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Abstract: HIV noninfectious comorbidities (NICMs) are a current healthcare challenge. The situation
is further complicated as there are very few effective models that can be used for NICM research.
Previous research has supported the use of the HIV-1 transgenic rat (HIV-1TGR) as a model for the
study of HIV/AIDS. However, additional studies are needed to confirm whether this model has
features that would support NICM research. A demonstration of the utility of the HIV-1TGR model
would be to show that the HIV-1TGR has cellular receptors able to bind HIV proteins, as this would
be relevant for the study of cell-specific tissue pathology. In fact, an increased frequency of HIV
receptors on a specific cell type may increase tissue vulnerability since binding to HIV proteins would
eventually result in cell dysfunction and death. Evidence suggests that observations of selective
cellular vulnerability in this model are consistent with some specific tissue vulnerabilities seen in
NICMs. We identified CXCR4-expressing cells in the brain, while specific markers for neuronal
degeneration demonstrated that the same neural types were dying. We also confirm the presence of
gp120 and Tat by immunocytochemistry in the spleen, as previously reported. However, we observed
very rare positive cells in the brain. This underscores the point that gp120, which has been reported as
detected in the sera and CSE, is a likely source to which these CXCR4-positive cells are exposed. This
alternative appears more probable than the local production of gp120. Further studies may indicate
some level of local production, but that will not eliminate the role of receptor-mediated pathology.
The binding of gp120 to the CXCR4 receptor on neurons and other neural cell types in the HIV-1TGR
can thus explain the phenomena of selective cell death. Selective cellular vulnerability may be a
contributing factor to the development of NICMs. Our data indicate that the HIV-1TGR can be an
effective model for the studies of HIV NICMs because of the difference in the regional expression of
CXCR4 in rat tissues, thus leading to specific organ pathology. This also suggests that the model can
be used in the development of therapeutic options.

Keywords: HIV-1; noninfectious comorbidities; selective cell vulnerability; neuronal degeneration;
gp120; Tat; CXCR4; HIV-1 transgenic rat
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1. Introduction

The disease process of human immunodeficiency virus (HIV) infection has evolved with the
use of very effective antivirals. When patients are under treatment, the number and frequency of
opportunistic infections are markedly decreased. The advances in antiviral therapy have resulted in
the marked suppression of HIV replication. This has resulted in the almost complete suppression
of HIV symptoms [1] and opportunistic infections [2]. However, over time, patients may display
noninfectious comorbidities (NICMs) even with treatment [3]. Eventually, NICMs can increase in
severity, affecting the brain, heart, kidney, eye, and immune system [4,5]. These NICMs are known to
intersect with healthcare disparities, which further complicates their medical treatment [6].

Monocytes and macrophages are important components of the immune system. They have been
shown to be one of the major targets of HIV. Infected monocyte/macrophage cells serve as viral reservoirs
and vehicles of virus dissemination throughout the body. Since the cytopathic effect of HIV is minimal
in these cell types, they are long-lived and can continue to release the virus [7]. Integrated provirus can
escape detection by the immunologic surveillance system in macrophages, and its presence induces an
impairment of numerous immunoregulatory activities [7-11]. Changes of cytokine expression levels in
HIV-1-infected macrophages have been reported in several in-vitro and in-vivo studies. In particular,
an overproduction of the proinflammatory cytokines TNF-« [10,12-15], IL-1(3 [10,12-14], IL-6 [14-16],
and GM-CSF [17] has been shown. On the contrary, impaired production of the proinflammatory
cytokine IL-12 by HIV-infected monocytes/macrophages has been identified [18-21]. Controversial
data regarding anti-inflammatory cytokine IL-10 has been presented: while some authors reported
an increased expression of this factor [22], no alterations have been identified by several other
laboratories [18,23-25]. The expression of several other cytokines, such as IFN-« [26,27], IFN-f3 [28],
M-CSF [29], GM-CSF [17], MIP-1x [30-32], and RANTES [33], has been demonstrated to be increased
in HIV-infected macrophages. This cellular dysregulation can contribute to both acute and long-term
immune dysregulation found in HIV infections. Some of these changes have been addressed with
therapy, but immune dysregulation and HIV cell infection can continue throughout the patient’s
lifetime, albeit at very low levels.

One continuing effect produced by the macrophage/monocytes is a low level of HIV production
or HIV protein production. Therefore, the macrophage/monocyte is a reservoir cell that can contribute
to NICMs [34-37]. For this reason, NICMs are believed to result from incomplete HIV suppression in
the reservoir cells [38]. In this regard, it has been proposed that the emergence of HIV NICMs is a
function of the levels of HIV proteins produced by HIV reservoirs, together with the ensuing altered
immune response. This is a long-term chronic process, with the low levels of viral proteins exerting
their effect over time. HIV viral proteins, produced from the infected reservoir cells, are believed to
be generated in sufficient quantities that can result in altered cell functions [39]. The persistence of
reservoirs may eventually contribute to the development of diseases in the brain, heart, and kidney.
In fact, these viral proteins can cause immune dysregulation, alter oxidative stress, and produce cell
dysfunction that ultimately leads to cell death [40] and to NICMs.

In view of the changing characteristics of the disease, it is thus desirable to develop in vivo model
systems to study these emerging types of pathology. However, most of the experimental models
developed so far to study the effects of HIV infection have focused on the goal of eliminating the virus
or were conceived for vaccine development studies. Conversely, understanding and reproducing
NICM s requires additional model characteristics. One model system approach is to make transgenic
animals, which would mimic in a more physiological way the chronic exposure to HIV proteins that
have been implicated in NICM development. The first iteration of an animal system was the HIV
transgenic mouse [41], which expressed low levels of HIV proteins, hardly inducible by external
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stimuli [42]. It soon became clear that higher levels or upregulation of the transgenic products may offer
additional advantages by increasing cell dysfunction that can result in increased measurable pathology.

We choose the rat as the species to develop a transgenic HIV model (HIV-1TGR) [43] due to
the prominent ability of Tat to regulate the HIV viral promoter. The rat also has compatible cellular
cofactors that permit the production of HIV viral proteins [44]. These transgene products can then be
identified immunocytochemically in the HIV-1TGR [43], and gp120 can also be quantified in the sera
and cerebral spinal fluid (CSF) [45].

Previous studies have also demonstrated that HIV-1TGR macrophages produce HIV transgenic
products [46]. Moreover, contrary to the mouse model, the rat possesses a CXCR4 cell surface molecule
that is highly homologous to its human counterpart. Additionally, gp120 was demonstrated to bind to
the HIV-1TGR CXCR4 receptor [47,48].

To provide evidence that would support the use of this model in HIV NICM research, we first
aimed at identifying the histological location of the HIV-1 receptor CXCR4 in the brain of the HIV-1TGR.
Next, we sought to determine if CXCR4-positive cells also presented with pathology. There have been
a number of studies demonstrating neuropathology in different locations, such as the cortex [49], the
hippocampus [50], and the dopaminergic system [51].

The presence of CXCR4 receptors would provide an explanation for the specificity of the pathology
observed in these cells. Regarding the source of gp120, one possible explanation is the local production
of HIV-1TGR products. Another possible mechanism is that exposure occurs from sera or CSF [43,45].

