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Abstract

Nearly half of all HIV-1-positive individuals on combination antiretroviral therapy (cART) are

afflicted with HIV-1-associated neurocognitive disorders (HAND). The most prevalent cognitive

deficits observed in the cART era are those of attention and executive function. Presently, we

sought to model deficits in attention and core components of executive function (inhibition,

flexibility, and set-shifting) observed in HAND using the HIV-1 transgenic (Tg) rat, which

expresses 7 of the 9 HIV-1 genes. Ovariectomized female Fischer HIV-1 Tg and non-transgenic

control rats (ns=39–43) were tested in a series of operant tasks: signal detection, discrimination

learning, reversal learning, and extradimensional set-shifting. The HIV-1 Tg animals attained the

criterion of three sessions at 70% accuracy at a significantly slower rate than the control animals

on all tasks with the exception of the extradimensional set-shifting task. Of the animals that met

the criteria, there was no significant difference in percent accuracy in any task. However, the

HIV-1 Tg rats showed a lower overall response rate in signal detection and discrimination

learning. A discriminant function analysis classified the animals by genotype with 90.4% accuracy

based on select measures of their performance. The functional consequences of chronic low-level

expression of the HIV-1 proteins on attention, as well as inhibition and flexibility as core

components of executive function, are apparent under conditions which resemble the brain

proinflammatory immune responses and suppression of infection in HIV-1+ individuals under

cART. Deficits in attention and core components of executive function may reflect an underlying

impairment in temporal processing in HAND.
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Introduction

The current estimate for the number of people living with HIV-1 worldwide is 35 million

(UNAIDS 2013). 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

significant reduction in the incidence of HIV-1 associated dementia (HAD) with the advent
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of combination antiretroviral therapy (cART) (Heaton et al. 2010; Sacktor et al. 2002).

Given the increased life expectancy provided by cART, HAND is a significant health issue

for millions, disrupting normal functioning of daily activities and posing an increased risk

for early mortality (Vivithanaporn et al., 2010).

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

in information processing speed, sensory-perceptual skills, motor skills, and language.

Current studies on HAND, which represent individuals on cART, demonstrate that attention,

memory, and executive function are the cognitive domains most affected in HAND (Cysique

et al., 2004; Garvey et al., 2009; Heaton et al., 2011). In particular, executive function

shows the greatest decline as a function of HIV 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).

Several complex behaviors that can be described as components of executive function, such

as reversal learning and attentional set-shifting, have been demonstrated across species.

Homologous subregions of the PFC in the rat, monkey, and human are associated with

parallel components of executive function as well, suggesting that the rat is 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 cognitive

functions. For the present study, we tested the HIV-1 Tg rat with signal detection,

discrimination learning, reversal learning, and extradimensional set-shifting tasks. The

signal detection task assesses the animal’s ability to sustain attention for a randomly

presented stimulus, the presence or absence of which indicates which response to make (e.g.,

which lever to press) to receive a reinforcer. In the signal detection task, the number of hits

(correct response during a signal trial) and correct rejections (correct response during a

nonsignal trial) are measures of sustained attention to the stimulus. The number of misses

(incorrect response during a signal trial) reflects a lapse of attention to the stimulus. The

number of false alarms (incorrect response during nonsignal trial) reflects a failure of

response inhibition. To assess core components of executive function, the animals were

trained on series of tasks beginning with a basic stimulus discrimination task, in which the

position of the stimulus indicates the correct response. In the reversal learning task, the

stimulus-response contingencies are reversed, by which the correct response in the original

discrimination task is now the incorrect response in the reversal learning task, and vice

versa, thereby assessing flexibility and inhibition of responses learned in the previous

discrimination task. Finally, the extradimensional set-shifting task assesses the animal’s

ability to learn and respond correctly to a previously irrelevant dimension, without the

removal of the original stimulus dimension. Thus, the new response rule requires shifting of

attention to a different set of stimulus cues; i.e., assessing set-shifting.

