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ABSTRACT  

 HIV-1 associated neurocognitive disorders (HAND) continue to afflict individuals 

with HIV-1 in the combination antiretroviral treatment (cART) era, most notably 

affecting executive function, as well as preattentive processing. Currently, there is no 

effective treatment for HAND, with only adjunctive treatment targeting symptomatic 

relief. There were two hypotheses in this dissertation: 1) that HIV-1 Tg rats will show 

disruptions in measures of executive function and preattentive processing, as well as 

neural network alterations in the prefrontal cortex (PFC), a brain region implicated in 

executive function, and 2) that administration of the phytoestrogen metabolite S-equol 

will improve performance as measured by executive function and attention, as well as 

neuronal network complexity in the PFC.  

 In experiment 1, using prepulse inhibition of the auditory startle response and a series 

of operant tasks, deficits were revealed in perceptual sharpening, sustained attention, and 

core components of executive function. Daily oral S-equol treatments (0, 0.05, 0.1, and 

0.2 mg), administered to the animals at 6-8 months of age, improved the performance of 

the HIV-1 Tg animals on the sustained attention task. Assessment of neuronal networks 

with diOlistic labeling of pyramidal neurons in the PFC suggested that the 0.2 mg dose of 

S-equol ameliorated alterations in the HIV-1 Tg animals as well. 

 In experiment 2, treatment with S-equol (0.2 mg), begun at 2-3 months of age, 

significantly delayed or prevented deficits in sustained attention. HIV-1 Tg animals that 



vi 

received S-equol also displayed enduring improvements in performance one month after 

the treatment ended, an effect not detected in any of the other groups.  However, further 

assessments of increased demands on sustained attention as well as selective attention did 

not further differentiate the HIV-1 Tg and control animals.  

 In summary, the HIV-1 Tg rats displayed impaired performance in preattentive 

processing, attention, and executive function, prior to any clinical signs of wasting. S-

equol was effective in both ameliorating and preventing attentional deficits, suggesting its 

potential use as a therapeutic for neurocognitive impairments in HAND. 
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CHAPTER 1 

 

INTRODUCTION 

HIV-1-Associated Neurocognitive Disorders 

The current estimate of the number of people living with HIV-1 worldwide is 34 

million (UNAIDS 2012). The annual rate of new HIV-1 infections has decreased in 

several countries in the past decade, but many other regions, including the Middle East, 

North Africa, Eastern Europe, and Central Asia, have seen a continued increase in yearly 

incidence rates, contributing to an estimated 2.5 million new infections worldwide in 

2011. Children represent a substantial proportion of these new cases; 330,000 children 

under 15 years of age were newly infected in 2011. Combination antiretroviral therapy 

(cART) has decreased the rate of mother-to-child-transmission (MTCT) of HIV-1 in the 

U.S. and other western countries from approximately 25% to less than 2% (Connor et al. 

1994; Taha et al. 2009), but in developing countries with limited access to cART and 

other interventions, the MTCT rate is much higher, approximately 25-35% (Chen et al. 

2009;Volmink and Marais, 2008). Although cART use substantially reduces the rate of 

MTCT, other factors such as high maternal viral load and preterm delivery can increase 

the risk of MTCT, even when cART is used (Townsend et al. 2008; Warszawski et al. 

2008). Thus, HIV-1 remains a major health issue worldwide for both adults and children. 

A significant and common consequence of HIV-1 infection, observed since the 

beginning of the HIV/AIDS epidemic (American Academy of Neurology AIDS Task
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Force 1991; Antinori et al. 2007), is neurocognitive impairment, ranging from mild 

deficits to frank dementia. Prior to the introduction of cART, HIV-1-associated dementia 

(HAD) occurred in up to 20% of individuals with HIV-1 (McArthur et al. 1993; Ances 

and Ellis 2007). cART has dramatically reduced the prevalence of HAD to less than 5% 

(Heaton et al. 2010). Nevertheless, HIV-1-associated neurocognitive disorders (HAND) 

continue to afflict up to 50% of patients on cART (Ances and Ellis 2007; Heaton et al. 

2011). Despite the increased life expectancy provided by cART, HAND is a significant 

health problem for millions, disrupting normal functioning of daily activities and posing 

an increased risk for early mortality (Vivithanaporn et al., 2010). 

In the pre-cART era, neurological disorders related to HIV-1 were designated as 

either HAD or minor cognitive motor disorder (MCMD) according to the criteria of the 

American Academy of Neurology (1991). The criteria for HAD were an abnormality in at 

least two cognitive areas causing difficulty in everyday activities, and an abnormality in 

either motor function or in neuropsychiatric or psychosocial functions. MCMD was 

defined as cognitive and motor impairment which causes difficulty in everyday activities, 

which is not as severe as that meeting the criteria for HAD. The reduction in severity of 

cognitive dysfunction in HIV-1+ individuals on cART, as well as the lack of clear 

definitions of cognitive impairment in the AAN criteria, necessitated a revised nosology 

for the changing face of HIV-1/AIDS. The HIV Neurobehavioral Research Center 

(HNRC) at the University of California, San Diego, proposed diagnostic criteria of three 

categories of neurocognitive disorders: HIV-1-associated asymptomatic neurocognitive 

impairment (ANI), HIV-1-associated mild neurocognitive disorder (MND), and HIV-1-

associated dementia (HAD) (Antinori et al., 2007). The HNRC criteria place emphasis on 
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neurocognitive impairment over motor impairment or psychosocial problems, and list the 

following as cognitive domains that should be evaluated: verbal/language, 

attention/working memory, abstraction/executive function, memory (learning/recall), 

speed of information processing, sensory-perceptual ability, and motor skills. A diagnosis 

of ANI is based on performance that is at least one standard deviation below the mean in 

at least two cognitive areas. Individuals with neurocognitive impairment that falls into the 

category of ANI do not experience difficulty in daily functioning as a result of the 

impairment. MND is defined by performance that is at least one standard deviation below 

the mean in at least two different cognitive domains, with the additional requirement 

being some degree of difficulty in everyday functions as a result of neurocognitive 

impairment. Lastly, HAD is diagnosed when the individual performs at least two standard 

deviations below the mean in at least two different cognitive domains with difficulty in 

performing everyday tasks. In each category, the impairment does not meet criteria for 

delirium, and there are no comorbid conditions which may underlie the neurocognitive 

impairment.  

Currently, there is no effective treatment for HAND, despite a number of 

strategies that have been attempted or that are presently being tested (Alfahad and Nath, 

2013). cART is limited as a neurotherapeutic due to low penetration across the blood-

brain barrier (Thomas 2004), leaving only adjunctive treatments targeting symptomatic 

relief (Chung et al. 2008; Dewhurst et al. 2007; Eilers et al. 2008; Zink et al. 2005). 

 

Executive Function and HIV-1 

Before the introduction of cART, HIV-1+ individuals with HAND showed 

deficits primarily in information processing speed, sensory-perceptual skills, motor skills, 
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and language (Heaton et al. 1995; Heaton et al. 2011). Current studies on HAND, which 

represent individuals on cART, demonstrate that attention, memory, and executive 

function are the cognitive domains more readily affected in HAND (Cysique et al., 2004; 

Garvey et al., 2009; Heaton et al., 2011). Executive function, in particular, shows the 

greatest decline as a function of HIV-1 disease progression (Reger et al., 2002), which 

can have significant effects on the ability to perform important daily activities (Scott et 

al., 2011; Cattie et al., 2012). Executive function is a combination of higher-order 

cognitive processes that include planning, decision-making, problem-solving, and 

judgment (Spreen and Straus 1998). Attention, flexibility, response inhibition, and set-

shifting are core components forming the foundation of higher-order processes of 

executive function (Keeler and Robbins, 2011).  

A common clinical assessment of executive function is the Wisconsin Card 

Sorting Test (WCST), in which the participant is instructed to match cards based on one 

of several possible categories (e.g., color, number, shape), which is not made explicitly 

known to the participant. The participant determines the sorting criterion, which changes 

after a certain number of correct responses, based on feedback from the test administrator 

or computer. With these task demands, the WCST targets flexibility, set-shifting or 

shifting between sorting criterion, and inhibition of prepotent responses based on the 

previously correct sorting criterion. It has been used extensively to characterize the 

deficits in executive function in individuals with HIV-1 (Tozzi et al. 1993; Basso and 

Bornstein, 2003; Heaton et al., 2011). Another typical test of executive function that has 

been employed in studies of HAND is the Stroop Color Word Test (Chang et al., 2002; 

Maki et al., 2009). The participant is instructed to state the color in which a word is 
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presented, which, in the case of a word that is itself a color, requires inhibition of the 

prepotent response to read the word aloud as the answer. The use of the Stroop Color 

Word Test thus assesses inhibition, but not flexibility or set-shifting. Flexibility as an 

executive function has been measured in terms of category fluency, revealing deficits in 

switching subcategories while producing a list of words in a given category (Iudicello et 

al., 2008).   

In some cases, even when HIV-1+ individuals perform as well as HIV-1- 

individuals on executive function tasks, significant differences may nevertheless be found 

in brain function. Using fMRI, HIV-1+ participants have decreased BOLD signal change 

in frontal regions, diminished functional frontostriatal connectivity, and a potential 

compensatory activity increase in the parietal attentional networks (Chang et al. 2001; 

Melrose et al., 2008). In conjunction with reduced activity, volume loss in the medial 

frontal and premotor cortices, as well as thinning of the prefrontal cortex, are found in 

HIV-1+ individuals, reflecting the worsening of executive function which is associated 

with these brain regions (Thompson et al., 2005).  

 

Preattentive Processing and HIV-1 

One of the most consistent neurological impairments that has been observed in the 

early stages of HIV-1 infection is an alteration in temporal processing, as assessed with 

amplitude and latency measures of auditory evoked potentials (AEPs), both without 

(Castello et al. 1998; Fein et al. 1995; Gil et al. 1992; Koralnik et al. 1990; Pagano et al. 

1992; Schroeder et al. 1996; Vigliano et al. 2000), and after, cART initiation (Chao et al. 

2004; Matas et al. 2010). Simian and feline immunodeficiency virus models have also 
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demonstrated alterations in evoked potentials (Phipps et al. 2000; Prospero-Garcia et al. 

1999; Raymond et al. 1998; Riazi et al. 2009). Alterations in AEPs become more 

apparent with disease progression in HIV-1+ patients (Goodwin et al. 1996; Lalwani and 

Sooy 1992; Ollo et al. 1991; Schroeder et al. 1994), as is more generally observed in the 

progression from mild cognitive impairment to dementia (Golob et al. 2007). 

More recently, temporal processing in HIV-1+ individuals has been assessed 

using prepulse inhibition (PPI) of the startle response. PPI is an operational measure of 

sensorimotor gating, a preattentive process in which the startle reflex is reduced when the 

startle stimulus is preceded 30–500 msec by a weak prepulse (Hoffman and Ison 1980). 

In HIV-1+ individuals with HAND, PPI is significantly reduced compared to cognitively 

unimpaired HIV-1+ individuals (Minassian et al. 2013). Alterations in PPI have also been 

observed in HIV-1 transgenic rats as well as in rats stereotaxically injected with the HIV-

1 viral proteins Tat and gp120. Specifically, female Sprague-Dawley HIV-1 transgenic 

(Tg) rats have peak inhibition to an auditory prepulse at the 40 msec interstimulus 

interval (ISI) when tested at 5, 6, and 7 months of age, which was a leftward shift from 

the control group’s peak inhibition at the 80 msec ISI (Moran et al. 2013). A leftward 

shift has also been demonstrated in the inhibition function in 30- and 60-day old male 

Sprague–Dawley rats following neonatal Tat injection (Fitting et al. 2006a) and in 9-

month old male and female Sprague–Dawley rats given neonatal gp120 injections 

(Fitting et al. 2006b). Assessment of PPI in HIV-1 Tg rats prior to adulthood, which may 

provide information regarding subtle early-onset neurological alterations analogous to 

those reported in HIV-1+ humans, has not been conducted. Such information would be 

especially valuable in its potential for diagnostic and therapeutic applications in HAND.  
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Neuropathology of HIV-1 

 Central dopamine (DA) system dysfunction often results from HIV-1 infection 

and is associated with subsequent cognitive deficits (Chang et al. 2008; diRocco et al. 

2000; Kumar et al. 2011; Wang et al. 2004). HIV-1 entry to the brain occurs early in the 

progression of the infection (An et al. 1999; Sinclair et al. 1994). The CNS is a main 

target of HIV-1 due to the presence of the CD4 and CCR5 receptors on macrophages and 

microglia of this system, to which the virus binds, subsequently allowing the virus to 

enter the cell (Clapham and McKnight, 2001).  Macrophages infected with HIV-1 cross 

the blood-brain barrier, further infecting macrophages and microglia throughout the 

brain. As a result, viral load in the brain increases and neurotoxic HIV-1 proteins, such as 

Tat and gp120, are released, causing cell excitotoxicity and apoptosis (Ensoli et al. 1993; 

Tardieu et al. 1992). Thus, HIV-1 does not directly infect neurons, yet it initiates a chain 

of events resulting in neuronal damage and death that can persist even after viral 

suppression (Nath et al. 1999). 

The DA system is particularly vulnerable to neuronal damage caused by the HIV-

1 proteins, with DA-dependent signaling identified as one of the main mechanisms of its 

neurotoxicity (Aksenova et al. 2006; Silvers et al. 2007; Wallace et al. 2006). The 

dopamine transporter (DAT) is targeted by HIV-1 proteins Tat and gp120, resulting in 

transporter impairment (Aksenov et al. 2008; Ferris et al. 2009; Midde et al. 2013; Zhu et 

al.  2009; Zhu et al. 2011), as a function of direct protein-protein interactions (Zhu et al. 

2009) involving an allosteric modulation of DAT by the Tat protein (Zhu et al. 2011). 

Impairment of DAT subsequently elevates synaptic concentrations of dopamine (DA). 

Dopamine (DA) thus binds to DA receptors on microglia, setting off several processes: 

HIV-1 replication, release of Tat and gp120, and production of inflammatory mediators, 
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such as cytokines (TNF-alpha) and chemokines. The inflammatory mediators and HIV-1 

proteins induce apoptosis of DA neurons, further impairing the DA systems (Purohit et 

al. 2011). 

Another distinguishing feature of HIV-1 neuropathology is the reduction of 

neuronal network complexity, which may be evident in dendritic spine density and 

morphology. Post-mortem neuropathological analyses on individuals with HIV-1 have 

revealed dendritic abnormalities, including vacuolation (Wiley, 1991), dilation, reduced 

branching density and dendritic length, and reduced dendritic spine density (Masliah et 

al., 1997). Dendritic abnormalities found during autopsies have been correlated with poor 

performance on neuropsychological tests, especially in tests of learning, perceptual-motor 

skills, abstraction and verbal abilities (Masliah et al., 1997). An in vitro study of 

prolonged exposure to lymphotropic HIV-1, macrophage-tropic HIV-1, or recombinant 

gp120 from HIV-1 found a decrease in microtubule and neurofilament protein expression 

in human fetal brain-derived neurospheres, inhibiting postmitotic neuronal dendrite 

development (McCarthy, Vidaurre, & Geffin, 2006). HIV-1 protein Tat-treated neuronal 

cultures from mice (Lu et al. 2011) and rats (Bertrand et al. 2013) exhibit significant loss 

of dendrites and dendritic spine structures. Dendritic pathology including beading and 

reduced spine density is also observed in the HIV-1 Tat transgenic mouse (Fitting et al. 

2010). 

 

Effects of Estrogenic Compounds on Cognition and Neuroanatomy 

The effects of estrogen on cognition have long been studied, mostly to determine 

appropriate treatments for postmenopausal women who experience a decline in cognitive 

functions.  Several studies have demonstrated improvements in cognitive function in 
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those receiving estrogen treatments (Carlson and Sherwin, 1998; Duff and Hampson, 

2000; Keenan et al. 2001; Smith et al. 2001). However, because of the potential side 

effects of estrogen therapy, isoflavones have been explored as a safer, alternative 

treatment for neurocognitive impairment; beneficial effects of isoflavones have been 

reported (Casini et al. 2006; Duffy et al. 2003; File et al. 2005). Isoflavones, such as 

genistein and diadzein, are nonsteroidal plant-derived compounds that bind to estrogen 

receptors (Folman and Pope, 1966; 1969).  

Findings from animal studies have also supported the use of isoflavones as a 

therapy for neurocognitive impairment. Improved performance in rats has been observed 

on hippocampal-based cognitive tasks such as the Morris water maze and the radial arm 

maze, following daily oral soy isoflavone treatment (Monteiro et al. 2008; Pan et al. 

2000; Sarkaki et al. 2008), although there are examples of isoflavone treatment either 

having no effect or resulting in impairments (Neese et al. 2010; 2012). In the study of 

HAND, improving performance on executive function tasks that engage the PFC is of 

greater interest, primarily because executive function is more severely affected in HAND 

than are other cognitive domains. In addition, soy isoflavones bind preferentially to the 

estrogen receptor beta (ERβ) (Kuiper et al. 1997; Turner et al. 2007), which is highly 

expressed in the PFC. If soy isoflavones can improve cognitive performance that relies on 

the hippocampus, where a smaller concentration of ERβ is found, then the potential 

improvements in executive function by soy isoflavones could possibly be even more 

pronounced by their action in the PFC. 

The beneficial effects of phytoestrogens on neurocognitive performance may 

derive from their actions on the dopamine (DA) system. The soy isoflavone genistein can 
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attenuate damage to DA neurons via inhibition of microglial activation and 

proinflammatory factor generation, as occurs in Parkinson’s disease (Chen et al. 2007; 

Wang et al., 2005). Rats administered daily oral genistein treatment show an increase in 

DAT expression in the PFC (Neese et al. 2010). Stimulation of ERβ in ovariectomized 

rats with the ERβ agonist diarylproprionitrile causes increases in norepinephrine (NE) 

and DA activity in the PFC as indexed by their respective metabolites, as well as 

enhanced recognition memory (Jacome et al. 2010).  

Estrogen and estrogenic compounds also impact neuronal network complexity. In 

female rats, spine density on pyramidal neurons of the primary sensory and motor 

cortices are higher during proestrous, when estrogen levels are at their highest, than 

during estrous or diestrous (Chen et al., 2009). Ovariohysterectomy reduces spine density 

on these neurons, whereas treatment with an estrogen pellet implanted subcutaneously for 

14 days increases spine density to levels approximating those of the estrous and diestrous 

periods. Furthermore, ovariectomized rats that were given a phytoestrogen-enhanced diet 

(810 micrograms/g) for 7-9 weeks showed a significantly higher spine density in 

hippocampal and prefrontal cortex (PFC) pyramidal neurons (Luine et al., 2006). An 

increase in dendritic spine density in the PFC has also been observed in monkeys 

following intramuscular estradiol injections (Hao et al. 2006). Treatment of hippocampal 

slices with 17beta-estradiol promoted new spine formation without altering the pre-

existing networks (Mendez et al., 2011). In addition to their benefits on neuronal growth, 

estrogenic compounds including soy isoflavones improve performance in maze tasks in 

ovariectomized female rats, suggesting an effect on memory processes (Monteiro et al., 

2008; Sarkaki et al., 2008). In regard to HIV-1-induced neuronal injury, 17B-estradiol 
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treatment significantly reduces neurotoxic effects of Tat in rat neuronal cultures (Adams 

et al., 2010), and the phytoestrogens daidzein and liquiritigenin can both reduce 

synaptodendritic damage as well as restore neuronal networks affected by Tat (Bertrand 

et al. 2013). Clearly, the promise of phytoestrogen treatment for neurocognitive 

impairment requires in vivo studies of the effect of such compounds on neurocognitive 

function in an animal model of HIV-1, followed by measures of neuronal network 

complexity.  

