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Abstract

The transgenic HIV-1 rat (Tg) is a commonly used neuroHIV model with documented neurologic/

behavioral deficits. Using immunofluorescent staining of the Tg brain, we found astrocytic 

dysfunction/damage, as well as dopaminergic neuronal loss/dysfunction, both of which worsening 

significantly in the striatum with age. We saw mild microglial activation in young Tg brains, but 

this decreased with age. There were no differences in neurogenesis potential suggesting a 

neurodegenerative rather than a neurodevelopmental process. Gp120 CSF levels exceeded serum 

gp120 levels in some animals, suggesting local viral protein production in the brain. Further 

probing of the pathophysiology underlying astrocytic injury in this model is warranted.
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1. INTRODUCTION

Since the introduction of anti-retroviral therapy (ART), the prevalence of HIV-associated 

dementia (HAD) decreased, however less fulminant forms of HIV-related neurological 

dysfunction became more common and currently affect around 52% of the HIV-positive 

(HIV+) patient population (McArthur et al., 2003, McArthur et al., 2010). The exact 

neuropathology leading to milder forms of HIV-associated neurocognitive disorders 

(HAND) is not fully understood but is probably multifactorial. Unlike microglia and 

astrocytes, neurons do not seem to get productively infected with HIV (Kovalevich and 

Langford, 2012). The neurologic damage is rather thought related to persistent low level 

neuroinflammation (Desplats et al., 2013), neurotoxic effects of viral proteins (Agrawal et 

al., 2012, Hu et al., 2009, Mocchetti et al., 2011), as well as the disruption of the supportive 

and neurotrophic role of astrocytes (Bezzi et al., 2001) and oligodendrocytes (Radja et al., 

2003).

Short of using expensive and sentient SIV infected monkeys, or sophisticated humanized 

mice models, the HIV-1 transgenic (Tg) rat is used by many groups as an HIV model. This 

non-infectious rat model expresses 7 of the 9 HIV-1 viral proteins including gp120, nef and 

tat and is known to develop clinically relevant neuropathologies (Reid et al., 2001) and 

cognitive deficits (Lashomb et al., 2009, Moran et al., 2012, Moran et al., 2013a, Peng et al., 

2010, Vigorito et al., 2007). It thus appears to be of particular importance and practicality 

for the evaluation of neurological HIV complications.

In this study, we wanted to better understand the pattern of neurotoxicity underlying the 

neurological and behavioral problems described in the commercially-available Tg rat. 

Towards this goal, we compared immunofluorescence staining of various neuronal and glial 

markers, dopaminergic function and neurogenesis potential between the Tg and WT rats, at 

different ages. We also measured the levels of gp120 (as a representative viral protein) in the 

cerebrospinal fluid (CSF) and compared to serum levels of Gp120.
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2. MATERIALS AND METHODS

2.1. Animals

Male HIV-1 Tg rats (F344/Hsd) and male age-matched controls (F344, WT) were purchased 

from Harlan Inc. (Indianapolis, IN) and used in various experiments. We used a total 

number of 43 Tg and 34 WT rats in all the experiments, ranging in age from 1 to 20 months. 

Some of the animals used for non-terminal procedures (serum and CSF collection) were then 

re-used for the terminal procedures (ELISA of brain lysates, PCR and immunostaining). 

Animal care and all experimental procedures were approved by the Institutional Animal 

Care and Use Committee (IACUC) of the National Institutes of Health/ Clinical Center 

(NIH/CC).

2.2.Immunofluorescence Staining and Quantification

Rat brain sections were evaluated using immunofluorescence and compared in four groups 

of animals: 3 Tg and 3 WT one-month-old rats, 5 Tg and 3 WT three-month-old rats (total 

young: 8 Tg and 6 WT), 3 Tg and 2 WT seven-month-old and 3 Tg and 3 WT nine-month-

old rats (total middle-aged: 6 Tg and 5 WT). The relevant slices were obtained from two 

areas of interest: striatum, bregma 0.48 to 0.12 millimeters (mm) and hippocampus, bregma 

−2.92 to −3.24 mm, as per the Paxinos and Watson atlas (The Rat Brain in Stereotaxic 

Coordinates, Sixth Edition, Academic Press, San Francisco, CA).