These points can be addressed at the level of histological analysis: first, by confirming the presence
of CXCR4 on cells by immunocytochemistry; then, by insights into whether the production of gp120 is
local or from another source. This can be determined, in part, by immunocytochemistry of gp120 and
Tat. To determine neuron-related pathology, a specific stain for neurodegeneration was used. This
information would provide a starting point to address specific tissue or organ pathology. Analysis of
questions regarding the development of strategies to prevent HIV-induced cell death and dysfunction
are among the possibilities that this model can offer. In addition, by determining some of the pathways
that can lead to cell death, pharmaceuticals can be tested.

2. Materials and Methods

2.1. Animals

Nontransgenic age-matched control (F344/Hsd) rats and male HIV-1TGR (F344/Hsd) were used;
an extensive description of the model and the HIV-transgene inserted in the rat genome can be found
in [43]. Rats were housed in a temperature-controlled environment. The light/dark cycle was set for 12
h light. Food and water were provided ad lib. All studies were approved by the Institutional Animal
Care and Use Committee, Office of Welfare Assurance, School of Medicine, University of Maryland,
Baltimore (protocols number 0514005 and 0417004, 06/09/2014 expired 05/14/2017). The animals used
in the study were all more than 1 year old. The animals were maintained in the Animal Models Core at
the Institute of Human Virology.

2.2. Tissue Processing

Tissue was processed in the Biomedical Research Core Facility at Morgan State University. For
cupric silver stains (CSS), six HIV-1TGRs and six controls were used. These animals were deeply
anesthetized and were cardiac perfused with neutral buffered saline, followed by buffered formalin.
Coronal frozen sections were produced at 75 microns and stored in buffered formalin at 6 °C. Every
50th section was processed for silver degeneration, and the adjacent section for hematoxylin and eosin
(H&E). The stereotaxic atlas for the rat brain [52] was used to verify anatomical structures and the
anterior/posterior position of the coronal sections. Six HIV-1TGRs and six controls were also perfused,
and the brain and spleen were processed for paraffin sections. Frozen and paraffin sections, including
the forebrain, striatum, hippocampus, substantia nigra, cerebellum, and brain stem, were produced.
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Brains and spleens from four HIV-1TGRs and 4 controls were used for CXCR4 immunocytochemistry.
The fresh brain and spleen tissue were embedded in cryo-embedding media (OCT) and frozen in cool
isopentane with liquid nitrogen. Tissues were then cut on a cryostat into 10- to 20-micron sections and
immediately fixed in anhydrous acetone, chilled to =50 °C. Sections were then finally stored at —80 °C.

2.3. Immunocytochemistry for Transgene Products gp120 and Tat

Immunocytochemistry of Tat and gp120 was performed as previously described [43]. Goat
polyclonal anti gp120 antibody (Abcam, Cambridge, MA, USA) and rabbit Tat polyclonal antibody
(ThermoFisher Scientific, Waltham, MA USA) were used.

2.4. Immunochemistry for CXCR4

Anti-CXCR4 antibody (Abcam, Cambridge, MA, USA) was used with the ABC method (Vectastain
ABC HRP Kit PK-4000 — Vector Laboratories, Burlingame, CA, USA). The chromogen used was DAB
(3,3’-diaminobenzidine).

2.5. Special Stain

The cupric silver degeneration stain was used, following the method previously described by de
Olmo et al. [53,54]. Sections were counterstained with neutral red.

2.6. Routine Stain

H&E staining was performed on samples of all tissue to evaluate if there were any noticeable
pathologic changes.

Matched-age transgenic rats were used as negative controls for both the silver stain and the
immunocytochemistry to the HIV transgenic products.

2.7. Slide Review of H&E Serial Sections

Brains were placed in rat brain sectioning molds and sliced coronally at 5 mm intervals. These
coronal sections were inspected for gross changes before processing. The spleen was also sectioned
into 5 mm sections, and groups were either processed into formaldehyde-fixed or -unfixed cryostat
frozen sections. The serial coronal sections of both the frozen (formalin-fixed) and paraffin sections
were reviewed for pathologic changes. Areas observed included the cortex, the caudate/putamen, the
hippocampus, and the brain stem. Micrographs documented any relevant changes.

2.8. Slide Review Silver Stain

Sections adjacent to the frozen H&E sections were processed with the cupric silver degeneration
stain (CSS). Different degrees of degeneration can sometimes be ascertained by the degrees of granularity
of silver impregnation. Particular attention was paid to those impregnated cells that maintained their
morphology so that the neuronal cell type could be identified. Very granular impregnation suggests
the neuron underwent degeneration at an earlier time point. Very darkly labeled cells suggest a more
recent cell death.

2.9. Slide Review of CXCR4 Immunostaining

Frozen coronal sections throughout the brains were stained with CXCR4 and analyzed for cell
type. We compared these cells to the identified degenerating neurons in the CSS formaldehyde-fixed
tissue. In this way, it was possible to correlate the morphology of CXCR4-labeled cells/neurons and the
silver stain for degenerating neurons.
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2.10. Imaging

Image collection took place in the Biomedical Research Core Facility at of Morgan State University
and the Institute of Human Virology. An Olympus BX43 microscope (DP72 camera) was used for
photomicroscopy. A Nikon Optiphot, with a 60X water immersion objective and through focus
capability of 125 microns, was used to evaluate the silver degeneration stain. This allowed the detailed
observation of neuronal morphology and processes. Images were digitally collected using CellSens
Standard software (Olympus).

3. Results

Macroscopic examination of the brains revealed that they were grossly normal. No signs of
hemorrhages, softening, necrosis, or swelling were identified. Microscopic examination of the H&E
sections revealed subtle abnormalities to the neurons in the transgenic animals. These changes included
alterations to nuclear chromatin. Previously, it has been demonstrated that apoptotic changes take
place in cells of the nervous system, which include both neurons and endothelial cells [43]. In some
cases, the neurons displayed the “dead and red” appearance. These changes were found through the
brain but were infrequent. Interestingly, inflammatory infiltrates were not found around or associated
with these dead or dying cells. The same was true when dead neurons were confirmed using CSS. The
counterstain did not reveal any inflammation cells. The cortex, hippocampus, and caudate/putamen
all displayed clear neuronal degeneration by the silver stain. The morphology of the impregnation
cells permitted the neuronal cell type to be identified. Early-stage neuronal death typically leaves cells
well-infiltrated with the silver label. However, neurons that have died at an earlier time point often
display silver particulates. This is often the case with the neuronal processes. They may not be visible
for some degenerating neurons. The frequency of labeled cells was low, so quantification was not
undertaken. However, the labeled cells allowed morphological identification and correlation with the
CXCR4-labeled cell types.

