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Abstract

Understanding the progression of HIV-1 associated neurocognitive disorders (HAND) is a critical
need as the prevalence of HIV-1 in older individuals (>55 years) is markedly increasing due to the
great success of combination antiretroviral therapy (CART). Longitudinal experimental designs, in
comparison to cross-sectional studies, provide an opportunity to establish age-related disease
progression in HAND. The HIV-1 transgenic (Tg) rat, which has been promoted for investigating
the effect of long-term HIV-1 viral protein exposure, was used to examine two interrelated goals.
First, to establish the integrity of sensory and motor systems through the majority of the animal's
functional lifespan. Strong evidence for intact sensory and motor system function through
advancing age in HIV-1 Tg and control animals was observed in cross-modal prepulse inhibition
(PPI) and locomotor activity. The integrity of sensory and motor system function suggests the
utility of the HIV-1 Tg rat in investigating the progression of HAND. Second, to assess the
progression of neurocognitive impairment, including temporal processing and long-term episodic
memory, in the HIV-1 Tg rat; the factor of biological sex was integral to the experimental design.
Cross-modal PPI revealed significant alterations in the development of temporal processing in
HIV-1 Tg animals relative to controls; alterations which were more pronounced in female HIV-1
Tg rats relative to male HIV-1 Tg rats. Locomotor activity revealed deficits in intrasession
habituation, suggestive of a disruption in long-term episodic memory, in HIV-1 Tg animals.
Understanding the progression of HAND heralds an opportunity for the development of an
advantageous model of progressive neurocognitive deficits in HIV-1 and establishes fundamental
groundwork for the development of neurorestorative treatments.
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Introduction

Approximately 73% of individuals with human immunodeficiency virus type 1 (HIV-1) will
be 50 years or older by 2030 (Smit et al., 2015) due to the marked increase in life
expectancy following the great success of combination antiretroviral therapy (CART). The
prevalence of the most severe forms of neurocognitive impairment, including HIV-1
associated dementia, dramatically decreased following the advent of cART. However, milder
forms of neurocognitive impairments, including HIV-1 associated neurocognitive disorders
(HAND), continue to afflict between 40-70% of HIV-1 seropositive individuals (Letendre et
al., 2010; McArthur et al., 2010; Heaton et al., 2011). Cross-sectional studies have
demonstrated that older HIV-1 seropositive individuals are at an elevated risk for developing
neurological impairments compared to older HIV-1 seronegative individuals (Sheppard et
al., 2015) and younger HIV-1 seropositive individuals (Valcour et al., 2004; Fazeli et al.,
2014). Extrapolating findings from cross-sectional studies to age-related disease
progression, however, is inferentially fraught (Kraemer et al., 2000; Coleman, 2004).
Longitudinal experimental designs, in sharp contrast, provide an opportunity to understand
age-related disease progression using repeated measures across the lifespan (Kraemer et al.,
2000; West et al., 2004).

In a seminal paper, Reid et al. (2001) reported the development of the HIV-1 transgenic (Tg)
rat, which contains a gag-po/l-deleted HIV-1 provirus regulated by the viral promotor. The
highest levels of transgene (located on chromosome 2 and 9) expression were observed in
the lymph nodes, spleen, kidney, and thymus (Reid et al., 2001). Clinical manifestations,
including neurological abnormalities (i.e., circling behavior, hind-limb paralysis), skin
lesions, cataract formation, and relatively early wasting (i.e, between 5 to 9 months of age)
were also observed in the original derivation of the HIV-1 Tg rat (Reid et al., 2001).

The current derivation of the HIV-1 Tg rat, used in the present studies, is a healthier
derivation than those originally described, with the transgene now limited to chromosome 9,
and in the F344/N, rather than Sprague Dawley, background strain. Similar growth rates
(Peng et al., 2010; Moran et al., 2012; Moran et al., 2013b; Roscoe et al., 2014) and a longer
lifespan (i.e., 50% of HIV-1 Tg rats survive through 21 months of age; Peng et al., 2010)
have been reported in the contemporary HIV-1 Tg phenotype. Viral proteins are expressed in
the non-infectious HIV-1 Tg rat constitutively throughout development (Peng et al., 2010;
Abbondanzo and Chang, 2014), resembling HIV-1 seropositive individuals on cART. There
is growing acceptance and confidence that the HIV-1 Tg rat is a valuable tool to model the
neurocognitive deficits observed in HAND (e.g., Vigorito et al., 2007; Lashomb et al., 2009;
Moran et al., 2013a; Moran et al., 2014a; Repunte-Canonigo et al., 2014) and may provide
an opportunity to assess the effect of long-term HIV-1 viral protein exposure (Vigorito et al.,
2015). However, there is a critical need to determine the integrity of sensory and motor
system function, which will help establish the utility of the HIV-1 Tg rat in longitudinal
studies on the progression of neurocognitive deficits through advancing age.

Prepulse inhibition (PPI) of the auditory startle response (ASR) has been promoted as a
versatile experimental technique for the evaluation of sensory system function (Ison et al.,
1984; Wecker et al., 1985; Crofton and Sheets, 1989) and temporal processing (e.g., Moran
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et al., 2013a; McLaurin et al., 2017a, McLaurin et al., 2017b). The technique, popularized
by Ison and Hammond (1971), introduces a punctate prestimulus (i.e., light, tone) prior to a
startling stimulus. Introduction of the prestimulus 30 to 500 msec prior to the startling
stimulus produces robust inhibition of the ASR (Hoffman and Ison, 1980). The amplitude of
the startle response can be used to determine whether the subject (i.e., rat, mouse, human) is
able to detect the prestimulus (Wecker et al., 1985), thus assessing the integrity of sensory
system function. Additionally, manipulation of the interstimulus interval (ISI; i.e., the time
between the prestimulus and startle stimulus), as in the present studies, allows for
assessment of temporal processing.

Characteristics of PPI, including brevity (i.e., rodents: approximately 20-30 minutes, Fitting
et al., 2006; Moran et al., 2013a), repeatability (Braff et al., 1978; Schwarzkoph et al., 1993),
and ease of administration (i.e., no prior training, no invasive procedures) make it an
attractive method for the evaluation of sensory function (Ison et al., 1984; Crofton and
Sheets,1989). PPI has previously been used to assess the effect of toxicant exposure on
sensory system function. For example, Young and Fechter (1983) assessed the effect of
neomycin treatment on auditory system function. Results indicated not only that neomycin
treatment resulted in selective hearing loss, but also the sensitivity of PPI to auditory system
function (Young and Fechter, 1983). Additionally, Wecker and Ison (1986) assessed the
effect of inherited retinal degeneration on visual system function using PPI. Across age,
animals with inherited retinal degeneration failed to exhibit robust inhibition to the visual
prestimulus at any ISI, indicative of alterations in visual system function (Wecker and Ison,
1986).