The HIV-1 transgenic (Tg) rat, which expresses 7 of the 9 genes for HIV-1, resembles

humans with HAND under cART, exhibiting low-level systemic and CNS inflammatory

responses and the presence of HIV proteins in the brain (Royal et al., 2012). The HIV-1 Tg

rat has not been used systematically to define and model cognitive impairments as per the

most afflicted domains (Antinori et al. 2007). Thus, in the present study, we sought to model
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deficits in attention and executive function observed in HAND with the HIV-1 Tg rat,

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

Methods

Animals

Ovariectomized female Fisher-344 HIV-1 transgenic (Tg; n=41) and non-transgenic control

rats (n=43) were obtained from Harlan, Inc. (Indianapolis, IN) at 2-months of age and were

group- or pair-housed throughout the experiment. Ovariectomized animals were used to

remove the potential confounding effect of endogenous hormones and estrous cycle on

cognitive performance. Animals were given approximately 4 g of rodent chow (Teklad

Global Extruded Rodent Diet, Soy Protein-Free) daily, starting 1 week before testing, to

maintain them at 85% of their normal body weight. Water was available ad libitum. The

animals were maintained according to 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). The Institutional Animal Care and

Use Committee of the University of South Carolina approved the project protocol; animal

assurance number A3049-01.

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 above

each lever and one above the pellet dispenser. A house 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 houselight 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 trials per session, with

intertrial intervals of 9 ± 3 sec, during which time the levers remained retracted. Levers were

extended 2 sec after each trial (signal or non-signal) began and remained extended for 6 sec

for the animal to make a response. During signal trials, the light stimulus remained

illuminated until the animal made a response, or until the levers retracted, 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 with a sucrose pellet (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)
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were not rewarded. An incorrect response was proceeded by up to three repetitions of the

trial, or correction trials. 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 120 sec 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

All animals were tested on the discrimination task regardless of whether they met the

criterion for the signal detection task. Each discrimination 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 sec, followed by the presentation of both

levers for 6 sec 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 (nonconsecutive) sessions. Accuracy was calculated as the

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

responses in a session.

Reversal Learning Task

Only animals that met the criterion for the discrimination task were tested on the reversal

learning task. Each reversal learning 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 sec, followed by the presentation of both levers for 6 sec or until the

animal made a response, whichever occurred first. The opposite set of response rules from

the discrimination task were used in the reversal learning 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 (nonconsecutive) 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

All animals were tested on the extradimensional set-shifting task regardless of whether they

met the criterion for the previous tasks. 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
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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 sec, followed by the

presentation of both levers for 6 sec or until the animal made a response, whichever

occurred first. Half of the 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.

Statistical Analysis

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 all tasks, a two-way mixed-factor analysis of

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

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

errors) as the 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.

In addition, an exploratory discriminant function analysis was employed to determine which

measures of executive function best differentiate group performance, and the extent to which

the observed differences in measures of executive function correctly identified animals in

regard to their group membership (HIV-1 Tg vs. control).

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 (Fig. 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 this age, when food restriction

was implemented, 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.
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Signal Detection

All controls and all but 2 HIV-1 Tg animals met the criterion of 70% accuracy on 3

consecutive sessions of the signal detection task within 1 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 HIV-1 Tg 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,

further illustrating the gap between groups in the number of sessions needed to reach

criterion (Fig. 2) 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 genotype x response type

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 [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, a putative index of response inhibition.

Discrimination Learning

All controls and 29 HIV-1 Tg animals met the criterion of 70% accuracy on 3 sessions of the

discrimination task 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 across

sessions followed different functions; the control group showed a curvilinear one-phase

association function (r2=0.98), whereas the HIV-1 Tg animals exhibited a linear function

(r2=0.99), illustrating the slower acquisition of the task by the HIV-1 Tg animals over

sessions (Fig. 3). 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 genotype

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 Learning

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

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

criterion of 70% accuracy over 3 sessions within 1 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 criterion at

different rates, demonstrated by significantly different slopes for each group’s linear
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function, F(1,30)=31.8, p≤0.001 (Fig. 4). Of the animals that met the criterion, there was no

significant 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 genotype and response type.

