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Abstract
The HIV-1 (HIV) transgenic (Tg) rat develops several immune abnormalities in association with
clinical impairments that are similar to what are seen with HIV infection in humans. In HIV infection,
retinoids and opioids can have separate and potentially combined effects on the clinical course of
HIV disease. In these studies, the effects of a vitamin A deficient diet on T cell proinflammatory
cytokine and mu opioid receptor (MOR) expression were examined in the Tg and in wild-type (WT)
rats. The effects of the diet on HIV gene expression were also analyzed in the Tg rats.
Phytohemagglutinin-stimulated T cells from WT rats on the vitamin A diet and from Tg rats on either
diet were more likely to either produce increased percentages of T cells expressing intracytoplasmic
IFN-γ, secrete higher levels of TNF-α, and express higher levels of MOR mRNA and surface MOR.
Mitogen stimulation also increased Tg rat HIV env, tat, and nef mRNA expression with even higher
env and nef mRNA produced in association with the vitamin A deficient diet. All together, these data
suggest that a vitamin A deficient diet can result in cellular effects that increase T cell
proinflammatory responses and HIV expression, which may alter the course of disease in the HIV
Tg rat model.
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Introduction
Vitamin A deficiency has been associated with the development of abnormal T cell responses
to exogenous and host antigens. Among children and adults with HIV-1 (HIV) infection,
deficiency has been linked to an increased risk of infection-related morbidity and mortality
(Humphrey et al. 2006;Fawzi 2003). These clinical effects of vitamin A deficiency may be
enhanced by the use of illicit drugs (Semba et al. 1993a) and, in opioid users, may be mediated
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by activation of surface mu opioid receptor (Peterson et al. 1990). While among individuals
with HIV infection such complications generally occur in the setting of progressive
immunosuppression, vitamin A deficiency also results in enhanced T cell proinflammatory
responses, which have been shown to underlie immune-mediated tissue damage that occurs in
multiple sclerosis and other natural and experimental autoimmune disorders (Driscoll et al.
1996;Kinoshita et al. 2003;Cantorna et al. 1994;Cantorna et al. 1995;Gershwin et al.
1984;Royal, III et al. 2002;Vladutiu and Cringulescu 1968;Warren 1982;Brinckerhoff et al.
1980;Cantorna and Hayes 1996;Comstock et al. 1997). In studies of mice rendered vitamin A
deficient, T lymphocyte precursors from purified lymph node cell cultures were observed to
take on a Th1 (proinflammatory) phenotype and, with activation, to secrete increased levels of
interferon (IFN)-γ (Cantorna et al. 1994). Deficiency also induced decreased numbers of Th2
(anti-inflammatory) precursors and decreased secretion of interleukin (IL)-4.

The HIV Tg rat model incorporates a non-infectious viral genome that is under similar
regulatory control mechanisms in vivo that exist with natural infection (Reid et al. 2001). Over
time, the rats develop immune abnormalities and clinical manifestations in the presence of the
transgene that are similar to what occurs with infection in humans (Reid et al. 2004;Reid et al.
2001). In humans, retinoids have been demonstrated to either enhance or suppress replication
of HIV in infected cultures (Yamaguchi et al. 1994;Lee et al. 1994;Kitano et al. 1990;Semmel
et al. 1994;Poli et al. 1992;Towers et al. 1995;Maciaszek et al. 1998). The cellular effects of
retinoids are mediated by retinoid binding to retinoid receptors, of which there are two classes,
retinoic acid receptor (RAR) and retinoid X receptor (RXR). The combined effects of vitamin
A deficiency on proinflammatory cytokine responses and HIV gene expression have not been
previously studied. Therefore, in this report we describe studies in which we examined IFN-
γ, tumor necrosis factor (TNF)-α, and HIV gene expression by PHA-stimulated T cells from
HIV-1 transgenic (Tg) rats on vitamin A deficient or normal diet and compared these data to
results obtained from wild-type (WT) rats on the same diets. In addition, to identify possible
factors that may regulate effects of opioids in the context of vitamin A deficiency, we also
measured mu opioid receptor expression by these cells. The studies demonstrate that these
responses are increased in the presence of vitamin A deficiency with the changes in
proinflammatory cytokine and MOR production being most prominent in the Tg rats.

