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Abstract

The presence of human immunodeficiency virus (HIV-1) in the brain mediates the pathogenesis of HIV-associated dementia complex (HAD),
partially through the viral toxins gp120 and Tat. This study characterized potential deficits in sensorimotor gating, as measured by prepulse
inhibition (PPI), following hippocampal administration of Tat. Adult, male Sprague–Dawley rats were bilaterally injected with 50 μg Tat or saline
(1 μl volume), into the hippocampus. Following 7 weeks of recovery, all animals were tested using the auditory startle response (ASR) with
habituation, control, and PPI trials. Assessment of ASR habituation [100dB(A) white noise stimulus, 70dB(A) background, 5-min acclimation
period, 36 habituation trials with fixed interstimulus interval (ISI) of 10 s] demonstrated a significant ∼50% reduction in the overall peak ASR
amplitude, but no change in peak ASR latency, nor an effect on the rate of habituation. PPI measures demonstrated robust alterations in
sensorimotor gating. The PPI test (ISI of 0, 8, 40, 80, 120, or 4000 ms, 6-trial blocks, Latin-square) showed an attenuated response on peak ASR
amplitude during the control trials (0 and 4000 ms ISI), but not on the PPI trials (8–120 ms ISI). Most striking was the rightward shift in ISI for
maximal inhibition of the response (χ2(1)=4.7, p≤0.03). There was no significant peak ASR latency effect during the control trials (b1 ms) of the
PPI test, although there was the suggestion of a slowing of the response (4 ms, ∼15%) across PPI trials. Collectively, the present data suggest that
intrahippocampal injections of Tat have adverse effects on cognitive processing, as indexed by sensorimotor gating.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The total number of people living with the human
immunodeficiency virus (HIV) in 2005 is estimated to be
∼40.3 million, with ∼4.9 million new HIV-infections
(UNAIDS, 2005). Data suggest that up to two-thirds of HIV/
AIDS patients eventually develop significant symptomatology
related to the HIV-associated dementia complex (HAD) before
the terminal phase of their disease (Price and Brew, 1988). HAD
is referred to as a subcortial dementia and is characterized by
cognitive, motor and behavioral dysfunction (Brew et al., 1988;
Kelly et al., 1996; Price et al., 1988). The development of HAD
is believed to be caused by exposure of the central nervous
system (CNS) to the HIV-1 retrovirus at an early phase in
systemic infection (Annunziata, 2003; Belman et al., 1988;
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Belman, 1997; Brew et al., 1988). Neuropathology findings in
animal and human research give evidence for a primary and
persistent HIV-1 associated infection of the brain (Belman et al.,
1988; Brew et al., 1988; Fauci, 1988; Price et al., 1988). Release
of viral products into the brain by infected microglial and
monocyte/macrophage cells, is considered to be one of the
crucial factors in the pathogenesis of HIV-1 associated
neurological manifestations (Annunziata, 2003; Bansal et al.,
2000; Behnisch et al., 2004; Brew et al., 1988; Bruce-Keller et
al., 2003; Catani et al., 2003; Fauci, 1988; Nath et al., 2000a;
Price et al., 1988).

Among the viral products that are released by HIV-1 infected
cells are the envelope glycoprotein gp120 and the nonstructural
protein Tat (Bansal et al., 2000; Behnisch et al., 2004;
Brenneman et al., 1988; Catani et al., 2003; Cheng et al.,
1998; Fauci, 1988; Nath et al., 2000a,b). Neurotoxicity induced
by gp120 has been reported to be mediated primarily by N-
methyl-D-aspartate (NMDA) receptor mechanisms (Holden et
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al., 1999). In contrast, Tat appears to promote HIV-1
neurotoxicity by interacting directly with neurons and causing
oxidative stress (Aksenov et al., 2003, 2006; Aksenova et al.,
2006, 2005). The hippocampus is believed to be particularly
susceptible to neuronal injury. Several neuropathological
studies have demonstrated loss of a subset of neurons in
hippocampal tissue from HIV-infected individuals (Masliah et
al., 1992) and in monkeys infected with simian immunodefi-
ciency virus (Luthert et al., 1995). Findings further suggest that
Tat causes neuronal damage, synaptic alterations, and glial
activations in the hippocampal region, including the CA1, CA3/
4, and dentate gyrus (Behnisch et al., 2004; Bruce-Keller et al.,
2003; Cheng et al., 1998; Maragos et al., 2003; Nath et al.,
2000b).