Multi-epitope immunolabeling protocols were applied to identify the cellular phenotypes in 

fresh frozen brain slices using different combinations of primary antibodies. The labeled 

targets included NeuN, GFAP, Iba1, tyrosine hydroxylase (TH) and proliferating cell 

nuclear antigen (PCNA). Each of the above primary immunoreactions was visualized using 

appropriate fluorophore-conjugated (Alexa Fluor dyes) secondary antibodies. The cell nuclei 

were counterstained using 1 ug/ml DAPI to facilitate cell counting.

Quantification of immunofluorescent staining was performed using FIJI image processing 

package, based on ImageJ (NIH, Bethesda, MD). The locations of the striatal and cortical 

ROIs were identical for all the animals. For NeuN, Iba1 and PCNA cell counts, the RGB 

bitmap images were converted to 8-bit grayscale and the threshold was adjusted to include 

only cells of interest and eliminate the background, and this was followed by counting, using 

the image based tool for counting nuclei plugin (ITCN). All images were processed using 

the same analysis parameters. The cell density (cells/mm2) was calculated from the total 

number of positive cells divided by the total area. For the staining intensity measurements of 

GFAP and TH also calculated for the total area (total intensity/mm2), the background 

fluorescent signal was removed by a thresholding process, visually selected by the user. The 

same cutoff value was then used to analyze all the slides stained concurrently.

Since our animal brains were stained in batches at different dates, we decided to use the 

ratios of staining instead of absolute measurement values to compare young and middle-

aged animals. For each set of animals stained at the same time, we used the ratio of counts 

or the ratio of intensities of each Tg animal with respect to the corresponding co-stained WT 

rat(s). We then compared the individual animal ratios in the young (1–3 month-old) to those 

in the middle-aged (7–10 month-old) animals.
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2.3. Viral protein analysis

2.3.1. Serum and CSF collection—Serum was collected from 28 Tg and 5 WT rats (age 

range: 3 to 20 month-old) by retro-orbital sampling, under anesthesia. We had CSF samples 

from 17 Tg rats (age range = 3 to 20 month-old), after excluding samples that were blood-

tinged. Out of the latter, 13 rats had CSF and serum collected within a few days of each 

other.

For CSF collection, animals were first anesthetized and placed in a stereotaxic apparatus 

(Stoelting, Wood Dale, IL, USA), with their head positioned downward at around 45 

degrees angle to their back and secured with ear bars. The back of the neck and base of skull 

were shaved and disinfected. The lower border of the skull was then palpated and a one 

inch, 30 Gauge needle attached to silicone tubing which ends in a 1cc Syringe was inserted 

horizontally, in a central location, between the occipital protuberance and the first cervical 

vertebra. The needle was then advanced slowly, with gentle negative pressure maintained 

within the syringe. Sometimes a slight change in the resistance upon puncturing the dura 

could be felt. As soon as the CSF was seen to flow into the silicone tubing, the needle was 

manually stabilized in place. Collection of CSF was then achieved by another operator 

pulling back the syringe plunger very slowly. The CSF was immediately placed into 0.5 ml 

Eppendorf tubes and frozen at −80 °C. The volume of CSF collected varied from 50 to 100 

microliter. Some of the samples were minimally contaminated with blood and were included 

in the analysis. When the blood contamination was deemed to be significant, the sample was 

discarded. A total of 9 Tg rats had serum and CSF collections either on the same day or 

within a couple days from each other.

2.3.2. Brain lysate collection—We collected brain lysates from 7 Tg and 2 WT rats at 

different ages ranging from 2 to 20 month-old.