Equol is a metabolite produced by intestinal bacteria following ingestion of the 

soy isoflavone daidzein (Setchell et al. 1984). S-equol (the S-enantiomer) has selective 

affinity for ERβ, and shows an even greater affinity for ERβ than 17β-estradiol. S-equol 

is also the only enantiomer of equol that is produced by humans (Setchell et al. 2005). 

The benefits of a soy food-based diet, such as a reduced risk for certain cancers and 

increased bone density, are most typically found in adults who produce equol (Jackson et 

al. 2011; Lampe 2009; Setchell et al. 2002), who represent only 25-35% of the Western 

population (Rowland et al. 2000; Setchell and Cole, 2006). Therefore, equol, rather than 

its precursor, may be a more efficient and effective potential therapeutic for 

neurocognitive impairment of HAND. 

 

The HIV-1 Transgenic Rat 

The HIV-1 transgenic (Tg) rat is produced by microinjecting the HIV-1 provirus, 

minus the gag-pol genes, into fertilized one-cell eggs. In this way, the rat expresses 7 of 

the 9 genes for HIV-1, regulated by the viral promoter, Tat. It provides several 

advantages for its use compared to other animal models of HIV-1: 1) as a small animal 



12 

model, it is less expensive and more easily handled and housed than nonhuman primate 

subjects; 2) with the deletion of the HIV-1 genes gag-pol, it is non-infectious; 3) it 

expresses viral genes in lymph nodes, spleen, thymus and blood, similar to infected 

humans; 4) it develops neurological abnormalities that resemble those observed in 

humans with HIV-1, including proinflammatory responses and the expression of HIV 

proteins in the brain (Royal et al. 2012). The use of the HIV-1 Tg rat provides the 

opportunity to evaluate the progression of cognitive deficits over time, determine the 

relationship between cognitive deficits and neuroanatomical alterations, and identify 

appropriate treatments for neurocognitive impairment and the most effective time course 

for these treatments. 

 In addition to the specific benefits of studying the HIV-1 Tg rat in terms of 

modeling the expression of the virus, the rat can also provide a useful vehicle for the 

study of cognitive function and its underlying neurobiology. Several complex behaviors 

that rely on PFC function have been demonstrated in the rat. Homologous subregions of 

the PFC in the rat, monkey, and human are associated with parallel cognitive functions as 

well, suggesting that rat can be a useful and valid model of complex cognitive functions 

(Kesner and Churchwell 2011). Thus, executive function and attention, as the most 

affected domains in HAND, may be assessed with translatable results in the rat, with the 

use of measures selected to model specific components of cognitive function such as 

flexibility, inhibition, set-shifting, and sustained and selective attention. 

 

 

  



13 

Experimental Goals 

HAND is a serious health issue that afflicts millions of people. The most notable 

deficit observed in individuals with HAND is the deterioration of executive function, 

which relies on several other core components of cognition, including attention. The 

preattentive process of sensory gating is also disrupted in individuals with HAND, prior 

to the development of deficits in higher level cognitive domains. Dopamine systems, 

which are a major neural substrate for executive function and preattentive processing, are 

particularly vulnerable to the neurotoxic effects of HIV-1. There is currently no effective 

treatment for HAND, although cART can attenuate the severity of the disorder. Estrogen-

based compounds are a promising source of potential therapeutic use, given their 

neuroprotective properties, even in the presence of the HIV-1 protein Tat. In order to 

investigate potential therapeutics, the cognitive deficits and the underlying 

neuroanatomical abnormalities of HAND need to be modeled in preclinical studies; 

accordingly, the HIV-1 Tg rat was selected. The HIV-1 Tg rat provides an excellent 

vehicle to study HIV-1, expressing 7 of the 9 genes for HIV-1, and further resembles 

HIV-1+ humans with regard to the proinflammatory response and the presence of HIV-1 

proteins in the brain. Little is known, however, of the cognitive deficits of the HIV-1 Tg 

rat as they relate to the current profile of HAND. 

Thus, the goals of the present experiments were twofold: 1) determine the profile 

of cognitive deficits and neuroanatomical alterations present in the HIV-1 Tg rat; and 2) 

assess the utility of the phytoestrogen metabolite S-equol as a therapeutic for cognitive 

deficits and neuroanatomical alterations in the HIV-1 Tg rat. 
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Experimental Questions 

The major experimental questions of this dissertation are the following: How are 

measures of attention, executive function and (pre)attentive processes, as well as neural 

network complexity, altered in the HIV-1 Tg rat (i.e., Can we model neurocognitive 

impairments across the progression of HAND?)? Can these cognitive, behavioral, and 

neuroanatomical alterations be ameliorated (Experiment 1) or delayed (Experiment 2) 

with the phytoestrogen metabolite S-equol?  

 The following hypotheses are proposed: 1) HIV-1 transgenic rats will exhibit 

deficits in attention and executive function, as measured with signal detection, and in 

preattentive processing, as measured with prepulse inhibition of the auditory startle 

response, as well as neural network alterations in the medial prefrontal cortex, an area 

implicated in executive function; and 2) S-equol will improve neurocognitive 

performance as measured as by executive function and attention. 
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CHAPTER 2 

 

EXPERIMENT 1 

The purpose of Experiment 1 was threefold: 1) to model the neurocognitive 

impairments of HAND using measures of preattentive processing and executive function, 

2) to determine if treatment with S-equol at doses comparable to human soy consumption 

can ameliorate the neurocognitive impairments, and 3) to explore neural network 

alterations in the PFC as a function of chronic expression of the HIV-1 transgene. 

Executive function and preattentive processing are deficient in individuals with HIV-1, 

and reduced neural network complexity is associated with symptoms of HAND. In vitro 

studies show that HIV-1 viral proteins alter dendritic spine measures. Phytoestrogens 

enhance spine density, which should reflect improved cognitive function. Phytoestrogens 

have also been shown to improve cognition in preclinical studies (Monteiro et al. 2008; 

Pan et al. 2000; Sarkaki et al. 2008), but in some cases, appear to be without effect or 

impair it (Neese et al. 2010; 2012). 

The prepulse inhibition (PPI) test and a series of operant tasks tapping attention 

and core components of executive function were conducted on HIV-1 Tg and control rats 

in experiments 1A and 1B. After assessing differences in performance between the two 

groups, sucrose or S-equol pellets (90 mg) were administered to the animals for 45 days 

while they continued to be tested on operant tasks, to determine if the S-equol treatment 

ameliorated deficits in performance in experiment 1C. The animals were divided into 4 
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dose groups, vehicle (sucrose) or one of three doses of S-equol (0.05, 0.1, and 0.2 mg), 

which allowed for a between-groups comparison of the vehicle group, and low, medium, 

and high dose groups, and a determination of the lowest dose to produce a detectable 

effect for use in experiment 2. Brains were then extracted for assessment of alterations in 

neuronal network complexity. Sample size for the experiment was determined by a power 

analysis in previous studies with this procedure.  

The following hypotheses were proposed: 1) HIV-1 transgenic rats will exhibit 

deficits in attention and executive function, as measured with signal detection, and in 

preattentive processing, as measured with prepulse inhibition of the auditory startle 

response, as well as neural network alterations in the medial prefrontal cortex, an area 

implicated in executive function; and 2) phytoestrogens will improve neurocognitive 

performance as measured as by executive function and attention. 

 

Experiment 1A: Preattentive Processing 

 Preattentive processing was assessed by measuring PPI of the auditory startle 

response (ASR) using both auditory and visual prepulses. Alterations in PPI, as measured 

by the amplitude of the ASR, have been demonstrated in adult HIV-1 Tg rats; in the 

present experiment, animals were tested starting at 2 months of age to determine if 

alterations in PPI can be observed early in the expression of the transgene, and were 

subsequently tested at later time points to determine the development of PPI with age and 

continued expression of the transgene. One of the readily apparent phenotypes of the 

HIV-1 Tg rat (and mouse, see Mozes et al. 2002) is cataracts, which present potential 

limitations in behavioral assessments that require a functional visual system. Therefore, 

during the first test session, the animals were tested with visual prepulses of different 
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intensities, to determine if the HIV-1 Tg animals were capable of detecting a visual 

prepulse, as evidenced by PPI of the ASR. If the HIV-1 Tg animals can display PPI with 

a visual prepulse, then the generality of any potential alterations in PPI across prepulse 

modality (visual and auditory) can be determined. It was hypothesized that the HIV-1 Tg 

animals would display alterations in PPI, given the evidence that HIV-1+ individuals are 

impaired in preattentive processing as measured with AEPs and PPI. 

Animals   

Two-month-old ovariectomized female Fischer (F344/N; Harlan Laboratories) rats (HIV-

1 Tg, n=41; control, n=42) were delivered to the facility in groups of 3-14 animals every 

week for 10 weeks. All animals were group- or pair-housed throughout the experiments. 

Rodent food (2020X Teklad Global Extruded Rodent Diet (Soy Protein-Free)) and water 

were available ad libitum throughout the first PPI test period. The animals were under 

food restriction (85% body weight) beginning one week prior to and throughout operant 

testing, which coincided with the last two PPI test periods. The animals were maintained 

according to the National Institute of Health (NIH) guidelines in AAALAC-accredited 

facilities.  The animal facility was maintained at 21° ± 2°C, 50% ± 10% relative humidity 

and had a 12-h light:12-h dark cycle with lights on at 0700 h (EST). Rats were handled 

for one week prior to any behavioral testing procedures. The Institutional Animal Care 

and Use Committee (IACUC) of the University of South Carolina approved the project 

protocol.  
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Apparatus 

The startle platform (SR-Lab Startle Reflex System, San Diego Instruments, Inc., 

San Diego, CA) was enclosed in a 10 cm-thick double-walled, 81x81x116-cm isolation 

cabinet (external dimensions) (Industrial Acoustic Company, INC., Bronx, NY), rather 

than the 1.9 cm thick ABS plastic or laminate cabinets offered with this system.  This 

double-walled isolation chamber provides over 30dB(A) of sound attenuation relative to 

the external environment. The ambient sound level in the chamber without any stimuli 

presented is 22dB(A).  The high-frequency loudspeaker of the SR-Lab system (Radio 

Shack model#40-1278B) that was used to deliver all auditory stimuli (frequency range of 

5k-16k Hz) was mounted inside the chamber 30 cm above the Plexiglas animal test 

cylinder.  Three white LED lights were mounted inside the chamber, one on the wall 

behind the test cylinder (22 lux) presented as the visual prepulse at each of the three test 

periods, and two on opposite walls on either side of the cylinder (100 lux combined) 

presented together as the visual prepulse during a session in the first test period. The 

animal’s whole body startle response to the auditory stimulus produced deflection of the 

test cylinder, which was converted into analog signals by a piezoelectric accelerometer 

integral to the bottom of the cylinder. The response signals were digitized (12 bit A to D) 

and saved to a hard disk. Response sensitivities were calibrated using a SR-LAB Startle 

Calibration System. Sound levels were measured and calibrated with a sound level meter 

(Bruel & Kjaer 2203) with the microphone placed inside the Plexiglas cylinder.   

All animals were tested for PPI starting at 2 months of age, approximately one week after 

arrival. 
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ASR Habituation  

One week after arrival, the animals were administered a 36-trial auditory startle 

test session to habituate them to the auditory stimulus and test procedures. Each session 

began with a 5-min acclimation period of 70dB(A) background white noise, followed by 

36 trials of a 100dB(A) white noise stimulus with a 20-msec duration and a 10-sec 

intertrial interval (ITI). All test sessions were conducted in the dark. 

Prepulse Inhibition Test 

One day after ASR habituation, animals were tested for PPI of the ASR with both 

visual and auditory prepulse stimuli. All animals were administered a 30-min test session, 

which began with a 5-min acclimation period in the dark with 70dB(A) background white 

noise, followed by 6 pulse-only ASR trials with a 10-sec ITI. An equal number of visual 

and auditory prepulse trials [72 trials total; Interstimulus intervals (ISI) of 0, 8, 40, 80, 

120, and 4000 msec, 6-trial blocks, Latin square design] were interdigitated in an ABBA 

order of presentation. The 0 and 4000 msec ISI trials were control trials used to calculate 

percent inhibition on PPI trials. The pulse stimulus intensity was 100dB(A) (20 msec 

duration) measured inside the test cylinder. A variable 20-sec ITI was used (range=15-25 

sec). All animals were tested on two consecutive days. On the first day, one LED light 

(22 lux at the level of the test cylinder) was presented as the visual prepulse; on the 

second day, two LED lights (100 lux at the level of the test cylinder) were presented. On 

both test days, the auditory prepulse was an 85dB(A) white noise stimulus (20 msec 

duration) measured inside the test cylinder. Mean peak ASR amplitude values were 

collected for analysis. Percent PPI was derived from mean peak ASR amplitude data as 

the difference between average peak amplitude at 0 and 4000 msec ISIs and at the ISI at 
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which peak inhibition was observed, divided by average peak amplitude at 0 and 4000 

msec ISIs, multiplied by 100. 

Animals were tested similarly a second and third time with a minimum of 2 

months of age separating each of the 3 tests for each animal. Only the 22 lux visual 

prepulse was used in the second and third test sessions, as it was determined after the first 

test that this stimulus was sufficient to cause robust inhibition of the ASR.   

Statistics 

All data were analyzed using analysis of variance (ANOVA) techniques (IBM 

SPSS Statistics 20). For each prepulse type (auditory and visual), a four-way mixed-

factor ANOVA was performed on mean peak ASR amplitude for the 0-4000 msec ISIs, 

with genotype (HIV-1 Tg vs. control) as the between-subjects factor, and age, ISI, and 

trial as the within-subjects factors. A four-way mixed-factor ANOVA was also performed 

on mean peak ASR amplitude during visual prepulse trials at 2 months of age, with 

genotype as the between-subjects factor, and light intensity, ISI, and trial as the within-

subjects factors. A similar analysis was conducted on mean peak ASR amplitude during 

auditory prepulse trials at 2 months of age, to determine if the intensity of the light 

stimulus used in the interdigitated visual prepulse trials differentially affected auditory 

PPI. Mean peak ASR amplitude during the habituation session was also analyzed with 

linear regression analyses. An alpha level of p≤0.05 was considered significant for all 

statistical tests. Sample sizes were chosen with the goal of sufficient statistical power (> 

0.80) to maximize the likelihood of detecting subtle early alterations of expression of the 

HIV-1 transgene. 
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Experiment 1A: Results 

Body Weight. 

The HIV-1 Tg group weighed significantly less than the control group across the 

6-month period during which they were tested, F(1, 80)=92.4, p≤0.001 (Figure 2.1). Both 

groups increased significantly in body weight across this period [HIV-1 Tg: F(21, 798)= 

128.0, p≤0.001; control: F(21, 882)=121.6, p≤0.001].  Through PD 91, both groups 

increased in weight according to a one-phase association curve fit. After attaining 

adulthood, and with the implementation of food restriction, both groups increased in 

weight in a linear function. There was no significant difference in the slope of these lines, 

indicating that the groups did not differ in their rates of growth. 

ASR Intrasession Habituation. 

Mean peak ASR amplitude data from the habituation session are illustrated in 

Figure 2.2. With the exception of the first 6 trials (during which the HIV-1 Tg group 

showed a sharp decrease in the ASR), linear regression analysis revealed that there was 

no difference in the rate of habituation across the test session for the HIV-1 Tg and 

control groups (Regression line slopes: HIV-1 Tg, -4.24+/-1.24; Control: -2.7+/-0.91), 

with no difference in overall ASR between groups, F<1.0.  

PPI with an Auditory Prepulse (in Both 22 and 100 lux Visual Prepulse Contexts). 

Mean peak ASR amplitude during auditory prepulse trials assessed at 2 months of 

age is illustrated in Figure 2.3. This first test period included a comparison of auditory 

prepulse trials that were interdigitated with 22 lux visual prepulse trials, and auditory 

prepulse trials that were interdigitated with 100 lux visual prepulse trials. Most 

importantly, there was no 3-way interaction between genotype, light intensity, and ISI, 
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nor an interaction between genotype and light intensity, suggesting that the brightness of 

the visual prepulse did not differentially affect PPI of either group during auditory 

prepulse trials. In fact, the ISI functions of the HIV-1 Tg and control groups changed in a 

similar manner with the increased light intensity of the prepulse, reflected by a significant 

light intensity x ISI interaction in each group [Control: F(5,205)=5.0, p≤0.001; HIV-1 

Tg: F(5,200)=3.1, p≤0.05]; with both groups, the ISI functions sharpened and the point of 

peak inhibition shifted from the 80 msec ISI to the 40 msec ISI. The HIV-1 Tg and 

control groups also both displayed quadratic trends for ISI during auditory prepulse trials 

in each visual prepulse context, characteristic of the fundamental temporal domain of PPI 

[22 lux visual prepulse: Control, F(1,41)=76.3, p≤0.002; HIV-1 Tg, F(1,40)=69.6, 

p≤0.001; 100 lux visual prepulse: Control: F(1,41)=122.0, p≤0.001; HIV-1 Tg: 

F(1,40)=110.7, p≤0.001]. However, there was a genotype x ISI interaction for mean peak 

ASR amplitude during auditory prepulse trials that were interdigitated with the 100 lux 

visual prepulse trials, F(5,405)=6.3, p≤0.001, indicating a relative insensitivity to 

manipulation of ISI duration in the HIV-1 Tg group. There was no genotype condition x 

ISI interaction during trials interdigitated with 22 lux visual prepulse trials. 

PPI with an Auditory Prepulse Across Age (in the 22 lux Visual Prepulse 

Context). 

The ANOVA conducted on mean peak amplitude during auditory prepulse trials 

interdigitated with 22 lux visual prepulse trials across all three test periods revealed a 

significant genotype x age x ISI interaction, F(10, 790)=8.1, p≤0.001, as well as a 

genotype x ISI interaction, F(5,395)=23.3, p≤0.001,  an age x ISI interaction, F(10, 
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790)=14.3, p≤0.001, and a genotype x age interaction, F(2,158)=16.6, p≤0.001. 

Additional analyses were conducted to identify the locus of these interactions. 

Separate analyses of each group revealed a main effect of age, F(2,82)=21.3, 

p≤0.001, and an age x ISI interaction, F(10,410)=18.4, p≤0.001, in the control group, 

illustrated in Figure 2.4. These effects were not observed in the HIV-1 Tg group, 

suggesting that the expression of the HIV-1 transgene interfered with the age-dependent 

development of perceptual sharpening. 

Complementary results were obtained after separate analyses at each age, which 

revealed significant genotype x ISI interactions during the 2-month retest [F(5,395)=10.5, 

p≤0.001] and the 4-month retest [F(5,395)=26.1, p≤0.001], but not during the initial test 

(2 months old). The genotype x ISI interactions at the later ages indicate, as does the age 

x ISI interaction in the control group but not the HIV-1 Tg group, altered development of 

the ISI function in the HIV-1 Tg group; they did not exhibit the same sharpening of the 

ISI function with age that is apparent with the control group. Changes in percent PPI 

across age also reflect the differential development of the ISI function. The HIV-1 Tg 

group increased in percent PPI from 30.0%±5.5 during the initial test to 52.8%±4.4 

during the 4-month retest, whereas the control group showed a much greater relative 

increase, from 15.2%±7.8 to 64.0%±3.9. 