Materials and methods
HIV-1 Tg Rat

The details on the construction of the HIV-1 Tg rat have been previously described (Reid et
al. 2001). All experiments were performed using whole blood samples from 3-6 month old
specific pathogen free Tg and age-matched WT Fisher 344/NHsd control rats. The rats Tg and
WT rats were administered a diet previously used to induce vitamin A deficiency in mice
(Carman and Hayes 1991), except that the rats were fed the Bio-Serv AIN-93M rodent
maintenance diet (Bio-Serv; Frenchtown, NJ), which contains 400,000 IU/kg of retinyl
palmitate, the major dietary form of vitamin A, or the same diet mix formulated minus retinyl
palmitate. Female rats maintained on the normal maintenance diet were mated then randomly
divided into two groups at 2 wks gestation. One group of pregnant females was subsequently
fed a vitamin A deficient diet and the other was fed the vitamin A-sufficient diet. Weanlings
were maintained on the same diets as their dams. For collection of blood, the rats were
anesthetized using a combination of 60mg/kg Ketamine and 7.5 mg/kg xylazine and blood was
removed by capillary stick from the cavernous sinus. All studies were approved by the
University of Maryland Biotechnology Institute of the University of Maryland, Baltimore
Animal Care and Use Committee. .
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Polymerase chain reaction assays
Samples were analyzed by PCR for TNF-α and IFN-γ, for HIV tat, nef, and vif and, as an
internal control, for 18s gene expression as previously described (Nakagawa et al. 2001;Bae
et al. 2005;Hudson et al. 2000;Arrigo et al. 1989;Arrigo et al. 1990;Jacque et al. 2002;Royal,
III et al. 2005). For these studies RNA from PHA-stimulated and unstimulated samples from
the Tg and control rats was isolated and DNase treated using RNeasy Mini Columns with
Qiashredder column inserts and RNase-free DNase I (Qiagen, Valencia, CA) according to the
product instructions. RT-PCR and subsequent PCR amplification was performed in an iCycler
(Bio-Rad, Hercules, CA). Amplification was initiated by enzyme activation for 5 minutes at
94 oC followed by 40 cycles of denaturation at 94 oC for 30 seconds, annealing at 56 oC for
30 seconds, and extension at 72 oC for 30 seconds. The following primers were used: TNF-α
forward: TACTGAACTTCGGGGTGATTGGTCC, TNF-α reverse:
CAGCCTTGTCCCTTGAAGAGAACC (product length 295 bp); IFN-γ forward:
GGCCATCAGCAACAACATAA, IFN-γ reverse: GACTCCTTTTCCGCTTCCTT (product
length 206 bp); vif forward: ATTGTGTGGCAAGTAGACAGGATGA, vif reverse:
CTAGTGGGATGTGTACTTCTGAACT (product length 154 bp); tat forward:
GCGCGCACAGCAAGAGGCGA, tat reverse:
GCAATGAAAGCAACACTTTTTACAATA (product length 181 bp); nef forward:
GACAGGGCTTGGAAAGG, nef reverse: TTAGCAGTTCTGAAGTACTC (product length
640 bp); and env forward: GCG CGC ACA GCA AGA GGC GA, env reverse:
CCACAAGTGCTGATACTTCTCC (product length 311 bp); the 18s primers were purchased
from Ambion (Austin, TX) with PCR performed as recommended by the manufacturer. The
PCR products were run on 1% agarose gels and the