3.1. Cortical Pathology

The cortex shows signs of neuronal degeneration. An H&E stain at low power (Figure 1A)
demonstrates the orientation of the cortex. The surface of the brain is to the right, and the underlying
basal ganglia are to the left. It shows increased eosinophilia in a few cells, suggestive of dying neurons.
At higher power (Figure 1B), this effect can be noted. CSS reveals that cortical pyramidal cells were
degenerating (Figure 1C). Their morphology is clearly delineated by the silver stain (arrows 1 and 2).
This can be seen at higher power in Figure 1D (Arrow 1). Neurons in varying states of degeneration
can be identified by the differing degrees of silver impregnation, as seen in Figure 1E,F. Dark solid
impregnation suggests a recently dead neuron, while one with a granular appearance suggests it
died at an earlier time point. Inflammatory infiltrates surrounding such cells were not observed.
Nontransgenic control rats were also stained with CSS. No evidence of neuronal impregnation with
silver was noted in these controls (Figure 1G).
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Figure 1. (A) HIV-1 transgenic rat (HIV-1TGR) coronal section of cortex stained with hematoxylin and
eosin. This image of the 10-micron thick section was taken at 4x. In the present section, the surface
of the brain is to the right (blue arrow), and the box encloses the cortical areas where both normal
neurons (Arrow 3) and degenerating neurons (Arrow 4) could be found. Number 2 and the blue
line it is pointing to is a white-matter tract beneath the cortex, and the area surrounding Number 1
is the subcortical gray matter. CXCR4-positive neurons can be found through the cortical area with
immunohistochemistry. (B) HIV-1TGR coronal section of cortex stained with hematoxylin and eosin.
This image of the 75-micron thick section was taken at 40x. H&E sections of the HIV-1 TG rat brains
were analyzed for inflammation and other abnormalities. Inflammatory infiltrates were absent. A
number of changes were noted, such as the “dead and red” neurons. Such neurons could be found at a
very low frequency in the cortex. An arrow points to an example of a “dead and red” neuron. Neural
cell death was confirmed with CSS. (C) The HIV-1TGR coronal section of the cortex is stained with CSS
and counterstained with neutral red. This image of the 75-micron thick section was taken at 4x. In the
present section, the surface of the brain is to the right (black Arrow 3), and the box encloses the cortical
area where both normal neurons (stained red with no silver impregnation) and degenerating neurons
(Arrows 1 and 2) could be found. Arrow 4 and the blue line it is pointing to locates the subcortical
white-matter tract. The area surrounding Number 5 is the subcortical gray matter. Small blue arrows
point to silver artifact (Arrow 6) precipitation and partial degenerating processes. Non-neural cells, such
as microglia, may be labeled. A high-power image of a degenerating neuron (Number 1) can be found
in Figure 1D. (D) The HIV-1TGR coronal section of the cortex is stained with CSS and counterstained
with neutral red. This image of the 75-micron thick section was taken at 40x. This high-power image of
the degenerating neuron from Figure 1C demonstrates pyramidal neuronal morphology. Degenerating
neurons were often found in isolation. CSS at Arrow 1. Arrow 2 points to a normal fast red-staining
cortical neuron. Arrow 3 points to a capillary. (E) The HIV-1TGR coronal section of the cortex is stained
with CSS and counterstained with neutral red. This image of the 75-micron thick section was taken at
40x. This high-power image of the CSS demonstrates several degenerating neurons in close proximity
to each other. The silver degeneration stain reveals that several cortical pyramidal cells are in different
states of degeneration. Large arrows identify degenerating neurosomata of cortical pyramidal cells
(Numbers 1 and 2). Smaller arrows point to degenerating neural processes (Arrows 3).
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(F) The HIV-1TGR coronal section of the cortex is stained with CSS and counterstained with neutral
red. This image of the 75-micron thick section was taken at 60x water immersion. The degenerating
neuron is darkly labeled (Arrow 1); its processes (Arrows 2) are granularly labeled, suggesting this
neuron has been atypical for some time. Arrow 3 points to a normal neuron stained with neutral red.
(G) Nontransgenic control rat coronal section of the cortex is stained with CSS and counterstained
with neutral red. This image of the 75-micron thick section was taken at 4x. Brains of nontransgenic
control rats did not display any observable degenerating neurons. Artifactual silver precipitate could
be identified (Arrows 2) throughout the sections. Red blood cells and capillaries could display silver
precipitate, but no morphologic neurons could be identified with silver impregnation. Arrow 1
points to an example of a neutral red-staining cortical neuron. Arrow 3 points to the brain surface.
(H) The HIV-1TGR coronal section of the cortex is stained by CXCR4 immunocytochemistry. DAB
(3,3’-diaminobenzidine) was used as a chromogen. This image of the 10-micron thick section was
taken at 4x. The low power image demonstrates many positive cortical neurons and glia cells (brown
reaction product). Arrow 1 points to the surface of the brain. (I) The HIV-1TGR coronal section of the
cortex is stained by CXCR4 immunocytochemistry. DAB was used as a chromogen. This image of the
10-micron thick section was taken at 40x. Immunostaining to CXCR4 revealed many positive cells of
differing morphology. Arrows point to a number of DAB-labeled cells. (J) Negative control for CXCR4
immunocytochemistry in the cortex of the HIV-1TGR. Original magnification 4x. As there was a lack
of specific staining, hematoxylin was used to demonstrate the presence of cortical cells. Arrow 1 points
to cortical neurons, and Arrow 2 points to the surface of the brain. (K) Negative control for CXCR4
immunocytochemistry in the cortex of the nontransgenic rat. Original magnification 4x. As there was
a lack of specific staining, hematoxylin was used to demonstrate the presence of cortical cells. Arrow 1
points to the surface of the brain.

The CXCR4 antibody labeled many cells throughout the cortex, and each cortical layer included
pyramidal cells [55]. The CXCR4-labeling of the cortex at low power is shown in Figure 1H, while a
high-power image is found in Figure 11. The omission of the primary antibody for negative control
abolished staining in both the HIV-1 TGR and the nontransgenic control (Figure 1],K).

3.2. Hippocampal Pathology

The hippocampus showed signs of individual neuronal degeneration. A low power H&E provides
an orientation of the hippocampus (Figure 2A). The blue box shows a portion of the granular cell
layer in which degenerating neurons could be found. At high power, individual neurons display
degenerative changes and nuclear atypia (Figure 2B). No signs of inflammatory infiltrates were found.
The silver stain confirmed neuronal degeneration (Figure 2C), and a higher power image (Figure 2D)
demonstrates the morphology of the hippocampal granular neuron, together with its degenerating
terminals. When the silver impregnation filled the neuron (Figure 2D), the morphology indicates it
is a hippocampal cell surrounded by normal hippocampal neurons, revealed with the counterstain.
Normal hippocampal granular cells, which were only stained with neutral red (Figure 2C,D), are
found within the blue box, together with a degenerating one. Examples of two other degenerating
neurons that are only partially in the section can be found to the left and above the central staining one
(see arrows).
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Figure 2. (A) HIV-1TGR coronal section of the hippocampus stained with hematoxylin and eosin.
This image of the 10-micron thick section was taken at 4X. In the present section, the box encloses
the hippocampal areas where both normal neurons and degenerating neurons could be found. The
Blue arrow points to the granular cell layer where degenerating neurons could be found. See also
Figure 2C. (B) HIV-1TGR coronal section of the hippocampus stained with hematoxylin and eosin. This
image of the 10-micron thick section was taken at 60x. The H&E stain shows signs of nuclear atypia,
consistent with neuronal degeneration. The degenerating neurons were very infrequent, but they could
be found in different areas of the hippocampus, like CA3 and the dentate gyrus. Arrows point to several
examples. This degeneration was confirmed with CSD (see also Figure 2C). (C) The HIV-1TGR coronal
section of the hippocampus is stained with cupric silver stains (CSS) and counterstained with neutral
red. This image of the 75-micron thick section was taken at 20x. The box encloses the area of granular
neurons, which appear lightly stained with neutral red. One hippocampal neuron is labeled with the CS
stain and reveals its hippocampal morphology. High power further demonstrates the morphology in
Figure 2D. (D) HIV-1 TGR, original magnification 60x CSS with neutral red counterstain. Degenerating
neurons in CA3 could be identified in the granular layer. The box outlines the dentate gyrus granular
cell layer, and the arrows point to degenerating cells and their processes. (E) Inmunocytochemistry of
CXCR4 in the HIV-TGR hippocampus. Original magnification 40x. DAB brown chromogen was used.
Positive-staining neurons could be found throughout the hippocampus. The box shows the area of the
dentate granular cells. It can be seen that many of this cell type was labeled for CXCR4. Arrows point
to several examples. (F) Negative control for CXCR4 immunocytochemistry in the hippocampus of the
HIV-1 TG rat. Original magnification 4X. As there was a lack of specific staining, hematoxylin was
used to demonstrate the presence of the cells. Nonspecific staining was not detected with the omission
of the immune sera.
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In Figure 2E, CXCR4-labeled hippocampal cells are evident by the brown reaction product of
DAB. Hippocampal neurons lying within the dentate granular layer are shown in the box. It can be
noted that most of these cells are labeled with CXCR4. Some labeled cells display partial neuronal
processes. The negative control of the hippocampus did not reveal any labeling. It was counterstained
with hematoxylin to reveal the granular cells (Figure 2F).