Extradimensional Set-Shifting

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

set-shifting within 8 days of testing. The HIV-1 Tg and control animals did not differ in the

number of trials or errors to criterion. A one-phase association regression analysis of the

cumulative proportion of animals achieving the criterion over sessions revealed that the

best-fit curves for each group were not significantly different (Fig. 5); thus, the HIV-1 Tg

and control animals did not meet the criterion at different rates. The failure to find a

significant effect of genotype on task acquisition was not readily dismissed by a lack of

statistical power for detecting such an effect; sample size and effect size were sufficient to

provide power of 0.8 to detect a 10% difference between groups as statistically significant in

trials or errors to criterion. 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 genotype and response type.

Discriminant Function Analysis

The effects of expression of the HIV-1 transgene on attention and core components of

executive function were further explored by assessing the ability of various measures to

correctly identify group membership of individual animals, using discriminant function

analysis. A stepwise discriminant function analysis selected six variables (total number of

correct responses, and trials and sessions to criterion on the signal detection task, as well as

the number of trials and errors to criterion (log transformed) and total number of errors on

the reversal learning task) which maximally separated the HIV-1 Tg and control animals

(canonical correlation of 0.828) and correctly classified (jack-knifed) their group

membership based on this function with 90.4% accuracy (F approximation of Wilks’ λ of

0.314, F(6,76)=27.7, p≤0.001) (Fig. 6).

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). In addition, a

discriminant function analysis showed that certain measures of performance on the signal

detection and reversal learning tasks can successfully discriminate between HIV-1 Tg and

control animals. Thus, 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. The cognitive deficits

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.
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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 stimulus discrimination task which served to provide a baseline for the subsequent

reversal learning 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 animals.

Not all of the HIV-1 Tg animals acquired the task, and those that did acquire it took longer

to achieve the criterion level of accuracy than the controls, suggesting an impairment in

attentional processes. Although the discrimination task taps into sustained attention as the

signal detection task does, it was a more challenging task, as only 75% of the HIV-1 Tg

animals were able to achieve the criterion. The HIV-1 Tg animals may have had more

difficulty in switching to a new response rule, in which they were required to respond to the

position of the stimulus, rather than its presence or absence as in the signal detection task,

thus providing evidence of their deficits in flexibility and inhibition. The discrimination task

also presented an increase in attentional demands; the stimulus was only presented for 1 sec,

whereas in the previously learned signal detection task, the animals were presented with the

stimulus (for up to 6 sec) until they made a response on a lever, a contingency implemented

after the animals failed to learn the task when a 1-sec stimulus was employed.

In the reversal learning task, which taps flexibility and inhibition, only a quarter of the

HIV-1 Tg animals that were tested (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 acquisition criterion

more slowly than 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 compared to the control animals. The HIV-1 Tg

group’s impairment in flexibility and inhibition as core components of executive function

was demonstrated by their difficulty in switching to a new stimulus-response contingency,

thereby failing to inhibit responding to the previously rewarded stimulus. Most of the HIV-1

Tg animals were not able to acquire the reversal learning 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.

In the extradimensional set-shifting task which tapped set-shifting, the HIV-1 Tg animals

acquired the criterion of five consecutive sessions at 70% or greater accuracy at the same
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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 consecutive days to acquire. It is also the only 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.

A discriminant function analysis suggested that the behavioral profile of the HIV-1 Tg rats

is quite distinct from that of the controls. The animals could be most accurately classified as

HIV-1 Tg or control based on the number of trials or sessions to criterion and general

responsiveness on the signal detection and reversal learning tasks. As described earlier, the

HIV-1 Tg group had a significantly slower rate of acquisition of these tasks, and was also

generally less responsive relative to controls. The poorer performance of the HIV-1 Tg

group on the signal detection and reversal learning tasks demonstrates impairments in

sustained attention, and flexibility and inhibition as core components of executive function,

as a result of chronic low level expression of the HIV-1 proteins. Set-shifting, in contrast, as

measured with the extradimensional set-shifting task, is spared in the HIV-1 Tg rat,

illustrating that the expression of HIV-1 proteins does not cause gross cognitive deficits

across all domains.