Cognitive impairments that are linked with HAD include poor
attentional abilities, deficits in memory, and reduced alertness
(Brew et al., 1988; McArthur and Grant, 1996; Nath et al., 2000a;
Price et al., 1988). Primarily, reduced attention and slowness of
information processing are reported to be most prevalent in pa-
tients with HAD (Kelly et al., 1996; McArthur and Grant, 1996).
Sensory processing, an early component in the attention process, is
often measured through use of the auditory startle response (ASR)
(Hoffman and Ison, 1980). The ASR is a constellation of reflexes
elicited by a sudden, relatively intense stimulus. It offers many
advantages as a behavioral measure of CNS activity and can be
assessed in numerous species, including humans, rats, mice, rab-
bits, and pigeons (Hoffman and Ison, 1980; Swerdlow et al.,
2000a). The ASR is mediated by a neural circuit consisting of 3–4
synapses that demonstrate several forms of plasticity, such as
sensitization, habituation, and prepulse inhibition (PPI) (Hoffman
and Ison, 1980; Price et al., 1988). PPI is induced by presenting a
prepulse that is a relatively weak sensory stimulus, prior to the
startle stimulus. The mechanism underlying this inhibited
response is the process of sensorimotor gating, i.e., filtering in-
coming sensory stimuli and protecting the mechanism from ex-
traneous stimuli (Hoffman and Ison, 1980; Swerdlow et al.,
2001a). It is suggested that PPI reflects the operation of a pre-
attentive mechanism that serves to reduce disruptive effects of an
intense stimulus on the processing of a prior weak stimulus
(Graham, 1979). According to previous research, PPI ismodulated
by a complex neuronal circuit including the limbic system and
frontal cortex, basal ganglia, and pons (Fendt et al., 2001; Swerd-
low et al., 2000a). In preclinical research it is well established that
the hippocampus is involved in the neural control of central
inhibitory mechanisms (Caine et al., 1991, 1992, 2001; Swerdlow
et al., 2001b). The similarity of PPI functions obtained from a
variety of species (i.e. humans, rats, mice, rabbits, and pigeons)
makes animal models in studying deficits in sensorimotor gating
very compelling and an important measure in the investigation of
the neural basis of different clinical conditions (Hoffman and Ison,
1980; Swerdlow et al., 2000a).

An alteration of PPI reflects a disturbance of the ability to
gate subsequent sensory information (Swerdlow et al., 2001b).
Research demonstrates that PPI is reduced in specific
neuropsychiatric disorders and experimental manipulations of
the hippocampus in animals characterizing deficient inhibition
in sensory and cognitive domains (Swerdlow et al., 2000b). The
purpose of this study was to examine Tat effects in adult male
rats on attentional processes, as indexed by sensorimotor gating,
following intracerebral hippocampal Tat injections.

In the present study PPI was assessed by peak ASR amplitude
and peak ASR latency across a range of ISIs (8–120 ms). Further,
the determination of ISI functions rather than percent PPI was
employed as a theoretically more sensitive method to study Tat-
induced alterations in PPI (Hoffman and Ison, 1980; Parisi and
Ison, 1979) and may further elucidate the mechanisms underlying
pre-attentional processes, as indexed by sensorimotor gating.

2. Methods

2.1. Animals

Sixteen male Sprague–Dawley rats (∼120 days of age)
obtained from Harlan Sprague Dawley, Inc. (Indianapolis, IN),
were pair housed throughout the experiment. Rodent food (Pro-
Lab Rat, Mouse Hamster Chow #3000, NIH diet #31) and water
were available ad libitum. 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 prior to any procedures to minimize stress
during behavioral testing. The Institutional Animal Care and
Use Committee (IACUC) of the University of South Carolina
approved the animal protocol for this research.

2.2. Experimental design

Rats were randomly assigned to one of two treatment groups
that received bilateral hippocampal injections of 1 μl volume
saline (n=8) or 50 μg Tat (n=8). Dosage parameters were based
upon previous reports (Aksenov et al., 2003; Bansal et al., 2000).
One animal died during surgery. Following 3 weeks recovery
from surgery animals were tested in an ASR test for habituation,
and a PPI test that included control and PPI trials. Since no Tat
effects were found in the initial PPI test, animals were tested one
month later. Habituation data were collected at 140 days of age
and the PPI test was administered at 170 days of age.

2.3. Surgery

Animals were anesthetized with a mixture of ketamine
(100 mg/kg/ml) and xylazine (3.3 mg/kg/ml) and placed in the
KOPF stereotaxic instrument. Injections were placed into the
dentate hilus region of the hippocampus. A midline sagittal
incision was made in the scalp. Three holes at each side of the
hippocampus were drilled on the skull to inject into dorsal, mid
and ventral hippocampus using the following set of coordinates:
−3.5 mm AP, 1.4 mmML, −3.8 mm DV; −5.9 mm AP, 3.3 mm
ML, −3.8 mm DV; and −6.2 mm AP, 4.6 mm ML, −7.7 mm
DV. The neuroanatomy of the rat hippocampus requires three
separate injection sites to completely affect the entire structure.
Each injection was 50 μg Tat in 1 μl saline. The 1 μl injection
volume was released over 1 min after a 1-min resting period that



Fig. 1. (A) Mean (±SEM) peak ASR habituation amplitude was significantly
reduced in Tat-treated males relative to saline rats. (B) Mean (±SEM) peak ASR
latencies on ASR habituation trials in saline and Tat-treated rats. Data are
collapsed across all 36 ASR habituation trials. There was no trial by treatment
interaction, suggesting similar rates of habituation.
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allowed the tissue to return to its original conformation. The
needle was withdrawn over 2 min to prevent reflux. Tat had no
significant effect on body weight or growth.