2.3.3. ELISA—Serum, CSF and brain lysate gp120 levels were quantified by enzyme-

linked immunosorbent assay (ELISA) using HIV-1 gp120 antigen capture assay (ABL, 

Rockville, MD) with slight modification to the manufacturer’s instruction. In general, gp120 

standards were diluted either in rat sera (AbD Serotec, Raleigh, NC; SPF Fisher 344), rat 

CSF (Bioreclamation LLC., Westbury, NY; SPF Fisher 344) or brain lysate extraction buffer 

(Novateinbio, Woburn, MA) for standard curve. Samples were run in duplicates. Samples 

where duplicate absorption values differed significantly from each other were excluded.

2.4. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) of Brain Tissues

For the assessment of viral protein expression in the Tg rat, brain tissue samples were 

obtained from 3 young Tg rats (2 month-old) and 4 old Tg rats (age > 1 year). Two control 

rat brains were used as negative controls to test the primers by regular PCR and running gel. 

Control brains did not show any viral protein bands on the running gel. For analysis of tat, 

gp120 and nef expression, 100 mg samples of frontal cortex, striatal and hippocampal 

tissues from each animal were used. Total cellular RNA was isolated from each tissue 

section using an RNeasy Lipid Tissue mini kit (Qiagen, Valencia, CA) according to the 

manufacturer’s instructions. Synthesis of first-strand cDNA was performed using Quantitect 

reverse transcriptase kit (Qiagen, Hilden, Germany) and analyzed using IQ SYBR Green 
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PCR kit (Bio-Rad, Hercules, CA). Relative levels of specific mRNA were quantified by 

using the CFX96 Real-time System (Bio-Rad, Hercules, CA). Primer Sequences for tat, 

gp120, nef and GAPDH as well as real-time PCR conditions have been previously described 

(Peng, Vigorito, 2010). Primers were synthesized by RealTimePrimers (Elkins Park, PA). 

Samples were run in triplicate and the yield of PCR product was normalized to GAPDH. 

Primer efficiencies were determined in triplicate using serial 10-fold dilutions of cDNA. 

Primer efficiencies (E) were calculated as E=10[−1/slope]−1; all primers used in these studies 

had good efficiency (E=90–110%). To control for DNA contamination, equal amounts of 

RNA were used without reverse transcriptase. The relative quantification of the template 

was then achieved using the comparative CT method, and is reported as relative 

transcription or the n-fold difference relative to the cDNA of the calibrator.

For the assessment of GFAP, Iba1 and CD11b expression in the Tg rat, brain tissue samples 

were obtained from six 1 month-old rats (3 Tg and 3WT) and ten 8–9 month-old rats (5 Tg 

and 5 WT). A similar procedure to the above was followed except that the synthesis of 

cDNA was performed using RT2 First Strand Kit (Qiagen, Hilden, Germany) and PCR was 

carried out with RT2 SYBR Green qPCR Mastermix (Qiagen) using CFX96 Real-time 

System (Bio-Rad, Hercules, CA). All primers used were from RT2 qPCR Primer Assay 

(Qiagen). The relative expression levels of target mRNA were determined by ΔCt method 

using Actb, rplp1, and Hrpt1 for normalization. Samples were run in duplicates or PCR was 

repeated to confirm the results.

2.5. Statistics

Statistical significance was determined using GraphPad Instat statistical software (Version 

3.0). Comparisons of immunofluorescence ratios between Tg and WT rats at different ages 

and in different locations were made using the nonparametric Mann-Whitney U-test since 

data was not always found to have a normal distribution. A p-value of <0.05 was considered 

significant. All data are represented as Mean (SD).

3. RESULTS

3.1. Immunofluorescence

NeuN is a sensitive and specific neuronal marker that is expressed in almost all neuronal cell 

types of the central and peripheral nervous system. Its high specificity for neurons makes it a 

good marker for studying neuronal loss (Wolf et al., 1996). NeuN Tg/WT staining count 

ratios were low in the striatum (ST) of both young and middle-aged HIV-1 Tg rats but were 

only mildly decreased in the cortex (CX) and not significantly changed in the hippocampus 

(HC) (Table. 1). The Tg/WT staining ratios were not significantly different statistically 

between the 1–3 and 7–10 month-old animals.

