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Abstract
HIV-1-associated neurocognitive disorders (HAND) afflict up to 50% of HIV-1-positive
individuals, despite the effectiveness of combination antiretroviral therapy (CART) in reducing
the prevalence of more severe neurocognitive impairment. Alterations in brainstem auditory
evoked potentials (BAEP), a measure of temporal processing, are one of the earliest neurological
abnormalities of HIV-1-positive individuals. Prepulse inhibition (PPI) of the auditory startle
response (ASR), a measure of sensorimotor gating, was studied in HIV-1 transgenic (Tg) rats,
which express 7 of the 9 HIV-1 genes. Ovariectomized female Fischer HIV-1 Tg and control rats
(ns=41–42) were tested for PPI at three test periods, with at least 2 months separating each test
period, using auditory and visual prepulses, an auditory startle stimulus, and interstimulus
intervals (ISI) ranging from 0–4000 msec. Auditory and visual prepulse trial blocks were
presented in counterbalanced order. For both auditory and visual prepulses, HIV-1 Tg animals
exhibited a flatter ISI function, which did not sharpen with age, as it did in controls. Over time,
auditory prepulses precipitated a temporal shift in peak inhibition in HIV-1 Tg animals relative to
controls, whereas with visual prepulses, both groups displayed peak inhibition at the 40 msec ISI.
A lack of perceptual sharpening with age and a relative insensitivity to the temporal dimension of
sensorimotor gating are evident in the HIV-1 Tg rat prior to clinical signs of wasting. Deficits in
sensorimotor gating may not only provide an early subtle diagnostic marker of HAND, but may
also afford a key target for development of potential therapeutics.
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Introduction
The incidence of HIV-1 associated dementia (HAD) has been significantly reduced with the
advent of combination antiretroviral therapy (CART) (Heaton et al. 2010; Sacktor et al.
2002). However, HIV-1-associated neurocognitive disorders (HAND), ranging from mild
deficits in memory and attention to the more severe and debilitating HAD, continue to afflict
up to 50% of patients on CART (Ances and Ellis 2007; Heaton et al. 2011). Given the
increased life expectancy provided by CART, as well as the current estimate of 34 million
people worldwide living with HIV-1 (UNAIDS 2011), HAND is a significant health issue
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for millions, disrupting normal functioning of daily activities and posing a risk for early
mortality (Ellis et al. 1997).

Before higher level cognitive symptoms manifest, the early stages of HIV-1 may be marked
by alterations in temporal processing, as assessed with amplitude and latency measures of
auditory evoked potentials (AEPs), both without (Castello et al. 1998; Fein et al. 1995; Gil
et al. 1992; Koralnik et al. 1990; Pagano et al. 1992; Schroeder et al. 1996; Vigliano et al.
2000), and after, CART initiation (Chao et al. 2004; Matas et al. 2010). Simian and feline
immunodeficiency virus models have also demonstrated alterations in evoked potentials
(Phipps et al. 2000; Prospero-Garcia et al. 1999; Raymond et al. 1998; Riazi et al. 2009).
Alterations in AEPs become more apparent with disease progression in HIV-1+ patients
(Goodwin et al. 1996; Lalwani et al. 1992; Ollo et al. 1991; Schroeder et al. 1994), as is
more generally observed in the progression from mild cognitive impairment to dementia
(Golob et al. 2007). Given that HIV-1+ patients clearly exhibit basic abnormalities in
auditory processing (both early and late components of AEP), it is surprising that few
studies have addressed more specific aspects of temporal processing, such as the response to
an increased rate of stimulus presentation, which may provide more information on sensory
gating in HIV-1+ patients (Bankaitis 1995; Frank et al. 1992; Frank and Pahwa 1993).

