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Abstract: Recently an HIV-1 transgenic (HIV-1Tg) rat model was created that carries a gag-poldeleted HIV-1 genome under the control of the HIV-1 viral promoter. However, other viral proteins
are expressed in most organs and tissues, and are found in the circulating blood. Since HIV-1 targets
the immune system in humans, we examined two immunological parameters, leukocyte-endothelial
adhesion (LEA) and inflammatory cytokine production, in 5 mo old HIV-1Tg rats to identify immune
functions that may be impaired even before the onset of symptoms of HIV-1 infection. We
administered a single injection (i.p.) of the bacterial endotoxin, lipopolysaccharide (LPS, 250 ug/kg),
to 5 mo old HIV-1Tg rats, age-matched transgenic control (Tg) rats, and F344/NHsd (F344) control
background strain rats. LPS induced an LEA response in both the Tg control and F344 control
animals. However, in the HIV-1Tg rats, there was no LEA response to LPS. Following LPS
administration, there was significantly greater serum levels of TNF- and IL-1 , two pro-inflammatory
cytokines, in the HIV-1Tg rats compared to the control animals. In contrast, the serum level of IL-10,
an anti-inflammatory cytokine, was comparable in the HIV-1Tg, Tg control, and F344 control rats.
Our data show that, in the HIV-1Tg rat, there is a negative correlation between the LEA response and
the induction of pro-inflammatory cytokines in response to bacterial endotoxin. These findings
suggest that the persistent presence of viral proteins may be, at least, partially responsible for the
immunodeficiency that occurs with HIV-1 infection, and that the HIV-1Tg rat could be a valid rodent
model in which to study various aspects of HIV-1 infection.
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INTRODUCTION

The HIV-1 transgenic (HIV-1Tg) rat model was
developed at the University of Maryland Biotechnology
Institute (UMBI) from F344/NHsd and Hsd SpraugeDawley® SD® rat stock [19], and is currently available at
Harlan, Inc. [Indianapolis, IN]. The HIV-1Tg rat
carries a gag-pol-deleted HIV-1 genome under the
control of the HIV-1 viral promoter, and expresses 7 of
the 9 HIV genes [19]. Thus, while there is no viral
replication in the HIV-1Tg rat model, viral proteins are
expressed in various organs [19], and are found in the
circulating blood [19, 20]. Therefore, the HIV-1Tg rat
seems to mimic the condition of patients given
HAART, who have limited (controlled) viral
replication, but persistent HIV infection.
HIV-1Tg rats exhibit both differences and
similarities when compared to the age-matched F344
control animals. The HIV-1Tg rats are lower in body
weight in comparison to age matched controls.
However, they show no signs of retarded growth, and
they progressively gain weight similar to the control
animals. Even though the HIV-1Tg rats eat and drink

Human immunodeficiency virus-1 (HIV-1)
infection results from the actions of HIV-1 viral
proteins, including the envelope glycoprotein 120
(gp120) and Tat, on targeted cells of the immune
system, such as macrophages and T-lymphocytes [1 ,6].
HIV-1 infection is marked by an array of pathologies
and a variety of secondary infections [7-11], and can
progress to full-blown AIDS. In AIDS, the lethal
outcome from opportunistic infections results from
impairment of various immune functions[8,9,12,14].
Highly active anti-retroviral therapy (HAART) consists
of inhibitors that target viral entry, reverse transcriptase
and viral protease to control viral replication, restore
immunity, and delay disease progression, but it cannot
eliminate the viral infection[13,15,18].
The clinical
challenge in this post-HAART era is, therefore, the
persistent viral infection that results from the presence
of HIV viral proteins in the host [8, 9, 18].
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interleukin-10 (IL-10). Both TNF- and IL-1 are proinflammatory cytokines. They are mainly secreted by
macrophages and are important mediators of
inflammatory responses such as LEA. They are also
involved in a variety of cellular activities, including cell
proliferation, differentiation, and apoptosis [29-31]. On
the other hand, IL-10 is an anti-inflammatory cytokine.
It is produced mainly by macrophages and has
pleiotropic effects in regulating the inflammation [32, 33].
In this study, we examined the LEA response to
systemic treatment with LPS in the HIV-1Tg rats.
Intravital microscopy was used to directly measure
LEA in the mesentery venules of the HIV-1Tg rats. We
also compared the serum levels of two proinflammatory cytokines, TNF- and IL-1 , and one
anti-inflammatory cytokine, IL-10, using the enzymelinked immunosorbant assay (ELISA). Even though the
serum levels of all the cytokines examined were greater
in the HIV-1Tg rats compared to the control animals,
the HIV-1Tg rats failed to exert an LEA response
following treatment with LPS.

