endoparasites, 
and ectoparasites. Mice were maintained in autoclaved ventilated 
rack caging (Allentown Caging Equipment, Allentown, PA) with 
acidifi ed water and autoclaved diet (Harlan Teklad 2018S, India-
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napolis, IN). Mice were inoculated intraperitoneally with either 
uninfected or A. phagocytophilum-infected HL-60 cells on day 0. 
Mice were euthanized with CO2, and samples were harvested on 
day 0, 7, 14, or 21. A 2nd cohort was studied later to determine 
reproducibility of results. Mice received either untreated water 
or water treated with 1 mg/ml of the NOS inhibitor Nω-nitro-L-
arginine methyl ester hydrochloride (L-NAME). There were 3 to 
4 animals per time point in each treatment group (Table 1). One 
additional animal per group was examined on day 0 prior to in-
oculation to establish baseline effects of L-NAME on histopathol-
ogy and to verify the absence of concurrent disease. Animals were 
observed daily by a veterinarian and were monitored for signs 
of infection or distress, including loss of appetite, dehydration, 
rough hair coat, weight loss, dyspnea, decreased activity, and lack 
of interaction with cagemates. All procedures and experiments 
were approved by The Johns Hopkins University Animal Care 
and Use Committee, and mice were maintained in facilities that 
adhered to housing guidelines as outlined in the Guide for the Care 
and Use of Laboratory Animals.24

Cell lines. The HL-60 promyelocytic cell line was used as the 
in vitro host cell for A. phagocytophilum and was maintained in 
RPMI 1640 culture media supplemented with 5% fetal bovine 
serum and 2 mM L-glutamine at 37 °C in a 5% CO2 environment. 
Raw 264.7 cells were grown in Dulbecco Modifi ed Eagle Medium 
(DMEM) without phenol red and were supplemented with 10% 
fetal bovine serum, 2 mM L-glutamine, and 1% penicillin–strep-
tomycin at 37 °C in a 5% CO2 environment until confl uent. This 
cell line, when stimulated with 10 μg/ml lipopolysaccharide for 
24 h, causes release of NO and was used as a positive control for 
the Griess reagent assay.

Preparation of A. phagocytophilum. A. phagocytophilum (Web-
ster strain, passage 10) was propagated in HL-60 cells in RPMI 
1640 medium with 2 mM L-glutamine and 1% to 5% fetal bovine 
serum at 37 °C in 5% CO2. Once HL-60 cells had reached an in-
fection rate of 80%, cells were pelleted at 400 × g for 10 min and 
resuspended in 400 μl RPMI 1640 medium for a total of 1 × 106 

A. phagocytophilum-infected cells. An equivalent number of unin-
fected HL-60 cells were used as an inoculum for control mice.

NO inhibition. Mice were treated with 1 mg/ml L-NAME (Sigma, 
St Louis, MO) in sterile double-distilled water, which was changed 
every 2 to 3 d during the initial experiment and daily for 5 consecu-
tive days per week (Monday through Friday) for the 2nd cohort of 
mice in the replicate experiment. Dosing frequency initially was 
determined in light of literature searches and discussions with JHU 
colleagues studying NO inhibition.21 The dosing regimen then was 
amended to more frequent replacement of water after consultation 
with Sigma regarding the stability of L-NAME in water beyond 24 
h. Treated mice had continuous access to L-NAME, and an equal 
number of controls received untreated water for the entire dura-
tion of the study. Treatment with L-NAME was instituted 7 to 10 
d before the beginning of the experiment to ensure that inhibition 
was initiated adequately by the time of infection. 