Another experimental paradigm used to study auditory processing in both clinical and
preclinical studies is prepulse inhibition (PPI) of the auditory startle response (ASR) (Braff
et al. 1978; Hoffman and Searle 1965; Ison and Hammond 1971). PPI is an operational
measure of sensorimotor gating, a preattentive process in which the startle reflex is reduced
when the startle stimulus is preceded 30–500 msec by a weak prepulse (Hoffman and Ison
1980). Within the context of the ASR, we have observed alterations in PPI in HIV-1
transgenic rats as well as in rats stereotaxically injected with the HIV-1 viral proteins Tat
and gp120. Specifically, female Sprague-Dawley HIV-1 transgenic (Tg) rats have peak
inhibition to an auditory prepulse at the 40 msec interstimulus interval (ISI) when tested at
5, 6, and 7 months of age, which was a leftward shift from the control group’s peak
inhibition at the 80 msec ISI (Moran et al. 2013). We have also reported a leftward shift in
the inhibition function in 30- and 60-day old male Sprague-Dawley rats following neonatal
Tat injection (Fitting et al. 2006a) and in 9-month old male and female Sprague-Dawley rats
given neonatal gp120 injections (Fitting et al. 2006b). Assessment of PPI in HIV-1 Tg rats
prior to adulthood, which may provide information regarding subtle early-onset neurological
alterations analogous to those reported in HIV-1+ humans, has not been conducted to our
knowledge. Such information would be especially valuable in its potential for diagnostic and
therapeutic applications in HAND.

The utilization of a visual prepulse in the PPI paradigm affords the opportunity to determine
the generality of any alterations in sensorimotor gating independent of prepulse stimulus
modality. Comparable alterations in auditory and visual PPI would be consistent with a
deficit in sensorimotor gating. Differential alterations in auditory versus visual PPI would,
alternatively, be consistent with a more restricted sensory system impairment. The
measurement of PPI in the HIV-1 Tg rat also provides the opportunity to assess general
sensory system alterations, which are commonly observed in transgenic animals, but not
always appropriately addressed in experimental designs. One of the readily apparent
phenotypes of the HIV-1 Tg rat (and mouse, see Mozes et al. 2002) is cataracts, which
present potential limitations in testing models of HAND with the HIV-1 Tg rat via its visual
system. It is therefore critical to assess the basic ability to detect visual stimuli in order to
design experiments appropriately. If the HIV-1 Tg rat can show inhibition of the ASR to a
visual prepulse, it may be logically inferred that, despite the presence of cataracts, the rat
can detect visual stimuli of the particular intensity and duration used. A functional
assessment of stimulus detectability demonstrates that punctate visual stimuli may be
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utilized in other experimental paradigms with HIV-1 Tg rats, including measures of
executive function and other cognitive domains relevant to HAND.

The purpose of the present study was to characterize PPI of the ASR in the HIV-1 Tg rat,
which expresses 7 of the 9 HIV-1 genes and displays brain proinflammatory immune
responses (Royal et al. 2012). The assessments were planned to be conducted from 2 to 8
months of age, antecedent to the documented neurological symptoms or clinical signs of
wasting (Peng et al. 2010). It was hypothesized that subtle alterations in PPI would be
detected early in the progression of the expression of the HIV-1 transgene, as are detected in
HIV-1+ individuals. In addition to PPI with an auditory prepulse stimulus, PPI with a visual
prepulse stimulus was measured to determine the generality of any alterations in
sensorimotor gating.

Methods and Materials
Animals

Ovariectomized female Fischer (F344/N; Harlan Laboratories) rats (HIV-1 Tg, n=41;
control, n=42) were tested for PPI starting at 2 months of age. Groups of 3–14 animals were
delivered to the facility every week for 10 weeks and tested one week after arrival. All
animals were group-or pair-housed throughout the experiments. Rodent food (2020X Teklad
Global Extruded Rodent Diet (Soy Protein-Free)) and water were available ad libitum
throughout the first test period. The animals were under food restriction (85% body weight)
during the two later test periods for the purpose of contemporaneously conducted operant
experiments. The animals were maintained according to the National Institute of Health
(NIH) guidelines in AAALAC-accredited facilities. The animal facility was maintained at
21° ± 2°C, 50% ± 10% relative humidity and had a 12-h light:12-h dark cycle with lights on
at 0700 h (EST). Rats were handled for one week prior to any behavioral testing procedures.
The Institutional Animal Care and Use Committee (IACUC) of the University of South
Carolina approved the project protocol.