The overall genotype x ISI interaction reflects not only the relative insensitivity of 

the HIV-1 Tg group to manipulation of ISI duration, but also the differential peak 

inhibition of the two groups, observed at the 80 msec ISI during the initial test and the 

120 msec ISI during the 2-month and 4-month retests for the HIV-1 Tg animals, and at 

the 80 msec ISI during the initial test and the 40 msec ISI during the 2-month and 4-
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month retests for the control animals. Both groups showed significant quadratic trends for 

ISI, characteristic of the fundamental temporal domain of PPI [Control: F(1,41)=261.9, 

p≤0.001; HIV-1 Tg: F(1,38)=108.6, p≤0.001]. 

PPI with a Visual Prepulse (22 and 100 lux). 

The ANOVA conducted on mean peak ASR amplitude during 22 and 100 lux 

visual prepulse trials at 2 months of age revealed that there was no interaction between 

genotype, light intensity, and ISI. There was also no genotype x light intensity or light 

intensity x ISI interaction, nor a significant main effect of light intensity. The effect of the 

22 lux light on the ASR was robust and sufficient to demonstrate visual PPI in the HIV-1 

Tg as well as the controls (percent PPI at the 40 msec ISI: Control, 72.2±2.6%; HIV-1-

Tg, 74.9%±2.5); therefore, only the 22 lux visual prepulse was used for the subsequent 

test periods. Both groups displayed quadratic trends for ISI in each visual prepulse 

condition [22 lux: Control, F(1,41)=148.3, p≤0.001; HIV-1 Tg, F(1,40)=110.7, p≤0.001; 

100 lux: Control, F(1, 41)=138.4, p≤0.001, HIV-1-Tg: F(1,40)=54.9, p≤0.001], with 

comparable peak inhibition at the 40 msec ISI (100 lux visual prepulse trials, percent PPI: 

Control, 73.9%±3.1; HIV-1-Tg, 66.2%±3.8). However, there was a significant genotype 

x ISI interaction during 22 lux visual prepulse trials, F(5,405)=2.4, p≤0.05, as well as 

during 100 lux visual prepulse trials, F(5,405)=9.0, p≤0.001, reflecting the relative 

insensitivity of the HIV-1 Tg group to manipulation of ISI duration (see Figure 2.5). 

PPI with a Visual Prepulse Across Age (22 lux only). 

Mean peak amplitude during 22 lux visual prepulse trials at each test period is 

illustrated in Figure 2.6. There was a significant genotype x age x ISI interaction, F(10, 

790)=7.7, p≤0.001, as well as a genotype x ISI interaction, F(5,395)=31.1, p≤0.001, an 
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age x ISI interaction, F(10, 790)=5.5, p≤0.001, and a genotype x age interaction, 

F(2,158)=15.7, p≤0.001. Additional analyses were conducted to identify the locus of 

these interactions. 

Separate analyses of each group revealed a main effect of age, F(2, 82)=24.2, 

p≤0.001, and an age x ISI interaction in the control group, F(10,410)=10.4, p≤0.001, but 

neither effect was present in the HIV-1 Tg group, suggesting that the expression of the 

HIV-1 transgene interfered with the age-dependent development of perceptual 

sharpening.  

Significant genotype x ISI interactions were detected at each test period [initial 

test: F(5,405)=2.4, p≤0.05; 2-month retest: F(5,400)=18.7, p≤0.001; 4-month retest: 

F(5,400)=29.3, p≤0.001]. Each group showed a significant quadratic trend for ISI 

[Control: F(1,41)=381.3, p≤0.001; HIV-1 Tg: F(1,38)=184.7, p≤0.001], but the genotype 

x ISI interactions indicated that the HIV-1 Tg group was relatively insensitive to 

manipulation of ISI duration at each test period, providing further evidence that the HIV-

1 Tg group did not develop normal perceptual sharpening. 

The HIV-1 Tg and control groups each displayed peak inhibition at the 40 msec 

ISI at each test period. The HIV-1 Tg group showed a quadratic trend for percent PPI 

across age, F(1,38)=13.0, p≤0.005, whereas the control animals displayed similar percent 

PPI at each age. The quadratic trend reflects the reduction in percent PPI during the 2-

month retest in the HIV-1 Tg group (58.2%±4.2, compared to 74.9%±2.5 during the 

initial test period and 72.1%±2.7 during the 4-month retest), which can be attributed to 

their lower ASR amplitude at the 0 and 4000 msec ISIs; amplitude at the point of peak 
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inhibition, 40 msec, was almost identical for the two groups (HIV-1 Tg = 85.0±15.3; 

Control = 83.7±8.2). 

 

Experiment 1A: Discussion 

The present experiment demonstrated alterations in preattentive processing as 

assessed with PPI of the ASR in the HIV-1 Tg rat early in the expression of the HIV-1 

transgene and prior to any documented neurological symptoms or signs of wasting. In the 

absence of any difference in overall ASR or rate of habituation to the startle stimulus, the 

HIV-1 Tg group exhibited a flatter ISI function during PPI trials, which did not sharpen 

with age, as it did with control animals. Furthermore, the flatter ISI function was 

observed in both auditory and visual prepulse conditions, demonstrating the generality of 

sensorimotor gating deficits across prepulse modality. Over time, auditory prepulses 

precipitated a temporal shift in peak inhibition in HIV-1 Tg animals relative to controls, 

whereas with visual prepulses, both groups displayed peak inhibition at the 40 msec ISI. 

The observed alterations in PPI indicate a lack of perceptual sharpening with age and a 

relative insensitivity to the temporal dimension of sensorimotor gating in the HIV-1 Tg 

rat, resembling the temporal processing deficits reported in HIV-1+ individuals early in 

the disease course.  

Perceptual sharpening is a developmental process in which responses are evoked 

by more specific stimuli, i.e., stimulus discrimination (Ganz 1968; Gibson 1969; Tees 

1976; Werner 1948). Younger subjects (Rubel and Rosenthal 1975) and sensory-deprived 

subjects (Kerr et al. 1979) exhibit significantly flatter stimulus generalization gradients. 

Thus, experience, often a function of age, is a crucial element in normal perceptual 
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sharpening. In rats, the heart rate orienting response has been used to measure the 

ontogeny of perceptual sharpening. Rats at 16-17 days of age that have been habituated to 

an auditory stimulus will generalize the habituated response to a wide range of auditory 

stimuli; by day 20, stimulus discrimination is apparent with a much sharper 

generalization gradient (Campbell and Haroutunian 1983). We have previously observed 

perceptual sharpening of PPI with auditory, visual, and tactile prepulses in Long-Evans 

rats, at PD 18, 35, and 90 (Hord et al. 2008). These animals showed gradually sharper ISI 

functions for PPI with an auditory or tactile prepulse across age. As the visual system is 

the last system to develop in the rat (Gottlieb 1971), PPI with a visual prepulse was not 

apparent until PD 90, when peak inhibition was exhibited at the 40 msec ISI. At PD 18 

and 35, the ISI functions were flat, reflecting the immaturity of the visual sensory system. 

The HIV-1 Tg and control rats in the present study exhibited robust PPI with a visual 

prepulse at two months of age, which suggests that the visual system and its afferents to 

PPI circuitry are well-developed at this age. However, the point of peak inhibition in the 

ISI functions of the HIV-1 Tg group under both prepulse conditions did not become 

clearly defined across age as was observed in the control group. Although the HIV-1 Tg 

rats appear to have functional auditory and visual systems, a more specific deficit in the 

development, or perceptual sharpening, of temporal sensitivity in the context of PPI was 

exhibited. 

In the present experiment, the ISI functions of the HIV-1 Tg and control groups 

were most similar at two months of age, and then changed in different ways across age. 

For PPI with an auditory prepulse, both groups had peak inhibition at the 80 msec ISI at 

two months of age. At the later ages, however, the HIV-1 Tg group displayed peak 
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inhibition at the 120 msec ISI, representing a rightward shift from the control group’s 

peak of inhibition at the 40 msec ISI. Differences in the point of peak inhibition have 

previously been observed in female Sprague-Dawley HIV-1 Tg and control rats as well, 

between 5-7 months of age (Moran et al. 2013). Shifts in peak inhibition have also been 

demonstrated in rats administered HIV-1 viral protein injections. Leftward shifts were 

observed in 30- and 60-day old male Sprague-Dawley rats following neonatal Tat 

injection (Fitting et al. 2006a) and in 9-month old male and female Sprague-Dawley rats 

given neonatal gp120 injections (Fitting et al. 2006b). 

Despite the differences in sensorimotor gating observed between the HIV-1 Tg 

and control groups, they displayed similar inhibition to a visual prepulse, which is 

particularly notable given the presence of cataracts in the HIV-1 Tg animals. It is clear 

from this finding that the HIV-1 Tg group could detect the 20 msec visual stimulus 

despite their cataracts, and thus, a visual stimulus greater than or equal to the intensity 

and duration used in this experiment would have utility in other experimental paradigms 

with HIV-1 Tg rats, especially measures of executive function and other cognitive 

domains relevant to the study of HAND. The use of visual stimuli permits utilization of a 

variety of methods to test cognition in HIV-1 Tg rats. 

The utilization of a visual prepulse in the PPI paradigm also affords the 

opportunity to determine the generality of any alterations in sensorimotor gating 

independent of prepulse stimulus modality. Comparable alterations in auditory and visual 

PPI, as observed in the present experiment, are consistent with a deficit in sensorimotor 

gating. Differential alterations in auditory versus visual PPI would, alternatively, be 

consistent with a more restricted sensory system impairment.  
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In summary, the present experiment demonstrates that HIV-1 Tg rats exhibit 

neurological deficits early in the expression of the HIV-1 transgene, prior to clinical signs 

of wasting, which progress with age, bearing a marked resemblance to the temporal 

processing deficits observed in individuals with HIV-1. Both the relative insensitivity to 

the temporal dimension of sensorimotor gating and the lack of development of perceptual 

sharpening with age suggest clear evidence of temporal processing deficits in the HIV-1 

Tg rat.  

Experiment 1B: Executive Function 

 The animals were trained on a series of operant tasks tapping attention and core 

components of executive function, modeling the analogous functions in humans, 

specifically the fundamental components of flexibility, inhibition, and set-shifting. It was 

hypothesized that the HIV-1 Tg animals would exhibit deficits in attention and the core 

components of executive function, which are the cognitive domains that are most 

typically impaired in individuals with HAND. Parallel components of executive function 

supported by homologous subregions of the PFC in the rat and human have been widely 

demonstrated (Kesner and Churchwell, 2011). Thus, for the present experiment, 

executive function and attention may be assessed with translatable results in the rat, with 

the use of measures selected to model specific cognitive functions. 

Apparatus 

Behavioral training and testing was conducted in 22 operant chambers located 

inside sound-attenuating chambers (Med Associates). One wall of each chamber 

consisted of two retractable levers, a pellet dispenser (45 mg) between the two levers, and 

a panel light (20±2 lux) above each lever and one above the pellet dispenser. A house 



30 

light was located on the rear wall. Signal presentation, lever operation, reinforcement 

delivery, and data collection were controlled by a PC and Med-PC for Windows software 

(V 4.1.3; Med Associates). 

 

Signal Detection Task 

Starting at 3-months of age, animals were initially trained to press both levers on 

an FR-1 schedule of reinforcement for sucrose pellets (45 mg). To prevent side-bias, 

subjects were not rewarded for more than five consecutive presses on a single lever. After 

the animals achieved at least 40 reinforcers during the 42-min sessions for three 

consecutive days, with less than 20% variance across days, they were trained on the 

signal detection task. 

Each signal detection session began with a 5-min habituation period. The house light was 

off for the duration of the session. The presentation of signals (central panel light 

illumination) and non-signals (no illumination) was randomized over the 160 trial-

session, with intertrial intervals of 9 ± 3 sec, during which time the levers remained 

retracted. Levers were extended 2 seconds after each trial (signal or non-signal) began 

and remained extended for 6 seconds for the animal to make a response. During signal 

trials, the light stimulus remained illuminated until the animal made a response, or 6 

seconds elapsed, whichever occurred first. For half of the animals, lever presses on the 

left lever during signal trials and on the right lever during non-signal trials were rewarded 

(hits and correct rejections, respectively). The reverse set of rules was used for the other 

half of the subjects. Incorrect responses during signal trials (misses) and non-signal trials 

(false alarms) were not rewarded. An incorrect response was proceeded by up to three 
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repetitions of the trial. Finally, failure to respond appropriately to the correction trials 

resulted in a forced-choice trial in which the same stimulus type was repeated (signal or 

non-signal) but only the correct lever was extended and remained extended until a 

response was made or 2 minutes elapsed, whichever occurred first. Each animal was 

trained on the task each day until it achieved 70% or greater accuracy on three 

consecutive sessions. Accuracy was calculated as the total number of hits and correct 

rejections divided by the total number of correct and incorrect responses in a session. 

 

Discrimination Task 

Each discrimination task session began with a 5-min habituation period. The 

house light was off for the duration of the session. Left panel light and right panel light 

trials were presented randomly in a 160-trial session, with intertrial intervals of 9 ± 3 sec, 

during which time the levers remained retracted. The light stimulus during each trial was 

presented for 1 second, followed by the presentation of both levers for 6 seconds or until 

the animal made a response, whichever occurred first. Animals were rewarded for 

pressing the lever underneath the light stimulus. Following an incorrect response, animals 

were presented with three correction trials. If the animal again responded incorrectly, it 

was given a forced trial. Each animal was trained on the task until it achieved 70% or 

greater accuracy on three (non-consecutive) sessions. Accuracy was calculated as the 

total number of correct responses divided by the total number of correct and incorrect 

responses in a session. 
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Reversal Task 

Each discrimination reversal task session began with a 5-min habituation period. 

The houselight was off for the duration of the session. Left panel light and right panel 

light stimulus trials were presented randomly in a 160-trial session, with intertrial 

intervals of 9 ± 3 sec, during which time the levers remained retracted. The light stimulus 

during each trial was presented for 1 second, followed by the presentation of both levers 

for 6 seconds or until the animal made a response, whichever occurred first. The opposite 

set of response rules from the discrimination task was used in the reversal task; the 

animals were rewarded for pressing the lever on the opposite side of the light stimulus. 

Following an incorrect response, animals were presented with three correction trials. If 

the animal again responded incorrectly, it was given a forced trial. Each animal was 

trained on the task until it achieved 70% or greater accuracy on three (non-consecutive) 

sessions. Accuracy was calculated as the total number of correct responses divided by the 

total number of correct and incorrect responses in a session. 

 

Extradimensional Set-Shifting Task 

Each extradimensional set-shifting task session began with a 5-min habituation 

period. The houselight was off for the duration of the session. Left panel light and right 

panel light stimulus trials were presented randomly in a 160-trial session, with intertrial 

intervals of 9 ± 3 sec, during which time the levers remained retracted. The light stimulus 

during each trial was presented for 1 second, followed by the presentation of both levers 

for 6 seconds or until the animal made a response, whichever occurred first. Half of the 
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animals were rewarded for pressing the left lever, and the other half were rewarded for 

pressing the right lever, regardless of the position of the light stimulus. Following an 

incorrect response, animals were presented with three correction trials. If the animal 

again responded incorrectly, it was given a forced trial. Each animal was trained on the 

task until it achieved 70% or greater accuracy on five consecutive sessions. Accuracy was 

calculated as the total number of correct responses divided by the total number of correct 

and incorrect responses in a session. 

   

Statistics 

All data were analyzed using SPSS Statistics 20 (IBM Corp., Somers, NY). For 

the signal detection task, percent accuracy, and hits, misses, correct rejections, and false 

alarms were analyzed with independent samples T-tests. For the discrimination, reversal, 

and extradimensional set-shifting task, a two-way mixed-factor analysis of variance 

(ANOVA) was used to analyze correct responses and errors, with genotype (HIV-1 Tg or 

control) as the between-groups factor, and response type (correct responses vs. errors) as 

a within-subjects factor.  Each animal’s performance on each measure was averaged 

across the first three days at which the animal performed with 70% accuracy, to provide 

the data for the analyses. Trials and errors to criterion were analyzed with independent 

sample T-tests, and sessions to criterion were analyzed with curve-fitting to assess the 

temporal process of acquisition. An alpha level of p≤0.05 was considered significant for 

all statistical tests. Sample sizes were chosen with the goal of sufficient statistical power 

(> 0.80) to maximize the likelihood of detecting subtle early alterations of expression of 

the HIV-1 transgene. 
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Experiment 1B: Results 

Signal Detection Task. 

All controls and all but 2 HIV-1 Tg animals met the criterion within one month of 

daily testing. The HIV-1 Tg and control groups followed similar rates in achieving the 

criterion, but the HIV-1 Tg group showed an initial 7-day lag before any of the animals 

met the criterion, reflected by their significantly greater number of trials [t(80)=-2.1, 

p≤0.05] and errors to criterion [t(80)=-2.4, p≤0.05] compared to the control group. In 

addition, a one-phase association regression analysis on the cumulative proportion of 

animals meeting the criterion over sessions revealed that a different curve was best fit to 

each group, F(3,27)=245.2, p≤0.01, further illustrating the gap between groups in the 

number of sessions needed to reach criterion (see Figure 2.7). Once the animals met the 

criterion, percent accuracy was not significantly different between groups (3-day average: 

HIV-1 Tg: 77.8+/-0.43; Control: 77.8+/-0.42).  However, the HIV-1 Tg animals 

responded significantly less than the control animals during the signal detection task, 

F(1,80)=8.2, p≤0.01. A significant group x response type (correct vs. error) interaction 

[F(1,80)=8.6, p≤0.01] suggested that the HIV-1 Tg animals displayed a different 

response profile than the control group. The HIV-1 Tg animals had fewer hits than the 

control animals, t(80)=2.6, p≤0.05, misses, t(80)=2.5, p≤0.05, and correct rejections, 

t(80)=2.9, p≤0.005, than the control group, consistent with a lapse of attention. There was 

no significant difference in the number of false alarms, the index of response inhibition.  
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Discrimination Task. 

All controls and 29 HIV-1 Tg animals met the criterion within 40 days of daily 

testing. There was no significant difference between HIV-1 Tg and control animals in 

errors or trials to criterion (t≤1, p>0.8). However, regression analyses revealed that the 

rate at which each group achieved the criterion followed different functions; the HIV-1 

Tg animals exhibited a linear function (r
2
=0.99) whereas the control group showed a 

curvilinear one-phase association function (r
2
=0.98), illustrating the slower acquisition of 

the task by the HIV-1 Tg animals over sessions (see Figure 2.8).  Of the animals that met 

the criterion, there was no significant difference in percent accuracy (3-day average: 

HIV-1 Tg: 74.9+/-0.52; Control: 74.1+/-0.51). Despite attaining the same accuracy, the 

HIV-1 Tg animals that met the criterion made significantly fewer overall responses, 

F(1,70)=6.8, p≤0.05. A significant interaction between group and response type, 

F(1,70)=6.8, p≤0.05, indicates that there was a smaller difference between the number of 

correct responses and the number of errors in HIV-1 Tg group compared to control 

group.  

 

Reversal Task. 

 Of the subjects that met the criterion for the discrimination task and continued to 

the discrimination-reversal task, 22 control animals and 8 HIV-1 Tg animals met the 

discrimination-reversal task criterion within one month of daily testing. There was no 

significant difference between HIV-1 Tg and control animals in errors or trials to 

criterion (t≤1, p>0.4). However, linear regression analysis on the cumulative proportion 

of animals that achieved the criterion over sessions revealed that each group met the 
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criterion at different rates, demonstrated by significantly different slopes for each group’s 

linear function, F(1,30)=31.8, p≤0.001 (see Figure 2.9). Of the animals that met the 

criterion, there was no difference in percent accuracy (3 day average: HIV-1 Tg, 73.5+/-

0.66; Control, 73.9+/-0.43). Similarly, there was no significant difference between groups 

in the total number of responses, and there was no interaction between group and 

response type.  