Temporal processing deficits, a potential elemental dimension of neurocognitive impairment
in HIV-1, have been previously observed in the HIV-1 Tg rat using cross-modal PPI (Moran
etal., 2013a; McLaurin et al., 2017a; McLaurin et al., 2017b). Specifically, a within-subject
assessment from two to six months of age revealed a relative insensitivity to the
manipulation of ISI and a lack of perceptual sharpening with age in HIV-1 Tg animals
relative to control animals (Moran et al., 2013a). Alterations in the development of
perceptual sharpening have also been reported in preweanling HIV-1 Tg animals relative to
controls (McLaurin et al., 2017a). Additionally, HIV-1 Tg and control animals were assessed
between nine and ten months of age, revealing the generality and relative permanence of
temporal processing deficits (McLaurin et al., 2017b). Accordingly, the present study
employed auditory and visual PPI to assess the integrity of the auditory and visual sensory
systems and the progression of temporal processing deficits in the HIV-1 Tg rat through the
majority of the animal's functional lifespan.

Locomotor activity has been recognized as a state-of-the art technique used for the
assessment of gross motor movement (Pierce and Kalivas, 2007). The protocol employed in
the present study used an automated monitoring system to measure the number of photocell
interruptions within a test session (i.e., 60 minutes) as an index of motor behavior (Pierce
and Kalivas, 2007). Assessments of locomotor activity are commonly used as a preclinical
screening tool for motoric impairment in pharmacological studies (Robbins, 1977; Pierce
and Kalivas, 2007). For example, Booze and Mactutus (1990) used locomotor activity as an
assessment of the long-term effects of neonatal exposure to triethyl lead. No significant
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differences in locomotor activity were observed at testing on postnatal day (PD) 90,
suggesting that neonatal exposure to triethyl lead has no long-term effects on motor system
function (Booze and Mactutus, 1990). Additionally, locomotor activity has been used to
examine the effects of prenatal cocaine exposure (1 or 3 mg/kg) on locomotor and
stereotyped behavior following a cocaine challenge in adulthood (Peris et al., 1992).
Animals prenatally exposed to 3 mg/kg cocaine exhibited the most profound increases in
locomotor and stereotyped behavior following cocaine injections in adulthood, suggesting
that cocaine in utero behaviorally sensitized animals to subsequent cocaine exposure (Peris
etal., 1992).

Measures of novelty and habituation can be used to assess memory, including episodic
memory, in animal models (Eacott et al., 2005; Barker et al., 2007; Moran et al., 2013b;
Chao et al., 2016). Habituation, one of the simplest forms of learning characterized by a
decrease in response following repeated stimulation (Harris, 1943; Thompson and Spencer,
1966; Rankin et al., 2009), allows for the assessment of learning and memory in locomotor
activity, both within sessions (intrasession) and between sessions (intersession; review,
Leussis and Bolivar, 2006). Significant alterations in intrasession habituation have been
reported in the HIV-1 Tg rat, assessed using three consecutive test sessions in locomotor
activity at 6, 7, and 11 months of age (Moran et al., 2013b). Profound deficits in intrasession
habituation were observed during the third test session at 7 and 11 months in HIV-1 Tg
animals compared to controls, suggestive of a deficit in long-term episodic memory (Moran
et al., 2013b). Alterations in intersession habituation have also been reported in neonatal
Sprague-Dawley rats stereotaxically injected with Tat;_gg, @ HIV-1 viral protein, compared
to vehicle-treated controls (Moran et al., 2014b). Therefore, the present study used
locomotor activity to assess the integrity of the motoric system and the progression of long-
term episodic memory in the HIV-1 Tg rat through advancing age.

The aims of the present study were thus two-fold. First, to assess the integrity of sensory and
motor system function through advancing age in the HIV-1 Tg rat. Determining the integrity
of sensory and motor systems in the HIV-1 Tg rat through the majority of the animal's
functional lifespan provides an opportunity to help establish the applicability of the HIV-1
Tg rat in longitudinal studies of the progression of HAND. Second, to establish the
progression of neurocognitive deficits, including temporal processing and long-term
episodic memory, in the HIV-1 Tg rat, through the majority of the animal's functional
lifespan. The factor of biological sex was an integral component of the experimental design.
Understanding the progression of neurocognitive impairment, and the effect of biological
sex, heralds an opportunity for the development of an advantageous model of progressive
neurocognitive deficits in HIV-1 and establishes fundamental groundwork for the
development of neurorestorative treatments.

Intact male and female Fischer (F344/N; Harlan Laboratories Inc., Indianapolis, IN) HIV-1
Tg (male, ~=37; female, 7=33) and control rats (male, 7=34; female, 7=33) were sampled
from a total of 37 litters (HIV-1 Tg, A=20 litters; control A=17 litters). Cross-modal PPI and
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locomotor activity assessments were conducted every thirty days from PD 90 to PD 180 and
every sixty days from PD 240 to PD 480.

Animals, housed with their biological dam, were delivered to the animal vivarium between
PD 7 and PD 9 across twelve months. Following weaning, which occurred at PD 21, animals
were pair- or group-housed with animals of the same sex. Beginning at approximately PD
60, animals were placed on food restriction (Pro-Lab Rat, Mouse, Hamster Chow #3000) to
maintain 85% body weight due to their participation in a concurrently conducted signal
detection task. Rodent food was again provided ad /ibitum for the duration of the study
following the successful completion of signal detection (PD 100-PD 277). Water was
available ad /ibitum throughout the duration of the study.

Due to health issues, including significant weight loss (i.e., approximately 20%; /7=6) or
tumors (/7=4), some animals were euthanized prior to the completion of the study.
Specifically, two HIV-1 Tg animals (male 7=1; female 77=1) and one control animal (male,
n=1) were euthanized prior to PD 420 and an additional five HIV-1 Tg animals (male n=3;
female n=2) and two control animals (male n=1; female n=1) were euthanized prior to PD
480.

Guidelines established by the National Institute of Health (NIH) were used for the
maintenance of animals in AAALAC-accredited facilities. The targeted environmental
conditions for the animal vivarium were 21°+ 2°C, 50% + 10% relative humidity and a 12-h
light:12-h dark cycle with lights on at 0700 h (EST). The project protocol, under federal
assurance (# A3049-01), was approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of South Carolina.

Cross-Modal Prepulse Inhibition

Apparatus—An isolation cabinet (external dimensions: 10 cm-thick, double-walled, 81 x
81 x 116-cm) (Industrial Acoustic Company, INC., Bronx, NY), which provided 30 db(A) of
sound attenuation relative to the external environment, enclosed the startle platform (SR-Lab
Startle Reflex System, San Diego Instruments, Inc., San Diego, CA), instead of the 1.9 cm
thick ABS plastic or laminate cabinets offered with this system. Background noise of
70dB(A) was continuously delivered. All auditory prepulse and startle stimuli were
presented using a high-frequency loudspeaker of the SR-Lab system (model#40-1278B,
Radio Shack, Fort Worth, TX). A sound level meter (model #2203, Bruél & Kjaer, Norcross,
GA) was used to measure and calibrate the sound levels, with the microphone placed inside
the Plexiglas test cylinder. Visual prepulse stimuli were presented using a white LED light
(22 lux; Light meter model #840006, Sper Scientific, Ltd, Scottsdale, AZ). The high-
frequency loudspeaker of the SR-Lab system was mounted 30 cm above the Plexiglas
animal test cylinder and the white LED light was affixed on the wall in front of the test
cylinder. A piezoelectric accelerometer integral to the bottom of the cylinder converted the
deflection of the test cylinder, resulting from the animal's ballistic response to the auditory
stimulus, into analog signals. The response signals were digitized (12 bit A to D, recorded at
a rate of 2000 samples/sec) and saved to a hard disk. A SR-LAB Startle Calibration System
was used to calibrate the response sensitivities.
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Procedure—Cross-modal PPI, used to assess auditory and visual sensory system function
and the progression of temporal processing, was conducted similar to our prior publications
(e.g., Moran et al., 2013a). In brief, a 30-minute test session, beginning with a 5-min
adjustment period, was conducted in the dark every 30 days from PD 90 to PD 180 and
every 60 days from PD 240 to PD 480. Six pulse-only ASR trials, with a fixed 10 second
intertrial interval (ITI), were used for habituation at the beginning of the test session. An
equal number of auditory (85dB(A) white noise stimulus) and visual (22 lux) prepulse trials,
totaling 72 trials, were presented using a counterbalanced order (i.e., ABBA) to control for
order-effects. ISls (0, 30, 50, 100, 200, 4000 msec) were presented in 6-trial blocks
according to a Latin-square design with a variable ITI (15-25 sec). All prepulse stimuli and
the auditory startle stimulus (100 db(A)) had a 20 msec duration. The peak ASR amplitude
values were collected for analysis.