Apparatus
The startle platform (SR-Lab Startle Reflex System, San Diego Instruments, Inc., San
Diego, CA) was enclosed in a 10 cm-thick double-walled, 81×81x116-cm isolation cabinet
(external dimensions) (Industrial Acoustic Company, INC., Bronx, NY), rather than the 1.9
cm thick ABS plastic or laminate cabinets offered with this system. This double-walled
isolation chamber provides over 30dB(A) of sound attenuation relative to the external
environment. The ambient sound level in the chamber without any stimuli presented is
22dB(A). The high-frequency loudspeaker of the SR-Lab system (Radio Shack model#40–
1278B) that was used to deliver all auditory stimuli (frequency range of 5k-16k Hz) was
mounted inside the chamber 30 cm above the Plexiglas animal test cylinder. Three white
LED lights were mounted inside the chamber, one on the wall behind the test cylinder (22
lux) presented as the visual prepulse at each of the three test periods, and two on opposite
walls on either side of the cylinder (100 lux combined) presented together as the visual
prepulse during a session in the first test period. The animal’s whole body startle response to
the auditory stimulus produced deflection of the test cylinder, which was converted into
analog signals by a piezoelectric accelerometer integral to the bottom of the cylinder. The
response signals were digitized (12 bit A to D) and saved to a hard disk. Response
sensitivities were calibrated using a SR-LAB Startle Calibration System. Sound levels were
measured and calibrated with a sound level meter (Bruel & Kjaer 2203) with the
microphone placed inside the Plexiglas cylinder.
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Procedure
ASR Habituation—At 2 months of age, the animals were administered a 36-trial auditory
startle test session to habituate them to the auditory stimulus and test procedures. Each
session began with a 5-min acclimation period of 70dB background white noise, followed
by 36 trials of a 100dB(A) white noise stimulus with a 20 msec duration and a 10 sec
intertrial interval (ITI). All test sessions were conducted in the dark.

Prepulse Inhibition Test—One day after ASR habituation, animals were tested for PPI
of the ASR with both visual and auditory prepulse stimuli. All animals were administered a
30-min test session, which began with a 5-min acclimation period in the dark with 70dB(A)
background white noise, followed by 6 pulse-only ASR trials with a 10 sec ITI. An equal
number of visual and auditory prepulse trials [72 trials total; Interstimulus intervals (ISI) of
0, 8, 40, 80, 120, and 4000 msec, 6-trial blocks, Latin square design] were interdigitated in
an ABBA order of presentation. The 0 and 4000 msec ISI trials were control trials used to
calculate percent inhibition on PPI trials. The pulse stimulus intensity was 100dB(A) (20
msec duration) measured inside the test cylinder. A variable 20 sec ITI was used (range=15–
25 sec). All animals were tested on two consecutive days. On the first day, one LED light
(22 lux at the level of the test cylinder) was presented as the visual prepulse; on the second
day, two LED lights (100 lux at the level of the test cylinder) were presented. On both test
days, the auditory prepulse was an 85dB(A) white noise stimulus (20 msec duration)
measured inside the test cylinder. Mean peak ASR amplitude values were collected for
analysis. Percent PPI was derived from mean peak ASR amplitude data as the difference
between average peak amplitude at 0 and 4000 msec ISIs and at the ISI at which peak
inhibition was observed, divided by average peak amplitude at 0 and 4000 msec ISIs,
multiplied by 100.

Animals were tested similarly a second and third time with a minimum of 2 months of age
separating each of the 3 tests for each animal. Only the 22 lux visual prepulse was used in
the second and third test sessions, as it was determined after the first test that this stimulus
was sufficient to cause robust inhibition of the ASR.

Statistics
All data were analyzed using analysis of variance (ANOVA) techniques (IBM SPSS
Statistics 20). For each prepulse type (auditory and visual), a four-way mixed-factor
ANOVA was performed on mean peak ASR amplitude for the 0–4000 msec ISIs, with
treatment condition (HIV-1 Tg vs. control) as the between-subjects factor, and age, ISI, and
trial as the within-subjects factors. A four-way mixed-factor ANOVA was also performed
on mean peak ASR amplitude during visual prepulse trials at 2 months of age, with
treatment condition as the between-subjects factor, and light intensity, ISI, and trial as the
within-subjects factors. A similar analysis was conducted on mean peak ASR amplitude
during auditory prepulse trials at 2 months of age, to determine if the intensity of the light
stimulus used in the interdigitated visual prepulse trials differentially affected auditory PPI.
Mean peak ASR amplitude during the habituation session and during 0 msec ISI trials
within each PPI session was also analyzed with linear and nonlinear regression analyses. An
alpha level of p≤.05 was considered significant for all statistical tests. Sample sizes were
chosen with the goal of sufficient statistical power (> 0.80) to maximize the likelihood of
detecting subtle early alterations of expression of the HIV-1 transgene.
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Results
ASR Intrasession Habituation

Mean peak ASR amplitude data from the habituation session are illustrated in Figure 1. With
the exception of the first 6 trials (during which the HIV-1 Tg group showed a sharp decrease
in the ASR), linear regression analysis revealed that there was no difference in the rate of
habituation across the test session for the HIV-1 Tg and control groups (Regression line
slopes: HIV-1 Tg, −4.24+/−1.24; Control: −2.7+/−0.91), with no difference in overall ASR
between groups, F=0.17.