Flow cytometry
T cell intracytoplasmic antigen detection—For intracytoplasmic detection of cytokine,
whole blood samples were collected as described above and 0.5 ml of the samples was
incubated in 1.5 ml of medium consisting of RPMI 1640 (BioWhittaker, Frederick, MD)
supplemented with 10% fetal bovine serum (BioWhittaker), 50 units/ml of penicillin, 50 μg/
ml of streptomycin, and 2 mM L-Glutamine (ICN Biomedical, Costa Mesa, CA). The samples
were then incubated in medium alone or medium plus 12.5 μg/ml PHA for 4 hours in the
presence of GolgiStop (brefeldin A; BD Biosciences), added to the cultures at of final
concentration of 60 μM. The cells were then washed and surface labeling for T cell subtypes
was performed with CD3-APC, CD4-PC5, and CD8-FITC antibodies (BD Biosciences) with
subsequent lysis of the red blood cells in the cell suspension with FACS Lysing Solution (BD
Biosciences) as recommended by the manufacturer. The samples were then permeabilized
using the Cytofix/Cytoperm Kit with GolgiPlug (BD Biosciences), which contains the protein
transport inhibitor brefeldin A and Perm/Wash buffer, and stained for intracytoplasmic
cytokine expression by incubation with TNF-α-PE or IFN-γ-PE antibodies (BD Biosciences),
also as recommended by the manufacturer. After a final wash, the samples were resuspended
in 1% paraformaldehyde in PBS and four color flow cytometry was performed using a
FACSCalibur flow cytometer equipped with CellQuest Software (BD Biosciences; San Jose,
CA) and calibrated using Calibrite Beads (BD Biosciences). Mononuclear cell populations
were identified on dot plots of forward versus side scatter gated for CD3+ cells, and the CD4
+ and CD8+ cells within this gate were subsequently examined by quadrant analysis of dot
plots for positive staining for either for IFN-γ or TNF-α.

Surface T cell MOR Expression—Surface MOR expression was examined as previously
described (Royal, III et al. 2005). Briefly, the whole blood samples were incubated for 30
minutes with a 1:500 dilution of rabbit anti-human MOR antibody, generated against a
recombinant protein corresponding to amino acids 1-80 of the amino terminus of human
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MOR-1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), then washed twice in phosphate
buffered saline pH 7.4 (PBS) and incubated for 30 minutes with a 1:1000 dilution of Alexa
Fluor 488-conjugated mouse anti-rabbit polyclonal antibodies (Molecular Probes; Eugene,
OR). After a final wash, the stained samples were analyzed by flow cytometry as described
above using unstained samples and samples incubated with secondary antibody alone as
negative controls.

Cytokine Enzyme-linked Immunosorbent Assays
TNF-α and IFN-γ secretion by PBMCs from the Tg and WT rats were analyzed by antigen-
specific ELISA. Briefly, PBMCs were purified on Ficoll gradients and 2x105 cells were
incubated in 200 μl of RPMI 1640 supplemented with 10% fetal bovine serum, 50 units/ml of
penicillin, 50 μg/ml of streptomycin, and 2 mM L-glutamine alone or medium containing 10
μg/ml PHA in 5% CO2 at 37 degrees Celsius for 72 hours. Culture supernatants were then
analyzed for TNF-α and IFN-γ secretion in antigen capture ELISA using, respectively, using
the rat TNF-α and IFN-γ BD OptEIA ELISA Set (BD Biosciences Pharmingen) according to
the product directions.

Statistical Analyses
T cell percentages for the Tg and WT rats were analyzed using the Mann Whitney-U test and
mean levels of cytokine secretion were compared for these groups using the student’s t-test.

Results
IFN-γ and TNF-α gene expression by PHA-stimulated and unstimulated whole blood samples

Whole blood samples from Tg and WT rats on either a normal or vitamin A deficient diet were
examined for proinflammatory cytokine gene expression by PCR (figure 1). Expression levels
were quantitated by measuring the intensity of the band produced by the PCR product on the
agarose gel then calculating a ratio of the cytokine and 18s band intensities. These studies
showed low levels of IFN-γ mRNA for non-stimulated samples. Following PHA stimulation,
these was a slight increase in IFN-γ gene expression by cells from the WT rat on the control
diet, whereas larger increases were observed for the samples from the WT rat on the vitamin
A deficient diet and from Tg rats on either diet. In contrast, analysis of TNFα mRNA expression
showed prominent relative baseline levels for rats from all groups which increased slightly
with PHA stimulation for all except the sample from the WT animal on the normal diet, for
which expression was decreased.