Locomotor Activity

Apparatus—Square (40 x 40 cm) activity monitors (Hamilton Kinder, San Diego
Instruments, San Diego, CA) were converted into round (~40 cm diameter) compartments
using perspex inserts. Infrared photocell (32 emitter/detector pairs) interruptions were used
to detect free movement; the sensitivity of the photocells was tuned by the manufacturer to
maintain their sensitivity with the additional layer of perspex.

Procedure—Motor system function and long-term episodic memory impairments were
assessed using locomotor activity every thirty days from PD 90 to PD 180 and every sixty
days from PD 240 to PD 480. A 60-minute test session was conducted between 700 and
1200h (EST) under dim light conditions (<10 lux) in an isolated room. The number of
photocell interruptions within the 60-min test session were collected for analysis.

Statistical Analysis

Analysis of variance (ANOVA) statistical techniques (SPSS Statistics 24, IBM Corp.,
Somer, NY) were used for the analysis of all data. Individual observations were analyzed
using litter means and standard errors, dependent upon biological sex, to account for the
nested design (Denenberg, 1984; Wears, 2002).The mean series imputation method was used
for all censored data, either due to euthanization or an equipment malfunction, which
occurred in locomotor activity at PD 90 (control: 7=1) and PD 150 (HIV-1 Tg: n=7; control:
n=4). Potential violations of compound symmetry were precluded by the use of orthogonal
decomposition of the repeated-measures factors or addressed, post-hoc, via the conservative
Greenhouse-Geisser df correction factor (Greenhouse and Geisser, 1959). Age-dependent
effects of the HIV-1 transgene were evaluated using tests of simple mains effects and
specific linear contrasts (Winer, 1971). Partial eta squared (npz) was used as a measure of
effect size. GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA) was used for all
regression analyses and to create all graphs. For all statistical tests, significance was set at an
alpha level of p<0.05.

Specifically, for free-feeding body weight, a mixed-factor ANOVA was conducted
independently for each sex. Genotype (HIV-1 Tg vs. control) served as the between-subject's
factor, while age served as the within-subjects factor. The peak ASR amplitude values,
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collected in cross-modal PPI, were analyzed for the assessment of the integrity of auditory
and visual system function. The progression of temporal processing was examined using the
area of inflection of the ASR amplitude response curve (McLaurin et al., 2016). Locomotor
activity was assessed using the total number of photocell interruptions in a 60-minute period,
to establish the integrity of motoric system function, and the number of photocell
interruptions in 5-minute bins, to assess intrasession habituation, as an index for long-term
episodic memory. For cross-modal PPI and locomotor activity, a mixed-factor ANOVA was
performed, with genotype (HIV-1 Tg vs. control) and sex (male vs. female) as the between-
subject's factors. As appropriate, age, time, I1SI, and trial served as the within-subjects
factors.

Establishing the Integrity of Sensory and Motor System Function

Body Weight: Somatic Growth—Somatic growth, assessed using body weight, was
examined by litter dependent upon food access (i.e., food restriction vs. ad /ibitum) and sex.
Regardless of sex and/or food access, HIV-1 Tg animals weighed significantly less than
control animals throughout the duration of the experiment.

Male HIV-1 Tg and control animals exhibited a linear increase in growth (Figure 1a), with
no significant differences between genotype in the rate of growth [F(1,60)<1.0, p=0.05],
while on food restriction due to a concurrently conducted signal detection task. All male
HIV-1 Tg and control animals completed the concurrently conducted signal detection task
by 6 months of age (PD 180), at which point food was subsequently available ad libitum.
During free-feeding, a one-phase association was the best fit for both HIV-1 Tg and control
animals (R2s=0.97); however, significant differences were observed in the rate of growth
[F(3,357)=1230, p<0.001]. The overall ANOVA conducted on somatic growth during free-
feeding confirmed these observations, revealing a significant age x genotype interaction
[F(10,310)=70.0, psc=<0.001, np2:0.693] with a prominent linear component
[F(1,31)=126.4, p<0.001, np2:0.803]. Significant main effects of age [F (10,310)=607.1,
P66<0.001, ny?=0.951] and genotype [F(1,31)=381.7, p<0.001, 1,2=0.925] were also
observed.

Female HIV-1 Tg animals displayed an increase in weight according to a one-phase
association, while female control animals exhibited an increase in weight according to a
second order polynomial, during food restriction (Figure 1b). All female HIV-1 Tg and
control animals completed the concurrently conducted signal detection task by
approximately 9 months of age (PD 277), at which point food was subsequently available ad
libitum. During free-feeding, a first-order polynomial was the best fit for both HIV-1 Tg and
control animals (R%s>0.98), however, significant differences were observed in the rate of
growth [F(1,252)=13.2, p<0.001]. The rate of increase in body weight was significantly
slower in HIV-1 Tg animals (B1=3.97+1.07(95% CIl)) relative to control animals
(B1=7.16x1.32(95% CI)). The overall ANOVA confirmed these observations, revealing a
significant age x genotype interaction [F(7,210)=22.8, ps<0.001, np2:0.432] with a
prominent linear component [F(1,30)=34.4, p<0.001, np2=0.534]. Significant main effects of
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age [F(7,210)=224.6, pc<0.001, np2:0.882] and genotype [F(1,30)=59.9, p<0.001,
np2=0.666] were also observed.

Cross-Modal Prepulse Inhibition: Auditory System Function—Auditory PPI
(Figure 2) provided strong evidence for the integrity of auditory system function in both
HIV-1 Tg and control animals through the majority of the animal's functional lifespan.
Control animals exhibited maximal inhibition at the 100 msec ISI at all test sessions. In
sharp contrast, the maximal inhibition was observed at multiple ISls in HIV-1 Tg animals
dependent upon age (i.e., PD 90: 30 msec; PD 120-PD 240: 100 msec; PD 300: 50 msec; PD
360-PD 420: 200 msec; PD 480: 50 msec). A significant increase in ASR as a function of
age was observed in control animals, but not in HIV-1 Tg animals. However, both HIV-1 Tg
and control animals exhibited robust inhibition to the auditory prepulse during all test
sessions, suggesting the integrity of auditory system function.