less than the F344 control rats, there is no evidence of
anorexia. There are also no signs of anhedonia in the
HIV-1Tg animals, based on their taste response to
sucrose [unpublished data].
The HIV-1Tg rats
demonstrate poorer performance in a water maze, based
on auditory, olfactory, and textual cues, and they appear
to have some learning deficits even before they develop
symptomatic signs of HIV infection [unpublished data].
While HIV-1 is primarily an infection of the
immune system in humans, many immune functions
have not yet been characterized in the new HIV-1Tg rat
model.We, therefore, examined specific immunological
functions in the HIV-1Tg rat to identify immune
parameters that may be impaired even before the
development of symptoms of HIV infection.
During
normal
physiological
conditions,
leukocytes travel along the vessel wall, particularly in
venules, at a constant velocity, intermittently coming in
contact with the endothelium [21, 22].
During
inflammatory conditions, these leukocytes adhere to the
endothelium of the venules [21] in order to penetrate the
endothelium, enter the underlying tissue, and travel to
the site of infection.
This leukocyte-endothelial
adhesion (LEA) is the prelude to many cellular immune
events, including migration toward a chemotactic
stimulus, phagocytosis, intracellular degradation, and
cytokine release. LEA is also the initial step by which
leukocytes in the peripheral blood cross the vascular
endothelial cell lining of vital organs, including the
brain and heart [23,26]. Thus, LEA is one of the body’s
first lines of defense against invading pathogens [21].
LEA is a complex physiological process mediated
by various adhesion molecules found on both
leukocytes and the vascular endothelium [26]. It can be
induced by several factors, including the bacterial
endotoxin such as lipopolysaccharide (LPS), and the
bacterial chemotactic factor, N-formyl-methionylleucyl-phenylalanine (FMLP).
LPS-induced LEA
occurs due to increased expression of cell adhesion
molecules on the vascular endothelium, and LPS’
effects are long-lasting (hours or days) [28]. In contrast,
FMLP induces LEA by increasing adhesion molecules
on the surface of the leukocytes, and its effects are
transient (minutes) [28]. Thus, topical suffusion with
FMLP at a low concentration (10-7 M) is routinely used
in intravital microscopy to confirm that the leukocytes
are capable of responding to a stimulus and forming the
LEA response.
LPS is routinely used as a model molecule to
induce inflammation in vivo. In addition to inducing
LEA, LPS can initiate an inflammatory response by
stimulating the release of cytokines, including TNFalpha (TNF- ), interleukin-1beta (IL-1 ), and

MATERIALS AND METHODS
Materials: Lipopolysaccharide (LPS) from Salmonella
typhimurium
and
n-formyl-methionyl-leucylphenylalanine (FMLP) were obtained from Sigma
Chemical Co. (St. Louis, Mo). Sodium pentobarbital
was obtained from Veterinary Laboratories, Inc.
(Lenexa, KS).
Animals: Male HIV-1Tg rats, transgenic control (Tg)
animals, and F344/NHsd (F344) control background
strain rats were purchased from Harlan, Inc.
(Indianapolis, IN). One to three animals were housed
in standard plastic rodent cages or in flexible-film
isolators in a temperature-controlled environment with
standard rat diet and water available ad libitum. The
animals used in these studies were 5 mo of age. All
experimental procedures were conducted during the
light period of a 12-h light/dark cycle, and were
approved by the Institutional Animal Care and Use
Committee of Seton Hall University.
Treatment with lipopolysaccharide: Six HIV-1Tg
rats, 6 Tg control rats, and 6 F344 rats (all 5 mo of age)
were randomly assigned to receive an injection with
either LPS (250 µg/kg, i.p.) or an equal volume of
saline. Two hours after the injection, about 1.0 mL of
blood was collected from the tail vein of each rat and
used to prepare serum
Intravital microscopy: At the end of the treatment
with LPS described above, the rats were anesthetized
with sodium pentobarbital (45 mg/kg, i.p.) and prepared
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for intravital microscopy as described in Occasio et al.,
Pentobarbital has been shown to have no influence
on leukocyte endothelial adhesion (LEA) [35]. A
tracheotomy was performed to facilitate the animal’s
respiration, and the carotid artery was cannulated in
order to monitor the blood pressure during the intravital
microscopy. The animal was placed on a heating pad;
its mesentery was exteriorized through a mid-sagittal
abdominal incision and draped over a transparent glass
shelf. The tissues were topically suffused with a 1%
Ringer’s lactate-gelatin drip solution maintained at 37o
C. The intestines were covered with moist gauze, and
the areas outside the region of interest were covered
with Saran wrap. The mesentery was observed with a
Nikon UM3 metallurgic microscope adapted for
intravital microscopy. A Nikon 10X water immersion
lens was used to view the field on a Panasonic TR930A high-resolution video monitor. LEA in the
mesenteric venules was recorded using a Panasonic
VWCD-52 video camera and a JVC HR-D630U
videocassette recorder. Leukocytes sticking to the
vessel endothelium for more than 30 sec were counted
as adhering leukocytes, and expressed as the number of
adhering cells per 100 µm of vessel length.
During the course of intravital microscopy,
inflammation in the mesenteric vessels was acutely and
transiently induced with a 2 min topical suffusion with
the chemoattractant, FMLP (10-7 M). Stock FMLP was
made fresh by dissolving the powder in DMSO (Fisher
Scientific, Fair Lawn, NJ). The stock solution of FMLP
was then dissolved in the isotonic bicarbonate Ringer’s
lactate-gelatin drip solution, pH 7.4. DMSO at the
concentration present in the solution (1.4 x 10-7 M) has
been shown to have no effect on leukocyte-endothelial
interactions [21].
[34].