Intracytoplasmic IFN-γ and TNF-α expression by activated T cells
For these studies, the effects of mitogen stimulation on intracytoplasmic IFN-γ and TNF-α
expression by CD4+ and CD8+ T cells in whole blood was analyzed. These studies showed
that, relative to unstimulated samples from WT rats on the normal diet, PHA stimulation
increased percentages of CD4+IFN-γ+ T cells detected in samples from WT rats on the
deficient diet and from Tg rats on either diet (figure 2). In addition, percentages of IFN-γ+
CD4+ T cells were higher for PHA stimulated samples from WT rats on the vitamin A deficient
diet than for unstimulated samples from these rats whereas no such difference was observed
for Tg rats on the deficient diet. Analysis of CD8+ T cells also showed that percentages of
IFN-γ+ cells were higher for PHA stimulated samples from WT rats on the vitamin A deficient
diet as compared to non-stimulated samples from these animals. In addition, INF-γ+
percentages were also higher for CD8+ T cells from Tg rats on the normal diet.
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In contrast to what was observed for intracytoplasmic IFN-γ+ expression, high percentages of
TNF-α+ CD4+ and TNF-α+CD8+ T cells were observed both in non-stimulated and PHA-
stimulated cultures from rats in all groups (figure 2).

Secretion of IFN-γ and TNF-α by Tg and WT rat T cells
PBMCs from the rats were examined by ELISA for levels of IFN-γ and TNF-α secretion. These
studies showed that, for all cultures, there was no detectable secretion of IFN-γ in the absence
of PHA stimulation (figure 3). For PHA-stimulated cultures, high levels of IFN-γ were detected
but levels were similar for Tg and WT rats on either diet. In contrast, detectable TNF-α was
secreted in the absence of mitogen and at levels that were similar for the various animal groups.
With PHA stimulation, secreted TNF-α levels were significantly higher for PBMCs from WT
rats on a deficient diet and from Tg rats on either a normal or a vitamin A deficient diet relative
to levels measured for non-stimulated samples from WT rats fed a normal diet. In addition,
PHA stimulation ncreased TNF-α secretion by cells from Tg rats on either a normal diet or on
a vitamin A deficient diet as compared non-stimulated cells from these rats.

MOR gene expression by cells in whole blood from Tg and WT rats
MOR gene expression in whole blood was also examined by PCR (figure 4). Again, samples
were obtained from Tg and WT rats on vitamin A deficient and normal diets and analyzed
unstimulated or following stimulation with PHA. These studies showed that the sample from
the Tg rat on the vitamin A deficient diet had the lowest level of expression at baseline. With
PHA stimulation there were increases in expression for rats in all groups with the highest levels
of expression noted for the Tg and WT rats on the vitamin A deficient diet.

T cell expression of surface MOR
Surface MOR expression by T cells in whole blood was examined by indirect
immunofluorescence staining and analysis by flow cytometry (figure 5). These studies showed,
relative to non-stimulated samples from WT rats, increased MOR expression by CD4+ and
CD8+ T cells in stimulated samples from Tg rats on the vitamin A-deficient diet. In addition,
percentages of CD4+MOR+ T cells in stimulated samples from vitamin A-deficient Tg rats
were also higher than for samples from non-stimulated samples from these rats.

HIV-1 gene expression by cells in whole blood from Tg and WT rats
In these studies, we examined relative expression of env, tat, nef, and vif in whole blood from
Tg and, as a negative control, WT rats on normal and vitamin A-deficient diets following
incubation with either medium alone or PHA (figure 6). These studies, as expected, showed
no detection of HIV-specific mRNA in the samples from the WT rats. For the non-stimulated
HIV Tg rat sample, there was no detectible env or tat gene expression; expression was higher
for vif than for nef. Stimulation of the Tg rat samples with PHA resulted in an increase in
expression env, tat, and nef mRNA with relative levels of tat and vif expression noted to be
similar for the rats on the vitamin A deficient and normal diets. In contrast, mitogen stimulation
of cells from the rat on the vitamin A deficient diet resulted in higher relative env and nef
expression than what was observed for stimulated sample from the Tg rat on the normal diet.