The overall ANOVA conducted on the peak ASR amplitude values confirmed these
observations, revealing a significant age x ISI x genotype interaction [F(40,2440)=11.3,
Pcc<0.001, np2:0.157] with a prominent linear-quadratic component [F(1,61)=52.2,
£<0.001, np2:0.461], and a significant age x ISI x sex interaction [F(40,2440)=7.8,
Pcc<0.001, np2=0.113] with a prominent quadratic-quadratic component [F(1,61)=34.1,
p<0.001, np220.359]. Significant two-way interactions included an age x sex interaction
[F(8,488)=10.3, p5c=<0.001, np2:0.144] with a prominent quadratic component
[F(1,61)=31.6, p<0.001, np2=0.341], a significant age x genotype interaction
[F(8,488)=14.2, p5c=<0.001, np2:0.188] with a prominent linear component [F(1,61)=42.9,
p<0.001, np2:0.413], a significant I1SI x sex interaction [F(5,305)=77.9, psc<0.001,
np2=0.561] with a prominent quadratic component [F(1,61)=85.7, p<0.001, 1,?=0.584], a
significant ISI x genotype interaction [F(5,305)=127.2, psc<0.001, np2:0.676] with a
prominent quadratic component [F(1,61)=139.1, p<0.001, np2:0.695], and a significant age
x ISl interaction [F(40,2440)=29.3, p5c<0.001, np2=0.324] with a prominent linear-
quadratic component [F(1,61)=113.5, p<0.001, np2:0.651]. Significant main effects of age
[F(8,488)=42.7, ps:<0.001, np2:0.412], ISI [F(5,305)=764.7, psc=<0.001, np2:0.926], sex
[F(1,61)=91.4, p<0.001, 1,?=0.600] and genotype [F(1,61)=124.9, p<0.001, 1,?=0.672]
were also observed. Further analyses were conducted to examine the locus of these
interactions.

The ASR at the point of maximal inhibition in auditory PP1 was used to further examine the
significant age x ISI x genotype interaction (Supplementary Figure 1a). A linear increase in
the ASR at the point of maximal inhibition, well-described using a global first-order
polynomial, was observed across age in both HIV-1 Tg and control animals (R2=0.70). No
significant differences in the rate of increase in the ASR at the point of maximal inhibition
were observed between genotypes [F(2,14)=3.2, 1=0.05]. The ASR at the point of maximal
inhibition increased at the same rate in HIV-1 Tg (B1=0.028+0.01 (95% CI)) and control
animals (B1=0.017+0.01 (95% CIl)) suggesting the integrity of the auditory system. Thus,
both control and HIV-1 Tg animals displayed robust inhibition to the auditory prepulse,
albeit at different ISls, at all test sessions, suggesting the integrity of auditory system
function through advancing age.
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Cross-Modal Prepulse Inhibition: Visual System Function—Visual PPI revealed
the integrity of visual system function in HIV-1 Tg and control animals through the majority
of the animal's functional lifespan, illustrated in Figure 3. Control animals, but not HIV-1 Tg
animals, exhibited a significant increase in ASR as a function of age. However, both HIV-1
Tg and control animals exhibited robust inhibition to the visual prepulse at the 50 msec ISI
at all test sessions, suggesting the integrity of visual system function.

The overall ANOVA conducted on the peak ASR amplitude values confirmed these
observations, revealing significant higher-order interactions, including an age x ISI x
genotype x sex interaction with a prominent quadratic-quadratic component [F(1,61)=5.0,
p<0.029, np220.076], an age x genotype x sex interaction with a prominent quadratic
component [F(1,61)=4.9, p<0.031, np2=0.074], an age x ISI x genotype interaction
[F(40,2440)=9.0, psc<0.001, np2:0.129] with a prominent linear-quadratic component
[F(1,61)=78.1, p<0.001, np2:0.561], an age x ISI x sex interaction [F(40,2440)=4.3,
Pec<0.001, np2=0.066] with a prominent quadratic-quadratic component [F(1,61)=38.6,
p<0.001, np220.387], and an ISI x sex x genotype interaction [F(5,305)=4.4, ps<0.013,
np220.068] with a prominent quadratic component [F(1,61)=6.5, p<0.013, np2:0.096].
Significant two-way interactions included, an age x sex interaction [F(8,488)=10.8,
Pcc<0.001, np2:0.151] with a prominent quadratic component [F(1,61)=37.0, p<0.001,
np220.377], an age x genotype interaction [F(8,488)=13.4, p55=<0.001, np220.180] with a
prominent linear component [F(1,61)=35.1, p<0.001, np2=0.365], an ISl x sex interaction
[F(5,305)=60.9, psc=<0.001, np2:0.500] with a prominent quadratic component
[F(1,61)=79.2, p<0.001, np2:0.565], an ISl x genotype interaction [F(5,305)=149.5,
Pec<0.001, np2=0.710] with a prominent quadratic component [F(1,61)=190.6, p<0.001,
np2=0.758], and an age x ISI interaction [F(40,2440)=15.6, pc<0.001, n,?=0.204] with a
prominent quadratic-quadratic component [F(1,61)=113.8, p<0.001, np2:0.651]. Significant
main effects of age [F(8,488)=46.9, ps5<0.001, np2=0.435], ISI [F(5,305)=658.6,
P66<0.001, 1,2=0.915], sex [F(1,61)=71.7, p<0.001, n,?=0.540] and genotype
[F(1,61)=108.2, p<0.001, np220.640] were also observed.

Complementary analyses of the the ASR at the point of maximal inhibition (i.e., 50 msec) in
visual PPI were conducted to examine the significant age x ISI x genotype interaction
(Supplementary Figure 1b). A linear increase in the ASR at the point of maximal inhibition
was observed as a function of age in both HIV-1 Tg and control animals, well-described
using a first-order polynomial (R2s=0.64). Significant differences in the rate of increase
between genotypes were observed [F(1,14)=14.5, p<0.002]. The ASR at the point of
maximal inhibition increased faster in HIV-1 Tg animals (B1=0.14+0.03 (95% CIl)) relative
to control animals (B1=0.07+0.03 (95% CI)), however, both HI\-1 Tg and control animals
exhibited robust inhibition (i.e., 255% inhibition) to the visual prestimulus at all test
sessions. Thus, visual PPI provides strong evidence for the integrity of visual system
function through advancing age in both HIV-1 Tg and control animals.

Locomotor Activity: Motor System Function—The mean number of photocell
interruptions in a 60-minute locomotor activity test session were used to assess motoric
system function through advancing age in HIV-1 Tg and control animals (Figure 4). A one-
phase decay was the best fit for HIV-1 Tg and control animals (R%>0.91), however, a
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significant difference was observed between the best fit function [F(3,12)=41.1, p<0.001].
Specifically, control animals, relative to HIV-1 Tg animals, exhibited a significantly greater
mean number of photocell interruptions from PD 90 to PD 180. No significant differences in
the mean number of photocell interruptions were observed between HIV-1 Tg and control
animals at PD 240 or PD 300. At PD 360 and all subsequent test sessions, HIV-1 Tg animals
displayed a significantly greater mean number of photocell interruptions in comparison to
controls. The repeated measures ANOVA confirmed these observations, revealing a
significant age x genotype interaction [F(8,448)=20.5, p55<0.001, np2:0.251] with a
prominent linear component [F(1,61)=96.9, p<0.001, np2:0.614], and a significant age x sex
interaction [F(8,448)=2.2, p55<0.039, an:0.0SS] with a prominent quadratic component
[F(1,61)=9.8, p<0.003, np2:0.139]. Significant main effects of age [F(8,448)=102.4,
P66<0.001, ,2=0.627], and sex [F(1,61)=10.5, p<0.002, 1,?=0.147] were also observed.
Therefore, neither HIV-1 Tg nor control animals exhibited any gross-motoric system
impairments, evidenced using the mean number of photocell interruptions, suggesting the
integrity of motor system function though advancing age.