 

Extradimensional Set Shifting Task.  

All control animals and all but 4 HIV-1 Tg animals met the criterion for 

extradimensional set-shifting within 8 days of testing (see Figure 2.10). The HIV-1 Tg 

and control animals did not differ in the number of trials or errors to criterion. Linear 

regression of the cumulative proportion of animals achieving the criterion over sessions 

revealed that the slopes and intercepts for each group were not significantly different; 

thus, the HIV-1 Tg and control animals did not meet the criterion at different rates. Of the 

animals that met the criterion within 8 days, there was no significant difference between 

groups in percent accuracy (5 day average; HIV-1 Tg, 90.1+/-0.60; Control, 90.2+/-0.56). 

The groups were not significantly different in the total number of responses and there was 

no interaction between group and response type. 

 

Experiment 1B: Discussion 

A series of operant tasks tapping attention and core components of executive 

function revealed prominent cognitive deficits in the HIV-1 Tg rat, prior to any 

documented neurological symptoms or clinical signs of wasting (Peng et al. 2010). 
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Chronic low level exposure to HIV-1 proteins in the HIV-1 Tg rat, which resembles the 

suppression of infection with brain proinflammatory immune response in HIV-1 positive 

individuals under cART, primarily impairs sustained attention as well as inhibition and 

flexibility as core components of executive function. Thus, the neurocognitive 

impairments that define HAND in the cART era can be modeled and demonstrated in the 

HIV-1 Tg rat, providing opportunities to develop therapeutics for HAND. 

In a signal detection task tapping sustained attention and inhibition as a core 

component of executive function, all of the HIV-1 Tg rats attained the criterion of three 

consecutive sessions at 70% or greater accuracy, but did so after a significantly greater 

number of trials than the control animals. Despite achieving the same level of accuracy as 

the control group, the HIV-1 Tg animals made significantly fewer responses. 

Specifically, the number of hits, misses, and correct rejections, but not false alarms, was 

lower in the HIV-1 Tg group. The ability of the HIV-1 Tg animals to maintain a high 

level of accuracy demonstrates that they can acquire the task, albeit more slowly and 

despite a reduced response rate. In addition, the HIV-1 Tg animals demonstrated response 

inhibition comparable to that of the control animals, as indicated by the low number of 

false alarms in both groups.  

In a discrimination task which served to provide a baseline for the subsequent 

reversal and extradimensional set-shifting tasks, the HIV-1 Tg rats again exhibited a 

slower rate of acquisition of the criterion, which required three sessions at 70% or greater 

accuracy, as well as a significantly lower response rate compared to the control animals. 

As in the signal detection task, they were able to maintain a high level of accuracy 

despite a difference in the number of correct responses and errors compared to the control 
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animals. Not all of the HIV-1 Tg animals acquired the task; however, those that did took 

longer to achieved the criterion level of accuracy, suggesting an impairment in attentional 

processes.  

Like the signal detection task, the discrimination task required the animals to 

attend to a visual stimulus; in contrast, the critical factor in determining the correct 

response was the position of the stimulus rather than its presence or absence. Although 

both tasks tap into sustained attention, the discrimination task was more challenging for 

the animals in the present study compared to the stimulus detection task. In the signal 

detection task, the animals were presented with the visual stimulus until they made a 

response on a lever; the duration of the stimulus was contingent on their response, for a 

maximum of six seconds. This contingency was implemented after the animals failed to 

learn the task when only a brief one second stimulus was employed. In the discrimination 

task, the animals were presented with the visual stimulus for only one second, after which 

the levers were extended for them to make the response. Therefore, the demands on 

attention were greater in the discrimination task, as the stimulus was turned off before 

they could make a response on a lever. The difference in task demands may explain why 

fewer HIV-1 Tg animals were able to meet the criterion on the discrimination task. 

However, this task was not the animals’ first exposure to stimuli of shorter durations. 

Prior to the discrimination task, the animals were trained on another sustained attention 

task, in which the visual stimulus was presented for 100, 500, or 1000 ms, prior to the 

presentation of the levers (data not shown). Not all of the animals were able to maintain 

accuracy on this task above 70%, as the much shorter stimulus durations as well as their 

variable presentation throughout each session increased the task difficulty. The 
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subsequent discrimination task was expected to be an easier test for the animals, given 

the consistent 1000 ms stimulus duration. The change in the stimulus-response 

contingency, by which the position of the visual stimulus, rather than its presence or 

absence, indicated the correct response, apparently was difficult for the HIV-1 Tg 

animals to learn and respond to consistently.  

It is notable and worthy of acknowledging that despite the evidence for 

comparable levels of accuracy, lower rates of responding, compared to the control rats, 

were displayed by the HIV-1 Tg rats in both tasks. Typically, a lower response rate is 

indicative of attenuated motivation. In the face of greater cognitive demand, the subject 

may become less likely to be motivated to work for the reinforcer. A lower number of 

responses was observed in the HIV-1 Tg group during the signal detection and 

discrimination tasks, but in these and all other tasks, the HIV-1 Tg animals that met the 

criteria performed with the same high level of accuracy as the controls. Therefore, it is 

unlikely that the animals were not sufficiently motivated. In addition, all of the animals 

were maintained at 85% of the normal body weight for female F344 rats of their age in 

order to instill motivation to work for the sucrose reinforcers. 

In the discrimination-reversal task, which taps flexibility and inhibition, only a 

quarter of the HIV-1 Tg animals that were tested with reversal (i.e., those that did not 

meet the criterion for the discrimination task were not tested with reversal) were able to 

meet the criterion of three sessions at 70% or greater accuracy, and those animals reached 

the criterion with a slower rate of acquisition compared to the control animals. The 

animals that met the criterion performed at the same accuracy level and did not show any 

difference in the total number of responses or in the number of correct responses or errors 
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compared to the control animals. Impairments in flexibility and inhibition as core 

components of executive function are clearly observed in the HIV-1 Tg group with the 

reversal task, although the deficits are not uniform across all of these animals. Most of 

the HIV-1 Tg animals were not able to acquire the reversal task, and those that did 

acquired it significantly more slowly than the control animals, consistent with a major 

impairment in the population of HIV-1 Tg rats. Thus, as in many cognitive disorders, 

there are varying degrees of impairment, but impairment nonetheless.  

In the extradimensional set-shifting task which taps set-shifting, inhibition, and 

flexibility, the HIV-1 Tg animals acquired the criterion of five consecutive sessions at 

70% or greater accuracy at the same rate as the control group, performing with the same 

high level of accuracy. The HIV-1 Tg animals also responded at the same rate as the 

control animals throughout sessions, with no difference in the number of correct 

responses or errors compared to the control group. The extradimensional set-shifting task 

was undoubtedly the least difficult task for both groups, as all but 4 animals met the 

criterion within 8 days, as opposed to the other tasks which required up to 40 days to 

acquire. It is also the one task that did not demonstrate any difference in performance 

between the HIV-1 Tg and control animals. Set-shifting, a component of executive 

function which was uniquely targeted by the extradimensional set-shifting task, thus 

appears to be intact in the HIV-1 Tg animals. In contrast, as noted above, HIV-1 Tg rats 

were impaired in acquiring the discrimination or reversal tasks, which place demands on 

cognitive flexibility and inhibition, but not set-shifting.  

DA plays a critical role in the processes of attention and executive function. In 

animal studies, the function of DA in these cognitive processes has been primarily tested 
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by administering DA agonists and antagonists. For example, disruptions in sustained 

attention assessed with the five-choice serial reaction time task have been reported 

following mPFC infusions of D1 antagonists; in contrast, mPFC infusions of D1 agonists 

produce improvements in sustained attention (Granon et al. 2000; Chudasama and 

Robbins, 2004). In addition, DA receptor activity in the nucleus accumbens regulates 

cortical ACh efflux (Moore et al., 1999; Zmarowski et al. 2005), another important 

process underlying sustained attention (McGaughy et al. 1996; Himmelheber et al. 2000). 

Executive function processes also rely on the integrity of DA systems; performance on 

the reversal task is disrupted by D2 receptor antagonists (Lee et al., 2007; Ridley et al., 

1981) and DA depletion in the striatum (Clarke et al. 2011; O’Neill and Brown 2007), 

and is also correlated with D2 receptor activity in the striatum (Clatworthy et al, 2009; 

Kellendonk et al, 2006; Groman et al., 2011). Increases in DA in the rat PFC improve 

performance on the extradimensional set-shifting task (Tunbridge et al. 2004), whereas 

depletion of PFC DA impaired performance on the task in monkeys (Crofts et al., 2001). 

Rodent models of schizophrenia often incorporate the extradimensional set-shifting task 

to demonstrate deficits in executive function, which are attenuated by D2 antagonist 

antipsychotics (McLean et al. 2008; Rodefer et al., 2008; Tait et al., 2009). 

 In experiment 1A, the HIV-1 Tg group demonstrated temporal processing deficits 

as measured with prepulse inhibition. The HIV-1 Tg animals, compared to controls, 

showed an insensitivity to interstimulus interval and a lack of development of perceptual 

sharpening in relation to the interstimulus interval with age. As in the present experiment, 

the deficits were observed prior to the onset of clinical symptoms or wasting. The 

temporal processing deficits that are displayed early in the expression of the HIV-1 
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transgene may underlie other cognitive impairments such as those observed in the present 

experiment. Fundamental to an assessment of temporal processing in attention and 

executive function is the manipulation of temporal aspects, such as signal duration, which 

is explored in Experiment 1C.   

In summary, the HIV-1 Tg rats displayed impaired performance in a series of 

cognitive tasks, prior to any clinical signs of wasting, that implicate specific deficits in 

the processes of attention as well as flexibility and inhibition as core components of 

executive function. Deficits in attention and core components of executive function may 

reflect an underlying impairment in temporal processing in HAND.  

 

Experiment 1C: Amelioration of Attentional Deficits with S-equol 

 The previous experiments demonstrated that the HIV-1 Tg animals have deficits 

in temporal processing, as measured with PPI, and that they have deficits in attention and 

executive function as assessed with the signal detection tasks. In the present experiment, 

animals were again tested with the signal detection task, with the additional manipulation 

of the temporal domain, i.e., signal duration. Three hypotheses were proposed: 1) shorter 

signal durations will increase demands on sustained attention for both the HIV-1 Tg and 

control animals; 2) the HIV-1 Tg group will display a greater impairment in performance 

relative to the control group; and 3) daily treatment with S-equol will ameliorate the 

observed deficits in the HIV-1 Tg group relative to the control group. 

 

 

 



43 

Materials and Methods 

S-equol. 

S-equol was obtained from Cayman Chemical Company (Ann Arbor, MI) and 

incorporated into 90 mg sucrose pellets by Bio-Serv (Frenchtown, NJ), to produce pellets 

containing 0.05 mg S-equol. Plain 90 mg sucrose pellets were also obtained from Bio-

Serv to provide to the sucrose-only dose group.  

 

Design. 

Animals were first trained with the signal detection task with varying signal 

durations. After achieving the criterion for acquisition (70% accuracy on three 

consecutive days), the animals were subsequently tested with operant tasks tapping 

executive functions, the results of which are described in Experiment 1B. Following these 

tests, the animals began daily treatment with sucrose or S-equol. After 1 week of 

treatment, the animals resumed testing with the signal detection task that they had 

previously learned in Experiment 1B. Once each animal achieved the criterion of 3 

consecutive days of 70% accuracy, it was tested with the 100, 500, and 1000 ms signals 

as they had been trained on previously. Daily treatment with S-equol or sucrose 

continued throughout behavioral testing.  

All animals were assigned to one of 4 dose groups (vehicle, 0.05, 0.1, and 0.2 mg 

S-equol) using a randomized-block design, with percent accuracy on the signal detection 

task as the blocking factor, such that animals of all accuracy levels were distributed 

equally across dose groups. Each S-equol pellet contained 0.05 mg; thus, the 0.05 mg 

dose group received one pellet per day, the 0.1 mg dose group received 2 pellets per day, 
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and the 0.2 mg dose group received 4 pellets per day. The vehicle group received 4 

sucrose pellets per day. The doses selected for this experiment yielded a daily amount of 

0.25-1.0 mg/kg, which is equivalent to a 2.5-10 mg dose in a 60 kg human. Animals were 

given their treatments in separate cages at least one hour after behavioral testing, and 

typically consumed their pellets within seconds. 

 

Procedure. 

Prior to testing with varying signal durations, animals were again trained on the 

signal detection task as described in Experiment 1B. After reaching the criterion of 70% 

accuracy on three consecutive days, animals began daily signal detection test sessions 

with varying signal durations. Each session began with a 5-min habituation period. The 

houselight was off for the duration of the session. Signal and nonsignal trials were 

presented randomly and equally in a 160-trial session, with intertrial intervals of 9 ± 3 

sec, during which time the levers remained retracted. Signals were presented for 100, 

500, or 1000 ms; each signal duration was randomly and equally presented throughout 

the session. Signal offset was followed by the presentation of both levers for 6 seconds or 

until the animal made a response, whichever occurred first. For half of the animals, lever 

presses on the left lever during signal trials and on the right lever during non-signal trials 

were rewarded (hits and correct rejections, respectively). The reverse set of rules was 

used for the other half of the subjects. Incorrect responses during signal trials (misses) 

and non-signal trials (false alarms) were not rewarded. Each animal was trained on the 

task until it achieved 70% or greater accuracy on three consecutive sessions. Percent 

accuracy was calculated as the number of hits during 1000 ms signal trials and the 



45 

number of correct rejections divided by the number of hits and misses during 1000 ms 

signal trials, false alarms, and correct rejections, multiplied by 100. The same operant 

chambers as described in Experiment 1B were used in the present experiment. signal 

detection task that they had previously learned. Once each animal achieved the criterion 

of 3 consecutive days of 70% accuracy, it was tested with the 100, 500, and 1000 ms 

signals as they had been trained on previously. Daily treatment with S-equol or sucrose 

continued throughout behavioral testing. The same operant chambers as described in 

Experiment 1 were used in the present experiment.  

 

Statistics. 

All data were analyzed using SPSS Statistics 20 (IBM Corp., Somers, NY). For 

the initial signal detection task with varying signal durations, independent samples t-tests 

were performed on percent accuracy, false alarms, and correct rejections. A two-way 

mixed-factor ANOVA was conducted on hits and misses, with genotype (HIV-1 Tg vs. 

control) as the between-subjects factor, and signal duration (100, 500, or 1000 ms) as a 

within-subjects factor.  A mixed-factor ANOVA was also conducted on performance at 

the end of the 45-day S-equol treatment period, with genotype and S-equol dose (0, 0.05, 

0.1, or 0.2 mg) as between-subjects factors, and signal duration as a within-subjects 

factor for hits and misses. A separate ANOVA was also conducted to compare 

performance on the first three days of S-equol treatment to performance at the end of the 

45-day treatment period. Each animal’s performance on each measure was averaged 

across three consecutive days at the respective time points to provide the data for the 

analyses. An alpha level of p≤0.05 was considered significant for all statistical tests. 
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Sample sizes were chosen with the goal of sufficient statistical power (> 0.80) to 

maximize the likelihood of detecting subtle early alterations of expression of the HIV-1 

transgene. 

 

Experiment 1C: Results 

When the animals were first trained on the signal detection task with varying 

signal durations, both the HIV-1 Tg and the control groups showed significant linear 

trends for signal duration for hits [HIV-1 Tg: F(1, 32)=61.1, p≤0.001; Control: F(1, 

41)=53.2, p≤0.001] and for misses [HIV-1 Tg: F(1, 32)=60.1, p≤0.001; Control: F(1, 

41)=59.6, p≤0.001], indicating that all animals performed worse as a function of shorter 

signal durations. However, the HIV-1 Tg group, relative to controls, failed to reliably 

detect the signal at shorter signal durations. The HIV-1 Tg animals had approximately 

equal numbers of hits and misses to the 500 ms signal, and more misses than hits during 

100 ms signal trials (see Figure 2.11). The control animals, in contrast, performed with 

accuracy during 500 ms signal trials; a major decrement in accuracy was only apparent 

with the 100 ms signal. The HIV-1 Tg animals also had significantly lower percent 

accuracy than the control animals, t(73)=2.4, p≤0.05, even when only the animals that 

achieved 70% accuracy on 3 consecutive days were included, t(35)=2.1, p≤0.05. There 

was no difference in the number of hits, misses, false alarms, or correct rejections 

between groups. 

After 45 days of S-equol or sucrose treatment, the HIV-1 Tg animals had 

significantly more misses [F(1,70)=6.6, p≤0.05] and correct rejections [F(1,77)=6.8, 

p≤0.05] than the control animals, with no difference in hits, false alarms or percent 
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accuracy. Both the HIV-1 Tg and control animals exhibited a linear trend for signal 

duration for both hits [F(1,70)=155.1, p≤0.001] and misses [F(1,70)=148.3, p≤0.001], as 

observed when the animals first learned the task prior to S-equol or sucrose treatment. 

There was no significant effect of S-equol treatment, nor a condition x S-equol treatment 

interaction, on any measure. 

Additional analyses on the top performing third of all animals (determined by 

percent accuracy) were conducted to further explore the nature of the difference in the 

number of misses between groups. When performance was compared between the first 

week of S-equol treatment and after 45 days of treatment, the HIV-1 Tg animals given 

the 0.2 mg dose of S-equol and control animals collapsed across all doses showed a 

significant decrease in the number of misses [HIV-1 Tg: F(1,3)=20.6, p≤0.05; Control: 

F(1,3)=76.3, p≤0.005]. The HIV-1 Tg animals also displayed differential responding at 

the 500 ms signal length, with more hits than misses, as the controls consistently show 

(see Figure 2.12). There were significant group x pre-post equol treatment interactions at 

the 500 and 1000 ms signal lengths [500 ms: F(1,6)=7.2, p≤0.05; 1000 ms: F(1,6)=26.9, 

p≤0.005], but not at the shortest signal (100 ms). The HIV-1 Tg animals showed a greater 

decrease in misses at the 500 and 1000 ms signal durations compared to the control 

animals (see Figure 2.13). 

 

Experiment 1C: Discussion 

In experiment 1A, the HIV-1 Tg group demonstrated temporal processing deficits 

as measured with prepulse inhibition. In experiment 1B, HIV-1 Tg animals exhibited 

deficits in attention and core components of executive function. To test the possibility 
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that temporal processing deficits also underlie the observed impairment in attention, the 

animals were again tested with the signal detection task in the present experiment, with 

the additional manipulation of the temporal domain, i.e., signal duration.  

Both the HIV-1 Tg and control animals were sensitive to reduced signal duration, 

expressed as fewer hits and more misses with the shorter signals, as is expected with the 

manipulation of this parameter. However, the HIV-1 Tg animals exhibited a greater 

impairment in performance, with an inability to reliably detect the signal at the 500 and 

100 ms durations. The control group, in contrast, maintained a greater number of hits 

than misses with the 500 ms signal. The HIV-1 Tg group also had lower percent 

accuracy, reflecting their performance with the 1000 ms signal trials (hits and misses) as 

well as non-signal trials (false alarms and correct rejections).  

 Performance on this task was again assessed after daily oral treatment with S-

equol, to determine its potential therapeutic effects in ameliorating the observed deficits 

in the HIV-1 Tg group. An effect of S-equol was not detected in the initial analyses. 