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, most obviously in the signal detection and discrimination 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. The HIV-1 Tg

animals also learned the fourth task (extradimensional shift task) at the same rate as the

control animals. Therefore, it is unlikely that the animals were not sufficiently motivated.

Furthermore, because both groups were maintained at 85% of the typical body weight for

their respective genotype, one may reasonably infer that both the HIV-1 Tg and the control

animals were highly motivated to work for the sucrose rewards. Although one cannot rule

out lessened motivation as a contributory factor, the extant data suggest that food restriction

did not induce differential motivation.

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 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 essential in understanding deficits observed in more complex

components of executive function, such as decision-making and planning. In the present
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study, assessments of specific aspects of executive function provided the opportunity to

identify conditions under which the various components are deficient or intact in the HIV-1

Tg rat.

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 stimulus duration, intensity, and

frequency (McGaughy and Sarter, 1995; Bushnell, 1998; Parasuraman and Davies, 1977).

Most studies on sustained attention in HIV-1+ individuals have only reported measures of

reaction time (for review, see Hardy and Hinkin, 2002), which is related more to

psychomotor function than sustained 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 may indicate specifically attentional deficits. In the present

study, the signal detection, discrimination learning, and reversal learning tasks each tapped

into sustained attention; the animals were required to make the appropriate response

following the presentation (or absence) of a light stimulus in order to receive a reinforcer.

Deficits in sustained attention in the HIV-1 Tg animals were apparent first in the signal

detection task, demonstrated by the lag in acquisition of the task. A similar delay in task

acquisition was observed with the subsequent discrimination and reversal learning tasks,

again revealing deficits in sustained attention. The discrimination and reversal learning tasks

also demonstrated impairments in core components of executive function.

The core components of executive function that were targeted for assessment in this study –

flexibility, inhibition, and set-shifting – are both interrelated and dissociable, with 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 stimulus discrimination task, the animals learned to respond to a different aspect

of the light stimulus (position) than they had learned in the previous signal detection task

(presence vs. absence); i.e., an intradimensional set-shift. In the reversal learning task, the

animals learned to respond to a stimulus that was previously not reinforced, and vice versa,

thus acquiring a new representation of the stimulus-response contingency that was learned in

the discrimination task. The extradimensional set-shifting task required the animals to learn

stimulus-response contingencies within a novel stimulus set; instead of responding to the

position of the light stimulus, they learned to respond to the position of the lever. Inhibition

is another component of executive function which is necessarily involved in learning new

stimulus-response contingencies. In the discrimination and reversal learning and set-shifting

tasks, the animal needed to deliberately inhibit responses that were previously reinforced in

order to respond correctly to the present contingency.

Set-shifting has also been defined as a basic component of executive function, in which one

disengages from a learned stimulus set and actively engages in novel one. It may be

considered a composite of flexibility and inhibition, because learning a new stimulus-

response contingency within a new stimulus set requires both a modification of a learned

behavior as well as inhibition of previously learned responses. The extradimensional set-

shifting task is distinct from the reversal learning task in that the latter does not involve

shifting to a new stimulus set; it requires learning the opposite stimulus-response
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contingencies with the same stimulus set. Different brain regions have been associated with

performance on each task; the lateral PFC of humans and nonhuman primates (Dias et al.,

1996; Manes et al., 2002) and the mPFC of the rat (Birrell and Brown, 2000) support

extradimensional set-shifting, whereas the orbitofrontal cortex (OFC) 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.

A common assessment of executive function in humans 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 explicit 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 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 is thus limited to assessments of inhibition and does not tap

flexibility per se 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).

The brain dopamine (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.

Symptoms of HAND have also been associated with DA system dysfunction. 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 have been associated with deficits in executive function (di Rocco et al.,

2000). 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

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 identified as a mechanism of HIV-1 protein neurotoxicity

(Aksenova et al. 2006; Silvers et al. 2007; Wallace et al. 2006).
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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 tasks (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 signal 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 learning 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).