ASR Intersession Habituation
Mean peak ASR amplitude during 0 msec ISI control trials across the PPI test session at
each age is illustrated in Figure 2. Nonlinear regression analysis revealed that the ASR of
the HIV-1 Tg group decreased across 0 msec ISI trials within each test session, with a single
phase decay function accounting for over 90% of the variance. In contrast, the ASR of the
control group did not significantly change across 0 msec ISI trials during any test session.

HIV-1 Tg Rats Exhibit Significant PPI with an Auditory Prepulse (in Both 22 and 100 lux
Visual Prepulse Contexts)

Mean peak ASR amplitude during auditory prepulse trials assessed at 2 months of age is
illustrated in Figure 3. This first test period included a comparison of auditory prepulse trials
that were interdigitated with 22 lux visual prepulse trials, and auditory prepulse trials that
were interdigitated with 100 lux visual prepulse trials. Most importantly, there was no 3-way
interaction between treatment condition, light intensity, and ISI, nor an interaction between
treatment condition and light intensity, suggesting that the brightness of the visual prepulse
did not differentially affect PPI of each group during auditory prepulse trials. In fact, the ISI
functions of the HIV-1 Tg and control groups changed in a similar manner with the
increased light intensity of the prepulse, reflected by a significant light intensity × ISI
interaction in each group [Control: F(5,205)=5.0, p≤0.001, Power =0.98; HIV-1 Tg:
F(5,200)=3.1, p≤0.05, Power =0.87]; with both groups, the ISI functions sharpened and the
point of peak inhibition shifted from the 80 msec ISI to the 40 msec ISI. The HIV-1 Tg and
control groups also both displayed quadratic trends for ISI during auditory prepulse trials in
each visual prepulse context, characteristic of the fundamental temporal domain of PPI [22
lux visual prepulse: Control, F(1,41)=76.3, p≤0.002, Power =1.0; HIV-1 Tg, F(1,40)=69.6,
p≤0.001, Power =1.0; 100 lux visual prepulse: Control: F(1,41)=122.0, p≤0.001, Power
=1.0; HIV-1 Tg: F(1,40)=110.7, p≤0.001, Power =1.0]. However, there was a treatment
condition × ISI interaction for mean peak ASR amplitude during auditory prepulse trials that
were interdigitated with the 100 lux visual prepulse trials (Figure 3B), F(5,405)=6.3,
p≤0.001 (Power =1.0), indicating a relative insensitivity to manipulation of ISI duration in
the HIV-1 Tg group. There was no treatment condition × ISI interaction during trials
interdigitated with 22 lux visual prepulse trials.

HIV-1 Tg Rats Exhibit Altered Development of PPI with an Auditory Prepulse
The ANOVA conducted on mean peak amplitude during auditory prepulse trials
interdigitated with 22 lux visual prepulse trials across all three test periods revealed a
significant treatment condition × age × ISI interaction, F(10, 790)=8.1, p≤0.001 (Power
=1.0), as well as a treatment condition × ISI interaction, F(5,395)=23.3, p≤0.001 (Power
=1.0), an age × ISI interaction, F(10, 790)=14.3, p≤0.001 (Power =1.0), and a treatment
condition × age interaction, F(2,158)=16.6, p≤0.001 (Power =1.0). Additional analyses were
conducted to identify the locus of these interactions.
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Separate analyses of each group revealed a main effect of age, F(2,82)=21.3, p≤0.001
(Power =1.0), and an age × ISI interaction, F(10,410)=18.4, p≤0.001 (Power =1.0), in the
control group, illustrated in figure 4A. These effects were not observed in the HIV-1 Tg
group, suggesting that the expression of the HIV-1 transgene interfered with the age-
dependent development of perceptual sharpening.