Hepatic histopathology. At necropsy, liver and spleen were 
harvested and fi xed in 10% neutral-buffered formalin, embed-
ded in paraffin, sectioned, and stained with hematoxylin and 
eosin. Histologic sections were scored blinded and graded with 
a semiquantitative scoring system modifi ed from Olano and col-
leagues.25 Liver lesions were assessed according to 4 parameters: 
hepatocyte damage; frequency of lesions; size of infl ammatory le-
sions; and extent of perivascular infl ammation (Table 2). Each pa-
rameter was independently assigned a score of 0 (no pathology) 
to 4, and the scores were added to yield a total liver pathology 
score for a minimum of 0 and a maximum of 16. All hepatic histo-
pathology scores were then ranked against each other, a median 
HL-60 background rank from each control group was calculated 
and subtracted from each mouse in the paired infected group, 
and then all infected animals ranked again to achieve a fi nal order 
of decreasing severity. This method of ranking was used to ensure 
that subtle differences could be resolved among groups of mice 
with similar scores. 

Measurement of bacterial DNA quantity. Samples obtained from 
mice inoculated with infected HL-60 cells from the replicate ex-
periment were tested for A. phagocytophilum DNA by quantitative 
polymerase chain reaction (PCR) amplifi cation. Briefl y, liver sec-
tions from each mouse were trimmed to 20- to 25-mg pieces, and 
total nucleic acids were prepared using the Qiagen DNA Mini Ex-
traction Kit (Qiagen, Valencia, CA). Total mammalian and bacte-
rial DNA was quantifi ed, and approximately 20 ng was used per 
25-μl PCR reaction in a 96-well plate format. A standard curve was 
incorporated with each plate by using a beginning concentration 
of 1 × 104 A. phagocytophilum-infected HL-60 cells/μl, with 10-fold 
dilutions through 1 × 10–2 infected cells/μl. Amplifi cation reac-
tions were performed on an automated analyzer (IQ5, Bio-Rad, 
Hercules, CA). The TaqMan reporter probe, primer sequences, 
and amplifi cation conditions were used as previously reported.29 
Results are expressed as the number of A. phagocytophilum-in-
fected cells/20 ng host liver DNA. 

Measurement of RNS in mouse liver and urine. We treated 40 to 
60 mg of mouse liver with twice the equivalent volume of collage-

Table 1. Experimental design grouped by water treatment and infection status of 
C57BL/6 mice. Mice from each group were euthanized for tissue harvest 

at time points 0, 7, 14, and 21 days post-inoculation

 Treatment Inoculum

 None Uninfected HL60 cells
 L-NAME Uninfected HL60 cells
 None A. phagocytophilum-infected HL60 cells
 L-NAME A. phagocytophilum-infected HL60 cells

Table 2. Semiquantitative scoring system for hepatic histopathology 

Hepatocyte 1 Apoptosis and degeneration of individual hepatocytes 
 damage 2 Clusters or small aggregates of apoptotic hepatocytes 
  3 Medium to large areas of apoptotic hepatocytes 
  4 Large areas of hepatocyte apoptosis or necrosis
  
Frequency  1 0 or 1 lesion at 400× 
 of lesions 2 1 to 5 lesions at 400× 
  3 5 to 10 lesions at 400× 
  4 >10 lesions at 400×
  
Size of  1 Small infi ltrates with few infl ammatory cells 
 infl ammatory 2 Medium-sized infi ltrates with small to moderate numbers 
 lesions  of infl ammatory cells 
  3 Large infi ltrates with moderate to large numbers of 
   infl ammatory cells 
  4 Extensive infi ltration with large numbers of infl ammatory 
   cells
  
Extent of  1 Occasional infl ammatory infi ltrates at vessel walls  
 perivascular  2 10% to 40% of triad vessels affected and cuffi ng of ≤3 cells  
 infl ammation  in thickness 
  3 40% to 70% of triad vessels affected and cuffi ng of 4 to 7 
   cells in thickness 
  4 >70% of triad vessels affected and cuffi ng of >7 cells in 
   thickness