GFAP, an activated astrocyte marker, is considered a member of the cytoskeletal protein 

family and plays an important role in controlling astrocyte motility and shape by providing 

structural stability to astrocytic processes (Eng et al., 2000). GFAP Tg/WT staining intensity 

ratios were decreased in all measured regions (CX, ST, HC), and in the corpus callosum 

(CC) (Fig.1A and 1B, Table 1). This significantly worsened with age in the ST (Mann-
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Whitney U-test, p=0.038) and in the CC (Mann-Whitney U-test, p=0.033). A similar pattern 

of decreasing staining ratios was noted in the CX and HC however this was not statistically 

significant. The loss of GFAP staining however was not consistent per age group, with some 

7 month-old animals showing more GFAP staining loss than 9 month-old rats.

Ionized calcium binding adaptor molecule 1 (Iba1) is a calcium-binding protein (Imai and 

Kohsaka, 2002) that has an actin-bundling activity and participates in membrane ruffling 

and phagocytosis in activated microglia (Ohsawa et al., 2004). For Iba1 measurements, we 

averaged the count ratios in each animal across the ST, HC and CX considering the diffuse 

pattern of microglial staining across the brain, without any specific regional predilection. 

Iba1 Tg/WT count ratios were mildly increased in the young animals with mean ratio of 

1.165 (0.288). This decreased to a ratio of 0.852 (0.148) in the middle-aged animals (Fig. 2). 

The difference between the two age groups was statistically significant (Mann-Whitney U-

test, p=0.033) (Table 1).

TH is the enzyme responsible for catalyzing the conversion of the amino acid tyrosine to L-

DOPA, the precursor of Dopamine; it is assumed to reflect dopaminergic neuronal integrity 

(Zeiss, 2005). TH Tg/WT staining intensity ratios in the striatum were decreased (mean 

ratio=0.76 (0.16) in young animals), and worsened with age (mean ratio=0.64 (0.21) in 

middle-aged animals). This was statistically significant (Mann-Whitney U-test, p=0.017) 

(Table. 1).

PCNA is a cell cycle marker associated with DNA replication and neurogenesis (Frade and 

Ovejero-Benito, 2015, von Bohlen und Halbach, 2011). We performed PCNA staining and 

evaluated the dentate gyrus and periventricular subgranular zone in newly weaned rats (1 

month-old). There was no appreciable difference in PCNA staining in either location 

(ratios=1.18 (0.6) and 1.10 (0.7) respectively) (Fig. 3).

3.2. Viral protein level analysis

Out of 28 Tg animals that got serum gp120 levels measured, 14 animals ranging in age 

between 14 and 20 months had detectable levels of gp 120 (mean value= 82.8 (18.9) pg/ml). 

All the young animals (3–7 month-old) and four older animals (14–15 month-old) had serum 

levels of gp120 below the detection level of the kit (62.5 pg/ml). None of the WT rats had 

detectable serum levels of gp120.

Out of 17 rats that got CSF gp120 level measured, 11 had levels above the detection level of 

the kit (mean value = 160 (82) pg/ml).

In the 13 rats that had CSF and serum collected around the same time, 7 had detectable 

gp120 in the CSF (mean= 164 (95) pg/ml) with no detectable gp120 in the serum, and 2 had 

higher gp120 levels in the CSF than in the serum (both CSF and serum levels detectable).

Brain homogenate samples from 5 Tg animals had mean gp120 protein level of 72.7 (11.2) 

pg/ml. Homogenates from two of the Tg animals (8-month-old) and two WT animals (2 and 

18 month-old) had gp120 protein level values below the detection limit of the kit.
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3.3. Quantitative RT-PCR in brain tissues for gp120, tat and nef expression levels

The viral transcripts gp120, nef and tat were all detected by PCR followed by gel 

electrophoresis in the brain lysates of animals in the young and old age groups. With respect 

to young animals, the old animal group showed an average (in three locations) 1.47 fold 

increase in tat, 1.1 fold increase in gp120, and 0.77 fold decrease in nef. Although not very 

different from each other, the expression of nef was the highest followed by tat and then 

gp120.