Fig 1:

LEA response to LPS in the mesentery of the F344 control
rats, Tg control rats and HIV-1Tg rats. Intravital
microscopy was used to examine LEA in the mesentery
venules of F344 control (A), Tg control (B), and HIV-1Tg
(C) animals 2 h after being injected (i.p.) with either 250
µg/kg LPS or saline. n = 3; * P < 0.05 compared to F344saline in (A), compared to Tg control-saline in (B).

RESULTS

Enzyme-linked immunosorbant assay (ELISA) for
TNF- , IL-1 , and IL-10: Two hours following the
injection with LPS (250 g/kg, i.p.), tail vein blood was
collected from each animal and allowed to clot for at
least 30 min. The blood samples were used to prepare
serum by centrifugation at 4o C (1000 x g) for 30 min.
The sera were stored in aliquots at -80o C until use in
the ELISA. ELISA was performed according to the
manufacturer’s protocol (R & D Systems, Minneapolis,
MN).

The LPS-induced LEA response in the HIV-1 Tg
rats:
Leukocyte-endothelial adhesion (LEA) is the
initial step in the inflammatory response cascade which
allows leukocytes to cross the vascular endothelial cell
barrier to go to the site of tissue injury. Administration
of an endotoxin, such as lipopolysaccharide (LPS), via
intraperitoneal (i.p.) injection has been used as a model
to induce LEA in vivo. Topical suffusion with the
chemoattractant, FMLP (10-7 M), was used to confirm
that all the animals had functional LEA response. As
shown in Fig. 1, in response to an injection with LPS,
only the LEA in the F344 control (A) and Tg control
(B) rats was significantly elevated compared to the
animals treated given saline (P < 0.05). However, LEA
was not elevated in the HIV-1Tg rats (C) in response to
LPS compared to saline treated animals. FMLP

Statistical analysis: The LEA data are presented as the
mean ± SE. Comparisons of data were made by a oneway analysis of variance (ANOVA) followed by a
Newman-Keuls post-hoc test, or by a paired or unpaired
Student’s t-test (Mann-Whitney). Significance was
assessed at the 95% (P < 0.05) confidence level.
Significance was defined as a probability of 0.05 or
204
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Table 1: Topical suffusion with FMLP (10-7M) induction of LEA (cells/100 m /30 s) in F344 control, Tg control
and HIV-1Tg rats given with and without LPS (250 g/kg)
F344 Control
Tg Control
HIV-1Tg

Saline-LPS-FMLP
22.3 ± 1.4 *
13.1 ± 1.1 *
4.3 ± 0.5 *

Saline-LPS
7.9 ± 0.9
6.9 ± 0.9
2.1 ± 0.4

Saline-FMLP
11.4 ± 1.5 *
12.1 ± 1.1 *
12.4 ± 0.8 *

Saline
3.1 ± 0.45
3.3 ± 0.29
3.5 ± 0.52

Table 2: Serum levels of IL-1 , TNF- , and IL-10 in F344, Tg control, and HIV-1Tg rats as determined by ELISA.