Liver sections were evaluated by two reviewers in a blinded fashion and then scored 
independently according to the four parameters above. 
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nase (lyophilized, Invitrogen, Carlsbad, CA) solution containing 
3 mM CaCl2 for 60 min under gentle agitation at 37 °C. Collage-
nase was prepared from frozen stocks diluted 1:10 with Hanks 
buffered salt solution (working solution, 21 mg/ml). Samples then 
were sonicated until tissue was completely disrupted. Liver ho-
mogenates then were spun at 13,000 × g for 10 min and the super-
natant collected for further processing. To measure the amount of 
nitrite and nitrate, samples were diluted with an equal volume 
of Hanks balanced salt solution and fi ltered through 10-kDa Mi-
crocon fi lters (Millipore, Billerica, MA). By using a colorimetric 
assay kit based on the Griess reagent assay (Cayman Chemicals, 
Ann Arbor, MI), nitrite and nitrate levels were quantifi ed from 
a standard curve, and values were expressed in μM per equiva-
lent mass:volume ratio of liver. Raw 264.7 cells were used as the 
positive control. Urine was collected either by free catch during 
restraint or from a mouse transport box and was pooled within 
groups in some cases if small volumes of urine were voided. De-
termination of urine nitrate and nitrite concentrations was per-
formed using the kit described earlier, except urine (diluted 1:20 
to 1:80 in Hanks solution) was placed directly into the assay after 
brief centrifugation of samples to pellet particulate matter.

Serum clinical chemistry. Approximately 100 μl blood was 
placed in a serum separator tube and centrifuged to obtain serum. 
Complete serum biochemistry was performed on mice eutha-
nized on days 7 and 14 only. Analysis was performed predomi-
nantly for values of alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), alkaline phosphatase (ALP), and glu-
cose. Samples were sent to an outside animal health laboratory 
for analysis (Antech Diagnostics, Lake Success, NY). 

Data analysis. For ranked histopathologic data, the nonpara-
metric Mann–Whitney test for unpaired groups was performed 
to assess differences associated with NOS inhibition and time 
after infection, and results were expressed as median ranks. Un-
paired two-tailed t tests were used to evaluate differences among 
groups of mice for the following parameters: concentration of NO 
in urine or liver tissue; hepatic ehrlichial burden; and serum clini-
cal chemistry. These results were expressed as mean ± standard 
error of the mean. Welch correction was used when groups had 
unequal variances (F test). Pearson or Spearman (for ranked data) 
correlation analysis was performed across all variables. Graph 
Pad Prism 4 (San Diego, CA) statistical graphing software was 
used for all statistical analyses. Results were considered statisti-
cally signifi cant when P < 0.05, and trends were considered to be 
present when 0.05 < P < 0.10.

Results
Hepatic histopathology. Total liver scores ranged from 3 to 9, 

with infrequent scores of 4 in any single category. Figure 1 rep-
resents a sample of histologic scores from each category. Day 0 
uninoculated mice had only occasional, small infl ammatory le-
sions (total pathology scores of 4.5 and 3 for L-NAME-treated and 
untreated mice, respectively), indicating negligible background 
pathology. Overall, for the preliminary experiment (Figure 2), 
there was a decreasing rank score for both L-NAME-treated and 
untreated mice. L-NAME-treated mice continued this reduction 
in rank score through day 21, whereas untreated mice had an 
increase in hepatic injury and reached peak pathology at day 21. 
There were no signifi cant differences in rank scores between treat-
ed and untreated groups on days 7 or 14. Untreated mice had a 
trend (P = 0.10) toward higher pathology rank on day 21 compared 
with L-NAME treated mice (median, 20 and 2, respectively).