3.4. Quantitative RT-PCR in brain tissues for GFAP, Iba1 and CD11b expression levels

We found lower GFAP mRNA expression levels in the young Tg (1 month-old) and older 

Tg (8–9 month-old) animals in comparison to age-matched WT animals, both in the striatum 

and in the hippocampus. Those differences however were not statistically significant 

(p>0.05). Iba1 and CD11b values were either slightly decreased or slightly increased 

however there were no statistically significant differences at either age and in either location 

(p>0.05) (Fig. 4).

4. DISCUSSION

There is currently no widely-used small animal model for HIV because mice and rats are 

non-permissive for HIV infection (Bieniasz and Cullen, 2000). Engineering rodents that are 

permissive for HIV infection is technically demanding and only a few centers in the country 

have mastered the production and utilization of HIV-susceptible humanized mice (Akkina, 

2013, Berges and Rowan, 2011, Boska et al., 2014, Dash et al., 2012, Dash et al., 2011, 

Epstein et al., 2013, Gorantla et al., 2010, Zhang and Su, 2012). Despite the usefulness of 

the latter, they remain technically complicated to produce and sustain (Akkina, 2013, Zhang 

and Su, 2012), and for our purposes of developing molecular imaging biomarkers, the small 

brain size of the humanized mouse poses a limitation especially when lower resolution 

techniques such as PET imaging are used.

From prior publications we knew that the HIV-1 Tg rat manifests neurological abnormalities 

similar to human disease (Lashomb, Vigorito, 2009, Moran et al., 2013b, Reid, Sadowska, 

2001, Vigorito, LaShomb, 2007). Brain abnormalities such as disrupted arachidonic acid 

metabolism (Basselin et al., 2011) and disrupted neurotransmitter systems (Guo et al., 2012, 

Moran, Aksenov, 2012, Sultana et al., 2010) have been reported. We’ve also previously 

described in vivo imaging findings in this animal model suggestive of neuropathology using 

both magnetic resonance imaging (MRI) and positron emission tomography (PET) (Lee et 

al., 2014a, Lentz et al., 2014). Although there have been previous meticulous studies 

examining certain aspects of brain pathology in this animal model (Repunte-Canonigo et al., 

2014, Royal et al., 2012), the exact neuropathology with respect to age and whether viral 

proteins are expressed in the CSF have not been thoroughly characterized.

The main histopathologies we observed in the Tg rat brains at different ages involved both 

neuronal and glial cell lines. Age-associated neuronal loss/dysfunction was seen in the 

striatum but that was not significantly different between young and middle-aged animals 

(p=0.33) (Table. 1). Curiously, we noticed decreased intensity of NeuN staining in the Tg 
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striatal neurons compared to WT striatal neurons while at the same time no such differences 

could be seen involving the cortical neurons in the same slides. This suggested selective 

decreased NeuN immunoreactivity in the striatum. Whether this decreased immunoreactivity 

could partially account for the decreased cell counts in the striatum (due to difficulty 

detecting the borders of the cell using automated counting) is a possibility. This striatal 

neuronal dysfunction was further confirmed by decreased TH staining in the striatum of the 

Tg rats, significantly worsening with age as well, suggesting functional dopaminergic 

deterioration rather than just structural neuronal loss (Table. 1). This was not a surprise, 

considering previous studies that identified behavioral problems presumed to be due to 

dopaminergic dysfunction in those animals (Fitting et al., 2015, Liu et al., 2009, Moran, 

Aksenov, 2012, Moran, Booze, 2013b, Webb et al., 2010).