When only the top third of the animals were included in the analysis, a significant 

decrease in the number of misses from the beginning to the end of the treatment period 

was demonstrated by the HIV-1 Tg animals that received 0.2 mg of S-equol. The control 

animals did not show an effect of S-equol treatment; control animals in all dose groups 

had significantly fewer misses by the end of the treatment period. However, the 

magnitude of the control group’s improvement was only approximately half of that 

exhibited by the HIV-1 Tg animals that received the 0.2 mg dose of S-equol. Thus, S-

equol was an effective treatment for the attentional deficits of the HIV-1 Tg animals. The 
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treatment did not improve performance for all of the HIV-1 Tg animals; S-equol appears 

to be most effective for subjects that have milder neurocognitive impairments. 

Sustained attention is the process by which one detects and responds to infrequent 

and unpredictably occurring target stimuli over long periods of time, and is an integral 

component underlying the higher order cognitive processes of executive function. It has 

been previously characterized in both humans and rats, with analogous changes in 

performance related to varying task parameters, such as signal duration, intensity, and 

frequency (McGaughy and Sarter, 1995; Bushnell, 1998; Parasuraman and Davies, 1977). 

For the present experiment, the use of a range of signal durations revealed significant 

deficits in sustained attention in the HIV-1 Tg group, giving further evidence of a 

temporal processing deficit. Treatment was S-equol was effective in ameliorating these 

deficits.  

 

Experiment 1C: Anatomical Assessment 

For the second part of Experiment 1C, brains were extracted from the animals to 

assess neuronal network complexity in the PFC. It was hypothesized that 1) the HIV-1 

animals treated with sucrose only would exhibit altered neuronal networks compared to 

the control animals, and 2) S-equol would ameliorate alterations in the HIV-1 Tg 

animals. 

Methods 

Preparation of tissue. 

 Twenty-four hours after their last behavioral test session, animals were anesthetized 

using sevoflurane (Abbot Laboratories, North Chicago IL) and transcardially perfused with 
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100ml of 100mM PBS wash followed by 100-150ml of 4% paraformaldehyde buffered in 

PBS (Sigma-Aldrich, St. Louis, MO).  Brains were dissected and post-fixed in 4% 

paraformaldehyde for 30-60 minutes.  After post-fixation, 200µM thick coronal sections 

were cut using a rat brain matrix (ASI Instruments, Warren, MI).  Slices were washed in 

PBS 3 times following slicing and placed in a 24-well cell culture plate (Corning, 

Tewksbury MA).    

Preparation of diOlistic cartridges.  

 DiOlistic labeling was performed as described by Seabold (2010).  Approximately 

300mg of tungsten beads (Bio-Rad, Hercules, CA) were dissolved in 99.5% pure methylene 

chloride (Sigma-Aldrich, St. Louis, MO) and sonicated in a water bath for 30 minutes.  

Crystallized DiI (14.5mg; Invitrogen, Carlsbad, CA) was dissolved in methylene chloride 

and kept in the dark.  Following sonication, 100ml of the bead solution was placed on a 

clear glass slide and 150ml of the DiI solution titrated on top, and mixed slowly using a 

pipette tip.  After air drying, a razor blade was used to collect the dye/bead mixture onto 

wax-coated weigh paper and placed in a 15ml conical tube (BD Falcon, San Jose, 

California) with 3ml ddH2O and sonicated for 45-60 minutes to homogenize the mixture. 

Preparation of tefzel tubing. 

 Tefzel tubing (IDEX Health Sciences, Oak Harbor, WA) was cut into three 1.7M 

lengths.  Polyvinylpyrrolidone (100mg; PVP, Sigma-Aldrich, St. Louis, MO) was dissolved 

in 10ml ddH2O, briefly vortexed, then passed through each length of the tubing.  The 

purpose of this step is to enhance binding of the tungsten beads to the tubing.  While 

vortexing, the 3ml bead/dye solution was slowly drawn into the tubing and placed in the 
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tubing prep station (Bio-Rad) for 5 minutes.  After slowly draining the water from the tube 

using a syringe and tubing adapter, the tubing was spun in the prep station for approximately 

10 minutes.  Following this step nitrogen gas flow was adjusted to 0.4-0.5LPM and the 

tubing was further spun for 50-60 minutes to ensure the tubing was fully dry.  Once dry, 

tubing was cut into 13mm segments and stored under anhydrous conditions until use. 

DiOlistic labeling using the helios gene gun. 

 The Helios gene gun system (Bio-Rad, Hercules, CA) was loaded with the 

previously prepared cartridges containing DiI-coated tungsten beads. He gas flow was 

adjusted to 80 PSI. The particles were delivered through 3uM pore filter paper directly onto 

the slice with the barrel placed approximately 2.5cm away from the sample.  After washing 

3 times in PBS, slices were stored overnight at 4˚ C to allow dye diffusion across the cell 

membrane.  Following diffusion, slices were mounted using Pro-Long Gold Antifade 

reagent (Invitrogen, Carlsbad CA), cover slipped with Fischer #1 size coverslips 

(ThermoFischer Scientific, Waltham, MA), and stored in the dark at 4˚ C.  

PFC dendritic analysis and varicosity quantification. 

Z-stack images of pyramidal neurons from the infralimbic cortex of the anterior 

cingulate cortex, located approximately 3.2mm to 1.7mm anterior to bregma (Paxinos and 

Watson, 2005), were obtained with intervals in the z-plane at 0.15 µm with a Nikon TE-

2000E confocal microscope and Nikon’s EZ-C1 software (version 3.81b).  A green helium-

neon (HeNe) laser with an emission of 533nm was used to capture the epiflorescence of DiI.  

Varicosities were manually counted while viewing images with Neurolucida version 10.52. 
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Criteria for sample inclusion in the data analysis were axon length of 50-150 µm and a 

varicosity/axon width ratio of 1.5-3:1. 

Peripheral effects of S-equol. 

To assess potential peripheral effects of S-equol, the uterine horn was dissected 

from the peritoneal cavity of all rats by separating the uterine horns from the underlying 

tissue, and excising the uterine body. Wet weights of the uterine horns were taken 

immediately following removal. 

 

Statistics. 

All data were analyzed using SPSS Statistics 20 (IBM Corp., Somers, NY). An 

ANOVA was conducted on the number of varicosities, with genotype and S-equol dose 

as the between-subjects factors. An ANOVA was also conducted on relative uterine 

weight, with genotype and S-equol dose as the between-subjects factors. 

 

Experiment 1C: Anatomical Assessment Results 

Neuronal network complexity. 

Brain tissue slices from 5 control animals and 5 HIV-1 Tg animals yielded images 

with clearly quantifiable varicosities. Representative samples are shown in Figure 2.14. 

Of these samples, 2 HIV-1 Tg animals and 3 control animals had received the daily 

sucrose treatment, and 3 HIV-1 Tg animals and 2 control animals had received the daily 

0.2 mg S-equol treatment. There was no overall effect of genotype or S-equol treatment 

on the number of varicosities per 10 microns. However, the HIV-1 Tg animals that 

received 0.2 mg of S-equol daily had significantly fewer varicosities than the HIV-1 Tg 
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animals that received sucrose, t(3)=3.4, p≤0.05 (see Figure 2.15). There was no effect of 

S-equol treatment on the control animals, nor a difference in the number of varicosities 

between the control and HIV-1 Tg animals in either drug group. 

 

Peripheral effects of S-equol. 

As illustrated in Figure 2.16, there was no significant effect of genotype or S-

equol on uterine weight, and no significant interaction between genotype and S-equol. 

 

Experiment 1C: Anatomical Assessment Discussion 

Alterations in synaptodendritic networks caused by HIV-1 may underlie the 

observed neurocognitive impairments in HAND. Executive functions rely heavily on the 

integrity of frontostriatal circuits (Mega & Cummings, 1994), which are commonly 

affected by HIV-associated neuropathologies. Reductions in synaptodendritic complexity 

(Masliah et al. 1997; Everall et al., 1999) in frontal regions have been associated with 

HIV-1 associated neurocognitive impairments, even in less severe cases. Axonal damage 

in frontostriatal fiber bundles as measured with diffusion tensor imaging has also been 

observed in HIV-1+ individuals, prior to any symptoms of dementia (Pfefferbaum et al., 

2009). Neuronal abnormalities such as these may precede the onset of functional deficits, 

necessitating the study of neuronal networks in the HIV-1 Tg rat in conjunction with 

assessments of cognitive function.  

The goal of the anatomical assessment of the present experiment was to determine 

if there were differences between the HIV-1 Tg and control groups in neural network 

complexity of the PFC, a region implicated in executive function. Dendritic spine counts 
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could not be obtained from these subjects, because the DiI did not sufficiently diffuse 

throughout the spines in the PFC. Axonal varicosities in the PFC were readily visible, 

however; thus, the varicosity density was determined for each sample that had clearly 

defined axons and varicosities.  

Varicosities appear as spherical enlargements along the axon, releasing 

neurotransmitters. Varicosities containing catecholamines are widely found in the PFC 

(Fuxe et al. 1968). The development of immunohistochemistry for dopamine β-

hydroxylase, which converts dopamine to norepinephrine, has allowed for selective 

quantification of noradrenergic varicosities, which is predominantly found in the PFC, 

relative to other brain regions (Agster et al. 2013). Norepinephrine (NE) thus plays a 

significant role in mediating PFC function, regulating attention and executive function. 

Noradrenergic stimulation of α2A-receptors on dendritic spines of pyramidal neurons in 

the PFC strengthens synaptic connections by closing the ion channels on the spines, 

increasing the efficacy of synaptic inputs (Wang et al. 2007). Without noradrenergic 

stimulation of these α2A-receptors, ion channels remain open and synaptic inputs are 

weakened.  

As described earlier, sustained attention depends on DA systems in the PFC, as 

evidenced by the differential effects of PFC-infused DA agonists and antagonists on 

sustained attention (Granon et al. 2000; Chudasama and Robbins, 2004). Noradrenergic 

systems are also implicated in sustained attention. Nonhuman primates exhibit phasic 

release of NE in the PFC while successfully performing sustained attention tasks, and 

tonic release of NE during periods of high distractability (Aston-Jones and Cohen 2005). 

Nearly complete loss of cortical NE, following infusions of catecholamine-selective 
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neurotoxins 6-hydroxydopamine or anti-dopamine-beta hydroxylase-saporin into the 

trajectory of the dorsal noradrenergic ascending bundle, significantly affects attention 

only with unpredictable presentation of target stimuli, with the presentation of distractor 

stimuli (Carli et al. 1983), and with higher event rate (Milstein et al. 2007). Thus, NE 

may play a more important role in attention processes when attentional load is greater. 

Further study of neural network structures implicating NE as well as DA in the PFC will 

be important in clarifying alterations underlying neurocognitive impairments of HAND. 

 The development of an effective estrogenic compound therapeutic for 

neurocognitive impairment necessitates the assessment of potential side effects that may 

be mediated by stimulation of ERs in the periphery. Peripheral effects of S-equol were 

assessed by obtaining the uterine weight of each animal. The lack of difference in uterine 

weight between those that received S-equol and those that received sucrose indicates that 

S-equol did not exert any significant peripheral effects on estrogen receptors. S-equol 

preferentially binds to the ERβ receptor, which is located in greater concentration in the 

brain, specifically the PFC, compared to peripheral organs such as the uterus. The 

popular use of hormone replacement therapy for menopausal symptoms was halted by the 

discovery that it can exert detrimental effects, such as an increased risk for cancer. 

Phytoestrogens and their metabolites like S-equol have been recognized as a safer 

alternative treatment in part due to their greater selectivity for the ERβ receptor, which is 

not present in high amounts in peripheral organs.  
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Figure 2.1. Mean body weight of the HIV-1 Tg animals and control animals across age 

with the best fit nonlinear regression for each group (±95% CI). The HIV-1 Tg group 

weighed significantly less than the control group across the 6-month period during which 

they were tested. Both groups increased significantly in body weight across this period 

did not differ in their rates of growth. The x-axis break at 100 days indicates the point at 

which animals began food restriction, prior to testing.  
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Figure 2.2. Mean peak ASR amplitude during the habituation session (±95% CI). After 

the initial 6 trials, the HIV-1 Tg and control groups showed no difference in overall ASR 

(F=0.17), and did not differ in rate of habituation to the auditory startle stimulus. 

Regression line slopes: HIV-1 Tg, -4.24+/-1.24; Control, -2.7+/-0.91. 
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Figure 2.3. Mean (+/- SEM) peak ASR amplitude on PPI trials with an auditory prepulse 

during sessions interdigitated with 22 lux (top panel) and 100 lux (bottom panel) visual 

prepulse trials conducted at 2 months of age.  
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Figure 2.4. Mean (+/- SEM) peak ASR amplitude on PPI trials with an auditory prepulse 

interdigitated with 22 lux visual prepulse trials across all three test ages.   
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Figure 2.5. Mean (+/- SEM) peak ASR amplitude with 22 lux (top panel) and 100 lux 

(bottom panel) visual prepulses across all three test sessions conducted at 2 months of 

age.   
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Figure 2.6. Mean (+/- SEM) peak ASR amplitude with a 22 lux visual prepulse across all 

three test sessions. 
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Figure 2.7. Performance on the signal detection task. Cumulative proportion of animals 

achieving the signal detection task criterion of 70% accuracy on 3 consecutive sessions 

(±95% CI) (top panel). Middle panel: Mean (+/- SEM) percent accuracy after meeting the 

criterion. Bottom panel: Mean (+/- SEM) number of hits, false alarms, correct rejections, 

and misses after meeting the criterion. 
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Figure 2.8. Performance on the discrimination task. Cumulative proportion of animals 

achieving the discrimination task criterion of 70% accuracy on 3 sessions (±95% CI) (top 

panel). Middle panel: Mean (+/- SEM) percent accuracy after meeting the criterion. 

Bottom panel: Mean (+/- SEM) number of correct responses and errors after meeting the 

criterion. 
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Figure 2.9. Performance on the reversal task. Cumulative proportion of animals achieving 

the reversal task criterion of 70% accuracy on 3 sessions (±95% CI) (top panel). Middle 

panel: Mean (+/- SEM) percent accuracy after meeting the criterion. Bottom panel: Mean 

(+/- SEM) number of correct responses and errors after meeting the criterion. 
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Figure 2.10. Performance on the extradimensional set-shifting task. Cumulative 

proportion of animals achieving the task criterion of 70% accuracy on 3 sessions (±95% 

CI) (top panel). Middle panel: Mean (+/- SEM) percent accuracy after meeting the 

criterion. Bottom panel: Mean (+/- SEM) number of correct responses and errors after 

meeting the criterion. 
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Figure 2.11. Mean (+/- SEM) number of hits and misses across signal duration on the 

signal detection task after approximately 2 weeks of daily training. 

 

 

  



67 

0

5

10

15

20

Hits - Control

Hits - HIV-1 Tg

Misses - Control

Misses - HIV-1 Tg

100 500 1000

Signal Duration (msec)

H
its

 o
r 

M
is

s
e

s

 

Figure 2.12. Mean (+/- SEM) number of hits and misses across signal duration on the 

signal detection task after 45 days of S-equol treatment. Control values represent the 

average of the top third of control animals, across all dose groups including the vehicle 

group. HIV-1 Tg values represent performance of the top third of HIV-1 Tg animals that 

received 0.2 mg of S-equol. 
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Figure 2.13. Mean (+/-SEM) number of misses during the first 3 days of S-equol 

treatment and after 45 days of S-equol treatment. Control values represent the average of 

the top third of control animals, across all dose groups including the vehicle group. The 

HIV-1 Tg values represent the top third of the HIV-1 Tg animals that received the 0.2 mg 

dose of S-equol.  
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Figure 2.14. (A) Coronal sections through rat PFC. Neurons were sampled from 

layers II and III of the anterior cingulate cortex (shaded area). Coordinates indicate 

position relative to bregma. DiOlistically labeled axons with varicosities from 

pyramidal neurons in the anterior cingulate cortex of a control animal treated with 

sucrose (B), an HIV-1 Tg animal treated with sucrose (C), a control animal treated 

with 0.2 mg S-equol (D), and an HIV-1 Tg animal treated with 0.2 mg S-equol (E). 

Scale bars = 10 µm. 
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Figure 2.15. Mean (+/- SEM) number of varicosities per 10 micron axon segment derived 

from pyramidal neurons in the anterior cingulate area.  

  

Anterior Cingulate Area (Cg1)

0 0.2 

0.0

0.5

1.0

1.5

2.0

2.5

Control

HIV-1 Tg

Equol Dose (mg)

V
a
ri
c
o

s
iti

e
s
/ 
1

0
 m

ic
ro

n
s



71 

0

1

2

3

HIV-1 Tg

Control

0 0.05 0.1 0.2

S-equol dose (mg)

U
te

ri
n
e

 w
e

ig
h
t 
(m

g
)/

B
o

d
y 

w
e

ig
h
t 
(g

)

 

Figure 2.16. Mean relative uterine weight (±95% CI) as a function of S-equol dose.  
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CHAPTER 3 

 

EXPERIMENT 2 

In Experiment 1, assessments of preattentive processing and sustained attention 

revealed prominent temporal processing deficits in the HIV-1 Tg animals. The results of 

Experiment 1C suggested that the 0.2 mg dose of S-equol improved temporal processing, 

as assessed with sustained attention, in the top third of the HIV-1 Tg animals, when 

administered daily for 45 days during testing between 6-8 months of age. In Experiment 

2, preattentive processing and sustained attention, as measures of temporal processing, 

were again assessed in HIV-1 Tg and control animals. Performance on the sustained 

attention task was assessed while the animals were administered 0.2 mg of S-equol or 

sucrose for 60 days, beginning at 2-3 months of age, to determine if the S-equol treatment 

would be more effective if administered prophylactically. After the conclusion of the S-

equol treatment period, the animals were also tested on additional sustained and selective 

attention tasks to further characterize the attentional deficits of the HIV-1 Tg rat. The 

following hypotheses were proposed: 1) the HIV-1 Tg animals will exhibit temporal 

processing deficits as observed in Experiment 1, both in preattentive processing, as 

measured with PPI of the ASR, and in sustained attention and selective attention tasks; 

and 2) the initiation of the 0.2 mg dose of S-equol after a shorter duration of constitutive 

expression of the HIV-1 transgene will delay, or perhaps prevent, the development of 

sustained attention deficits relative to the controls.
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Experiment 2A: Preattentive Processing 

Materials and Methods 

Animals. 

Two-month-old ovariectomized female Fischer (F344/N; Harlan Laboratories) 

rats (HIV-1 Tg, n=20; control, n=20) were delivered to the facility in two separate 

batches, one week apart in delivery and age. All animals were group- or pair-housed 

throughout the experiments. Rodent food (2020X Teklad Global Extruded Rodent Diet 

(Soy Protein-Free)) and water were available ad libitum throughout the first PPI test 

period. The animals were under food restriction (85% body weight) beginning one week 

prior to and throughout operant testing, and were free-fed again at the conclusion of 

operant testing and during PPI testing. The animals were maintained according to the 

National Institute of Health (NIH) guidelines in AAALAC-accredited facilities.  The 

animal facility was maintained at 21° ± 2°C, 50% ± 10% relative humidity and had a 12-

h light:12-h dark cycle with lights on at 0700 h (EST). Rats were handled for one week 

prior to any behavioral testing procedures. The Institutional Animal Care and Use 

Committee (IACUC) of the University of South Carolina approved the project protocol.  

Procedure. 