For the replicate experiment (Figure 3), mice receiving untreat-
ed water had nearly signifi cant (P = 0.0571) increasing rank score 
between day 7 (median, 10) and day 14 (median, 17) at peak pa-
thology and return to day 7 levels by day 21. L-NAME-treated 
mice had nearly signifi cant (P = 0.0571) decreasing rank scores 
between days 7 (median, 15) and 14 (median, 1), which remained 
essentially unchanged through day 21. On day 7, L-NAME-treat-
ed mice (median, 15) had nearly signifi cant (P = 0.0571) higher 
rank scores than untreated mice (median, 10). At day 14, the trend 
was opposite, with untreated mice (median, 17) having nearly 
signifi cant (P = 0.0571) higher rank scores than L-NAME-treated 
mice (median, 1). Hepatic histopathology did not signifi cantly 
correlate with any of the other studied parameters. 

A. phagocytophilum hepatic DNA quantity. There were no sig-
nificant differences in bacterial DNA load measured between 
matched groups at any time point, and quantities of infected cells 
did not correlate with the degree of histopathology or treatment 
group. There was no effect of NOS inhibition on bacterial num-
bers detected in liver samples. Overall, bacterial loads among all 
mice reached a maximum of about 3 infected cells/20 ng host 
DNA on day 7 as extrapolated from the standard curve. By day 
21, A. phagocytophilum-infected cells were no longer detected in 
most animals. Animals inoculated with uninfected HL-60 cells 
were negative by quantitative PCR. 

Measurement of RNS in mouse liver and urine (Table 3). Mea-
surements of RNS in liver supernatants were signifi cantly (P = 
0.0046) higher on day 14 of the replicate experiment for all animals 
on untreated water compared with L-NAME-treated animals, 
regardless of infection status (Figure 4). This difference also was 
noted between treated and untreated day 14 mice infected with A. 
phagocytophilum (P = 0.0215). Differences in quantity of RNS from 
urine were similar for day 14 mice, with untreated animals hav-
ing a signifi cantly (P = 0.0124) higher urine RNS compared with 
L-NAME-treated mice, regardless of infection status (Figure 5). 
This difference also was noted for infected mice, with a trend (P = 
0.0836) toward a greater quantity of urine RNS in untreated mice 
compared with L-NAME-treated mice. This difference continued 
through day 21, with a trend (P = 0.0885) toward higher urine 
RNS quantity in untreated mice compared with L-NAME-treated 
mice. Urine and liver RNS levels did not correlate signifi cantly 
with hepatic histopathology, bacterial load, or serum chemistry, 
nor did they correlate with each other. 

Serum clinical chemistry. There were no signifi cant differences 
between mice with regard to serum clinical chemistry parameters 
on day 7. On day 14 of the replicate experiment, however, mice 
treated with L-NAME varied significantly (P < 0.05) from un-
treated mice, regardless of infection status, with regard to select 
serum chemistry parameters (Table 4). These data were chosen 
for analysis to assess the effects of NOS inhibition on serum bio-
chemical markers. Day 14 glucose values were signifi cantly (P = 
0.0412) higher in L-NAME-treated mice than in untreated ani-
mals. Day 14 ALT values were nearly signifi cant (P = 0.0531), with 
L-NAME-treated mice having higher ALT levels than untreated 
mice. There were no signifi cant differences in AST or ALP values 
among animals. ALT and AST values generally were elevated 5 
to 10 times the normal values in mice. This pattern was found 
among uninfected and infected mice in both treatment groups, 
although there were no statistically significant differences de-
tected between groups. Serum chemistry parameters did not sig-
nifi cantly correlate with histopathology, bacterial load, or liver 
or urine RNS levels. These fi ndings were evident in the replicate 