The most impressive finding, however, was progressive loss of GFAP staining, suggesting 

astrocytic dysfunction/damage, significantly worsening with age in the striatum and corpus 

callosum (Table.1, Fig.1A and 1B). This was most noticeable in the corpus callosum 

considering the natural higher number of astrocytes along the white matter fiber tracts in that 

part of the brain. Microglia, on the other hand, appeared to be slightly activated early-on (1–

3 months of age), but this decreased in older animals (Fig. 2). There was still a possibility 

that the Tg neuropathology could be due to the presence of the transgene, affecting 

neurogenesis, a previously encountered problem with another small animal model of HIV, 

the gp120 Tg mouse (Lee et al., 2013). This is especially true considering that in the Tg rat 

with continuous viral protein production since birth, the age of the rat equates to time since 

infection in HIV+ patients. PCNA staining in newly-weaned Tg rats, however, did not differ 

significantly from WT animals (Fig. 3), suggesting that abnormal neurogenesis does not 

play an important role in the Tg neuropathology, with the latter being a progressive 

neurodegenerative process rather than a neurodevelopmental process.

Our results do not concur with previously published histopathology findings in the Tg rat 

(Repunte-Canonigo, Lefebvre, 2014) showing activation of astrocytes and microglia 

(increased GFAP staining) rather than astrocyte dysfunction/damage (loss of GFAP 

staining). In that study however, a different rat strain was used (Sprague-Dawley rather than 

Fischer F344) which we believe could account for the striking differences in histopathologic 

phenotype. This is not unusual, with multiple examples in the literature showing 

discrepancies in manifestations of disease between different rodents species even when 

expressing the same transgene (Jiang et al., 2015, Lefesvre et al., 2003, Mestre et al., 2015, 

Siviy et al., 2015, Stozicka et al., 2010). Unfortunately we could not test this assumption 

since the Sprague-Dawley Tg rat is not available commercially anymore. Another paper did 

not show significant differences in GFAP staining between Tg and WT rats (Royal, Zhang, 

2012) however a younger age group was probably used in that study.

Our results also do not concur with the neuropathology seen in humanized HIV-1 mice 

which included robust inflammation reflected in GFAP and Iba-1 staining intensities 

(Boska, Dash, 2014, Dash, Gorantla, 2011, Epstein, Narayanasamy, 2013, Gorantla, 

Makarov, 2010). This however can be explained by the inherent differences between the two 

animal models as far as pathophysiology: the HIV humanized mouse is an immunodeficient 

model (NOD/scid-IL-2Rgamma(c)(null) mice) reconstituted with human hematopoietic 
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CD34(+) stem cells and infected with HIV, thus reflecting human HIV-1 infection more 

closely, with persistent viremia, profound CD4+ T lymphocyte loss and infection of human 

monocyte-macrophages in the meninges/perivascular spaces of the rodent brain (Boska, 

Dash, 2014, Epstein, Narayanasamy, 2013). The Tg rat on the other hand reflects chronic 

viral protein toxicity (Midde et al., 2011, Peng, Vigorito, 2010, Royal, Zhang, 2012, 

Vigorito et al., 2015, Wayman et al., 2015), and is closer pathologically to optimally-treated 

HIV+ patients than actively infected patients, as described below.

In view of what seems like a less prominent role for microglial activation in this model, we 

concur with previous studies asserting prolonged exposure to viral proteins as the main 

cause of neuropathology in the Tg rat (Midde, Gomez, 2011, Peng, Vigorito, 2010, Royal, 

Zhang, 2012, Vigorito, Connaghan, 2015, Wayman, Chen, 2015). Interestingly, we were 

able to detect serum gp120 in older but not in younger rats. This could be due to faster 

production of viral proteins than their degradation, or could indicate increased expression of 

the transgene peripherally with age. Gp120 has already been detected in the serum of older 

animals (Joshi et al., 2008, Reid, Sadowska, 2001) however it has not been measured in the 

serum of younger animals before. In addition, we detected gp120 in the CSF of both young 

and older animals with some Tg rats showing detectable levels of gp120 in their CSF but not 

in the serum or higher levels in the CSF than in the serum, suggesting local expression in the 

brain. This is further supported by the detection of mRNA expression of viral proteins in the 

brain lysates of the Tg animals, reproducing previous similar work (Peng, Vigorito, 2010, 

Robillard et al., 2014). In the Tg rat with continuous production of viral proteins since birth, 

the age of the animal would equate with time since infection in patients, further supporting 

the usefulness of the rat as a model of prolonged viral protein exposure.