Discussion
In humans with HIV infection, treatment with retinoids has been shown to have potentially
beneficial effects. For example, 13-cis retinoic acid induced regression of oral leukoplakia
(Beenken et al. 1994), and AIDS-related Kaposi’s sarcoma lesions have been shown to respond
to treatment with topical preparations of either 9-cis RA or the synthetic retinoid bexarotene
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(Walmsley et al. 1999;Duvic et al. 2000). The effects on these retinoids on HIV replication
and clinical consequences of the infection appear to be mediated by retinoid binding to
receptors which then interact with retinoid receptor response elements in the viral long terminal
repeat (LTR) and in the core promoter (Lee et al. 1994;Towers et al. 1995;Maciaszek et al.
1998). The two classes of retinoid receptors, RAR and RXR, exist in cells as RAR-RXR
heterodimers and as RXR homodimers. RAR is bound by all-trans retinoic acid, 9-cis retinoic
acid, and 13 cis-retinoic acid; RXR is also bound by 9-cis retinoic acid as well as by bexarotene.
Indeed, the response elements for both RAR and RXR are present in the HIV promoter (Xu et
al. 1996;Lee et al. 1994;Ladias 1994;Desai-Yajnik and Samuels 1993;Orchard et al. 1993).

Earlier stages of HIV infection are characteristically associated with enhanced humeral and
cellular immune responses, with the latter primarily reflecting the activity of virus-specific
cytotoxic T cells (Letvin and Walker 2003). With acute HIV infection there is often an initial
fall in CD4+ T cell numbers followed by a return to normal or near-normal levels.
Subsequently, individuals with established HIV infection typically show a fall in numbers of
CD4+ T cells and lower IFN-γ expression levels which continue to decrease with progression
to AIDS (Klein et al. 1997). Vitamin A deficiency has been independently associated with
decreased CD4+ T cell percentages in children (Semba et al. 1993b) and with lower splenic
CD4+ T cell numbers in rats (Zhao and Ross 1995). In our studies, we did not observe any
difference in total whole blood CD4+ T cell percentages for the animals in the various groups
(data not shown). The effects of advanced HIV disease on proinflammatory responses have
been previously examined in samples from phorbol ester-stimulated T cells from 12-15 month-
old Tg rats, and these studies showed that levels of IFN-γ secretion were lower than those for
age-matched WT rats (Reid et al. 2004). In our studies of younger rats, PHA-induced increases
in proinflammatory cytokine gene expression were most consistently seen for samples from
Tg rats on either diet and from WT rats on the vitamin A deficient diet. Notably, no difference
in percentages of TNF-α+ T cell percentages and secreted IFN-γ levels was seen between
groups. This suggests that rat T cells store preformed TNF-α which is released following
exposure of the cell to the appropriate stimulus. It is also possible that significant levels of
TNF-α are may be secreted by monocyte/macrophages present in the samples, which could
also account for the differences noted in these measures. Similarly, IFN-γ is produced by natural
killer cells as well by T cells, explaining, at least in part, the similar levels of this cytokine
measured in supernatants from the stimulated cells.

The data presented in this report also show that MOR gene expression was increased by PHA
stimulation with the largest increases noted for the cells from vitamin A deficient rats. Of note
is the fact that significant mitogen-induced elevations of surface MOR were noted only for
cells from Tg rats on the vitamin A deficient diet. The mechanisms that underlie these effects
are yet to be elucidated. However, activation of NF-kappa B is required for expression of TNF-
α, and it has been demonstrated that, in vitamin A deficient mice, NK-kappa B activity is
increased (Austenaa et al. 2004). In murine macrophages, nanomolar concentrations of
morphine have been demonstrated to activate NF-kappa B and to stimulate TNF-α production
(Roy et al. 1998;Wang et al. 2003). In immune cells, binding of TNF-α to tumor necrosis factor
receptor type 2 results in increased production of NF-kappa B, which binds to a responsive
element in the MOR gene promoter to stimulate MOR expression (Kraus et al. 2001).
Therefore, the enhanced expression of MOR that we observed in the vitamin A deficient rats
likely represents unsuppressed complementary interactions between the mechanisms that
control expression of TNF-α and MOR.