RNS and hepatic histopathology in mouse HGA model
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Figure 1. Photomicrographs of representative mouse liver sections. Hematoxylin and eosin stain; magnifi cation 50× (A, B), magnifi cation 200× (C 
through F), bar = 50 μm. (A) Low-power view of the liver with infrequent lesions (category score, 1). Only occasional, small infl ammatory infi ltrates 
were observed in this liver section. (B) Low-power view of the liver with moderately frequent lesions (category score, 3). Note the multifocal distribution 
of lesions throughout the hepatic parenchyma. (C) Typical observation of a small infl ammatory lesion (category score, 1), with apoptosis of individual 
hepatocytes (arrow) representative of mild hepatocyte damage (category score, 1). (D) Typical presentation of a moderatelysized infl ammatory lesion 
(category score, 2), with small aggregates of apoptotic hepatocytes (arrows) representative of a mild to moderate degree of hepatocyte damage (category 
score = 2). (E) Typical observation of a moderate-to-large-sized infl ammatory lesion (category score, 3), with larger aggregates of apoptotic hepatocytes 
(arrows) representative of a moderate degree of hepatocyte damage (category score, 3). (F) Blood vessel showing bile duct proliferation (open arrowhead) 
and marked infl ammatory infi ltrate (solid arrowhead) representative of a perivascular infl ammation score of 3.
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experiment only, as there were no signifi cant differences in serum 
clinical chemistry parameters on days 7 and 14 between treatment 
groups in the initial experiment (day 21 serum clinical chemistry 
was not performed in either experiment).

Discussion
The underlying mechanisms of pathophysiology and disease 

are not well understood for HGA, highlighting the need for a 
well-characterized, reproducible animal model. The initial obser-
vation of leukopenia in patients with intracellular infections of 
leukocytes misleads one to conclude that disease simply results 
from bacterial killing of host cells and subsequent infl ammation. 
However, there is a marked discrepancy between the quantity of 
bacteria in blood and other tissues, degree of pancytopenia, and 
degree of histopathologic injury.18,36 In HGA, 15-fold more cells 
are lost than can be accounted for by direct bacterial infection,1 

and cytopenias involve lineages that are not infected. These fi nd-
ings imply a role for host-mediated processes in pancytopenia, 
and by extension, injury to other tissues, such as liver. It is no 
surprise that disease and histopathologic evidence of tissue injury 
are linked to infl ammatory reactions, because many investigators 
have demonstrated the production of inflammatory cytokines 
and chemokines or other biologically active products with A. 
phagocytophilum infections in vitro and in vivo.5,11,16,17

The role of immunity in disease with HGA continues to be in-
vestigated, and A. phagocytophilum-infected mouse models are 
valuable for understanding the pathogenetic mechanisms.4,7,22,23 

Mice reliably develop histopathologic lesions, cytokine responses, 
antibody responses, and bacterial loads very similar to those of 

humans and susceptible domestic animals.7,18,22,36 In the mouse 
model, genetic disruption of IFNγ production allows increased 
bacterial burden without a corresponding increase in histopatho-
logic lesions, indicating that HGA is in part immune-mediated.23 
Immune effectors, such as NO, reactive oxygen species (ROS), 
and tumor necrosis factor α (TNFα) are unable to control bacte-
rial propagation.35 However, loss of iNOS reduces the degree of 
histopathology in knockout mice early in infection, providing 
evidence that although ineffective at pathogen control, innate im-
munity is activated and contributes to tissue infl ammation and 
injury.30 Also noteworthy is that other innate immune effectors, 
such as ROS and TNFα, contribute to histopathologic lesions, es-
pecially in the early stages of infection, before adaptive immunity 
is initiated.30 

In this study, we hypothesized that hepatic histopathologic le-
sions and injury in A. phagocytophilum-infected C57BL/6 mice 
result from increased production of RNS after activation of mac-
rophages by IFNγ. The data demonstrate that inhibition of iNOS 
was benefi cial in limiting hepatic injury, most evident on day 14 
when a milder degree of hepatic histopathology was observed 
concurrently with lower levels of urine and hepatic RNS. RNS 
are downstream products of the NO pathway, which has a vari-
ety of biologic functions, including modulation of infl ammation 
and microbial growth.28 There are 3 isozymes of NOS—brain and 
endothelial NOS, which are constitutive and produced in pico-
mole amounts for short periods, and iNOS, which is produced in 
micromole amounts and is regulated at the level of transcription 
after stimulation of effector cells by cytokines and microbial prod-

Figure 2. Median adjusted rank scores by day for L-NAME-treated (open 
bars) and untreated (shaded bars) A. phagocytophilum-infected mice in the 
initial experiment. Untreated mice (median, 20) had a trend (P = 0.10) 
towards higher pathology rank on day 21 compared with L-NAME-
treated mice (median, 2).