Complementary results were obtained after separate analyses at each age, which revealed
significant treatment condition × ISI interactions during the 2-month retest [F(5,395)=10.5,
p≤0.001, Power =1.0] and the 4-month retest [F(5,395)=26.1, p≤0.001, Power =1.0], but not
during the initial test (2 months old). The treatment condition × ISI interactions at the later
ages indicate, as does the age × ISI interaction in the control group but not the HIV-1 Tg
group, altered development of the ISI function in the HIV-1 Tg group; they did not exhibit
the same sharpening of the ISI function with age that is apparent with the control group.
Changes in percent PPI across age also reflect the differential development of the ISI
function. The HIV-1 Tg group increased in percent PPI from 30.0%±5.5 during the initial
test to 52.8%±4.4 during the 4-month retest, whereas the control group showed a much
greater relative increase, from 15.2%±7.8 to 64.0%±3.9.

The overall treatment condition × ISI interaction reflects not only the relative insensitivity of
the HIV-1 Tg group to manipulation of ISI duration, but also the differential peak inhibition
of the two groups, observed at the 80 msec ISI during the initial test and the 120 msec ISI
during the 2-month and 4-month retests for the HIV-1 Tg animals, and at the 80 msec ISI
during the initial test and the 40 msec ISI during the 2-month and 4-month retests for the
control animals. Both groups showed significant quadratic trends for ISI, characteristic of
the fundamental temporal domain of PPI [Control: F(1,41)=261.9, p≤0.001, Power =1.0;
HIV-1 Tg: F(1,38)=108.6, p≤0.001, Power =1.0].

HIV-1 Tg Rats Exhibit Significant PPI with a Visual Prepulse
The ANOVA conducted on mean peak ASR amplitude during 22 and 100 lux visual
prepulse trials at 2 months of age revealed that there was no interaction between treatment
condition, light intensity, and ISI. There was also no treatment condition × light intensity or
light intensity × ISI interaction, nor a significant main effect of light intensity. The effect of
the 22 lux light on the ASR was robust and sufficient to demonstrate visual PPI in the HIV-1
Tg as well as the controls (percent PPI at the 40 msec ISI: Control, 72.2±2.6%; HIV-1-Tg,
74.9%±2.5); therefore, only the 22 lux visual prepulse was used for the subsequent test
periods. Both groups displayed quadratic trends for ISI in each visual prepulse condition [22
lux: Control, F(1,41)=148.3, p≤0.001, Power =1.0; HIV-1 Tg, F(1,40)=110.7, p≤0.001,
Power =1.0; 100 lux: Control, F(1, 41)=138.4, p≤0.001, Power =1.0, HIV-1-Tg:
F(1,40)=54.9, p≤0.001, Power =1.0], with comparable peak inhibition at the 40 msec ISI
(100 lux visual prepulse trials, percent PPI: Control, 73.9%±3.1; HIV-1-Tg, 66.2%±3.8).
However, there was a significant treatment condition × ISI interaction during 22 lux visual
prepulse trials, F(5,405)=2.4, p≤0.05 (Power =0.76) (Figure 5A), as well as during 100 lux
visual prepulse trials, F(5,405)=9.0, p≤0.001 (Power =1.0) (Figure 5B), reflecting the
relative insensitivity of the HIV-1 Tg group to manipulation of ISI duration.

HIV-1 Tg Rats Exhibit Altered Development of PPI with a Visual Prepulse
Mean peak amplitude during 22 lux visual prepulse trials at each test period is illustrated in
figure 6. There was a significant treatment condition × age × ISI interaction, F(10, 790)=7.7,
p≤0.001 (Power =1.0), as well as a treatment condition × ISI interaction, F(5,395)=31.1,
p≤0.001 (Power =1.0), an age × ISI interaction, F(10, 790)=5.5, p≤0.001 (Power =1.0), and
a treatment condition × age interaction, F(2,158)=15.7, p≤0.001 (Power =1.0). Additional
analyses were conducted to identify the locus of these interactions.
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Separate analyses of each group revealed a main effect of age, F(2, 82)=24.2,
p≤0.001(Power =1.0), and an age × ISI interaction in the control group, F(10,410)=10.4,
p≤0.001 (Power =1.0), but neither effect was present in the HIV-1 Tg group, suggesting that
the expression of the HIV-1 transgene interfered with the age-dependent development of
perceptual sharpening.

Significant treatment condition × ISI interactions were detected at each test period [initial
test: F(5,405)=2.4, p≤0.05, Power =0.76; 2-month retest: F(5,400)=18.7, p≤0.001, Power
=1.0; 4-month retest: F(5,400)=29.3, p≤0.001, Power =1.0]. Each group showed a
significant quadratic trend for ISI [Control: F(1,41)=381.3, p≤0.001, Power =1.0; HIV-1 Tg:
F(1,38)=184.7, p≤0.001, Power =1.0], but the treatment condition × ISI interactions
indicated that the HIV-1 Tg group was relatively insensitive to manipulation of ISI duration
at each test period, providing further evidence that the HIV-1 Tg group did not develop
normal perceptual sharpening.