Increased expression of HIV genes has been demonstrated for monocytes isolated from the
HIV Tg rat (Mazzucchelli et al. 2004). Similarly, HIV gp120, tat, and nef has been
demonstrated immunohistochemically in spleen from and gp120 has been detected in serum
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from the Tg animals and on Western blots of lysates of T cell, B cells, and monocytes (Reid
et al. 2001). It is notable in our studies that PHA stimulation also increased HIV env and nef
gene expression with expression following stimulation being more prominent in samples from
animals on the diet deficient in vitamin A. In contrast, no increase was noted for tat and vif
transcripts; in fact, a decrease was observed in vif gene expression. Gp120, nef, and tat have
been demonstrated to induce cytotoxicity to neighboring cells, and it is possible that this may
be increased in the setting of retinoid deficiency. In addition, morphine binding to MOR can
enhance HIV infectivity and cellular gp120 binding by increasing the expression of CCR5, the
HIV co-receptor, and by decreasing expression of alpha- and beta- chemokines, which can
serve to block HIV and gp120 binding (Mahajan et al. 2002;Mahajan et al. 2005;Peterson et
al. 1994;Peterson et al. 1990;Li et al. 2002).

In summary, the studies presented in this paper demonstrate that dietary depletion of vitamin
A in the HIV Tg rat results in altered generation of T cell phenotypes and effects of immune
responses that may significantly alter the course of disease induced by the presence of the
transgene. For human populations who are at risk for HIV infection, these data suggest
mechanisms by which vitamin A deficiency may affect the course of the human disease, and
notably so for those individuals who are opioid users. These conditions remain highly prevalent
in a number of areas of the world, and, therefore, future studies are will likely have a significant
impact on the health of the affected public.
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Figure 1.
PCR analysis of IFN-γ and TNF-α mRNA expression by cells in (a) non-stimulated and (b)
PHA-stimulated whole blood samples from rats in the following groups: (1) WT on the normal
diet; (2) Tg on the normal diet; (3) WT on the vitamin A deficient; and (4) Tg on the vitamin
A deficient. The figure is representative of results from 3 experiments. The graphs depict the
relative gene expression of (c) IFN-γ and (d) TNF-α mRNA versus the 18s internal control
gene for the PHA- (open bars) and PHA+ (filled bars) samples.

Royal et al. Page 11

J Neuroimmunol. Author manuscript; available in PMC 2008 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Flow cytometry of CD4+ (a, c) and CD8+ (b, d) T cells stained for intracytoplasmic IFN-γ (a,
b) and TNF-α (c, d). Open bars: PHA-; filled bars: PHA+. See figure 2 legend for descriptions
of the animal groups (n = 4 per group). * = p < 0.05 (PHA- vs. PHA+); # = p < 0.05 (for
comparisons vs. Group 1 PHA-)
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Figure 3.
Measurement of (a) IFN-γ and (b) TNF-α secretion by PBMCs from Tg (Tg) and WT rats on
either a normal (VA+) or a vitamin A deficient (VA-) diet by ELISA. The mean levels of
secreted cytokine are shown in the table below the graph. Open bars: PHA-; filled bars: PHA
+. Mean values in pgm/ml are listed in the tables below the graphs (n = 2 per group). * = p <
0.05 (PHA- vs. PHA+); ## = p < 0.01 (comparison vs. Group 1 PHA-).
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Figure 4.
PCR analysis of MOR gene expression in (a) unstimulated and (b) PHA-stimulated whole
blood samples from Tg and WT rats on either a vitamin A deficient or normal diet
(representative of results from 3 experiments; see figure 2 for group descriptions). The graph
depicts the relative gene expression of MOR mRNA versus the 18s internal control gene for
the PHA- (open bars) and PHA+ (filled bars) samples.
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Figure 5.
Flow cytometry of CD4+ (a) and CD8+ (b) T cells surface stained for MOR. Open bars: PHA-;
filled bars: PHA+. See figure 2 legend for descriptions of the animal groups (n = 4 per group).
* = p < 0.05 (PHA- vs. PHA+); # = p < 0.05 (for comparisons vs. Group 1 PHA-).
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Figure 6.
PCR analysis of HIV (env, tat, nef, and vif) gene expression in a sample of (a) unstimulated
and (b) PHA-stimulated whole blood samples from Tg and WT rats on either a vitamin A
deficient or normal diet (representative result from 3 experiments; see figure 2 for group
descriptions). The graph depicts the relative gene expression versus the 18s internal control
gene for rats fed (c) the normal diet or (d) the vitamin A deficient diet. No env or tat expression
was noted for the PHA- sample. Open bars: PHA-; filled bars: PHA+.
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