Figure 3. Median adjusted rank scores by day for L-NAME-treated (open 
bars) and untreated (shaded bars) A. phagocytophilum-infected mice in the 
replicate experiment. On day 7, L-NAME-treated mice (median, 15) had 
nearly signifi cant (P = 0.0571) higher rank scores than untreated mice 
(median, 10). At day 14, the trend was opposite, with untreated mice 
(median, 17) having nearly signifi cant (P = 0.0571) higher rank scores 
than L-NAME-treated mice (median, 1).

Table 3. Reactive nitrogen species in liver and urine 

 Sample source Mice receiving untreated water Mice receiving L-NAME-treated water P

Liver, all mice,a day 14 7.09  ± 0.581 3.66  ± 0.794 0.0046
Liver, infected mice,b day 14 7.2  ±  0.901 4.2  ±  1.28 0.0215
Urine, all mice, day 14 527  ±  117 111  ±  8.85 0.0124
Urine, infected mice, day 14 527  ±  117 123  ±  11.0 0.0836
Urine, all mice, day 21 432  ±  123 185  ±  60.3 0.0885

Table includes only those comparisons found to be statistically signifi cant or exhibiting a trend. All other comparisons measured were not signifi cantly different from each 
other.
Data are presented as mean nitrate + nitrite concentration (in μM)/standardized mass:volume of liver and quantity of urine ± standard error of the mean. 
aAll mice refers to animals inoculated with uninfected HL-60 cells as well as HL-60 cells infected with A. phagocytophilum. 
bInfected mice refers to animals inoculated with HL-60 cells infected with A. phagocytophilum only.
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ucts, such as endotoxin.26,28 The predominant mechanism of in-
duction of iNOS and tissue damage occurs after induction of Th1 
immunity and macrophage activation by IFNγ. The consequent 
increase in NO and RNS leads to generation of peroxynitrites 
and other species that react with sulfhydryl groups to inactivate 
proteins, damage cellular DNA, and create protein nitrosylation 
in tissues.31,32,38 The benefi cial effects of NOS inhibition have also 
been shown with other bacterial infections.6,10,34 This effect of 
NOS inhibition is especially benefi cial when considering infec-
tions that trigger innate immune responses through IFNγ and 
macrophage activation, and it indicates how important NO gen-
eration is for induction of tissue injury after innate immune sys-
tem activation in HGA. 

It is of interest that the effect of NOS inhibition in this study was 
seen at intervals after infection later than anticipated, suggesting 
an alteration in infection kinetics or additional involvement of 
adaptive immunity in the generation of tissue injury. Moreover, 
the difference in time to effect of NOS inhibition between the rep-
licate experiments is also noteworthy. In the initial experiment, 
the effect occurred later than in the replicate, with peak pathology 
at day 21 compared to day 14, although NOS inhibitory effects 
were always most profound at time of peak pathology. The dif-
ference in disease kinetics could be due to bacterial infectivity 
or viability leading to delayed triggering of the innate immune 
response, among other possibilities. Even though rigorous cell 
culture conditions ensure standardized biology and behavior of 
infected cells over time, it is realistic to assume that there may be 
slight microbiologic differences in bacterial infectivity and kinet-
ics between cell cultures used as inoculum in each experiment. 