3.3. Striatal Pathology

Low magnification of a hematoxylin and eosin stain of the caudate/putamen reveal the fibers
of passage (white arrows) and the cells (blue arrows) that make up this structure (Figure 3A). Areas
in the caudate/putamen, which displayed degenerating neurons, are observed in Figure 3B. In this
low-power magnification, it is possible to see the structure of the striatum, which includes the fibers of
passage and cells stained with neutral red. Several cells labeled with CSS can be found. Arrows 1 and 2
point to the degenerating cells. Figure 3C shows their morphology at higher magnification. Figure 3D
shows cells of differing morphology labeled with CSS. The morphology of one cell is suggestive of
microglia. In Figure 3E, a high-power image displays a neuron with its process. This appears to be
an interneuron. In addition, it is also possible to observe the degenerating neuronal processes of
that cell. These degenerating cells appear consistent with neuronal morphology in the caudate [56].
Nontransgenic control rats were also stained with CSS. No evidence of neuronal impregnation with
silver was noted in the caudate/putamen of these animals (Figure 3F).

A

Figure 3. Cont.



Microorganisms 2020, 8, 1643 15 of 25

A

D

Figure 3. Cont.



Microorganisms 2020, 8, 1643 16 of 25

G

Figure 3. Cont.



Microorganisms 2020, 8, 1643 17 of 25

I

Figure 3. (A) HIV-1TGR coronal section of the caudate/putamen stained with hematoxylin and eosin.
This image of the 10-micron thick section was taken at 4x. The blue arrows are pointing to gray matter
areas. The white arrows are pointing at the fibers of passage. (B) HIV-1TGR coronal section of the
caudate/putamen stained with CSS. This image of the 75-micron thick section was taken at 10x. The
blue arrows are pointing to degenerating neurons. The white arrows are pointing at the fibers of
passage. The black arrow points to a gray matter area. The red arrow points to an infiltrated capillary.
See Figure 3C for a higher-powered image of the cell at Arrow 2. (C) HIV-1TGR coronal section of the
caudate/putamen stained with CSS. This image of the 75-micron thick section was taken at an original
magnification of 20x. The blue arrow (Arrow 2) is pointing to the degenerating neuron from Figure 3B.
The white arrows are pointing at the fibers of passage. The red arrows point to a gray matter area. The
black arrows are pointing to silver precipitate. (D) HIV-1TGR coronal section of the caudate/putamen
stained with CSS. This image of the 75-micron thick section was taken at 20x. The blue arrows are
pointing to the degenerating neuron. The white arrows are pointing at the fibers of passage. The red
arrows point to a gray matter area. (E) HIV-1TGR coronal section of the caudate/putamen stained with
CSS and counterstained with neutral red. This image of the 75-micron thick section was taken at 60x.
The blue arrows are pointing to the degenerating neuron. The neuron is of a small or moderate type.
In addition,
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it is possible to identify the degenerating fibers. Large arrows point to the degenerating neurosomata,
while small arrows point to degenerating fibers. (F) A coronal section of the caudate/putamen from the
nontransgenic control rat stained with CSS. It was also counterstained with neutral red. This image of
the 75-micron thick section was taken at an original magnification of 20x. The blue arrows are pointing
at the gray matter (cells stained red). The white arrows are pointed at the fibers of passage. The
black arrow is pointing to silver precipitate. No degenerating neurons or other cell types were noted.
(G) HIV-1TGR coronal section of the caudate/putamen stained with CXCR4 immunohistochemistry.
Original magnification 40x. DAB brown chromogen was used. Positive CXCR4-labeled cells could
be found throughout the striatum. The CXCR4-labeled cells displayed several morphologies in the
striatum. One cell type appears to be microglia-shaped. The large blue arrow points to the elongated
cell body, and the small arrow points to the process. The white arrows are pointing to the white matter
tracts and the black arrow to other positive cells. (H) HIV-1TGR coronal section of the caudate/putamen
stained with CXCR4 immunohistochemistry. Original magnification 40X. DAB brown chromogen was
used. Positive CXCR4-labeled cells could be found throughout the striatum. The CXCR4-labeled cells
displayed several morphologies in the striatum. The large blue arrow points to the more rounded
cell types. The white arrows are pointing to the white matter tracts. (I) HIV-1TGR coronal section of
caudate/putamen negative control immunohistochemistry. Original magnification 10x. DAB brown
chromogen was used. Hematoxylin counterstain reveals the cells. No labeled cells could be found in
the striatum when the primary antibody was substituted with the nonimmune serum. White arrows
point to the fibers of passage.

The cell types expressing CXCR4 were demonstrated by immunohistochemistry. They appear to
display a more diverse morphology. Figure 3G shows microglia-like morphology, while Figure 3H
shows morphology consistent with astrocytes or small neurons. The negative control of the caudate
did not reveal any labeling. It was counterstained with hematoxylin to reveal the cells (Figure 3I).

3.4. Immunohistochemical Identification of gp120 and Tat in the Brain

The brain was stained with both gp120 and Tat. This produced a negative result so far, as with
positive neurons or neuronal cells. Only the rare lymphocyte-appearing cells seem to be stained. At
the level of immunohistochemical staining, cells in the nervous system were not positive. To further
confirm the effectiveness of the immunohistochemical approach, we labeled gp120 and Tat in the
spleen. This produced positive results, consistent with our earlier findings.

3.5. Spleen Pathology

3.5.1. Immunohistochemical Identification of gp120 and Tat

The spleen displayed numerous labeled gp120-positive (Figure 4A) and Tat-positive (Figure 4C)
cells. Examination of the spleen sections reveals that the labeled cells can be found in both the
red and white pulp areas. The histopathology found in the spleen was consistent with previous
reports. At times, the ratio of red pulp to white pulp appeared altered, consistent with the attrition of
splenocytes [43]. Negative controls for gp120 (Figure 4B) and Tat (Figure 4D) were negative.
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Figure 4. (A). Transgenic rat (TGR) spleen, original magnification 40x. gp120 immunostaining with
brown DAB chromogen and counterstain with hematoxylin. Blue arrows point to several gp120-stained
cells. (B) HIV-1TGR spleen, original magnification 10x. Negative control for gp120 immunostaining.
Brown DAB chromogen and counterstain with hematoxylin. Orange arrow points to hemosiderin,
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not a DAB label. (C) TAT immunostaining of the HIV-1TGR spleen. Original magnification 40X. Brown
DAB chromogen and counterstain with hematoxylin. Blue arrow points to several examples. (D)
HIV-1TGR spleen, original magnification 10x. Negative control for TAT immunostaining. Brown DAB
chromogen and counterstain with hematoxylin. Orange arrow points to hemosiderin, not a DAB label.
(E) CXCR4-staining of the HIV-1TGR spleen. Original magnification 20X, DAB chromogen. Positively
labeled cells can be found throughout the spleen. The blue arrows point to examples of CXCR4 positive
labeled cells. (F) CXCR4 staining of the TGR spleen. Original magnification 60x, DAB chromogen.
Positively labeled cells can be found throughout the spleen. There are several different cell types labeled
based on size. Arrow 1 points to an example of a large cell, while Arrow 2 points to a smaller cell
type. (G) HIV-1TGR spleen, original magnification 10x. Negative control for CXCR4 immunostaining.
Brown DAB chromogen and counterstain with hematoxylin. Orange arrow points to hemosiderin, not
a DAB label. No nonspecific labeling was identified.