 Preattentive processing was assessed by measuring PPI of the auditory startle 

response (ASR) with both auditory and visual prepulses. As in Experiment 1, the animals 

were tested at 2 months of age to assess alterations in PPI that occur early in the 

expression of the transgene, and subsequently tested at 8 months of age to determine the 

development of PPI with age and continued expression of the transgene. Based on the 

results of Experiment 1, the 22 lux light stimulus was used as the visual prepulse, as this 
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intensity was sufficient to cause robust inhibition of the ASR. It was hypothesized that 

the HIV-1 Tg animals would exhibit a flatter ISI function which would not sharpen with 

age, relative to the control animals, as observed in Experiment 1, thereby demonstrating 

temporal processing deficits. 

One week after arrival, at approximately 2 months of age, all animals were 

administered a 36-trial auditory startle test session to habituate them to the auditory 

stimulus and test procedures. Each session began with a 5-min acclimation period of 

70dB(A) background white noise, followed by 36 trials of a 100dB(A) white noise 

stimulus with a 20-msec duration and a 10-sec intertrial interval (ITI). All test sessions 

were conducted in the dark. 

One day after ASR habituation, animals were tested for PPI of the ASR with both 

visual and auditory prepulse stimuli. As in the two later test periods in experiment 1, the 

visual prepulse was presented as one LED light (22 lux at the level of the test cylinder), 

as it was determined in experiment 1 that this stimulus was sufficient to cause robust 

inhibition of the ASR. The animals were tested again at 8 months of age. All other PPI 

procedures from experiment 1 were followed in experiment 2.  

 

Experiment 2A: Results 

Body Weight. 

The HIV-1 Tg group weighed significantly less than the control group across the 

6-month period during which they were tested, F(1, 36)=61.0, p≤0.001. While food 

restriction was implemented (from week 10 to week 28), both groups increased in weight 

in a linear function [HIV-1 Tg: F(1,18)= 562.5, p≤0.001; Control: F(1,18)=1005.4, 
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p≤0.001]. There was no significant difference in the slope of these lines, indicating that 

the groups did not differ in their rates of growth (see Figure 3.1). There was also no effect 

of S-equol treatment on weight in either group. 

 

ASR Intrasession Habituation. 

Linear regression analysis revealed that there was no difference in the rate of 

habituation across the test session for the HIV-1 Tg and control groups (regression line 

slopes: HIV-1 Tg,  -3.5+/-0.94; Control: -4.2+/-1.2; see Figure 3.2), with no difference in 

overall ASR between groups.  

 

PPI with an Auditory Prepulse Across Age. 

Mean peak ASR amplitude during auditory prepulse trials was assessed at 2 and 8 

months of age. The ANOVA conducted on mean peak amplitude across both test periods 

revealed a significant genotype x age x ISI interaction, F(5,190)=4.7,  p≤0.001, as well as 

a genotype x ISI interaction, F(5,190)=3.9, p≤0.005,  an age x ISI interaction, 

F(5,190)=7.5, p≤0.001, and a genotype x age interaction, F(1,38)=8.4, p≤0.01. 

Additional analyses were conducted to identify the locus of these interactions. 

Separate analyses of each group revealed a main effect of age, F(1,19)=23.3, 

p≤0.001, and an age x ISI interaction, F(5,95)=16.1, p≤0.001, in the control group. These 

effects were not observed in the HIV-1 Tg group, suggesting that the expression of the 

HIV-1 transgene interfered with the age-dependent development of perceptual sharpening 

(see Figure 3.3). 
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Complementary results were obtained after separate analyses at each age, which 

revealed a significant genotype x ISI interaction at 8 months of age, F(5,190)=5.5, 

p≤0.001, but not at 2 months of age. The genotype x ISI interaction at the later age 

indicates, as does the age x ISI interaction in the control group but not the HIV-1 Tg 

group, altered development of the ISI function in the HIV-1 Tg group; they did not 

exhibit the same sharpening of the ISI function with age that is apparent with the control 

group.  

The overall genotype x ISI interaction reflects not only the relative insensitivity of 

the HIV-1 Tg group to manipulation of ISI duration, but also the differential peak 

inhibition of the two groups, observed at the 40 msec ISI at both 2 and 8 months of age 

for the HIV-1 Tg group, and at the 40 ms ISI at 2 months and at the 80 ms ISI at 8 

months for the control group. Both groups showed significant quadratic trends for ISI at 

each age, characteristic of the fundamental temporal domain of PPI [2 months, Control: 

F(1,19)=24.8, p≤0.001; HIV-1 Tg: F(1,19)=26.0, p≤0.001; 8 months, Control: 

F(1,19)=97.2, p≤0.001; HIV: F(1,19)=25.5, p≤0.001]. 

 

PPI with a Visual Prepulse Across Age. 

The ANOVA conducted on mean peak amplitude with a visual prepulse across 

both test periods revealed a significant genotype x ISI interaction, F(5,190)=8.6, p≤0.001, 

a genotype x age interaction, F(1,38)=10.33, p≤0.01, and a significant effect of genotype, 

F(1,38)=19.9, p≤0.001. Additional analyses were conducted to identify the locus of these 

interactions. 
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Separate analyses of each group revealed a main effect of age, F(1,19)=34.1, 

p≤0.001, and an age x ISI interaction, F(5,95)=4.0, p≤0.01, in the control group. These 

effects were not observed in the HIV-1 Tg group, suggesting that the expression of the 

HIV-1 transgene interfered with the age-dependent development of perceptual sharpening 

(see Figure 3.4). Both groups exhibited peak inhibition at the 40 ms ISI at both age. At 2 

months of age, there was no difference between groups in percent PPI at the 40 ms ISI 

[Control: M=74.4, SEM=4.3; HIV-1 Tg: M=73.8, SEM=3.0], but the HIV-1 Tg group had 

significantly lower percent PPI than the control group at 8 months of age, t(38)=2.3, 

p≤0.05 [Control: M=76.9, SEM=3.2; HIV: M=53.9, SEM=9.3]. Both groups showed 

significant quadratic trends for ISI at each age, characteristic of the fundamental temporal 

domain of PPI [2 months, Control: F(1,19)=70.2, p≤0.001; HIV-1 Tg: F(1,19)=68.2, 

p≤0.001; 8 months, Control: F(1,19)=67.9, p≤0.001; HIV-1 Tg: F(1,19)=35.9, p≤0.001].  

 

Experiment 2A: Discussion 

An assessment of preattentive processing was conducted with PPI of the ASR at 2 

and 8 months of age. As in Experiment 1, alterations in PPI were demonstrated in the 

HIV-1 Tg rat early in the expression of the HIV-1 transgene and prior to any documented 

neurological symptoms or signs of wasting. In the absence of any difference between the 

HIV-1 Tg and control animals in overall ASR or rate of habituation to the startle 

stimulus, significant differences were observed in PPI. The most apparent difference was 

that the HIV-1 Tg group exhibited a flatter ISI function, which did not sharpen with age, 

as it did with control animals. Furthermore, the flatter ISI function was observed in both 

auditory and visual prepulse conditions, demonstrating the generality of sensorimotor 
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gating deficits across prepulse modality. Over time, auditory prepulses precipitated a 

temporal shift in peak inhibition in HIV-1 Tg animals relative to controls, whereas with 

visual prepulses, both groups displayed peak inhibition at the 40 msec ISI at both 2 and 8 

months of age, parallel to the findings in Experiment 1.  

Alterations in temporal processing were observed in the HIV-1 Tg rats in 

Experiment 1, with tests of both PPI and sustained attention. The present results parallel 

those observed in Experiment 1; the HIV-1 Tg rats demonstrate a lack of perceptual 

sharpening with age and a relative insensitivity to the temporal dimension of preattentive 

processing. Thus, the present results further support the conclusion that neurocognitive 

impairment reported in HIV-1+ individuals early in the disease course can be modeled in 

the HIV-1 Tg rat.  

 

Experiment 2B: Sustained and Selective Attention, and Prevention of Attentional Deficits 

with S-equol Treatment 

Performance on the sustained attention task was assessed while the animals were 

administered 0.2 mg of S-equol or sucrose for 60 days, beginning at 2-3 months of age, to 

determine if the S-equol treatment would be more effective if administered 

prophylactically. It was hypothesized that the HIV-1 Tg animals would display deficits in 

sustained attention, tested with the signal detection task with varying signal durations as 

in Experiment 1, and that the initiation of the 0.2 mg dose of S-equol after a shorter 

duration of constitutive expression of the HIV-1 transgene will delay, or perhaps prevent, 

the development of sustained attention deficits relative to the controls. After the 

conclusion of the S-equol treatment period, animals were additionally tested with 
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sustained and selective attention tasks to further characterize attentional deficits of the 

HIV-1 Tg rat. 

Materials and Methods 

S-equol. 

S-equol was obtained from Cayman Chemical Company (Ann Arbor, MI) and 

incorporated into 90 mg sucrose pellets by Bio-Serv (Frenchtown, NJ), to produce pellets 

containing 0.05 mg S-equol. Plain 90 mg sucrose pellets were also obtained from Bio-

Serv to provide to the vehicle group.  

 

Design. 

Animals began daily treatment with S-equol or vehicle at approximately 2-3 

months of age, one week before operant training began. Animals were randomly assigned 

to either the S-equol group or the vehicle group. The S-equol group received four 90 mg 

sucrose pellets, each containing 0.05 mg of S-equol, for a total daily dose of 0.2 mg of S-

equol. The vehicle group received four 90 mg sucrose pellets. Each rat was administered 

its treatment in a separate cage, at least an hour after behavioral testing, and typically 

consumed their pellets within seconds.  

Sustained Attention: Varying Signal Durations 

Animals were trained with autoshaping and the stimulus detection task as 

described in Experiment 1 (section 2.1.3). Once the animals achieved the criterion of 

70% accuracy on three consecutive days for the stimulus detection task, they were tested 
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with a more difficult version in which the stimulus was presented for one second, 

followed by the presentation of the levers. This version of the task had been employed in 

experiment 1 after the initial lever-press training, but was modified with the lever press/ 

stimulus-off contingency after the majority of the animals failed to achieve 70% or 

greater accuracy after a month of training. It was thus determined that for experiment 2, 

the animals would need to be trained with the lever-press /stimulus-off contingency 

before training with the one-second stimulus. 

 After each animal achieved the criterion of 70% or greater accuracy on three 

consecutive sessions of the stimulus detection task with the one second stimulus, it was 

again tested with the stimulus detection task, now with three different light stimulus 

lengths (100, 500, and 1000 ms), presented an equal number of times randomly 

throughout the session.  Animals were tested daily with the varying stimulus lengths until 

all animals acquired the task with at least 70% accuracy. Three consecutive days at 70% 

accuracy was the criterion used for inclusion in the data analyses. 

 

Sustained Attention: Highly Variable ITI 

After acquiring the stimulus detection task with varying stimulus lengths, all 

animals were tested again with varying stimulus lengths as well as with a greater range of 

ITIs (9+/-6 seconds), such that over a 160-trial session, ITIs of 3, 5, 7, 9, and 11 were 

used equally and presented randomly. Increased ITI variability degrades performance 

efficiency when compared with regular event schedules (Scerbo et al., 1987; McGaughy 

and Sarter, 1995). Because the variability of the ITI was kept relatively small (9+/-3 s), 

the possibility that animals were able to approximate the onset of the signal or nonsignal 
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event could not be completely excluded. Therefore, the effects of an increase in the 

variability of the ITI to 9+/-6 s were examined. Animals were tested for three sessions in 

the task using the highly variable ITI. These sessions allowed the assessment of increased 

sustained attention demands. 

 

Selective Attention 

To test selective attention, the stimulus detection task was modified to include a 1.5 s 

distractor stimulus at the beginning of each trial, for the second block of 54 trials within 

each session. The distractor stimulus onset and offset was 1 s prior to and 0.5 s after the 

signal onset (center panel light), respectively, for a total 1.5 s duration. Animals were 

tested a visual distractor for three consecutive daily sessions, and then with an auditory 

distractor for an additional three consecutive sessions. The house light was used as the 

visual distractor, with a light intensity of 5.5 lux measured from the center of the chamber 

at the level of the animal’s height. A sonalert (Mallory model SC24) provided a 71 dB(A) 

(~5 dB(A) above background noise) auditory distractor stimulus, measured from the 

center of the chamber at the level of the animal’s height.  

Statistics 

All data were analyzed using SPSS Statistics 20 (IBM Corp., Somers, NY).  

Trials and errors to criterion were analyzed with independent T-tests and sessions to 

criterion were analyzed with linear regression to assess the temporal process of 

acquisition of the initial stimulus detection task, as well as the following stimulus 

detection task with varying signal durations. For the initial stimulus detection task, a 
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three-way mixed-factor ANOVA was performed on percent accuracy and the number of 

hits, misses, false alarms, and correct rejections, with genotype (HIV-1 Tg vs. control) 

and S-equol treatment as the between-subjects factors, and time (first three days of testing 

vs. performance at criterion) as the within-subjects factor.  

For the stimulus detection task with varying signal durations, the same analyses 

were conducted, with the addition of signal duration (100, 500, or 1000 ms) as a within-

subjects factor for the dependent measures of hits and misses. Separate ANOVAs were 

also conducted to compare performance on the first three days of testing to performance 

one month after S-equol treatment ended. Each animal’s performance on each measure 

was averaged across three consecutive days at the respective time points to provide the 

data for the analyses.  

A three-way mixed-factor ANOVA was also conducted on the same dependent 

measures to compare the effects of different ITI ranges, with genotype and S-equol 

treatment as the between-subjects factors, and ITI variability (9+/-3 s vs. 9+/-6 s) as the 

within-subjects factor. Signal duration was also included as a within-subjects factor for 

the dependent measures of hits and misses. 

For analysis of performance during the selective attention tasks, test sessions were 

divided in three blocks of 54 trials (distractor stimuli were presented during trials in the 

second block). A three-way mixed-factor ANOVA was conducted on the same previously 

mentioned dependent measures with genotype and S-equol treatment as the between-

subjects factors, and block as the within-subjects factor.  

An alpha level of p≤0.05 was considered significant for all statistical tests. 

Sample sizes were chosen with the goal of sufficient statistical power (> 0.80) to 



 

83 

maximize the likelihood of detecting subtle early alterations of expression of the HIV-1 

transgene. 

Experiment 2B: Results  

Stimulus Detection-1000 ms signal duration. 

All control and HIV-1 Tg animals acquired the criterion for the stimulus detection 

task with the 1000 ms signal duration within approximately 2 months of daily testing. 

There was no significant difference in the number of trials, errors, or sessions to criterion 

between the HIV-1 Tg and control animals, nor was there a significant effect of S-equol 

on these measures. However, linear regression on sessions to criterion revealed that the 

groups differed in the rate of acquisition, illustrated in Figure 3.5 as the cumulative 

proportion of subjects that attained the criterion over sessions. The HIV-1 Tg animals that 

received S-equol acquired the task significantly faster than the HIV-1 Tg animals that 

received sucrose, F(1,101)=21.8, p≤0.0001. The HIV-1 Tg animals that received S-equol 

also achieved the criterion faster than the control animals, whereas the HIV-1 Tg animals 

that received sucrose took the longest amount of time to acquire the criterion compared to 

all animals. The control animals that received S-equol also showed a significantly faster 

overall rate of acquisition compared to the control animals that received sucrose, 

F(1,105)=49.6, p≤0.0001, although they had a slower rate of acquistion than the other 

animals during the first month, which may indicate an initial detrimental effect of the S-

equol treatment.  

 During the first 3 days on the signal detection task, there was no significant 

difference between the HIV-1 Tg and control animals in percent accuracy (see Figure 

3.5), nor in the number of hits, misses, correct rejections, or false alarms (see Figure 3.6). 
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There was also no significant effect of S-equol on these measures during the first 3 days 

of the task. Once the animals met the criterion of 70% accuracy on 3 consecutive days, 

there was still no significant difference in percent accuracy between the HIV-1 Tg and 

control groups (see Figure 3.5), nor a difference in the number of hits, misses, or correct 

rejections (see Figure 3.6). However, the control animals had significantly more false 

alarms, F(1,36)=7.4, p≤0.01. There was no significantly overall difference in the number 

of responses between groups, and there was also no effect of S-equol treatment on these 

measures. 

 A comparison of performance during the first 3 days that the animals were on the 

duration task and the last 3 days (at which point they attained the criterion) was 

conducted to determine changes in performance over time. Performance on most 

measures improved over time, as expected. The number of correct rejections increased 

over time for both the HIV-1 Tg group, F(1,18)=7.9, p≤0.05, and the control group, 

F(1,18)=15.3, p≤0.001. A significant genotype x time interaction was observed for the 

number of hits, F(1,36)=5.9, p≤0.05, by which the control group had a significantly 

greater number of hits over time, F(1,18)=20.0, p≤0.001, but the HIV-1 Tg group did not 

change over time. There was no overall difference between groups in the number of hits. 

A significant genotype x time interaction was observed for false alarms, F(1,36)=7.7, 

p≤0.01, by which the HIV-1 Tg group had a significant reduction in false alarms over 

time, F(1,18)=17.0, p≤0.001, but the control group did not change in this measure. There 

was no change in the number of misses over time or between groups. Percent accuracy 

improved over time for both the HIV-1 Tg group, F(1,18)=59.2, p≤0.001, and the control 
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group, F(1,18)=57.5, p≤0.001, with no overall difference between groups. There was also 

no effect of S-equol on any measure. 

   

Stimulus Detection with Varying Stimulus Lengths. 

All but three animals performed at 70% or greater accuracy across 3 consecutive 

days within two weeks of training. Among these subjects, a significant genotype x S-

equol treatment effect was observed on trials to criterion, F(1,33)=6.4, p≤0.05, errors to 

criterion, F(1,33)=4.2, p≤0.05, and sessions to criterion, F(1,33)=6.5, p≤0.05. Linear 

regression also revealed a significant difference among genotype/S-equol treatment 

groups in the rate of acquisition, F(3,23)=4.45, p≤0.05, illustrated in Figure 3.7 as the 

cumulative proportion of subjects meeting the criterion over sessions. HIV-1 Tg animals 

that received sucrose for two months displayed the slowest rate of acquisition, with one 

animal requiring one month of daily training to attain the criterion. Control animals that 

received sucrose showed a faster rate of acquisition than the HIV-1 animals that received 

sucrose. Control animals that received equol exhibited an initial lag in acquisition as did 

the HIV-1 Tg animals on sucrose, with only 2 animals attaining the criterion during the 

first week. After the first week, however, the control animals on equol increased in their 

rate of acquisition, matching that of the control animals that received sucrose. As in the 

initial signal detection task, the HIV-1 Tg animals that received equol showed the fastest 

rate of acquisition, with all but one animal attaining the criterion within one week of 

training. 
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Once the animals met the criterion, there was no significant difference between 

the HIV-1 Tg and control animals in percent accuracy (see Figure 3.7), nor was there any 

difference between groups in the number of hits, misses, false alarms, or correct 

rejections. The HIV-1 Tg animals that received S-equol had more misses than HIV-1 Tg 

animals that received sucrose, F(1,15)=4.6, p≤0.05. A linear trend for signal duration was 

observed in both groups for hits [HIV-1 Tg: F(1,15)=49.7, p≤0.001; Control: 

F(1,18)=81.4, p≤0.001] and misses [HIV-1 Tg: F(1,15)=49.6, p≤0.001; Control: 

F(1,18)=71.8, p≤0.001].  