Astrocytic vulnerability in this animal model is not completely unexpected: HIV viral 

protein-associated astrocytic toxicity has already been shown by many groups (Borjabad et 

al., 2010, Noorbakhsh et al., 2010, Torres and Noel, 2014, Wang et al., 2003, Wang et al., 

2004). For example, gp120 is known to bind to astrocytes, altering the cell physiology 

(Chang et al., 2008), dysregulating gene expression (Borjabad, Brooks, 2010, Wang, Trillo-

Pazos, 2004) and inhibiting glutamate transport (Wang, Pekarskaya, 2003) leading to further 

neuronal damage by excitotoxicity (Plachez et al., 2004). Tat is similarly known to cause 

glutamatergic dysregulation, resulting in excessive NMDA receptor activation, and 

secondary neuro and astrocytic toxicity (Ton and Xiong, 2013). Disruption of the expression 

of toll-like receptors in astrocytes exposed to tat or gp120 (El-Hage et al., 2011) and altered 

astrocyte morphology in SIV-infected macaques have also been described (Lee et al., 

2014b).

The Tg rat brain does not reflect HIV brain pathology in advanced HIV encephalitis such as 

seen in the pre-ART era, since the latter was most noticeable for inflammatory changes such 

as macrophage infiltration, formation of multinucleated giant cells, and reactive astrogliosis 

(Gendelman et al., 1994, Gray et al., 1996, Lawrence and Major, 2002, Merrill and Chen, 

1991). It has been previously suggested that the Tg rat can be a model for treated rather than 

untreated HIV+ patients (Abbondanzo and Chang, 2014, Moran, Booze, 2013a, Moran et al., 

2014, Moran, Booze, 2013b, Nemeth et al., 2014, Peng, Vigorito, 2010, Vigorito, 

Connaghan, 2015). The current study concurs with this suggestion, since in more recent 
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publications examining the neuropathology in treated HIV+ patients, the classic signs of 

inflammation damage such as multinucleated giant cells and HIV encephalitis were lacking. 

Those results suggested alternative causes for the progressive neurodegeneration in this 

patient group (Everall et al., 2009, Gelman et al., 2013) and exposure to viral protein is one 

of those suggested causes (Shin and Thayer, 2013, Silverstein et al., 2012, Yadav and 

Collman, 2009). The subcortical pattern of neuronal damage that we see in our animals is 

also reminiscent of HIV damage in the post ART era (Kumar et al., 2009, Kumar et al., 

2011).

One potential limitation to our study is that we did not use stereology techniques to account 

for possible shrinkage of the examined tissues which could compromise cell density 

calculations. However, we only imaged individual 10-micron thick sections at a single focal 

plane, which makes it impossible to obtain volumetric measurements from these image 

datasets. Therefore, cell counts can only be compared between matching sections and areas 

of interest from different brains. We also believe that as brains from all animals that were 

actually compared went through the same tissue preparation procedure before staining, the 

amount of shrinking of each brain should be the same, and cell counts in matching areas of 

interest from different brain sections cut at the same coronal planes should be comparable. 

Another limitation is that we did not directly correlate viral protein expression levels in the 

serum and CSF with terminal measures such as neuropathology, mRNA levels and brain 

lysate protein levels because the sample numbers for such correlations were too small to 

draw meaningful conclusions. We did however compare serum and CSF levels of gp120 

measured concurrently in the same animals. We did not co-stain for viral proteins along with 

glial or cellular markers, however previous work has already shown expression of viral 

proteins such as vif and nef within the astrocytes and microglia of the Tg rat (Royal, Zhang, 

2012). Finally, the use of Fischer only rather than both Fischer and Sprague-Dawley Tg rats 

can be considered a potential limitation since interspecies differences could not be evaluated 

concurrently. The Sprague-Dawley Tg rat (Harlan Inc.) however is not available 

commercially anymore.