Norepinephrine (NE) activity also plays a key role in attention and the core components of

executive function. Performance on tasks that tap sustained attention is worsened when NE

in the PFC is depleted, especially under conditions of increased attentional load (Aston-

Jones and Cohen 2005; Carli et al. 1983; Milstein et al. 2007). Increased NE activity in the

OFC has been associated with improved response inhibition (Bari et al., 2009; Robinson et

al., 2008) and reversal learning (Seu and Jentsch, 2009). Lesions of the dorsal noradrenergic

ascending bundle (Tait et al. 2007) and noradrenergic deafferentiation of rat mPFC

(McGaughy et al. 2008) result in impaired performance on the extradimensional set-shifting

task. NE activity has a significant impact on 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 activity in the PFC of the HIV-1 Tg rat will be important in clarifying alterations

underlying neurocognitive impairment of HAND.

Alterations in synaptodendritic networks caused by HIV-1 may underlie the observed

deficits in executive function in HAND. Reductions in synaptodendritic complexity

(Masliah et al. 1997; Everall et al., 1999) and alterations in BOLD signal changes (Chang et

al. 2001) in frontal regions have been associated with HIV-1 associated neurocognitive

impairments, even in less severe cases. In conjunction with changes in brain activity,

HIV-1+ individuals also exhibit volume loss in the medial frontal and premotor cortices, as

well as thinning of the prefrontal cortex, reflecting the deterioration of executive function

(Thompson et al., 2005). In some cases, HIV-1+ individuals perform as well as HIV-1−

individuals on attention and executive function tasks, but significant differences are still

found in brain function. HIV-1+ individuals with normal cognitive function have shown

decreased BOLD signal change in frontal regions, diminished functional frontostriatal

connectivity, and a potentially compensatory activity increase in the parietal attentional
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networks while performing a semantic event-sequencing task (Melrose et al., 2008).

Increases in BOLD signal changes in the prefrontal cortex were observed in HIV-1+

individuals during an attention and working memory task, although they performed as well

as the control participants and also had similar scores on a battery of neuropsychological

tests (Ernst et al. 2002). 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, providing a screening measure to determine the need

for preventive treatment for HAND.

Previous work in our lab has demonstrated temporal processing deficits in the HIV-1 Tg rat

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

a relative insensitivity to interstimulus interval and an impaired development of perceptual

sharpening in relation to the interstimulus interval with age (Moran et al., 2013). As with the

present study, 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

transgene may underlie other cognitive impairments such as those observed in the present

study. Fundamental to an assessment of temporal processing in attention and executive

function is the manipulation of temporal aspects, such as stimulus duration, and deserves

further exploration.

The need for a therapeutic for HAND is readily apparent, as cART cannot prevent or reverse

the development of neurocognitive deficits, although it may help to lessen their severity.

Characterizing early indicators of neurocognitive deficits is essential to identifying effective

treatments, and the HIV-1 Tg rat provides a vehicle with which to do that. Effective gender-

based treatments are of particular interest, as women represent a substantial percentage

(approximately 52%) of all people currently living with HIV-1 (UNAIDS 2013), yet are

underrepresented in clinical reports and descriptions of HAND (Maki and Martin-

Thormeyer, 2009). Of the HIV-1 infections attributable to heterosexual contact in the U.S.,

approximately two-thirds have been in women, most of them young, minority, indigent

women who use crack cocaine and who trade sex for crack, other drugs or money (CDC

2012). Even after adjusting for for age, education level, and race, HIV-1+ women display

neurocognitive impairment relative to HIV-1− women (Manly et al., 2011). Modeling

HAND in female HIV-1 Tg animals is thus a valid and important approach to studying the

neurocognitive deficits of HIV-1.