3.5.2. Identification of CXCR4 in the Spleen

CXCR4-labeled cells were found throughout the spleen in the low-power image of Figure 4E.
The CXCR4-antibody-labeled splenocytes are of different sizes. Cells of a larger type are suggestive
of macrophages and show marked staining in the high-power image in Figure 4F. The spleen in the
HIV-1TGR has been reported to display marked apoptosis and cell loss [43]. The controls for CXCR4
were appropriate for the stains used. The CXCR4 labeling was not observed when the primary antisera
were replaced with nonimmune sera (Figure 4G).

4. Discussion

In view of the changing characteristics of the HIV disease, it is necessary to develop model systems
to address the emerging types of HIV pathology. Due to the ability of the HIV-1TGR to recapitulate HIV
disease in several organs, we propose the HIV-1TGR as a model for the analysis of HIV noninfectious
comorbidities. To this end, we noted that HIV receptor presence in the rat may provide an explanation
of the specific organ pathology that has been observed in this model. While upward of 100 papers
have been published using this model, an explanation for the specific cell pathology has been lacking.
Analysis of the rat CXCR4 receptor and cell culture experiments on viral infectivity have demonstrated
that rat CXCR4 can bind to gp120, with subsequent cell dysfunction.

Previous research reports that two important HIV proteins (Tat and gp120) are expressed in this
animal [43,46,57] and are available to the brain in sera, CSF, or by specific local cell expression, which
could be part of an important pathologic mechanism. We, therefore, examined the possibility of gp120
and Tat expression in the HIV-1TGR brain. As gp120- and Tat-positive cells are very rare in the brain,
this supports the view that systemic availability of at least gp120 may be the contributing mechanism.
If cells in the brain express the viral receptor CXCR4, this would make such a mechanism feasible. We
then demonstrated the presence of gp120 receptor CXCR4 in HIV-1TGR tissues.

The tissues selected were the brain and spleen, as research has revealed important NICM
pathology in both these organs. In the HIV-1TGR, degenerating neurons were found in the pyramidal
cells of the cortex and the granular cells of the hippocampus, microglia and interneurons in the
caudate/putamen. These areas of the brain have been implicated in the AIDS dementia complex.
The finding of degenerating neurons in the striatum is also important for their relationship to the
dopaminergic system. Destruction of these neurons can contribute to motor problems. Degeneration
of hippocampal neurons can contribute to memory problems. It was also noted that there were cells
of a microglia morphology. If gp120 binds to these cells, the possibility of free radical production
may be stimulated. The mechanism by which these cells of the brain or other tissues are dying is,
however, poorly understood; therefore, demonstrating the expression of CXCR4 would provide one
such mechanism.
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CXCR4 labeling was found in the pyramidal cells of the cortex and the granular cells of the
hippocampus, microglia, and interneurons in the caudate/putamen. These cell types were also found to
be undergoing degeneration, as demonstrated by CSS. The expression of CXCR4 in these cells suggests
a reason for why these particular cells are dying. CXCR4 labeled many cells in the spleen. The spleen
has previously been reported to display marked apoptosis. The mechanism of splenic cell death may
be more complex. The spleen has cells that produce gp120, Tat, and Nef [43]. In addition, HIV proteins
like Tat can increase the expression of CXCR4 [58]. How this relates to the production of pathology in
the spleen will require further study. The splenic microenvironment is complex due to the expression
of multiple transgenes.

The brain, on the other hand, did not present with many cells displaying HIV transgene products
at the level of immunocytochemical sensitivity. While gp120 has been found in sera and CSF, the level
at any given time may be low. The process, however, is chronic, and cell dysfunction and death develop
over an extended time period. These observations are consistent with a receptor-mediated pathologic
mechanism. It also contributes an explanation for the observation of selective neuronal vulnerability
and why it takes so long for the symptoms to present in both this model and in the clinical condition.

HIV-1TGR parallels human pathology in particular due to CXCR4 receptor distribution in the
tissues. If chronic exposure to gp120 leads to the increased destruction of CXCR4-positive cell types,
then those tissue/organs will display increasing dysfunction. CXCR4 presence provides a link between
the virus (in humans and the transgene product in the HIV-1TGR) and the cellular mechanisms
leading to that dysfunction. Knowing which cells are participating in the pathology can lead to more
focused molecular analysis. For studying the HIV dementia complex, there is now a pathway that
can be followed from behavior to the neuropathology of the specific neuronal cell type to neurologic
dysfunction. This can provide research avenues for both cellular and molecular approaches to study
the disease process.

5. Conclusions

In view of the supportive literature and our current observations, the HIV-1TGR is a unique model
for the study of HIV noninfectious comorbidities, and our work describes in detail some of the unique
advantages of such a model. In addition, it provides several insights for experimental intervention to
prevent cell death or dysfunction in the HIV disease. Some therapeutic approaches are also possible.
The first is the inhibition of HIV transcription, the next is regulation of immune modulation, and the
third is CXCR4 receptor blockage. As each of these factors contributes to HIV disease in general and
to the development of NICMs, the HIV-1TGR model offers the possibility of investigating the NICM
disease process at several levels.

Author Contributions: SW., G.S., and M.D.W. performed the experiments and contributed to the paper. C.C.K.
and O.S.L. contributed to the writing of the paper. ED., EB., G.S., H.D.,].B., and D.Z. conceived and supervised the
experiments and wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially funded by the grant NIH/NINDS, 1 R29 NS31857 and research support including
facility support was partially provided by the Center for Urban Health Research and Innovation at Morgan State
University supported by the National Institute of Minority Health and Health Disparities (NIMHD) through a
cooperative agreement 1U54MD013376-01A1.

Conflicts of Interest: The authors have declared that no competing interests exist.