Understanding the Progression of HIV-1 Associated Neurocognitive Disorders

Cross-Modal Prepulse Inhibition (Auditory): Temporal Processing—In auditory
PPI, area of the inflection of the ASR response curve, a measure of prepulse inhibition, was
used to establish the progression of temporal processing, illustrated in Figure 5. HIV-1 Tg
animals exhibited a profound alteration in the progression of temporal processing relative to
control animals. A segmental linear regression was the best fit for both HIV-1 Tg and control
animals (R2s20.91). However, a leftward shift in maximal prepulse inhibition was observed
in HIV-1 Tg animals relative to controls. Specifically, control animals exhibited a linear
increase in prepulse inhibition through approximately PD 300, followed by a subsequent
decrease. HIV-1 Tg animals displayed a leftward shift, with maximal peak inhibition
observed at approximately PD 270, followed by a subsequent decrease. The overall ANOVA
confirmed these observations, revealing a significant age x genotype interaction
[F(8,488)=11.8, pc<0.001, np2:0.162] with a prominent linear component [F(1,61)=35.2,
p<0.001, np2=0.366] and a significant age x sex interaction [F(8,488)=8.5, ps5<0.001,
np2=0.123] with a prominent quadratic component [F(1,61)=31.9, p<0.001, ,%=0.343].
Significant main effects of genotype [F(1,61)=123.3, p<0.001, np220.669], age
[F(8,488)=35.4, pg<0.001, 1,?=0.367], and sex [F(1,61)=85.1, p<0.001, ny>=0.583] were
also observed.

Separate analyses of each genotype were conducted to examine the locus of these
interactions (Control: Figure 5b; HIV-1 Tg: Figure 5c). A segmental linear regression was
the best fit for both male and female control animals (R?s =0.90). Both male and female
control animals exhibited maximal prepulse inhibition at approximately PD 300, followed
by a subsequent decrease. However, a significant difference in the rate of temporal
processing development from PD 90 to PD 300 was observed [F(1,12)=12.4, p<0.004].
Specifically temporal processing development was significantly greater in male control
animals (B1=4815+1645) relative to female control animals (81=2387+367.5); no significant
differences between males and females were observed in the rate of temporal processing
decline [F(1,12)=2.7, p=0.05]. The overall ANOVA for control animals confirmed these
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observations, revealing a significant age x sex interaction [F(8,256)=4.5, pgs<0.001,
np2=0.122] with a prominent quadratic component [F(1,32)=16.3, p<0.001, 1,?=0.337].
Significant main effects of age [F(8,256)=34.6, psc<0.001, np2:0.519] and sex
[F(1,32)=80.3, p<0.001, np2:0.715] were also observed. For HIV-1 Tg animals, a segmental
linear regression, with maximal prepulse inhibition at approximately PD 270, was the best
fit for male HIV-1 Tg animals (R?=0.88). In sharp contrast, female HIV-1 Tg animals failed
to exhibit any significant development of temporal processing, best fit using a horizontal
line. The overall ANOVA for HIV-1 Tg animals confirmed these observations, revealing a
significant age x sex interaction [F(8,232)=5.5, pg<0.001, np2:0.160] with a prominent
quadratic component [F(1,29)=16.7, p<0.001, np2:0.366]. Significant main effects of age
[F(8,232)=5.3, pc<0.001, np2:0.154] and sex [F(1,29)=24.1, p<0.001, np2:0.454] were
also observed. Thus, regardless of biological sex, HIV-1 Tg animals exhibited significant
alterations in the development of temporal processing, albeit alterations which are more
profound in female HIV-1 Tg animals.

Cross-Modal Prepulse Inhibition (Visual): Temporal Processing—In visual PPI
(Figure 6), HIV-1 Tg rats exhibited a significant alteration in the development of temporal
processing, indexed using prepulse inhibition, relative to controls. A segmental linear
regression was the best fit for both HIV-1 Tg and control animals (R%s20.70). HIV-1 Tg
animals exhibited a significant leftward shift in maximal prepulse inhibition relative to
control animals. Specifically, control animals exhibited a linear increase in prepulse
inhibition through PD 360, followed by a subsequent decrease. In contrast, HIV-1 Tg
animals displayed maximal prepulse inhibition at PD 300, followed by a subsequent
decrease. The overall ANOVA on mean area of the amplitude inflection curve confirmed
these observations, revealing a significant agex genotype interaction with a prominent linear
component [F(1,61)=17.5, p<0.001, np2=0.223], a significant age x sex interaction
[F(8,488)=4.4, p55<0.001, np2:0.068] with a prominent linear component [F(1,61)=16.4,
£<0.001, np2:0.211], and a significant genotype x sex interaction [F(1,61)=4.8, p<0.032,
np2=0.073]. Significant main effects of genotype [F(1,61)=23.6, p<0.001, 1,?=0.279], age
[F(8,488)=10.3, ps:<0.001, np2:0.145] and sex [F(1,61)=69.9, p<0.001, np2:0.534] were
also observed.

Complementary analyses were conducted for each genotype to determine the locus of these
interactions (Control: Figure 6b; HIV-1 Tg: Figure 6¢). A segmental linear regression
provided a well-described fit for both male and female control animals (R%>0.82). Male
control animals exhibited a significant increase in prepulse inhibition through PD 360,
followed by a subsequent decrease. Female control animals, however, exhibited rightward
shift, with maximal prepulse inhibition observed at PD 420, followed by a subsequent
decrease. Differences in the rate of temporal processing development were also observed,
with female control animals exhibiting slower development ($1=626.4+201.2) relative to
male animals ($1=1852+874.8). The overall ANOVA confirmed these observations,
revealing a significant age x sex interaction [F(8,256)=3.6, pg<0.003, np2:0.102] with a
prominent linear component [F(1,32)=16.3, p<0.001, np2=0.338]. Significant main effects of
age [F(8,256)=11.5, psc<0.001, np2:0.264] and sex [F(1,32)=103.0, p<0.001, np2:0.763]
were also observed. Male and female HIV-1 Tg animals were also best fit using a segmental
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linear regression (R2s>0.62). Male HIV-1 Tg animals exhibited maximal prepulse inhibition
at approximately PD 300, while a rightward shift, with maximal prepulse inhibition at PD
420, was observed in female HIV-1 Tg rats. Biological sex altered the rate of temporal
processing development in HIV-1 Tg rats, with slower development observed in female
HIV-1 Tg rats (;=201.8+127.1) relative to male HIV-1 Tg rats (8;=1400£1097.5). The
overall ANOVA confirmed these observations, revealing a significant main effect of age with
a prominent linear component [F(1,29)=13.9, p<0.001, np2:0.324] and sex [F(1,29)=12.3,
p<0.002, 1,?=0.297].