The HIV-1 Tg rat is an excellent model of HIV-1+ humans on cART, with chronic low-level

expression of viral proteins and suppressed infection (Royal et al., 2012), and it is also

relevant to pediatric HIV-1, with constitutive expression of the virus beginning in the

embryonic stage. In general, the HIV-1 Tg young adult female rats in the present study were

found to be healthy (i.e., similar growth rate as controls), which is consistent with our prior

studies (Moran et al., 2012; 2013a; 2013b; Webb et al., 2010). However, it is important to

note that the excellent health of our HIV-1 Tg animals differs from the original description

of the HIV-1 Tg rat. Reid et al. (2001) described several severe pathological phenotypes

associated with the transgene expression (then located on chromosome 2 and 9), including

three grades of cataracts, angiogenic corneas, kidney disease, ulcerative skin disease,
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respiratory disease, all accompanied by severe neurological disorders (hind limb paralysis)

and wasting by a relatively young age (5–9 months). The HIV-1 Tg animals used in the

current studies are a healthy derivation of these originally described phenotypes, on an

inbred F344 background, with the transgene (now limited to chromosome 9), and a 100%

penetrant phenotype of light to moderate cataracts. We have failed to find alterations in

hearing, visual brightness detection, gustatory taste, growth rates, or locomotion. No gross

peripheral organ pathology/general wasting was found in this contemporary HIV-1 Tg

phenotype through 11 months of age (Moran et al., 2013b). Thus, the present moderate

phenotype more closely resembles HAND, is suitable for long-term/aging studies, and

should be considered distinct from the original descriptions of the most severe phenotypes of

the HIV-1 Tg rat. The ability to use the HIV-1 Tg rat in long-term/aging studies is especially

valuable, as an understanding of the progression of neurocognitive impairment in HAND is

a critical next step in this research.

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.

The functional consequences of chronic low level expression of the HIV-1 proteins on

attention and executive function are apparent under conditions which resemble brain

proinflammatory immune responses and suppression of infection in HIV-1+ individuals

under cART. Deficits in attention and core components of executive function may reflect an

underlying impairment in temporal processing in HAND.
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Fig. 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; most importantly, there was

no evidence for any differential rate 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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Fig. 2.
Performance on the signal detection task. 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, illustrating the gap between groups in the number

of sessions needed to reach criterion (a). Percent accuracy was not significantly different

between groups (3-day average: HIV-1 Tg: 77.8 ± 0.43; Control: 77.8 ± 0.42) (b). However,

the HIV-1 Tg animals responded significantly less than the control animals during the signal

detection task, with fewer hits, misses, and correct rejections than the control group,

consistent with a lapse of attention (c). There was no significant difference in the number of

false alarms, a putatvive index of response inhibition.
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Fig. 3.
Performance on the stimulus discrimination task. 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 whereas the control group showed a curvilinear one-

phase association function, illustrating the slower acquisition of the task by the HIV-1 Tg

animals over sessions (a). There was no significant difference in percent accuracy (3-day

average: HIV-1 Tg: 74.9 ± 0.52; Control: 74.1 ± 0.51) (b). Despite attaining the same

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

responses, with a smaller difference between the number of correct responses and the

number of errors in HIV-1 Tg group compared to control group (c).
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Fig. 4.
Performance on the reversal learning task. Linear regression analysis on the cumulative

proportion of animals that achieved the criterion over sessions revealed that each group met

the criterion at different rates, demonstrated by significantly different slopes for each

group’s linear function (a). 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) (b). There

was also no significant difference between groups in the total number of responses, and

there was no interaction between group and response type (correct responses or errors) (c).
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Fig. 5.
Performance on the extradimensional set-shifting task. Nonlinear regression on the

cumulative proportion of animals that achieved the criterion over sessions revealed that the

HIV-1 Tg and control animals achieved the criterion at the same rate, represented by a

single nonlinear regression curve (± 90% CI) (a). 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) (b). The groups were not significantly different in the total number of responses and

there was no interaction between group and response type (correct responses or errors) (c).
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Fig. 6.
Animal classification is illustrated as a function of the canonical variable representing the

simplest linear function that best separated the HIV-1 Tg and control groups (canonical

correlation 0.828) and correctly identified (jackknifed classification) group membership

with 90.4% accuracy (100% of controls, and 80% of HIV-1 Tg animals).
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