References

1.  Deeks, S.G.; Overbaugh, J.; Phillips, A.; Buchbinder, S. HIV infection. Nat. Rev. Dis. Primers 2015, 1, 15035.
[CrossRef]

2. Ghosn, J.; Taiwo, B.; Seedat, S.; Autran, B.; Katlama, C. HIV. Lancet 2018, 392, 685-697. [CrossRef]

3.  Heron, J.E; Norman, S.M.; Yoo, J.; Lembke, K.; O’Connor, C.C.; Weston, C.E.; Gracey, D.M. The prevalence
and risk of non-infectious comorbidities in HIV-infected and non-HIV infected men attending general
practice in Australia. PLoS ONE 2019, 14, e0223224. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrdp.2015.35
http://dx.doi.org/10.1016/S0140-6736(18)31311-4
http://dx.doi.org/10.1371/journal.pone.0223224
http://www.ncbi.nlm.nih.gov/pubmed/31596867

Microorganisms 2020, 8, 1643 23 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Hijalte, F; Calara, P.S.; Blaxhult, A.; Helleberg, M.; Wallace, K.; Lindgren, P. Excess costs of non-infectious
comorbidities among people living with HIV—estimates from Denmark and Sweden. AIDS Care 2018, 30,
1090-1098. [CrossRef] [PubMed]

Hernandez, I.; Barzallo, J.; Beltran, S.; Castillo, A.; Cevallos, N.; Hernandez, P.; Lopez, C.; Vera, R.; Yerovi, G.;
Mendoza, A.; et al. Increased incidences of noninfectious comorbidities among aging populations living
with human immunodeficiency virus in Ecuador: A multicenter retrospective analysis. HIV/AIDS (Auckland
N.Z.) 2019, 11, 55-59. [CrossRef] [PubMed]

Al-Kindi, S.G.; EIAmm, C.; Ginwalla, M.; Mehanna, E.; Zacharias, M.; Benatti, R.; Oliveira, G.H.;
Longenecker, C.T. Heart failure in patients with human immunodeficiency virus infection: Epidemiology
and management disparities. Int. J. Cardiol. 2016, 218, 43—46. [CrossRef] [PubMed]

Herbein, G.; Coaquette, A.; Perez-Bercoff, D.; Pancino, G. Macrophage activation and HIV infection: Can the
Trojan horse turn into a fortress? Curr. Mol. Med. 2002, 2, 723-738. [CrossRef] [PubMed]

Fantuzzi, L.; Conti, L.; Gauzzi, M.C.; Eid, P.,; Del Corno, M.; Varano, B.; Canini, I.; Belardelli, F.; Gessani, S.
Regulation of chemokine/cytokine network during in vitro differentiation and HIV-1 infection of human
monocytes: Possible importance in the pathogenesis of AIDS. . Leukoc. Biol. 2000, 68, 391-399.

Fantuzzi, L.; Belardelli, F.; Gessani, S. Monocyte/macrophage-derived CC chemokines and their modulation by
HIV-1 and cytokines: A complex network of interactions influencing viral replication and AIDS pathogenesis.
J. Leukoc. Biol. 2003, 74, 719-725. [CrossRef]

Herbein, G.; Keshav, S.; Collin, M.; Montaner, L.].; Gordon, S. HIV-1 induces tumour necrosis factor and IL-1
gene expression in primary human macrophages independent of productive infection. Clin. Exp. Immunol.
1994, 95, 442-449. [CrossRef]

Wahl, S.M.; Greenwell-Wild, T.; Peng, G.; Ma, G.; Orenstein, ].M.; Vazquez, N. Viral and host cofactors
facilitate HIV-1 replication in macrophages. J. Leukoc. Biol. 2003, 74, 726-735. [CrossRef]

Merrill, J.E.; Koyanagi, Y.; Chen, LS. Interleukin-1 and tumor necrosis factor alpha can be induced from
mononuclear phagocytes by human immunodeficiency virus type 1 binding to the CD4 receptor. J. Virol.
1989, 63, 4404-4408. [CrossRef]

Merrill, J.E.; Koyanagi, Y.; Zack, J.; Thomas, L.; Martin, E; Chen, L.S. Induction of interleukin-1 and tumor
necrosis factor alpha in brain cultures by human immunodeficiency virus type 1. J. Virol. 1992, 66, 2217-2225.
[CrossRef] [PubMed]

Lathey, J.L.; Kanangat, S.; Rouse, B.T.; Agosti, ].M.; Spector, S.A. Dysregulation of cytokine expression in
monocytes from HIV-positive individuals. J. Leukoc. Biol. 1994, 56, 347-352. [CrossRef]

Bergamini, A.; Faggioli, E.; Bolacchi, F.; Gessani, S.; Cappannoli, L.; Uccella, I.; Demin, F.; Capozzi, M.;
Cicconi, R.; Placido, R.; et al. Enhanced Production of Tumor Necrosis Factor-« and Interleukin-6 Due
to Prolonged Response to Lipopolysaccharide in Human Macrophages Infected In Vitro with Human
Immunodeficiency Virus Type 1. J. Infect. Dis. 1999, 179, 832-842. [CrossRef] [PubMed]

Emilie, D.; Peuchmaur, M.; Maillot, M.C.; Crevon, M.C.; Brousse, N.; Delfraissy, J.F.; Dormont, J.; Galanaud, P.
Production of interleukins in human immunodeficiency virus-1-replicating lymph nodes. J. Clin. Investig.
1990, 86, 148-159. [CrossRef]

Agostini, C.; Trentin, L.; Zambello, R.; Bulian, P.; Caenazzo, C.; Cipriani, A.; Cadrobbi, P.; Garbisa, S.;
Semenzato, G. Release of granulocyte-macrophage colony-stimulating factor by alveolar macrophages in the
lung of HIV-1-infected patients. A mechanism accounting for macrophage and neutrophil accumulation. J.
Immunol. 1992, 149, 3379-3385. [PubMed]

Chehimi, J.; Starr, S.E.; Frank, I; D’ Andrea, A.; Ma, X.; MacGregor, R.R.; Sennelier, J.; Trinchieri, G. Impaired
interleukin 12 production in human immunodeficiency virus-infected patients. J. Exp. Med. 1994, 179,
1361-1366. [CrossRef]

Yoo, J.; Chen, H.; Kraus, T.; Hirsch, D.; Polyak, S.; George, I.; Sperber, K. Altered cytokine production and
accessory cell function after HIV-1 infection. J. Immunol. 1996, 157, 1313-1320.

Chougnet, C.; Thomas, E.; Landay, A.L.; Kessler, H.A.; Buchbinder, S.; Scheer, S.; Shearer, G.M. CD40 ligand
and IFN-gamma synergistically restore IL-12 production in HIV-infected patients. Eur. J. Immunol. 1998, 28,
646—656. [CrossRef]

Chougnet, C.; Wynn, T.A.; Clerici, M.; Landay, A.L.; Kessler, H.A.; Rusnak, ].; Melcher, G.P,; Sher, A.;
Shearer, G.M. Molecular analysis of decreased interleukin-12 production in persons infected with human
immunodeficiency virus. J. Infect. Dis. 1996, 174, 46-53. [CrossRef]


http://dx.doi.org/10.1080/09540121.2018.1476661
http://www.ncbi.nlm.nih.gov/pubmed/29774749
http://dx.doi.org/10.2147/HIV.S193412
http://www.ncbi.nlm.nih.gov/pubmed/31114389
http://dx.doi.org/10.1016/j.ijcard.2016.05.027
http://www.ncbi.nlm.nih.gov/pubmed/27232910
http://dx.doi.org/10.2174/1566524023361844
http://www.ncbi.nlm.nih.gov/pubmed/12462393
http://dx.doi.org/10.1189/jlb.0403175
http://dx.doi.org/10.1111/j.1365-2249.1994.tb07016.x
http://dx.doi.org/10.1189/jlb.0503220
http://dx.doi.org/10.1128/JVI.63.10.4404-4408.1989
http://dx.doi.org/10.1128/JVI.66.4.2217-2225.1992
http://www.ncbi.nlm.nih.gov/pubmed/1548758
http://dx.doi.org/10.1002/jlb.56.3.347
http://dx.doi.org/10.1086/314662
http://www.ncbi.nlm.nih.gov/pubmed/10068578
http://dx.doi.org/10.1172/JCI114678
http://www.ncbi.nlm.nih.gov/pubmed/1431112
http://dx.doi.org/10.1084/jem.179.4.1361
http://dx.doi.org/10.1002/(SICI)1521-4141(199802)28:02&lt;646::AID-IMMU646&gt;3.0.CO;2-6
http://dx.doi.org/10.1093/infdis/174.1.46

Microorganisms 2020, 8, 1643 24 of 25

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Akridge, RE.; Oyafuso, LK Reed, S.G. IL-10 is induced during HIV-1 infection and is capable of decreasing
viral replication in human macrophages. J. Immunol. 1994, 153, 5782-5789.