The HIV-1 Tg and control groups each displayed peak inhibition at the 40 msec ISI at each
test period. The HIV-1 Tg group showed a quadratic trend for percent PPI across age,
F(1,38)=13.0, p≤0.005, whereas the control animals displayed similar percent PPI at each
age. The quadratic trend reflects the reduction in percent PPI during the 2-month retest in
the HIV-1 Tg group (58.2%±4.2, compared to 74.9%±2.5 during the initial test period and
72.1%±2.7 during the 4-month retest), which can be attributed to their lower ASR amplitude
at the 0 and 4000 msec ISIs; amplitude at the point of peak inhibition, 40 msec, was almost
identical for the two groups (HIV-1 Tg = 85.0±15.3; Control = 83.7±8.2).

Discussion
The present experiments demonstrate alterations in sensorimotor gating in the HIV-1 Tg rat
early in the expression of the HIV-1 transgene and prior to any documented neurological
symptoms or signs of wasting. The most apparent difference was that the HIV-1 Tg group
exhibited a flatter ISI function, which did not sharpen with age, as it did with control
animals. Furthermore, the flatter ISI function was observed in both auditory and visual
prepulse conditions, demonstrating the generality of sensorimotor gating deficits across
prepulse modality. Over time, auditory prepulses precipitated a temporal shift in peak
inhibition in HIV-1 Tg animals relative to controls, whereas with visual prepulses, both
groups displayed peak inhibition at the 40 msec ISI. The observed alterations in PPI indicate
a lack of perceptual sharpening with age and a relative insensitivity to the temporal
dimension of sensorimotor gating in the HIV-1 Tg rat, resembling the temporal processing
deficits reported in HIV-1+ individuals early in the disease course.

Perceptual sharpening is a developmental process in which responses are evoked by more
specific stimuli, i.e., stimulus discrimination (Ganz 1968; Gibson 1969; Tees 1976; Werner
1948). Younger subjects (Rubel and Rosenthal 1975) and sensory-deprived subjects (Kerr et
al. 1979) exhibit significantly flatter stimulus generalization gradients. Thus, experience,
often a function of age, is a crucial element in normal perceptual sharpening. In rats, the
heart rate orienting response has been used to measure the ontogeny of perceptual
sharpening. Rats at 16–17 days of age that have been habituated to an auditory stimulus will
generalize the habituated response to a wide range of auditory stimuli; by day 20, stimulus
discrimination is apparent with a much sharper generalization gradient (Campbell and
Haroutunian 1983). We have previously observed perceptual sharpening of PPI with
auditory, visual, and tactile prepulses in Long-Evans rats, at PD 18, 35, and 90 (Hord et al.
2008). These animals showed gradually sharper ISI functions for PPI with an auditory or
tactile prepulse across age. As the visual system is the last system to develop in the rat
(Gottlieb 1971), PPI with a visual prepulse was not apparent until PD 90, when peak
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inhibition was exhibited at the 40 msec ISI. At PD 18 and 35, the ISI functions were flat,
reflecting the immaturity of the visual sensory system. The HIV-1 Tg and control rats in the
present study exhibited robust PPI with a visual prepulse at two months of age, which
suggests that the visual system and its afferents to PPI circuitry are well-developed at this
age. However, the point of peak inhibition in the ISI functions of the HIV-1 Tg group under
both prepulse conditions did not become clearly defined across age as was observed in the
control group. Although the HIV-1 Tg rats appear to have functional auditory and visual
systems, a more specific deficit in the development, or perceptual sharpening, of temporal
sensitivity in the context of PPI was exhibited.

We have previously demonstrated that 1-month old male Fischer HIV-1 Tg and control rats
display peak inhibition to an auditory prepulse at the 40 msec ISI, with overall similar ISI
functions (Moran et al. 2012). In the present study, the ISI functions of the HIV-1 Tg and
control groups were most similar at two months of age, and then changed in different ways
across age. For PPI with an auditory prepulse, both groups had peak inhibition at the 80
msec ISI at two months of age. At the later ages, however, the HIV-1 Tg group displayed
peak inhibition at the 120 msec ISI, representing a rightward shift from the control group’s
peak of inhibition at the 40 msec ISI. We have previously observed differences in the point
of peak inhibition in female Sprague-Dawley HIV-1 Tg and control rats as well, between 5–
7 months of age (Moran et al. 2013). Shifts in peak inhibition have also been demonstrated
in rats administered HIV-1 viral protein injections. Leftward shifts were observed in 30- and
60-day old male Sprague-Dawley rats following neonatal Tat injection (Fitting et al. 2006a)
and in 9-month old male and female Sprague-Dawley rats given neonatal gp120 injections
(Fitting et al. 2006b).