Locomotor Activity: Intrasession Habituation—The progression of intrasession
habituation, used to assess long-term episodic memory, is illustrated in Figure 7. A one-
phase decay was the best fit for HIV-1 Tg and control animals at all test sessions, however,
significant differences between the best fit line were observed. Specifically, at PD 90 and PD
120, control animals, compared to HIV-1 Tg animals, exhibited a greater number of mean
photocell interruptions, during the latter half of the test session. In contrast, at PD 300 and
all subsequent test sessions, HIV-1 Tg animals displayed a greater number of mean photocell
interruptions in the latter half of the session relative to controls.

The overall ANOVA confirmed these observations, revealing a significant age x time x
genotype interaction [F(88,5368)=1.6, ps<0.025, np2:0.0.25] with a prominent linear-
quadratic component [F(1,61)=20.5, p<0.001, np2:0.252]. Significant two-way interactions
included an age x genotype interaction [F(8,488)=20.5, p5c<0.001, np2=0.252] with a
prominent linear component [F(1,61)=96.9, p<0.001, np2:0.614], an age x sex interaction
[F(8,488)=2.2, p55<0.039, np2:0.035] with a prominent quadratic component [F(1,61)=9.8,
p<0.003, np2=0.139], a time x genotype interaction [F(11,671)=18.3, p5c<0.001,
np?=0.231] with a prominent linear component [F(1,61)=38.4, p<0.001, 1,?=0.386], a time
x sex interaction [F(11,671)=5.0, ps<0.002, np220.076] with a prominent linear
component [F(1,61)=10.6, p<0.002, np2=0.148], and an age x time interaction
[F(88,5368)=8.6, pz<0.001, np2:0.124] with a prominent linear-linear component
[F(1,61)=221.5, p<0.001, np220.784]. Significant main effects of age [F(8,488)=102.4,
P66<0.001, ny?=0.627], time [F(11,671)=1408.1, p55=0.001, ny?=0.958], and sex
[F(1,61)=10.5, p<0.002, np220.147] were also observed. Thus, HIV-1 Tg animals failed to
exhibit intrasession habituation, evidenced by significantly greater activity in the latter half
of the test session, through advancing age, suggesting an impairment in long-term episodic
memory.

Discussion

Two interrelated goals were pursued to authenticate the utility of the HIV-1 Tg rat for the
study of progressive neurocognitive deficits, a sequelae of long-term HIV-1 viral protein
exposure (Vigorito et al., 2015). First, the integrity of auditory and visual sensory system
function, assessed using cross-modal PPI, and motoric system function, examined using
locomotor activity, was established. The integrity of sensory and motor systems in the HIV-1
Tg rat confirms the utility of the HIV-1 Tg rat in longitudinal experimental designs to
determine the progression of HAND. Second, the progression of neurocognitive
impairments, including temporal processing and long-term episodic memory, in the HIV-1
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Tg rat were evaluated; the factor of biological sex was integral to the experimental design.
Regardless of sex, HIV-1 Tg animals, relative to controls, displayed significant alterations in
the development of auditory and visual PPI, suggesting a deficit in temporal processing.
However, significant sex differences in the progression of temporal processing were
observed, with female HIV-1 Tg animals exhibited more pronounced deficits relative to male
HIV-1 Tg animals. An impairment in long-term episodic memory, evidenced by significant
alterations in intrasession habituation, was also observed in HIV-1 Tg animals relative to
controls. Understanding the progression of HAND heralds an opportunity for the
development of an advantageous model of neurocognitive deficits in HIV-1 and establishes
critical groundwork for the development of neurorestorative and/or preventative treatments.

The integrity of sensory system function through advancing age in HIV-1 Tg and control
animals was assessed using cross-modal PPI. Robust inhibition to the presence of auditory
and visual prepulses was observed at all test sessions, confirming the integrity of sensory
system function in both HIV-1 Tg and control animals. Notably, the phenotypic cataracts
observed in the HIV-1 Tg rat do not prevent the animal from detecting brightness; visual
acuity, however, has not yet been systematically investigated in the HIV-1 Tg rat. Robust
inhibition to auditory, visual, and tactile prepulses have been previously observed in HIV-1
Tg and control animals, albeit at younger ages (e.g., 2-6 months of age, Moran et al., 2013a;
8-10 months of age, McLaurin et al., 2017b, McLaurin et al., 2017c). The present study
provides a longitudinal assessment through the majority of the animal's functional lifespan,
providing strong evidence for the integrity of sensory system function in the HIV-1 Tg rat.

Motoric system function was assessed using locomotor activity in HIV-1 Tg and control
animals through advancing age. From PD 90 to PD 180, control animals exhibited a
significantly greater number of mean photocell interruptions during the sixty-minute test
session, consistent with previous reports of decreased motor movement in HIV-1 Tg animals
early (i.e., between 3-6 months) in development (June et al., 2009). No significant
differences in the number of photocell interruptions between HIV-1 Tg and control animals
were observed at PD 240 or PD 300. However, beginning at PD 360, and at all subsequent
test sessions, HIV-1 Tg animals exhibited a significantly greater number of mean photocell
interruptions relative to control animals. Thus, neither HIV-1 Tg nor control animals
displayed gross-motoric system impairments through advancing age, indicative of the
integrity of motor system function.

The overall health of HIV-1 Tg and control animals through advancing age was also
assessed using growth rate. HIV-1 Tg animals, regardless of sex, weighed significantly less
than control animals, but exhibited steady growth through PD 480 (approximately 16 months
of age). The rate of growth, however, was significantly slower in male and female HIV-1 Tg
animals relative to their control counterparts. Previous observations have reported no
significant differences in the rate of growth, however, observations were restricted to
younger animals (e.g., Peng et al., 2010; Moran et al., 2012; Moran et al., 2013b; Moran et
al., 2014a; Roscoe et al., 2014). Early adulthood food restriction, as in the present study,
may have played a role in altering the growth trajectory of HIV-1 Tg animals.
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It is noteworthy that the observations in the present study (i.e., growth rates, integrity of
sensory system function, intact motoric system function), differ from those reported in the
original derivation of the HIV-1 Tg (Sprague-Dawley) rat, with transgene expression on
chromosomes 2 and 9 (Reid et al., 2001). Specifically, Reid et al. (2001) reported relatively
early wasting (i.e., 5-9 months of age), hind-limb paralysis, and AIDS related organ
pathologies. However, the current derivation of the HIV-1 Tg (F344/N) rat, used in the
present study, is a healthier derivation of those originally described, with transgene
expression limited to chromosome 9. In the present study, HIV-1 Tg rats exhibited no
alterations in sensory system function (i.e., auditory or visual) or motor system function
through advancing age. The integrity of gustatory system function has also been established
using both one-bottle (Peng et al., 2010) and five-bottle (Bertrand et al., 2013) sucrose taste
preference tests, which revealed no significant differences between HIV-1 Tg and control
animals in sucrose consumption at any concentration. Thus, the present studies provide
strong evidence for the functional health of the HIV-1 Tg rat through the majority of the
animal's functional lifespan, suggesting the utility of the HIV-1 Tg rat in studies of the
progression of neurocognitive deficits, including temporal processing and long-term
episodic memory, commonly observed in HAND.