A comparison of performance during the first 3 days that the animals were tested 

and the last 3 days (at which point they attained the criterion) was conducted to determine 

changes in performance over time. Performance on most measures improved over time, 

as expected. The number of misses decreased over time for both the HIV-1 Tg animals, 

F(1,15)=16.7, p≤0.001, and the control animals, F(1,18)=9.6, p≤0.01. The number of 

false alarms also decreased by the time the animals met the criterion [HIV-1 Tg: 

F(1,15)=14.8, p≤0.005; Control: F(1,18)=40.9, p≤0.001]. A significant genotype x 

condition interaction was observed on correct rejections, F(1,33)=4.4, p≤0.05, by which 

the control group showed an increase in the number of correct rejections over time, 

F(1,18)=5.4, p≤0.05, but the HIV-1 animals did not change in this measure. There was no 

difference between groups on any of these measures, nor was there an effect of S-equol 

on performance. 

 To assess long-term effects of S-equol, additional analyses were conducted on 

performance on signal detection with varying lengths during the first 3 days on the task 

and 1 month after S-equol/sucrose treatment ended. Performance of only the top 50% of 
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animals at 1 month post-treatment was included in the analysis, as it was expected that 

only the higher performing animals would benefit from the S-equol treatment, as 

observed in experiment 1.  

A significant genotype x time x S-equol treatment interaction was observed on the 

number of hits, F(1,16)=7.9, p≤0.05. For animals that received S-equol, there was a 

significant genotype x time interaction, F(1,8)=12.3, p≤0.01, whereby the control animals 

that received S-equol did not change in the number of hits over time, and the HIV-1 Tg 

animals that received S-equol showed a trend for an increase in the number of  hits over 

time, F(1,4)=7.5, p=0.52 (see Figure 3.9). There was no difference in the number of hits 

during the first 3 days of training between the HIV-1 Tg and control animals that 

received S-equol (or sucrose), but the HIV-1 Tg animals that received S-equol had a 

significantly greater number of hits than the control animals one month after the 

treatment ended, F(1,8)=7.3, p≤0.05.  

For the number of misses, there was a significant effect of time for both the HIV-

1 Tg group, F(1,8)=65.9, p≤0.001, and the control group, F(1,8)=13.6, p≤0.01, with 

fewer misses occurring with training. For the animals on the S-equol treatment, there was 

a significant effect of time, F(1,8)=44.7, p≤0.001, as well as a significant genotype x time 

interaction, F(1,8)=6.7, p≤0.05. The HIV-1 Tg animals treated with S-equol showed a 

significant decrease in misses over time, F(1,4)=50.3, p≤0.005, but this effect was not 

observed with the control animals (see Figure 3.9). The animals that were treated with 

sucrose also showed a significant decrease in misses over time, F(1,8)=21.9, p≤0.005, but 

there was no differential effect of genotype. There was no difference between the HIV-1 

Tg and control groups in the number of misses at either time point. 
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There was a significant genotype x S-equol treatment interaction for percent 

accuracy, F(1,16)=8.1, p≤0.05 (see Figure 3.8). The HIV-1 Tg group did not show a 

significant effect of S-equol treatment, but in the control group, those that received S-

equol had significantly lower percent accuracy, F(1,8)=8.4, p≤0.05. However, there was a 

significant overall increase in percent accuracy over time for both the HIV-1 Tg group, 

F(1,8)=83.2, p≤0.001, and the control group, F(1,8)=255.7, p≤0.001, regardless of 

treatment.  

The general improvement in performance over time was also observed with false 

alarms, which decreased significantly for both the HIV-1 Tg group, F(1,8)=63.2, 

p≤0.001, and the control group, F(1,8)=57.4, p≤0.001 (see Figure 3.8). Neither group 

showed an effect of S-equol treatment on the number of false alarms.  

The HIV-1 Tg animals generally had more correct rejections than the control 

group, F(1,16)=10.1, p≤0.01, but there was no effect of S-equol treatment or time on the 

number of correct rejections (see Figure 3.8).  

 

Stimulus Detection with Higher ITI Variability. 

During sessions with higher ITI variability (9+/-6 s), a significant linear trend for 

signal duration was observed for hits and misses for both the HIV-1 Tg animals [Hits: 

F(1,18)=19.8, p≤0.001; Misses, F(18)=20.4, p≤0.001] and the control animals [Hits: 

F(1,18)=25.9, p≤0.001; Misses: F(1,18)=22.8, p≤0.001], as is seen during sessions with 

standard ITI variability (see previous section). 

The control animals exhibited a greater number of hits, F(1,18)=5.1, p≤0.05, false 

alarms, F(1,18)=10.1, p≤0.01, and correct rejections, F(1,18)=8.3, p≤0.05, as well as 
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reduced percent accuracy, F(1,18)=8.6, p≤0.01, in sessions with higher ITI variability 

compared to sessions with standard ITI variability. The performance of the HIV-1 Tg 

animals, however, was not affected by the higher ITI variability (see Figure 3.10). For 

both the HIV-1 Tg and control groups, performance was also not differentially altered by 

the animals’ previous treatments with S-equol or sucrose. 

The HIV-1 Tg animals generally had more misses than the control animals, 

regardless of the ITI range, F(1,38)=5.2, p≤0.05. Collapsing across ITI ranges, the groups 

did not differ in the number of hits, false alarms, or correct rejections, or in percent 

accuracy. 

Stimulus Detection with Distractors: Houselight Distractor. 

For both HIV-1 Tg and control animals, a significant effect of trial block [HIV-1 

Tg: F(2,36)=38.9, p≤0.001; Control: F(2,36)=27.6, p≤0.001] and signal duration [HIV-1 

Tg: F(2,36)=17.0, p≤0.001; Control: F(2,36)=8.9, p≤0.005], as well as a significant trial 

block x signal duration interaction [HIV-1 Tg: F(4,72)=3.8, p≤0.05; Control: 

F(4,72)=6.9, p≤0.005], were found on the number of  hits during signal detection sessions 

with houselight distractor trials (see Figure 3.11). The number of hits decreased 

according to a linear trend across trial blocks for both the HIV-1 Tg group, F(1,18)=82.7, 

p≤0.001, and the control group, F(1,18)=50.4, p≤0.001. The number of hits also 

decreased with decreasing signal duration in a linear trend for the control group during 

the first block, F(1,19)=18.9, p≤0.001, but there were no differences in the number of hits 

across signal duration during the second or third blocks for the control group, reflecting 

the trial block x signal duration interaction. The HIV-1 Tg group, in contrast, showed the 
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linear trend for signal duration during all trial blocks [Block 1: F(1,19)=24.1, p≤0.001; 

Block 2: F(1,19)=8.3, p≤0.05; Block 3: F(1,19)=8.7, p≤0.01]. There was no difference in 

the total number of hits between groups. 

Similar effects were observed on the number of misses (see Figure 3.11). For both 

groups, there was a significant effect of trial block [HIV-1 Tg: F(2,36)=5.3, p≤0.05; 

Control: F(2,36)=4.1, p≤0.05] and signal duration [HIV-1 Tg: F(2,36)=19.8, p≤0.001; 

Control: F(2,36)=9.6, p≤0.001], as well as a significant trial block x signal duration 

interaction [HIV-1 Tg: F(4,72)=5.4, p≤0.005; Control: F(4,72)=7.7, p≤0.001]. The 

number of misses decreased with a linear trend across block for the HIV-1 Tg animals, 

F(1,18)=6.6, p≤0.05, but not for the control animals. The control group showed a 

significant decrease in misses in the second block compared to the first, F(1,18)=6.6, 

p≤0.05, but no subsequent decrease in misses in the third block. The number of misses 

increased with decreasing signal duration in a linear trend for both groups during block 1 

[HIV-1 Tg, F(1,19)=23.5, p≤0.001; F(1,19)=20.4, p≤0.001], but not during block 2. A 

linear trend for misses was observed with the HIV-1 Tg group during block 3, 

F(1,19)=12.1, p≤0.005, but not for the control group. 

For the number of false alarms, both groups showed a quadratic trend across trial 

block [HIV-1 Tg: F(1,18)=95.1, p≤0.001; Control: F(1,18)=134.4, p≤0.001], reflecting 

the increase in false alarms during the house light distractor trials in the second block, 

compared to the low number of false alarms during no-distractor trials in the first and 

third blocks (see Figure 3.12). There was no difference in the number of false alarms 

between groups. 
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For the number of correct rejections, both groups showed a quadratic trend across 

trial blocks [HIV-1 Tg: F(1,18)=49.5, p≤0.001; Control: F(1,18)=180.5, p≤0.001], 

reflecting a decrease in correct rejections during the distractor trials in the second block 

compared to the no-distractor trials in the first and third blocks (see Figure 3.12). 

However, the HIV-1 Tg animals had more correct rejections during the distractor trials in 

the second block compared to the control animals, t(38)=-2.1, p≤0.05. There was no 

difference in the number of correct rejections between groups during the first or third trial 

blocks. 

For percent accuracy, both groups showed a quadratic trend across trial blocks 

[HIV-1 Tg: F(1,18)=60.3, p≤0.001; Control: F(1,18)=296.3, p≤0.001], reflecting the 

decrease in percent accuracy during the distractor trials in the second block compared to 

the no-distractor trials in the first and third blocks (see Figure 3.12). However, the HIV-1 

Tg animals had greater percent accuracy during the distractor trials in the second block 

compared to the control animals, t(38)=-2.6, p≤0.05. 

For the total number of responses, including both correct and incorrect responses, 

both groups showed a linear trend across trial blocks [HIV-1 Tg: F(1,18)=60.7, p≤0.001; 

Control: F(1,18)=56.1, p≤0.001], reflecting a decrease in responding across the session 

(see Figure 3.12). The HIV-1 Tg animals had a greater number of total responses in the 

first [t(38)=-2.5, p≤0.05] and second blocks [t(38)=-2.1, p≤0.05] compared to the control 

animals. However, there was no difference between groups in the third block.  

There was no effect of previous S-equol treatment on any of the measures. 
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Stimulus Detection with Distractors: Tone Distractor.  

For both HIV-1 Tg and control animals, a significant effect of trial block [HIV-1 

Tg: F(2,36)=31.1, p≤0.001; Control: F(2,36)=92.6, p≤0.001] and signal duration [HIV-1 

Tg: F(2,36)=9.9, p≤0.001; Control: F(2,36)=12.3, p≤0.001], as well as a significant trial 

block x signal duration interaction [HIV-1 Tg: F(4,72)=5.2, p≤0.005; Control: 

F(4,72)=6.9, p≤0.001], were found on the number of  hits during signal detection sessions 

with tone distractor trials (see Figure 3.13). The number of hits decreased according to a 

linear trend across trial blocks for both the HIV-1 Tg group, F(1,18)=46.8, p≤0.001, and 

the control group, F(1,18)=245.0, p≤0.001. The number of hits also decreased with 

decreasing signal duration in a linear trend for both groups during the first trial block 

[HIV-1 Tg: F(1,18)=31.1, p≤0.001; Control: F(1,18)=17.3, p≤0.005], but there were no 

differences in the number of hits across signal duration during the second or third blocks 

for either group, reflecting the trial block x signal duration interaction. The HIV-1 Tg 

group had significantly more hits than the control group during the third trial block, 

F(1,36)=7.7, p≤0.01, but there were no differences between groups during the first two 

trial blocks.  

Similar effects were found on the number of misses (see Figure 3.13). For both 

HIV-1 Tg and control animals, there was a significant effect of trial block [HIV-1 Tg: 

F(2,36)=11.2, p≤0.001; Control: F(2,36)=20.6, p≤0.001] and signal duration [HIV-1 Tg: 

F(2,36)=7.7, p≤0.005; Control: F(2,36)=17.4, p≤0.001], as well as a significant trial 

block x signal duration interaction [HIV-1 Tg: F(4,72)=11.7, p≤0.001; Control: 

F(4,72)=14.3, p≤0.001]. The number of misses decreased according to a linear trend 

across trial blocks for both the HIV-1 Tg group, F(1,18)=26.0, p≤0.001, and the control 
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group, F(1,18)=27.0, p≤0.001. The number of misses increased with decreasing signal 

duration in a linear trend for both groups during the first trial block [HIV-1 Tg: 

F(1,18)=27.9, p≤0.001; Control: F(1,18)=24.1, p≤0.001], but there were no differences in 

the number of misses across signal duration during the second or third blocks for either 

group, reflecting the trial block x signal duration interaction. HIV-1 Tg animals had more 

misses overall than the control animals during the third trial block, F(1,36)=6.2, p≤0.05, 

but there were no differences between groups during the first two trial blocks.  

The HIV-1 Tg animals had more false alarms overall than the control animals, 

F(1,36)=5.3,  p≤0.05, but there were no differences between groups in any particular trial 

block (see Figure 3.14). The HIV-1 Tg group showed a significant decrease in false 

alarms in the third trial block compared to the average of the first and second trial blocks, 

F(1,19)=8.8, p≤0.01. There were no changes in the number of false alarms across trial 

blocks for the control animals.  

The HIV-1 Tg animals also had more correct rejections overall than the control 

animals, F(1,36)=5.8, p≤0.05, and more correct rejections than the control animals during 

the third block specifically, t(38)=-2.5, p≤0.05 (see Figure 3.14). The number of correct 

rejections decreased in a linear trend for both the HIV-1 Tg group, F(1,18)=67.7, 

p≤0.001, and the control group, F(1,18)=399.4, p≤0.001, with the largest decrease in 

correct rejections observed during the second trial block, when the tone distractor was 

presented on each trial. 

A significant group x trial block interaction was observed for percent accuracy, 

F(2,72)=3.5, p≤0.05. The HIV-1 Tg group showed significantly lower percent accuracy 
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than the control group during the first block, t(38)=2.0, p≤0.05, but there was no 

difference between the groups during the second and third blocks, as illustrated in Figure 

3.14. The control group had a significant decrease in percent accuracy from the first to 

second block, F(1,18)=18.0, p≤0.001. Percent accuracy in the third block was also 

significantly lower than that in the first block for the control group, F(1,18)=16.9, 

p≤0.005, but there was no difference between the second and third blocks. The HIV-1 Tg 

group also had a significant decrease in percent accuracy from the first to second block, 

F(1,18)=6.0, p≤0.05. Percent accuracy during the third block was also significantly less 

than that of the first block, F(1,18)=5.2, p≤0.05, but not different from that of the second 

block. 

 The HIV-1 Tg animals had a greater overall number of responses (correct and 

incorrect) than the control animals, F(1,36)=9.3, p≤0.005 (see Figure 3.14). The control 

animals showed a significant decrease in their total number of responses from the first 

block to the second block, F(1,18)=154.6, p≤0.001, as well as significantly less 

responding during the third block compared to the first block, F(1,18)=338.8, p≤0.001. 

There was no difference between responding in the second and third blocks. The HIV-1 

Tg group also showed a significant decrease in responding in the second block compared 

to the first block, F(1,18)=54.5, p≤0.001, and in the third block compared to the first 

block, F(1,18)=76.7, p≤0.001, with no difference between the second and third blocks. 

There was no effect of previous S-equol treatment on any of the measures. 
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Experiment 2B: Discussion 

S-equol (0.2 mg) was administered to the animals beginning at 2-3 months of age 

to determine if the temporal processing deficits of the HIV-1 Tg rats, observed with the 

sustained attention task in Experiment 1, could be delayed or prevented with an early 

course of treatment. The most prominent effect of the S-equol treatment was on the rate 

of acquisition of the sustained attention tasks, with both the 1-second signal and with 

varying signal durations. The HIV-1 Tg animals that received S-equol achieved the 

criterion for acquisition faster than the animals that received sucrose, and also achieved it 

faster than the control animals that received S-equol. The HIV-1 Tg animals that received 

sucrose showed the slowest rate of acquisition, consistent with the results of Experiment 

1, in which the HIV-1 Tg animals acquired most of the tasks at a significantly slower rate 

relative to controls.  

On the signal detection task, with either the 1 second signal or with varying signal 

duration, individual measures of performance, including percent accuracy and the number 

of hits, misses, correct rejections, and false alarms, generally did not differ significantly 

between the HIV-1 Tg and control groups, or between the sucrose or S-equol treated 

animals, either at the beginning of training or by the point at which the animals achieved 

the criterion. Long-term effects of S-equol were observed, however, one month after the 

treatment ended. The HIV-1 Tg animals that received S-equol showed a trend for an 

increase in the number of hits a month after treatment ended compared to the beginning 

of training, whereas the control animals and the HIV-1 Tg animals that received sucrose 

did not show any change in the number of hits. In addition, the HIV-1 Tg animals, but not 

control animals, that received S-equol had a significant decrease in misses from the first 
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week of training to a month post-treatment.  Interestingly, the control animals that 

received S-equol had lower overall percent accuracy compared to the controls that 

received sucrose, although all animals improved in percent accuracy over time, as 

expected.  

In order to further tax sustained attention, the ITI range was increased to 9+/-6 

seconds. With these conditions, the control animals showed an increased overall amount 

of responding along with decreased percent accuracy. The HIV-1 Tg animals were not 

affected by the change in ITI range, however. There was also no effect of previous S-

equol treatment on either group. 

 To assess selective attention, a distractor stimulus was introduced in the second 

block of trials of the signal detection task with varying signal durations. The HIV-1 Tg 

and control animals both showed reductions in accuracy and overall responsiveness 

during the house light distractor trials. Responsiveness remained low during the third and 

last block of trials, with no distractor stimulus, suggesting a residual effect of the 

distractors on attention. The HIV-1 Tg group was less sensitive to the house light 

distractor than the control group, however, as indicated by higher percent accuracy than 

the control animals during the distractor trials. Also, during distractor trials, the HIV-1 Tg 

group maintained the linear function for the effect of signal duration on the number of 

hits, whereas the control group did not respond differentially to signal duration when the 

distractor was presented. The control group maintained a low level of responding across 

all signal durations, indicating that the distractor stimulus reduced their ability to detect 

even the longest signal. The lack of this effect on the HIV-1 Tg group may reflect a 

reduced sensitivity to brightness due to their cataracts. It is possible that the house light 
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distractor did not appear as bright to the HIV-1 Tg animals as it did to the control 

animals, and therefore it did not affect their ability to detect the signal to the same extent 

as that observed with the control animals. For both groups, though, the house light 

distractor significantly increased the number of false alarms, which was expected, given 

that the distractor was of the same modality as the signal. Further, the animals’ sensitivity 

to brightness was confirmed in the PPI procedure in Experiments 1A and 2A. 

 The tone distractor was also effective in testing selective attention.  The HIV-1 Tg 

and control animals both showed reductions in accuracy and overall responsiveness 

during the tone distractor trials. Responsiveness remained low during the third and last 

block of trials, with no distractor stimulus, suggesting a residual effect of the distractors 

on attention. Both the HIV-1 Tg and control groups also exhibited non-differential 

responding across signal duration during the tone distractor trials. A low level of hits and 

misses was maintained across all signal durations for both groups, indicating the effect of 

increased attentional load provided by the presence of the distractor. The HIV-1 Tg 

animals were generally more responsive than the control animals, regardless of whether 

the response was correct or incorrect.  