Despite the differences in sensorimotor gating observed between the HIV-1 Tg and control
groups, they displayed similar inhibition to a visual prepulse, which is particularly notable
given the presence of cataracts in the HIV-1 Tg animals. It is clear from this finding that the
HIV-1 Tg group could detect the 20 msec visual stimulus despite their cataracts, and thus, a
visual stimulus greater than or equal to the intensity and duration used in this experiment
would have utility in other experimental paradigms with HIV-1 Tg rats, especially measures
of executive function and other cognitive domains relevant to the study of HAND. The use
of visual stimuli permits utilization of a variety of methods to test cognition in HIV-1 Tg
rats.

Disruptions in the dopamine (DA) system have been implicated as an important factor in the
progression of HAND, in both clinical and preclinical studies. Significant reductions in DA
markers, including DA levels in the substantia nigra (Kumar et al. 2011), homovanillic acid
(di Rocco et al. 2000), and DA transporter (DAT) levels (Chang et al. 2008; Wang et al.
2004) have been correlated with poor performance on measures of learning, memory, and
executive function in HIV-1-positive individuals. HIV-1 Tg rats also display alterations in
the DA system, with significantly lower MAO-A levels than control animals, as well as
lower levels of tyrosine hydroxylase after treatment with methamphetamine (Moran et al.
2012). 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).

The alterations in PPI observed in HIV-1 Tg rats may be explained by the disruptions in the
DA system that are consequent to HIV-1 infection. Pharmacological studies have shown
reductions in PPI after administration of direct and indirect DA agonists, such as
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apomorphine and amphetamine (Geyer et al. 2001). Apomorphine-induced PPI deficits have
been used as a preclinical model of schizophrenia, capturing both the dysfunction of the DA
system and preattentive sensory gating deficits as measured with event-evoked potentials
(Adler et al. 1982) and the eyeblink response (Braff et al. 1978) in individuals with
schizophrenia. The aforementioned early studies on sensory gating in schizophrenic patients
revealed that they have flatter ISI functions than the healthy controls, indicating an
insensitivity to manipulation of the duration of the ISI. We have observed a “flattening” of
the ISI function in rats administered apomorphine (Moran et al., 2009), comparable to the
ISI functions exhibited by the HIV-1 Tg rats in the present study. Although other neural
systems may be involved, central DA system dysfunction often results from HIV-1 infection
and is associated with subsequent cognitive deficits (Kumar et al. 2011; diRocco et al. 2000;
Chang et al. 2008; Wang et al. 2004; for review, see Purohit et al. 2011). The use of
behavioral measures such as the ASR and PPI that can detect early neurological alterations,
especially those of the DA system, may be instrumental in predicting the development of
HAND and thus determining an appropriate course of treatment.

Measuring the ASR and PPI also permitted the assessment of potential changes in
sensitization and/or habituation to the startle stimulus across age. The HIV-1 Tg group’s
robust response to the startle stimulus (during 0 msec ISI trials) at the beginning of a test
session was followed by a response decrement, in accordance with a single phase decay
function. Across repeated two month assessments, however, the HIV-1 Tg rats displayed no
retention of their prior habituation. The failure to retain information about the testing context
is consistent with an impairment in episodic memory. The control group, in contrast,
displayed stable responding across 0 msec ISI trials. Across repeated two month
assessments, the control group displayed response sensitization, as evident by an average
increase in responding; an outcome indicative of retention of information about the testing
context. We have previously reported an impairment in episodic memory in HIV-1 Tg rats
that displayed deficient habituation in locomotor activity testing paradigm (Moran et al.
2013). In that study, the HIV-1 Tg group showed decreased intrasession habituation of
motor activity across 3-day assessment periods that emerged across the at least monthly-
spaced locomotor activity sessions; a pattern also consistent with impaired long-term
episodic memory. As nearly half of HIV-1 positive individuals on CART show deficits in
long-term episodic memory (Heaton et al. 2011), assessment of this cognitive domain in the
HIV-1 Tg rat is particularly important.