Prominent alterations in the progression of temporal processing, indexed using the area of
inflection of the ASR amplitude response curve (McLaurin et al., 2016), were observed in
HIV-1 Tg animals, regardless of sex, relative to controls using cross-modal PPI. HIV-1 Tg
animals displayed a significant leftward shift in the age at which maximal prepulse
inhibition was observed in both auditory and visual PPI. Specifically, in auditory PPI,
control animals exhibited a significant increase in prepulse inhibition as a function of age
through approximately PD 300, followed by a subsequent decrease. HIV-1 Tg animals,
however, displayed maximal prepulse inhibition at approximately PD 270, followed by a
subsequent decrease. In visual PPI, control animals exhibited an increase in prepulse
inhibition as a function of age through PD 360, followed by a subsequent decrease. In
contrast, HIV-1 Tg animals displayed a significant leftward shift, with maximal prepulse
inhibition observed at PD 300. The present study establishes, via longitudinal assessment,
alterations in the progression of temporal processing through the majority of the functional
lifespan of the HIV-1 Tqg rat.

Temporal processing deficits in the HIV-1 Tg rat may result from dopaminergic system
dysfunction, which has been implicated as a key target of HIV-1 infection. Alterations in
dopamine system function have previously been reported using multiple techniques in the
HIV-1 Tg rat, including immunofluorescence and Western blots (Webb et al., 2010; Moran
etal., 2012; Reid et al., 2016a), as well as [18F] fallypride positron emission tomography
(PET; Lee et al., 2014). The serial circuitry involved in PPI, established using lesioning (e.g.,
Fendt et al., 1994; Leitner and Cohen, 1985) and electrical stimulation studies (Li et al.,
1998; Li and Yeomans, 2000), includes the brainstem and pedunculuopontine pathways.
Alterations in the dopaminergic inputs at multiple points within the serial circuitry
mediating PP1 have downstream effects, ultimately altering startle response (Koch et al.,
1999). The nucleus accumbens (Nac), which receives dopaminergic inputs from the ventral
tegmental area (VTA), may be a critical loci for the regulation of PPI (Swerdlow et al.,
1992). Specifically, the medial prefrontal cortex, which exhibits thinning in HIV-1
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seropositive humans (Thompson et al., 2005), may mediate dopamine (DA) release from the
Nac via glutamateric projections (Koch et al., 1999). Decreased dopaminergic activity in the
prefrontal cortex increases DA release in the Nac (Koch et al., 1999); an effect which may
be mediated by the glutamateric projection from the prefrontal cortex to the VTA (Taber and
Fibiger, 1995).

Pharmacological and behavioral studies have also been used to establish the role of
dopamine (DA) in PPI (review, Geyer et al., 2001). Administration of DA agonists,
including apomorphine (e.g., Fitting et al., 2006), SCH 39166 (e.g., Ellenbroek et al., 1996),
sulpiride (e.g., Ellenbroek et al., 1996), and amphetamine (e.g., Mansbach et al., 1998;
Zhang et al., 2000), produced a marked decrease in PPI. Administration of apomorphine
subcutaneously in Sprague-Dawley rats stereotaxically injected with gp120, a HIV-1 viral
protein, produced significant alterations in prepulse inhibition, evidenced by a decrease in
startle response amplitude and an insensitivity to the manipulation of ISI (Fitting et al.,
2006); results which are comparable to temporal processing deficits observed in the HIV-1
Tg rat. Significant reductions in PPI were also observed following local injections of either
SCH39166 or sulpiride into the medial prefrontal cortex (Ellenbroek et al., 1996).
Examination of the neurotransmitter adenosine, which may interact with DA in the CNS
(Ferré et al., 1992), provides additional evidence for the role of DA in the regulation of PPI
(e.g., Hauber and Koch, 1997). Thus, DA system dysfunction in the HIV-1 Tg rat may
underlie alterations in the progression of temporal processing deficits observed in the present
study.

Profound alterations in the progression of intrasession habituation were observed in the
HIV-1 Tg rat in comparison to control animals, suggesting an impairment in long-term
episodic memory. Beginning at PD 300 and at all subsequent test sessions, HIV-1 Tg
animals displayed significant deficits in intrasession habituation, evidenced by a higher level
of activity during the latter half of the session; a pattern compatible with impairment in long-
term episodic memory. Multiple experimental paradigms (e.g., locomotor activity, rotarod,
wheel running) have revealed alterations in both intrasession habituation (Moran et al.,
2013b) and intersession habituation (Chang et al., 2006; Reid et al., 2016b) in the HIV-1 Tg
rat. The present study, using a longitudinal experimental design, confirmed robust alterations
in intrasession habituation through the majority of the functional lifespan of the HIV-1 Tg
rat.

Alterations in intrasession habituation may also result from DA system dysfunction.
Multiple pharmacological studies have provided evidence for the role of DA in intrasession
habituation (Carlsson, 1972; Giros et al., 1996, Wong et al., 2003). Specifically,
administration of apomorphine, a DA agonist, in rats produced decreased intrasession
habituation (Carlsson, 1972). DA transporter (Giros et al., 1996) and D1 receptor knockout
mice (Wong et al., 2003) also exhibited decreased intrasession habituation in locomotor
activity. Additional studies are needed, however, to determine whether alterations in
intrasession habituation result from the effects of increased DA on the motor system
(Leussis and Bolivar, 2006). Notably, DA release may also be critical for the formation of
long-term episodic memories, commonly assessed in animal models using intrasession
habituation. Lisman and Grace (2005) proposed the hippocampus-ventral tegmental area
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(VTA) loop, suggesting that DA release from the hippocampus may be vital for long-term
episodic memory encoding and retrieval. A pharmacological study found that infusion of a
DA antagonist into the rat hippocampus prior to encoding impairs long-term memory
(Bethus et al., 2010).

The assessment of sex differences was an integral component of the experimental design,
addressing the need for direct comparisons of neurocognitive deficits in males and females
in both clinical and preclinical studies (Maki and Martin-Thormeyer, 2009; Maki et al.,
2015). The factor of biological sex may moderate the progression of neurocognitive deficits,
including temporal processing, in the HIV-1 Tg rat. Female HIV-1 Tg animals, compared to
male HIV-1 Tg animals, exhibited more prominent deficits in temporal processing.
Specifically, in auditory PPI, female HIV-1 Tg animals failed to display any significant
development in temporal processing as a function of age. In visual PPI, female HIV-1 Tg
animals, exhibited a slower development of prepulse inhibition, relative to male HIV-1 Tg
animals. Sex differences in the progression of temporal processing extend those reported in
auditory gap prepulse inhibition, examined using an early, time-limited longitudinal
experimental design (McLaurin et al., 2016), suggesting the generality and relative
permanence of these deficits. In sharp contrast, neither compelling nor consistent sex
differences were observed in the progression of intrasession habituation. Thus, biological
sex may selectively moderate the influence of the HIV-1 transgene on the progression of
neurocognitive deficits.