Bergamini, A.; Bolacchi, F.; Faggioli, E.; Placido, R.; Vendetti, S.; Cappannoli, L.; Ventura, L.; Cerasari, G.;
Uccella, I.; Andreoni, M.; et al. HIV-1 does not alter in vitro and in vivo IL-10 production by human
monocytes and macrophages. Clin. Exp. Immunol. 1998, 112, 105-111. [CrossRef]

Dereuddre-Bosquet, N.; Clayette, P.; Martin, M.; Benveniste, O.; Fretier, P; Jaccard, P; Vaslin, B.; Lebeaut, A.;
Dormont, D. Lack of interleukin 10 expression in monocyte-derived macrophages in response to in vitro
infection by HIV type 1 isolates. AIDS Res. Human Retrovir. 1997, 13, 961-966. [CrossRef]

Fantuzzi, G. Lessons from interleukin-deficient mice: The interleukin-1 system. Acta Physiol. Scand. 2001,
173, 5-9. [CrossRef] [PubMed]

Francis, M.L.; Meltzer, M.S. Induction of IFN-alpha by HIV-1 in monocyte-enriched PBMC requires gp120-CD4
interaction but not virus replication. . Immunol. 1993, 151, 2208-2216.

Szebeni, ].; Dieffenbach, C.; Wahl, S.M.; Venkateshan, C.N.; Yeh, A.; Popovic, M.; Gartner, S.; Wahl, L.M.;
Peterfy, M.; Friedman, R.M. Induction of alpha interferon by human immunodeficiency virus type 1 in
human monocyte-macrophage cultures. J. Virol. 1991, 65, 6362-6364. [CrossRef]

Gessani, S.; Puddu, P; Varano, B.; Borghi, P; Conti, L.; Fantuzzi, L.; Belardelli, F. Induction of beta interferon
by human immunodeficiency virus type 1 and its gp120 protein in human monocytes-macrophages: Role of
beta interferon in restriction of virus replication. J. Virol. 1994, 68, 1983-1986. [CrossRef]

Gruber, M.E,; Weih, K.A.; Boone, E.J.; Smith, P.D.; Clouse, K.A. Endogenous macrophage CSF production is
associated with viral replication in HIV-1-infected human monocyte-derived macrophages. J. Immunol. 1995,
154, 5528-5535.

Schmidtmayerova, H.; Nottet, H.S.; Nuovo, G.; Raabe, T.; Flanagan, C.R.; Dubrovsky, L.; Gendelman, H.E,;
Cerami, A.; Bukrinsky, M.; Sherry, B. Human immunodeficiency virus type 1 infection alters chemokine beta
peptide expression in human monocytes: Implications for recruitment of leukocytes into brain and lymph
nodes. Proc. Natl. Acad. Sci. USA 1996, 93, 700-704. [CrossRef]

Canque, B.; Rosenzwajg, M.; Gey, A.; Tartour, E.; Fridman, W.H.; Gluckman, ]J.C. Macrophage inflammatory
protein-lalpha is induced by human immunodeficiency virus infection of monocyte-derived macrophages.
Blood 1996, 87, 2011-2019. [CrossRef] [PubMed]

Denis, M.; Ghadirian, E. Alveolar macrophages from subjects infected with HIV-1 express macrophage
inflammatory protein-1 alpha (MIP-1 alpha): Contribution to the CD8+ alveolitis. Clin. Exp. Immunol. 1994,
96, 187-192. [CrossRef] [PubMed]

Choe, W.; Volsky, D.J.; Potash, M.]. Induction of rapid and extensive beta-chemokine synthesis in macrophages
by human immunodeficiency virus type 1 and gp120, independently of their coreceptor phenotype. J. Virol.
2001, 75, 10738-10745. [CrossRef] [PubMed]

Wong, MLE.; Jaworowski, A.; Hearps, A.C. The HIV Reservoir in Monocytes and Macrophages. Front.
Immunol. 2019, 10, 1435. [CrossRef] [PubMed]

Kruize, Z.; Kootstra, N.A. The Role of Macrophages in HIV-1 Persistence and Pathogenesis. Front. Immunol.
2019, 10, 2828. [CrossRef]

Falcinelli, S.D.; Ceriani, C.; Margolis, D.M.; Archin, N.M. New Frontiers in Measuring and Characterizing
the HIV Reservoir. Front. Immunol. 2019, 10, 2878. [CrossRef]

Zicari, S.; Sessa, L.; Cotugno, N.; Ruggiero, A.; Morrocchi, E.; Concato, C.; Rocca, S.; Zangari, P.; Manno, E.C.;
Palma, P. Immune Activation, Inflammation, and Non-AIDS Co-Morbidities in HIV-Infected Patients under
Long-Term ART. Viruses 2019, 11, 200. [CrossRef]

Yadav, A.; Kossenkov, A.V.; Knecht, V.R.; Showe, L.C.; Ratcliffe, S.].; Montaner, L.].; Tebas, P.; Collman, R.G.
Evidence for Persistent Monocyte and Immune Dysregulation After Prolonged Viral Suppression Despite
Normalization of Monocyte Subsets, sCD14 and sCD163 in HIV-Infected Individuals. Pathog. Immun. 2019,
4,324-362. [CrossRef]

Hong, S.; Banks, W. Role of the Immune System in HIV-associated Neuroinflammation and Neurocognitive
Implications. Brain Behav. Immun. 2014, 45, 1-12. [CrossRef]

Davinelli, S.; Scapagnini, G.; Denaro, F.; Calabrese, V.; Benedetti, F.; Krishnan, S.; Curreli, S.; Bryant, J.;
Zella, D. Altered expression pattern of Nrf2/HO-1 axis during accelerated-senescence in HIV-1 transgenic rat.
Biogerontology 2014, 15, 449-461. [CrossRef]


http://dx.doi.org/10.1046/j.1365-2249.1998.00563.x
http://dx.doi.org/10.1089/aid.1997.13.961
http://dx.doi.org/10.1046/j.1365-201X.2001.00879.x
http://www.ncbi.nlm.nih.gov/pubmed/11678721
http://dx.doi.org/10.1128/JVI.65.11.6362-6364.1991
http://dx.doi.org/10.1128/JVI.68.3.1983-1986.1994
http://dx.doi.org/10.1073/pnas.93.2.700
http://dx.doi.org/10.1182/blood.V87.5.2011.2011
http://www.ncbi.nlm.nih.gov/pubmed/8634452
http://dx.doi.org/10.1111/j.1365-2249.1994.tb06540.x
http://www.ncbi.nlm.nih.gov/pubmed/8187326
http://dx.doi.org/10.1128/JVI.75.22.10738-10745.2001
http://www.ncbi.nlm.nih.gov/pubmed/11602715
http://dx.doi.org/10.3389/fimmu.2019.01435
http://www.ncbi.nlm.nih.gov/pubmed/31297114
http://dx.doi.org/10.3389/fmicb.2019.02828
http://dx.doi.org/10.3389/fmicb.2019.02878
http://dx.doi.org/10.3390/v11030200
http://dx.doi.org/10.20411/pai.v4i2.336
http://dx.doi.org/10.1016/j.bbi.2014.10.008
http://dx.doi.org/10.1007/s10522-014-9511-6