In summary, the present study demonstrates that HIV-1 Tg rats exhibit neurological deficits
early in the expression of the HIV-1 transgene, prior to clinical signs of wasting, which
progress with age, bearing a marked resemblance to the temporal processing deficits
observed in individuals with HIV-1. Both the relative insensitivity to the temporal
dimension of sensorimotor gating and the lack of development of perceptual sharpening
with age, suggest, time and time again, clear evidence of temporal processing deficits in the
HIV-1 Tg rat. These functional consequences of chronic low level of exposure to the HIV-1
proteins are apparent under conditions which resemble the suppression of infection in
HIV-1+ individuals under CART (Peng et al., 2010). Deficits in sensorimotor gating may
not only serve as an early subtle diagnostic marker of HAND, but may also afford a key
target for development of potential therapeutics for HAND.
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Fig. 1.
Mean peak ASR amplitude data from the habituation session (±95% CI). After the initial 6
trials, the HIV-1 Tg and control groups showed no difference in overall ASR (F=0.17), and
did not differ in rate of habituation to the auditory startle stimulus. Linear regression line
slopes: HIV-1 Tg, −4.24+/−1.24; Control, −2.7+/−0.91.
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Fig. 2.
Mean peak ASR amplitude during 0 msec ISI control trials across the PPI test session at
each age (±95% CI). Trials are numbered 1 through 12 for simplicity, although they were
presented across the 72-trial session in a Latin square. The ASR of the HIV-1 Tg group
decreased across 0 msec ISI trials within each test session, with a single phase decay
function accounting for over 90% of the variance in each session. In contrast, the ASR of the
control group did not significantly change across 0 msec ISI trials during any test session.
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Fig. 3.
Prepulse inhibition (PPI) with an auditory prepulse during sessions interdigitated with 22 lux
(A) and 100 lux (B) visual prepulse trials conducted at 2 months of age. A significant
condition × interstimulus interval (ISI) interaction was detected, indicating that the HIV-1
Tg rats were less sensitive to the manipulation of ISI, as illustrated by their flatter ISI
functions. Both groups’ ISI functions changed in a similar manner with the increased visual
prepulse intensity; i.e., there was a leftward shift in peak inhibition to the 40 msec ISI, and
the ISI functions sharpened. Percent PPI at point of peak inhibition: 1 light: HIV-Tg, 30.0%
±5.5, Control, 15.2%±7.8; 2 lights: HIV-1 Tg, 46.3%±5.2; Control, 44.0%±4.5.
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Fig. 4.
Prepulse inhibition (PPI) with an auditory prepulse interdigitated with 22 lux visual prepulse
trials across all three test ages. A significant main effect of age and an age × interstimulus
interval (ISI) interaction were found in the control group (A), but not confirmed in the
HIV-1 Tg group (B).The control group increased in percent PPI across test ages, from
15.2%±7.8 at 2 months to 64.0%±3.9 at 6–8 months, whereas the HIV-1 Tg group showed a
much smaller increase, from 30.0%±5.5 at 2 months of age to 52.8%±4.4 at 6–8 months.
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Fig. 5.
Prepulse inhibition (PPI) with 22 lux (A) and 100 lux (B) visual prepulses conducted at 2
months of age. A significant condition × interstimulus interval (ISI) interaction was
detected, indicating that the HIV-1 Tg group was less sensitive to the manipulation of ISI, as
illustrated by their flatter ISI functions. Percent PPI at the point of peak inhibition: 1 light:
HIV-1-Tg, 74.9%±2.5; Control, 72.2%±2.6; 2 lights: HIV-1-Tg, 66.3%±3.8; Control, 73.9%
±3.1.
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Fig. 6.
Prepulse inhibition (PPI) with a 22 lux visual prepulse across all three test sessions. A main
effect of age and an age × interstimulus interval (ISI) interaction were found in the control
group (A), but not confirmed in the HIV-1 Tg group (B). The HIV-1 Tg and control groups
each displayed peak inhibition at the 40 msec ISI at each age tested. Percent PPI at the 40
msec ISI: 2 months:HIV-1-Tg, 74.9%±2.5, Control, 72.2%±2.6; 4–6 months:HIV-1 Tg =
58.2%±4.2; Control = 78.6%±1.9; 6–8 months: HIV-1 Tg: 72.1%±2.7; Control: 77.9%±3.6.
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