HIV-1Tg rats

Tg rats

F344 rats

Saline

LPS

Saline

LPS

Saline

LPS

IL-1 (pg/mL)

80.5 ± 1.4

214.7 ± 2.6 *

98.3 ± 3.0

253.2 ± 5.7 *

204.8 ± 3.3

1392.0 ± 9.1 *#†

TNF- (pg/mL)

129.7 ± 5.7

183.7 ± 3.5 *

129.5 ± 5.4

203.3 ± 5.6 *

112.7 ± 7.5

4557.1 ± 145.9 *#†

IL-10 (pg/mL)

127.4 ± 4.5

188.0 ± 2.1 *

125.6 ± 3.4

214.1 ± 2.7 *

136.4 ± 2.8

358.8 ± 9.8 *#†

N = 3 for each group.
* P < 0.05 compared to animals without suffusion with FMLP; # P < 0.05 compared to F344 control rats treated with LPS;† P < 0.05 compared
to Tg control rats treated with LPS.

can be induced by several agents, including the
chemotactic factor, FMLP, and the bacterial endotoxin,
LPS, [21, 34, 39]. All six groups of animals tested (F344,
Tg control, and HIV-1Tg rats treated with either LPS or
saline) produced a similar LEA response to topical
suffusion with FMLP, indicating that the adhesion
molecules expressed on the leukocytes of all of the
animals should be adequate to adhere to the vascular
endothelium. In both the F344 and Tg control rats, the
LEA response to LPS occurred as expected. In
contrast, in the HIV-1Tg animals, LPS failed to induce
an LEA response. Two possible reasons for the lack of
an LPS-induced LEA response in the HIV-1Tg rats are:
(1) There may be inadequate expression of adhesion
molecules on the endothelial cells; and, (2) the
microcirculation environment may be different in the
presence of HIV-1 viral proteins.
LPS can also induce the production of cytokines,
such as TNF- , IL-1 , and IL10, which are involved in
the inflammatory response to infection. The serum
levels of the two pro-inflammatory cytokines, TNFand IL-1 , was significantly greater in the HIV-1Tg rats
than in the two control animals in response to LPS,
whereas the level of the anti-inflammatory cytokine, IL10, in response to LPS in the HIV-1Tg rats was
comparable to that in both the F344 and Tg control
animals. Thus, it appears that there is an imbalance of
pro- versus anti-inflammatory cytokines induced by
LPS in the HIV-1Tg rats, which could have detrimental
effects on other immune responses, such as LEA.
Interestingly, in the HIV-1Tg rats, the production
of the two pro-inflammatory cytokines, TNF- and IL1 , following LPS administration did not correlate with
the induction of the LEA response as it did in both

suffusion confirmed that all six groups of animals, F344
control rats with and without LPS, Tg control rats with
and without LPS, and HIV-1Tg rats with and without
LPS (Table 1),could exert a transient LEA response to
the chemoattractrant.
LPS-induced serum levels of cytokines in the HIV1Tg rats:
The actions of LPS are thought to be
mediated via the autocrine actions of the cytokines
secreted in response to LPS [36, 37]. As shown in Table
2, LPS increased the serum levels of TNF- and IL-1
by about 1-1.5-fold in the F344 rats. The LPS-induced
increase in IL-1 and TNF- was 7-fold and 38-fold
higher, respectively, in the HIV Tg rats compared to the
control F344 animals (P < 0.05). There was a 0.8-fold
increase in IL-10 in response to LPS in the F344 rats
(Table 2), and a 1.5-fold increase in IL-10 in the HIV
Tg rats (P < 0.05).
DISCUSSION
Infection with the HIV-1 virus results in a large
variety of pathologies [7-11], and can progress to fullblown AIDS. Patients with AIDS generally succumb to
opportunistic infections due to impairment of various
immune functions and responses [8, 9, 12-14]. In this study,
we examined two immunological parameters, the LEA
response and the production of cytokines involved with
the inflammatory response, in the new HIV-1Tg rat
model.
The induction of LEA in the microcirculation is
one of the first immune responses to infection [38], and
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control animal groups. The over-production of proinflammatory cytokines and failure of the LEA
response in the HIV-1Tg rats following a single
treatment with a non-pyrogenic dose of LPS, as shown
in this study, suggests that the persistent presence of the
HIV-1 viral proteins may result in dysregulation of
immune function, and in particular, with the failure of
the LEA response to an immune challenge. It may be
that an inadequate LEA response is one of the immune
impairments by which patients with HIV-1 infection
succumb to opportunistic bacterial infections. Further
studies are needed to determine the molecular and
cellular mechanisms underlying the failure of the LEA
response to LPS in the HIV-1Tg rats.
In summary, HIV-1Tg rats are immunodeficient in
many respects, even when they do not show signs of
illness. The persistent presence of HIV viral proteins in
these animals may be sufficient to result in the
impairment of immune responses, such as LEA, and an
imbalance in the production of inflammatory cytokines
in response to subsequent bacterial infection. Thus, the
HIV-1Tg rat could be a valid rodent model in which to
investigate various physiological functions and immune
responses to bacterial agents in the presence of HIV-1
infection.
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