In the replicate experiment, there was more liver injury in day 
7 L-NAME-treated mice, including increased ALT and glucose 
levels on day 14. It is possible that constitutive NOS isoforms that 
are inhibited by L-NAME in a dose-dependent manner are hepa-
toprotective.20,26,33 L-NAME can reduce nitrate and nitrite levels 
in plasma and urine while concurrently increasing transaminase 
concentrations and histopathology that occurs with macrophage 
activation and local tissue infl ammation.19 Another side effect of 
L-NAME we noted was the increased glucose levels on day 14 in 
L-NAME-treated mice. This effect is known to be concentration-
dependent and involves the regulation of insulin release.13 We 
suspect that this phenomenon is due to the increased frequency 

of L-NAME water changes in the replicate experiment, which al-
lowed for a greater total dose of L-NAME administered over 5 d 
compared to an every 2 to 3 d administration regimen. Regardless 
of these aberrations in ALT and glucose, the results of NOS inhibi-
tion observed here closely parallel those with infection in NOS-2 
knockout mice with regard to hepatic histopathology and bacte-
rial burden,30,35 confi rming the important role of NO in tissue in-
jury with HGA and its inability to restrict bacterial propagation.

Although the absence of illness in infected mice is a limita-
tion of the model because it imperfectly mimics natural disease, 
the mouse model is a refi nement in the study of HGA because 
of the lack of clinical symptoms and animal distress. We used 
intraperitoneal inoculation of bacteria, an unnatural transmis-
sion mechanism that allows precise control of inoculum size and 
incurs much less distress to the mice than is associated with tick 
bite transmission. Theoretically, experimental infections transmit-
ted by tick bite rather than intraperitoneal injection should mimic 
natural infection more closely, although mice still lack clinical 
signs when A. phagocytophilum is transmitted in this manner.9,14,15 
In horses, tick-bite transmission differs from intravenous trans-
mission only in the incubation period,27 suggesting that needle 
inoculation provides highly relevant data even compared with 
natural transmission, although contradictory results have also 
been reported.37 Regardless, the murine model is effective for ex-
tending comprehension of HGA disease mechanisms.4,7,22,23,29

In conclusion, we demonstrate that C57BL/6 mice given L-
NAME had reduced liver injury and infl ammation, and this ef-
fect was mediated through immune mechanisms related to NO 
generation rather than to pathogen load in hepatic tissues. This 
abrogation of infl ammation by L-NAME confi rms the triggering 
of immunopathology with HGA, the role of macrophage acti-
vation in the disease process, and could help to generate novel 

Table 4. Serum chemistry values for day 14 mice 

 Mice receiving Mice receiving
Chemistry parameter untreated water L-NAME-treated water P

Glucose (mg/dl) 260.3 ± 11.61 309.0 ± 18.36 0.0412
Alanine aminotransferase (U/l) 167.7 ± 58.73 405.0 ± 96.82 0.0531

Data are presented as mean ± standard error of the mean.

Figure 4. Measure of reactive nitrogen species (RNS) present in liver 
tissues by day for L-NAME-treated (open bars) and untreated (shaded 
bars) A. phagocytophilum-infected mice in the replicate experiment. Mea-
surements of RNS in liver supernatants were signifi cantly (P = 0.0215) 
higher on day 14 for infected mice on untreated water compared with 
L-NAME-treated mice.

Figure 5. Measure of reactive nitrogen species (RNS) present in urine 
samples by day for L-NAME-treated (open bars) and untreated (shaded 
bars) A. phagocytophilum-infected mice in the replicate experiment. Differ-
ences in quantity of RNS from urine was similar to liver RNS results for 
day 14 infected mice, with a trend (P = 0.0836) toward a greater quantity 
of urine RNS in untreated mice compared with L-NAME-treated mice. 
This fi nding was also similar for infected mice at day 21. 
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therapeutic strategies for A. phagocytophilum infections in humans 
and animals. Moreover, the induction of tissue injury via innate 
and adaptive immunity unrelated to pathogen load suggests that 
the typical approaches for vaccine development need to be con-
sidered carefully. The emerging recognition of HGA as an immu-
nopathologic disease also indicates that novel therapies targeting 
reduced inflammation and innate immune response could be 
used to supplement the current anti-infective approach.
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