 There was no effect of previous S-equol treatment on performance on signal 

detection with higher ITI variability, or on the selective attention tasks. As these tests 

were conducted approximately two months after the treatment ended, it was not predicted 

that there would be any effect. The HIV-1 Tg rats generally did not exhibit any deficits in 

performance relative to the control animals on these tasks. Their cataracts may have 

contributed to their attenuated response to the visual distractor stimulus.   
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 In summary, the initiation of the 0.2 mg dose of S-equol after a shorter duration of 

constitutive expression of the HIV-1 transgene prevented the delay in acquisition of the 

signal detection task that was observed in the HIV-1 Tg rats in Experiment 1. In fact, 

HIV-1 Tg animals that received S-equol acquired the task significantly more rapidly than 

the other groups. Long-term improvements in performance after S-equol treatment had 

ended were also demonstrated in the HIV-1 Tg animals. Thus, the present results suggest 

that S-equol can effectively prevent, or at least delay, neurocognitive impairment of 

HAND when administered early in the progression of HIV-1.  
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Figure 3.1. Mean body weight of the HIV-1 Tg animals and control animals across age 

with the best fit linear regression for each group (±95% CI). The HIV-1 Tg group 

weighed significantly less than the control group across the 6-month period during which 

they were tested. Both groups increased significantly in body weight across this period 

and did not differ in their rates of growth. The x-axis break at 65 days indicates the point 

at which animals began food restriction, prior to testing. 
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Figure 3.2. Mean peak ASR amplitude data from the habituation session (±95% CI). The 

HIV-1 Tg and control groups showed no difference in overall ASR, and did not differ in 

rate of habituation to the auditory startle stimulus. Regression line slopes: HIV-1 Tg,       

-3.5+/-0.94; Control: -4.2+/-1.2. 
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Figure 3.3 Mean (+/- SEM) peak response amplitude during PPI trials with a prepulse at 

2 and 8 months of age for the control animals (top panel) and HIV-1 Tg animals (bottom 

panel). 
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Figure 3.4. Mean (+/- SEM) peak response amplitude during PPI trials with a visual 

prepulse at 2 and 8 months of age for the control animals (top panel) and HIV-1 Tg 

animals (bottom panel). 
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Figure 3.5. Cumulative proportion of HIV-1 Tg animals (top panel) and control animals 

(middle panel) achieving the signal detection task criterion of 70% accuracy on 3 

consecutive sessions (±95% CI). Regression line slopes: HIV-1 Tg sucrose, 1.4+/-0.04; 

HIV-1 Tg S-equol, 1.8+/-0.08; Control sucrose, 1.6+/-0.05; Control S-equol, 2.1+/-0.06. 

Bottom panel: Mean (+/-SEM) percent accuracy at the beginning of training and at the 

point of achieving the criterion. 
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Figure 3.6. Mean (+/- SEM) number of false alarms, hits, misses, and correct rejections 

during the first 3 days of training and at the point of achieving the criterion for the signal 

detection task.
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Figure 3.7. Top panel: Cumulative proportion of animals achieving the criterion for the 

stimulus detection task with varying signal durations (70% accuracy on 3 consecutive 

days) (±95% CI). Regression line slopes: HIV-1 Tg Sucrose, 9.3+/-1.2; HIV-1 Tg S-

equol, 15+/-3; Control sucrose, 8.2+/-0.7; Control S-equol, 12.5+/-0.9. Bottom panel: 

Mean (+/- SEM) percent accuracy at the beginning of training and at the point of 

achieving the criterion for the signal detection task with varying signal durations. 
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Figure 3.8. Mean (+/- SEM) number of hits and misses across signal duration during the 

first 3 days of training and one month after the end of the S-equol treatment period for the 

top 50% of subjects (based on percent accuracy at the beginning of testing). 
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Figure 3.9. Mean (+/-SEM) percent accuracy, and mean (+/-SEM) number of false alarms 

and correct rejections for the top 50% of subjects (based on percent accuracy at the 

beginning of testing) during the first 3 days of training and 1 month post-treatment for the 

signal detection task with varying signal durations top 50%.
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Figure 3.10. Mean (+/-SEM) number of hits and misses across signal duration with 

standard ITI variability (9+/-3 s) and with higher ITI variability (9+/-6 s). 
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Figure 3.11. Mean (+/- SEM) number of hits and misses across signal duration during 

sessions with a visual stimulus distractor. The distractor was presented at the beginning 

of each trial of block 2. 
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Figure 3.12. Mean (+/-SEM) number of false alarms, correct rejections, total number of 

responses, and percent accuracy during signal detection sessions with a visual stimulus 

distractor. The distractor was presented at the beginning of each trial of block 2. 
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Figure 3.13. Mean (+/-SEM) number of hits and misses across signal duration during 

sessions with an auditory stimulus distractor. The distractor was presented at the 

beginning of each trial of block 2. 
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Figure 3.14. Mean (+/- SEM) number of false alarms, correct rejections, total number of 

responses, and percent accuracy during signal detection sessions with an auditory 

stimulus distractor. The distractor was presented at the beginning of each trial of block 2. 
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CHAPTER 4 

 

GENERAL DISCUSSION 

The neurocognitive impairment that defines HAND in the cART era can be 

modeled and demonstrated in the HIV-1 Tg rat, providing opportunities to develop 

therapeutics for HAND. The HIV-1 Tg rat demonstrates deficits in executive function, 

attention, and preattentive processing, as well as alterations in neuronal networks in the 

medial PFC. Assessment of attention and preattentive processing also revealed temporal 

processing deficits as a common impairment across behavioral tests in the HIV-1 Tg rat. 

In experiment 1, daily S-equol treatment for 45 days at 6-8 months of age improved 

sustained attention in the top-performing HIV-1 Tg and control animals, and the HIV-1 

Tg animals exhibited an improvement that was twofold that of the control group. HIV-1 

Tg animals that received S-equol also displayed a neuronal network profile that more 

closely resembled that of the control animals than that of the HIV-1 Tg animals that 

received sucrose. In experiment 2, daily S-equol treatment began at 2-3 months of age 

and continued for two months to determine if a prophylactic treatment would delay, or 

perhaps prevent, the development of sustained attention deficits relative to the controls. 

The HIV-1 Tg animals that received S-equol acquired the sustained attention tasks faster 

than control animals and HIV-1 Tg animals that received sucrose. Also, for both groups, 

the animals that were treated with S-equol improved in performance on the sustained 

attention task from the beginning of testing to a month post-treatment. Thus, S-equol is 
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able to both improve as well as delay, if not prevent, attentional deficits observed in the 

HIV-1 Tg rat, suggesting that S-equol may be a suitable therapeutic for neurocognitive 

impairment in HAND. 

 In the cART era, individuals with HAND typically exhibit deficits in executive 

function, affecting the core cognitive components of flexibility, inhibition, and set-

shifting. Attention provides an important foundation to executive function and is also 

impaired in HAND, as is preattentive processing. Therefore, assessments of these areas 

of cognition are necessary in modeling HAND in preclinical studies. Homology of 

executive function and attention have been demonstrated across species (Kesner and 

Churchwill 2011), supporting the use of the HIV-1 Tg rat to study these components of 

cognition.  

The selection of operant tasks in the present study was based on several factors. 

Each task tapped into basic, lower level components of executive function, which can be 

operationally defined in a fairly precise manner. In addition, there are many well-

established and relatively simple methods available to study each function. The 

preclinical assessment of sustained attention, and inhibition, flexibility, and set-shifting, 

as fundamental components of executive function, is important in understanding deficits 

observed in more complex components of executive function, such as decision-making 

and planning. In the present experiments, assessments of specific aspects of executive 

function provided the opportunity to characterize conditions under which the various 

components are deficient or intact in the HIV-1 Tg rat.  
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Sustained attention is the process by which one detects infrequent target stimuli 

over long periods of time. It has been characterized in both humans and rats, with 

analogous changes in performance related to varying task parameters, such as signal 

duration, intensity, and frequency (McGaughy and Sarter, 1995; Bushnell, 1999; 

Parasuraman and Davies, 1977). In the present experiments, a range of signal durations 

and higher ITI variability were implemented to increase demands on the temporal 

domains of sustained attention. Although the HIV-1 Tg and control groups both showed 

decreases in correct responses and increases in incorrect responses with the shorter signal 

durations, the performance of the HIV-1 Tg group was clearly more impaired. 

Interestingly, the HIV-1 Tg animals did not perform worse with the higher ITI variability, 

although the control group had significantly lower percent accuracy.  Selective attention, 

the ability to attend to a target stimulus while ignoring irrelevant stimuli, was also 

assessed by presenting distractor stimuli during signal detection sessions, which reliably 

reduces performance accuracy (McGaughy and Sarter 1995). In the present experiments, 

both groups showed decrements in performance accuracy and overall responsiveness 

during distractor trials. 

The core components of executive function that were targeted for assessment in 

this study – flexibility, inhibition, and set-shifting – are both interrelated and dissociable, 

given the use of specific measures. Flexibility, as the ability to modify behavior to 

changing environmental contingencies, requires the formation of a new representation of 

a learned stimulus-response rule. In the reversal task, the animal learns to respond to a 

stimulus that was previously not reinforced, and vice versa. The extradimensional set-

shifting task, in contrast, requires one to learn stimulus-response contingencies within a 
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novel stimulus set. Inhibition is another component of executive function which is 

necessarily involved in learning new stimulus-response contingencies. In the reversal and 

set-shifting tasks, the animal must deliberately inhibit responses that were previously 

reinforced in order to respond correctly to the present contingency.  

Set-shifting, or attention-switching, has also been defined as a basic component of 

executive function, in which one disengages from a learned stimulus set and actively 

engages in another. It is a composite of flexibility and inhibition, but it can be more 

specifically applied to circumstances in which a novel stimulus set is associated with the 

appropriate response, referred to as set-shifting tasks, as described above. Thus, “set-

shifting” is both a construct and an operationally defined task used to measure the 

construct. In contrast, the reversal task does not involve shifting to a new stimulus set; it 

requires learning the opposite stimulus-response contingencies with the same stimulus 

set.  

Different brain regions have been associated with performance on each task; the 

lateral prefrontal cortex of humans and nonhuman primates (Dias et al., 1996; Manes et 

al., 2002) and the medial prefrontal cortex of the rat (Birrell and Brown 2000) support 

extradimensional set-shifting, whereas the orbitofrontal cortex is associated with the 

reversal learning in nonhuman primates (Dias et al., 1996) and rats (McAlonan and 

Brown, 2003). The double dissociation of brain region and cognitive function may 

explain the difference in the HIV-1 Tg group’s performance on the reversal and 

extradimensional tasks. Although both tasks place demands on executive function, each 

requires the use of a different cognitive process and thus, presumably, a different brain 

region.  
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Executive function in individuals with HIV-1 is commonly assessed with the 

Wisconsin Card Sorting Test, as a measure of flexibility, set-shifting, and inhibition of 

prepotent responses (Tozzi et al. 1993; Basso and Bornstein, 2003; Heaton et al., 2011). 

The Stroop Color Word Test (Chang et al., 2002; Maki et al., 2009) and category 

switching tests (Iudicello et al. 2008) have also been used to detect impairments in 

flexibility and inhibition as components of executive function in HIV-1+ individuals.  

Most studies on attention in HIV-1+ individuals have only included measures of 

reaction time (for review, see Hardy and Hinkin, 2002), which is related more to 

psychomotor function than attention per se. However, a few studies have reported 

reduced accuracy on sustained attention tasks by individuals with HIV-1 (Fein et al., 

1995; Watkins et al., 2000), which indicate specifically attentional deficits, rather than 

psychomotor impairment. 

 Alterations in preattentive processes, as measured with auditory evoked potentials 

(AEPs), have long been identified as an early marker of the neurological effects of HIV-

1, both without (Castello et al. 1998; Fein et al. 1995; Gil et al. 1992; Koralnik et al. 

1990; Pagano et al. 1992; Schroeder et al. 1996; Vigliano et al. 2000), and after, cART 

initiation (Chao et al. 2004; Matas et al. 2010). Individuals with HAND are also more 

likely to demonstrate reduced prepulse inhibition (Minassian et al. 2013). For the present 

experiments, the use of prepulse inhibition as a measure of preattentive processing in the 

HIV-1 Tg rat allowed for a characterization of deficits that occur early in the expression 

of HIV-1, as well as the progression of those deficits over time. 
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Previous studies have shown that HIV-1 Tg animals exhibit a peak shift in 

inhibition relative to controls (Moran et al. 2013). Shifts in peak inhibition have also been 

demonstrated in rats administered stereotaxic HIV-1 viral protein injections. Leftward 

shifts were observed in 30- and 60-day old male Sprague-Dawley rats following neonatal 

Tat injection (Fitting et al. 2006a) and in 9-month old male and female Sprague-Dawley 

rats given neonatal gp120 injections (Fitting et al. 2006b). In the present experiments, 

peak shifts in inhibition during auditory PPI trials were also displayed by the HIV-1 Tg 

animals, but the most striking effect was the relative insensitivity to the temporal 

dimension of preattentive processing and the lack of development of perceptual 

sharpening of the HIV-1 Tg group. Furthermore, these effects were observed with both 

auditory and visual prepulses, demonstrating the generality of the impairment across 

prepulse modality.   

As discussed in the introduction, the brain DA system has been implicated as a 

major target of HIV-1 infection. Reports of HIV-1 positive individuals with lower 

cerebrospinal fluid DA (Berger et al., 1994), Parkinsonian symptoms, sensitivity to DA 

receptor antagonists, or abnormalities in basal ganglia structure and function (Berger & 

Nath, 1997; Koutsilieri et al., 2002) provided some of the earliest lines of evidence that 

HIV-1 infection disrupts the DA system. In vitro studies have shown that DAT is targeted 

by HIV-1 proteins Tat and gp120, resulting in transporter impairment (Aksenov et al. 

2008; Ferris et al. 2009; Midde et al. 2013; Zhu et al.  2009; Zhu et al. 2011), due to 

direct protein-protein interactions (Zhu et al. 2009) involving an allosteric modulation of 

DAT by the Tat protein (Zhu et al. 2011). In addition, DA-dependent signaling has been 
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identified as a mechanism of HIV-1 protein neurotoxicity (Aksenova et al. 2006; Silvers 

et al. 2007; Wallace et al. 2006).  

Symptoms of HAND have also been associated with DA system dysfunction. 

Reduced DA transporter (DAT) levels in the putamen and ventral striatum are found in 

HIV-1+ individuals with cognitive impairment (Wang et al. 2004; Chang et al., 2008). In 

HIV-1+ individuals, significant reductions in DA levels in the substantia nigra are 

correlated with poor performance on learning and memory tasks (Kumar et al., 2011), 

and decreases in homovanillic acid has been associated with deficits in executive function 

(di Rocco et al., 2000).  

Indeed, DA systems play a critical role in the processes of attention and executive 

function. Sustained attention depends on DA systems in the PFC, as evidenced by the 

differential effects of PFC-infused DA agonists and antagonists on sustained attention 

(Granon et al. 2000; Chudasama and Robbins, 2004), and DA receptor activity regulates 

cortical ACh efflux (Moore et al., 1999; Zmarowski et al. 2005), which is essential in the 

mediation of attentional processes, as demonstrated with the stimulus detection task 

which taps sustained attention (McGaughy et al. 1996; Himmelheber et al. 2000). 

Executive function processes also rely on the integrity of DA systems; performance on 

the reversal task is disrupted by D2 receptor antagonists (Lee et al., 2007; Ridley et al., 

1981) and DA depletion in the striatum (Clarke et al. 2011; O’Neill and Brown 2007), 

and is also correlated with D2 receptor activity in the striatum (Clatworthy et al, 2009; 

Kellendonk et al, 2006; Groman et al., 2011). Increases in DA in the rat PFC improve 

performance on the extradimensional set-shifting task (Tunbridge et al. 2004), whereas 

depletion of PFC DA impaired performance on the task in monkeys (Crofts et al., 2001). 
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Rodent models of schizophrenia often incorporate the extradimensional set-shifting task 

to demonstrate deficits in executive function, which are attenuated by D2 antagonist 

antipsychotics (McLean et al. 2008; Rodefer et al., 2008; Tait et al., 2009). 

In addition to the role of DA systems in set-shifting, lesions of the dorsal 

noradrenergic ascending bundle (Tait et al. 2007) and noradrenergic deafferentiation of 

rat medial PFC (McGaughy et al. 2008) result in impaired performance on the 

extradimensional set-shifting task. Noradrenergic systems are also implicated in sustained 

attention, especially under conditions of increased attentional load (Aston-Jones and 

Cohen 2005; Carli et al. 1983; Milstein et al. 2007). NE plays a significant role in 

mediating PFC function, via stimulation of α2A-receptors on dendritic spines of pyramidal 

neurons in the PFC, which strengthens synaptic connections by closing the ion channels 

on the spines, increasing the efficacy of synaptic inputs (Wang et al. 2007). Further study 

of neural network structures implicating NE as well as DA in the PFC of the HIV-1 Tg 

rat will be important in clarifying alterations underlying neurocognitive impairment of 

HAND. 

The alterations in preattentive processing observed in HIV-1 Tg rats may also be 

explained by the disruptions in the DA system that are consequent to HIV-1 infection. 

Pharmacological studies have shown reductions in PPI after administration of direct and 

indirect DA agonists, such as apomorphine and amphetamine (Geyer et al. 2001). 

Apomorphine-induced PPI deficits have been used as a preclinical model of 

schizophrenia, capturing both the dysfunction of the DA system and preattentive sensory 

gating deficits as measured with event-evoked potentials (Adler et al. 1982) and the 

eyeblink response (Braff et al. 1978) in individuals with schizophrenia. The 
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aforementioned early studies on sensory gating in schizophrenic patients revealed that 

they have flatter ISI functions than the healthy controls, indicating an insensitivity to 

manipulation of the duration of the ISI. A “flattening” of the ISI function in rats 

administered apomorphine has previously been observed (Moran et al., 2009), 

comparable to the ISI functions exhibited by the HIV-1 Tg rats in the present study. 

Although other neural systems may be involved, central DA system dysfunction often 

results from HIV-1 infection and is associated with subsequent cognitive deficits (Kumar 

et al. 2011; Chang et al. 2008; diRocco et al. 2000; Kumar et al. 2011; Purohit et al. 

2011; Wang et al. 2004). The use of behavioral measures such as the ASR and PPI that 

can detect early neurological alterations, especially those of the DA system, may be 

instrumental in predicting the development of HAND and thus determining an 

appropriate course of treatment. 

The therapeutic effects of S-equol on cognitive deficits in the HIV-1 Tg rat were 

clearly demonstrated in the present experiments. S-equol both ameliorated deficits that 

had already developed with expression of the transgene, and prevented, or at least 

delayed, those deficits when administered early in the expression of the transgene. There 

is also preliminary evidence that S-equol ameliorated alterations in varicosity density that 

were observed in the HIV-1 Tg animals. Other estrogenic compounds have previously 

been demonstrated to reduce synaptodendritic damage as well as restore neuronal 

networks affected by Tat (Bertrand et al. 2013). Phytoestrogens have also been shown to 

attenuate damage to DA neurons in other disease models (Chen et al. 2007; Wang et al., 

2005). Some benefits and potential drawbacks of the use of estrogenic compounds in 

treating neurocognitive impairment have been described, but there is still more to learn 
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about the potential uses of various compounds. S-equol, as a metabolite of the isoflavone 

daidzein, appears to be a particularly promising potential treatment for attention and 

executive function deficits, with selective affinity for ERβ, which is highly expressed in 

the PFC. Only individuals who can produce S-equol can benefit from its precursor, 

daidzein; thus, S-equol, rather than daidzein, may be a more efficient and effective 

potential therapeutic for neurocognitive impairment of HAND. 

In conclusion, the present experiments demonstrate that HIV-1 Tg rats exhibit 

neurological and cognitive deficits early in the expression of the HIV-1 transgene, prior 

to clinical signs of wasting, bearing a marked resemblance to neurological and 

neurocognitive impairment observed in individuals with HAND. The functional 

consequences of chronic low level of exposure to the HIV-1 proteins are apparent under 

conditions which resemble the suppression of infection in HIV-1+ individuals under 

cART (Peng et al., 2010). The phytoestrogen metabolite S-equol both ameliorated and 

prevented cognitive deficits in the HIV-1 Tg rat, providing strong evidence that S-equol 

may represent a promising new therapeutic for neurocognitive impairment in HAND.  
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