5. CONCLUSIONS

We have evaluated the neuropathology of the commercially-available HIV-1 Tg rat (Fischer, 

F344/Hsd) as it aged, and evaluated the expression and presence of HIV viral proteins in the 

blood, CSF and brain tissues. The results show various glial and neuronal injury patterns 

however astrocytic damage seems to dominate the picture, suggesting selective vulnerability 

of those cells to viral proteins. With the current availability and future development of in 

vivo imaging biomarkers of disease (Lee, Reid, 2014a, Lentz, Peterson, 2014), this animal 

model can potentially be used in the evaluation of neuroprotective strategies that primarily 

target the astrocytic component of pathology as well as prolonged exposure to viral proteins. 

Further evaluation of the exact pathophysiology underlying the Tg astrocytic vulnerability to 

viral proteins remains warranted.
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Abbreviations

ART antiretroviral therapy

CC corpus callosum

CSF cerebrospinal fluid

CX cortex

HAART highly active antiretroviral therapy

HAD HIV associated dementia

HAND HIV-1 associated neurocognitive disorders

HC hippocampus

IACUC Institutional Animal Care and Use Committee ()

PCNA proliferating cell nuclear antigen

PET positron emission tomography

ST striatum

SVZ subventricular zone

Tg HIV-1 transgenic

TH tyrosine hydroxylase

WT wild type
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HIGHLIGHTS

1. Astrocytic damage dominates the neuropathology in HIV-1 Tg rats

2. No neurogenesis abnormalities in the Tg rat suggesting neurodegenerative 

process

3. CSF gp120 levels higher than serum in some Tg rats suggesting local production
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Fig. 1. 
(A) Brain sections of one 3-month-old WT (upper row) and two age-matched Tg rats 

(middle and lower rows), encompassing parts of the cortex (CX), striatum (ST), and corpus 

callosum (CC) stained with NeuN (green) and GFAP (yellow) (first and second columns: 

8.4× magnification, scale bar: 500µm; third and fourth columns: 50× magnification, scale 

bar: 100µm). (B) Brain sections of one 7-month-old WT (upper row) and two age-matched 

Tg rats (middle and lower rows), encompassing parts of the cortex (CX), striatum (ST), and 

corpus callosum (CC) stained with NeuN (green) and GFAP (yellow) (first and second 

columns: 8.4× magnification, scale bar: 500µm; third and fourth columns: 50× 

magnification, scale bar: 100µm). Decreased GFAP staining is seen in at least one of the two 

3 month-old Tg animals (lower row) however is more obvious in the 7 month-old rats.
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Fig. 2. 
Brain sections of 7-month-old WT (upper row) and age-matched Tg (lower row) rats, at the 

level of the striatum (magnification 100×, Scale bar: 50µm). Decreased GFAP staining is 

seen in the Tg compared to WT rat however Iba1 staining appears comparable.
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Fig. 3. 
PCNA staining (yellow) in the subventricular zone (SVZ) in 1 month-old WT and Tg rat 

brains is comparable suggesting preserved neurogenesis in the Tg rat despite the presence of 

the transgene (magnification 100×, Scale bar: 50µm). Additional stains include DAPI (gray) 

and NeuN (green).
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Fig. 4. 
Relative mRNA expression levels of GFAP, Iba1 and CD11b in striatal (ST) and 

hippocampal (HC) tissues derived from 1 month-old (n= 3) and 8–9 month-old (n=5) Tg and 

WT rats. Although GFAP expression was generally lower in the Tg compared to WT rats, 

those differences were not statistically significant in either age group. Values for CD11b are 

re-plotted separately using a different scale for better appreciation. Error bars represent 

standard deviation values.
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