The present study provides a critical foundation for future studies examining the progression
of executive function and attention deficits, which are commonly altered in HIV-1
seropositive individuals (Heaton et al., 2010; Heaton et al., 2011). For example, signal
detection tasks (McGaughy and Sarter, 1995), which rely on intact sensory and motoric
system function, can be used to assess sustained attention, as well as more complex
executive functions, including inhibition and flexibility. In signal detection, the presence or
absence of a stimulus (i.e., houselight, auditory tone) indicates the response an animal must
make (i.e., which lever to press) to receive a reinforcer. We have previously used the signal
detection task to assess cognitive functions in the HIV-1 Tg rat, reporting significant deficits
in sustained attention, flexibility and inhibition (Moran et al., 2014a). However, a systematic
evaluation of the progression of sustained attention deficits, and the effect of biological sex,
in the HIV-1 Tg rat is needed.

Establishing the integrity of auditory and visual system function, as well as motoric system
function, suggests the utility of the HIV-1 Tg rat for examining the progression of HAND.
Further, results of the present study substantiated significant alterations in the progression of
temporal processing, which may underlie executive function and attentional deficits
commonly observed in the post-cART era (Heaton et al., 2010; Heaton et al., 2011).
Additionally, alterations in the progression of intrasession habituation, suggestive of an
impairment in long-term episodic memory, were observed. Results provide a strong
foundation for future studies assessing the progression of executive function deficits, and the
effect of biological sex, in the HIV-1 Tg rat using a longitudinal experimental design.
Understanding the progression of HAND, heralds an opportunity for the development of an
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advantageous model of neurocognitive deficits in HIV-1 and establishes critical groundwork
for the development of neurorestorative treatments.
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Mean body weight is illustrated for both males (A) and females (B) as a function of
genotype (HIV-1 Tg vs. control) and age (x95% CI). HIV-1 Tg animals, regardless of sex,
weighed significantly less than control animals, but exhibited steady growth through
approximately 16 months of age. Notably, after a prior history of food restriction, both male
and female HIV-1 Tg animals grew at a significantly slower rate relative to controls. The x-
axis break at 6 months for males and 9 months for females indicates the point at which all

animals were again receiving food ad /ibitum.
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Mean peak ASR amplitude (+xSEM) for auditory prepulse inhibition is illustrated for all test
sessions as a function of genotype (HIV-1 Tg vs. Control). Both HIV-1 Tg and control
animals exhibited robust inhibition to the auditory prepulse at all ages, albeit at different
ISIs, suggesting the integrity of auditory system function through the majority of the

animal's functional lifespan.
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Mean peak ASR amplitude (xSEM) for visual prepulse inhibition is illustrated for all test
sessions as a function of genotype (HIV-1 Tg vs. Control). Maximal inhibition was observed
at the 50 msec ISl for both HIV-1 Tg and control animals at all test sessions. Robust
inhibition to the visual prepulse was observed in both HIV-1 Tg and control animals at all
assessments, suggesting the integrity of visual system function through the majority of the

animal's functional lifespan.

J Neurovirol. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

McLaurin et al.

Page 25

Locomotor Activity
8000-

7000+

(o)}
o
o
g

5000+

Mean Number of
Photocell Interruptions (+ 95% CI)

4000+

=0O= Control
30004 -~ HIV-1Tg

P ,\'19 ,@Q ’\%Q 240 300 360 420  48(

Postnatal Day

Figure 4.
Mean number of photocell interruptions in a 60-minute locomotor activity test session are

illustrated as a function of genotype (HIV-1 Tg vs. control) and age (£95% CI). A one-phase
decay was the best fit for HIV-1 Tg and control animals, however, significant differences in
the fit of the function were observed [F(3,12)=41.1, p<0.001]. From PD 90 to PD 180,
control animals exhibited a significantly greater number of mean photocell interruptions
relative to HIV-1 Tg animals. However, beginning at PD 360 and all subsequent test
sessions, HIV-1 Tg animals, compared to controls, displayed a significantly greater number
of mean photocell interruptions. Results, therefore, suggest no gross-matoric impairments in
either HIV-1 Tg or control animals through advancing age.
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Figure5.

Auditory prepulse inhibition, assessed using mean area of the peak inflection curve, is
illustrated as a function of genotype (HIV-1 Tg vs. control) and age (£95% CI). (A) A
segmental linear regression was the best fit for HIV-1 Tg and control animals (R%s>0.91).
Temporal processing in control animals was well-described using a segmental linear
regression, with maximal prepulse inhibition observed at PD 300. In contrast, HIV-1 Tg
animals displayed a prominent leftward shift, with maximal inhibition observed at
approximately PD 270. (B) A segmental linear regression was the best fit for both male and
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female (R%s =0.90) control animals, with maximal prepulse inhibition occurring at
approximately PD 300. However, female control animals exhibited a significantly slower
rate of temporal processing development from PD 90 to PD 300 compared to male control
animals. (C) A segmental linear regression, with maximal prepulse inhibition at
approximately PD 270, provided a well-described fit for male HIV-1 Tg animals (R2=0.88).
Female HIV-1 Tg animals, however, failed to exhibit any significant temporal processing
development as a function of age, best fit using a horizontal line. Thus, regardless of sex,
HIV-1 Tg animals displayed significant alterations in the progression of temporal
processing, assessed using auditory prepulse inhibition, compared to control animals.
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Figure 6.
Visual prepulse inhibition, assessed using mean area of the peak inflection curve, is

illustrated as a function of genotype (HIV-1 Tg vs. control) and age (£95% CI). (A) A
segmental linear regression was the best fit function for both HIV-1 Tg and control animals
(R%s20.70), A significant leftward shift in the point of maximal inhibition was observed in
HIV-1 Tg animals (PD 300) relative to control animals (PD 360). (B) Significant alterations
in the development of temporal processing were observed in control animals dependent upon
biological sex. Specifically, both male and female control animals were best fit using a

J Neurovirol. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

McLaurin et al.

Page 29

segmental linear regression (R2s =0.82). Male control animals exhibited a significant
increase in prepulse inhibition through PD 360, followed by a subsequent decrease. In
contrast, a rightward shift, with maximal prepulse inhibition observed at PD 420, was
observed in female control animals. (C) Biological sex moderated the progression of
temporal processing deficits in HIV-1 Tg animals. A segmental linear regression provided a
well-described fit for both male and female HIV-1 Tg animals, with maximal prepulse
inhibition observed at PD 300 and PD 420 respectively (R%s>0.62). The factor of biological
sex, however, altered the rate of temporal processing development in HIV-1 Tg rats, with
slower development observed in female HIV-1 Tg rats relative to male HIV-1 Tg rats. HIV-1
Tg animals, regardless of sex, exhibited profound alterations in the progression of temporal
processing, assessed using visual prepulse inhibition, relative to control animals.
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Figure7.
Mean number of photocell interruptions during locomotor habituation trials across twelve 5-

min trial blocks are illustrated at all test sessions as a function of genotype (HIV-1 Tg,
control; £95% ClI). Significant alterations in intrasession habituation in the HIV-1 Tg rat
were observed at PD 300 and all subsequent test sessions, evidenced by a higher level of
activity during the latter half of the session. Alterations in intrasession habituation suggest
an impairment in long-term episodic memory in HIV-1 Tg animals.
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