Microorganisms 2020, 8, 1643 25 of 25

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Klotman, PE.; Rappaport, J.; Ray, P.; Kopp, J.B.; Franks, R.; Bruggeman, L.A.; Notkins, A.L. Transgenic
models of HIV-1. Aids 1995, 9, 313-324. [CrossRef]

Hanna, Z.; Kay, D.G.; Cool, M.; Jothy, S.; Rebai, N.; Jolicoeur, P. Transgenic mice expressing human
immunodeficiency virus type 1 in immune cells develop a severe AIDS-like disease. J. Virol. 1998, 72,121-132.
[CrossRef]

Reid, W.; Sadowska, M.; Denaro, E; Rao, S.; Foulke, J.; Hayes, N.; Jones, O.; Doodnauth, D.; Davis, H.; Sill, A.;
et al. An HIV-1 transgenic rat that develops HIV-related pathology and immunologic dysfunction. Proc.
Natl. Acad. Sci. USA 2001, 98, 9271-9276. [CrossRef]

Yedavalli, V.S.; Benkirane, M.; Jeang, K.T. Tat and trans-activation-responsive (TAR) RNA-independent
induction of HIV-1 long terminal repeat by human and murine cyclin T1 requires Sp1. J. Biol. Chem. 2003,
278, 6404-6410. [CrossRef]

Reid, W.C.; Ibrahim, W.G.; Kim, S.J.; Denaro, F.; Casas, R.; Lee, D.E.; Maric, D.;, Hammoud, D.A.
Characterization of neuropathology in the HIV-1 transgenic rat at different ages. J. Neuroimmunol. 2016, 292,
116-125. [CrossRef]

Mazzucchelli, R.; Amadio, M.; Curreli, S.; Denaro, E; Bemis, K.; Reid, W.; Bryant, ].; Riva, A.; Galli, M.; Zella, D.
Establishment of an ex vivo model of monocytes-derived macrophages differentiated from peripheral blood
mononuclear cells (PBMCs) from HIV-1 transgenic rats. Mol. Immunol. 2004, 41, 979-984. [CrossRef]
Keppler, O.T.; Yonemoto, W.; Welte, EJ.; Patton, K.S.; Iacovides, D.; Atchison, R.E.; Ngo, T.; Hirschberg, D.L.;
Speck, R.F,; Goldsmith, M.A. Susceptibility of Rat-Derived Cells to Replication by Human Immunodeficiency
Virus Type 1. J. Virol. 2001, 75, 8063. [CrossRef]

Pleskoff, O.; Sol, N.; Labrosse, B.; Alizon, M. Human immunodeficiency virus strains differ in their ability to
infect CD4+ cells expressing the rat homolog of CXCR-4 (fusin). . Virol. 1997, 71, 3259-3262. [CrossRef]
Repunte-Canonigo, V.; Lefebvre, C.; George, O.; Kawamura, T.; Morales, M.; Koob, G.F.; Califano, A.;
Masliah, E.; Sanna, P.P. Gene expression changes consistent with neuroAIDS and impaired working memory
in HIV-1 transgenic rats. Mol. Neurodegener. 2014, 9, 26. [CrossRef]

Nesil, T.; Cao, J.; Yang, Z.; Chang, S.L.; Li, M.D. Nicotine attenuates the effect of HIV-1 proteins on the neural
circuits of working and contextual memories. Mol. Brain 2015, 8, 43. [CrossRef]

Shah, S.; Maric, D.; Denaro, E.; Ibrahim, W.; Mason, R.; Kumar, A.; Hammoud, D.A.; Reid, W. Nitrosative
Stress Is Associated with Dopaminergic Dysfunction in the HIV-1 Transgenic Rat. Am. J. Pathol. 2019, 189,
1375-1385. [CrossRef]

Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates, 7th ed.; Academic Press: San Diego, CA, USA, 1996.
Switzer, R.C. Application of Silver Degeneration Stains for Neurotoxicity Testing. Toxicol. Pathol. 2000, 28, 70-83.
[CrossRef]

Tenkova, T.I.; Goldberg, M.P. A Modified Silver Technique (de Olmos Stain) for Assessment of Neuronal and Axonal
Degeneration, in Neuroprotection Methods and Protocols; Borsello, T., Ed.; Humana Press: Totowa, NJ, USA,
2007; pp. 31-39.

Trecki, J.; Brailoiu, G.C.; Unterwald, E.M. Localization of CXCR4 in the forebrain of the adult rat. Brain Res.
2010, 1315, 53-62. [CrossRef]

Mensah, P.; Deadwyler, S. The caudate nucleus of the rat: Cell types and the demonstration of a commissural
system. . Anat. 1974, 117, 281-293.

Peng, J.; Vigorito, M.; Liu, X.; Zhou, D.; Wu, X.; Chang, S.L. The HIV-1 transgenic rat as a model for HIV-1
infected individuals on HAART. . Neuroimmunol. 2010, 218, 94-101. [CrossRef]

Secchiero, P.; Zella, D.; Capitani, S.; Gallo, R.C.; Zauli, G. Extracellular HIV-1 Tat Protein Up-Regulates the
Expression of Surface CXC-Chemokine Receptor 4 in Resting CD4+ T Cells. . Immunol. 1999, 162, 2427.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1097/00002030-199504000-00001
http://dx.doi.org/10.1128/JVI.72.1.121-132.1998
http://dx.doi.org/10.1073/pnas.161290298
http://dx.doi.org/10.1074/jbc.M209162200
http://dx.doi.org/10.1016/j.jneuroim.2016.01.022
http://dx.doi.org/10.1016/j.molimm.2004.06.023
http://dx.doi.org/10.1128/JVI.75.17.8063-8073.2001
http://dx.doi.org/10.1128/JVI.71.4.3259-3262.1997
http://dx.doi.org/10.1186/1750-1326-9-26
http://dx.doi.org/10.1186/s13041-015-0134-x
http://dx.doi.org/10.1016/j.ajpath.2019.03.004
http://dx.doi.org/10.1177/019262330002800109
http://dx.doi.org/10.1016/j.brainres.2009.12.015
http://dx.doi.org/10.1016/j.jneuroim.2009.09.014
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Tissue Processing 
	Immunocytochemistry for Transgene Products gp120 and Tat 
	Immunochemistry for CXCR4 
	Special Stain 
	Routine Stain 
	Slide Review of H&E Serial Sections 
	Slide Review Silver Stain 
	Slide Review of CXCR4 Immunostaining 
	Imaging 

	Results 
	Cortical Pathology 
	Hippocampal Pathology 
	Striatal Pathology 
	Immunohistochemical Identification of gp120 and Tat in the Brain 
	Spleen Pathology 
	Immunohistochemical Identification of gp120 and Tat 
	Identification of CXCR4 in the Spleen 


	Discussion 
	Conclusions 
	References