2.4. Histology

Following completion of behavioral testing, animals were
sacrificed (pentobarbital overdose) and brain tissue collected.
Cryostat-cut sections (20 μm) through the hippocampal
injection sites were collected and Nissl-stained to confirm
injections and assess pathology.

2.5. Apparatus

The startle platform (SR-Lab Startle Reflex System, SanDiego
Instruments, Inc.) was enclosed in a 10 cm thick double-walled,
81×81×116-cm isolation cabinet (external dimensions) (Indus-
trial Acoustic Company, INC., Bronx, NY). Each animal was
tested individually in the dark with a high-frequency loudspeaker,
that produced a background white noise (70dB(A)) and was
mounted inside the chamber 31 cm above the Plexiglas cylinder.
The startle chamber consisted of a Plexiglas cylinder 8.75 cm in
internal diameter resting on a 12.5×20-cm Plexiglas stand. The
animal's response to the stimulus produced deflection of the
Plexiglas cylinder, which was converted into analog signals by a
piezoelectric accelerometer. Response sensitivities were calibrat-
ed using a SR-LABStartle Calibration System. Sound levels were
measured and calibrated with a sound level meter (Extech
Instruments: Waltham, MA) with the microphone placed inside
the Plexiglas cylinder. The signals were then digitized (12 bit A to
D) and saved to a hard disk. Use of the A-weighting scale fol-
lowed the recommendation of Current Protocols in Neuroscience
(Geyer and Swerdlow, 2004).

2.6. Testing procedures

2.6.1. ASR habituation test
In order to obtain an adequate level of habituation adult rats

were exposed to a 36-trial session. Rats were placed in the
startle chamber and exposed to 5 min of 70dB(A) background
noise followed by 36 pulse trials of a 100dB(A) white noise
stimulus with a 20 ms duration, according to a fixed 10 s ISI.
The primary measure of the reflex response is the ‘peak’. The
peak is reported in terms of its maximum amplitude and its
latency to the maximum response (peak). Thus, the dependent
measures included peak ASR amplitude, and peak ASR latency.

2.6.2. PPI test
One month following ASR habituation assessment all adult

rats were tested for approximately 20 min. Animals were first
exposed to a 5-min acclimation period of 70dB(A) background
of white noise, followed by 36 trials with 0, 8, 40, 80, 120, and
4000 ms ISI, assigned by Latin-square design. The 0 and
4000 ms ISI trials were control trials in order to provide baseline
ASR within the PPI test. The stimulus intensity was 100dB(A)
with a pulse duration of 20 ms and the prepulse stimulus
intensity was 85dB(A) with a pulse duration of 20 ms duration.
The ISI interval that we report represents the time from the
offset of the prepulse stimulus to the onset of the startle
stimulus. For PPI the dependent measures analyzed were peak
ASR amplitude, peak ASR latency, and percent PPI. Percent
PPI is typically expressed as percent of inhibition in startle
amplitude (Geyer and Swerdlow, 2004), most commonly used
in applied settings at a prepulse of 100 ms ISI, relative to pulse
only trials (0 ms ISI) (Caine et al., 2001; Davis et al., 1990;
Martinez et al., 2000; Swerdlow et al., 2000b, 2001b).

An estimate of PPI for ISI 100 ms was calculated using the
average response at the ISIs of 80 and 120 ms. Percent PPI was
computed according to the following formula: % PPI=[(0 ms
ISI trials−100 ms ISI trials) / 0 ms ISI trials]*100.

2.7. Statistical analysis

All data were analyzed using analysis of variance (ANOVA)
techniques (SPSS, 2005; SYSTAT, 2004; Winer, 1971). A one-
way ANOVA, with treatment as a between-subjects factor was
conducted for the ASR control trials, and percent PPI (at 100 ms
ISI). A two-way mixed ANOVA, with treatment as a between-
subjects factor, and trial as a repeated measure, was conducted on
ASR habituation trials and all PPI trials across ISIs (8–120 ms).
Violations of sphericity in repeated measures factor of the mixed-
modelANOVAwere precludedwith orthogonal decomposition of
the overall term or addressed with the Greenhouse–Geisser df



Fig. 2. Mean (±SEM) peak ASR amplitude on control trials (0 and 4000 ms ISI
combined) revealed a significant treatment effect.
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correction factor (Winer, 1971). In the present study, sphericity
was violated in the mixed-model ANOVA for peak ASR
amplitude. Separate orthogonal trend analyses of PPI trials were
employed for each treatment to determine the shape of the ISI
function (e.g., linear, quadratic trends). In addition, for peak
response the ISI in which the peak occurred was recorded across
all PPI trials (8–120 ms ISIs) and placed into two categories.
Category one included ISIs 08 and 40 ms and category two
included ISIs 80 and 120ms. Because the ISI data is categorical in
nature, the Pearson Chi-square, uncorrected for continuity was
applied. An alpha level of p≤0.05 was considered significant for
all statistical tests.

3. Results

3.1. ASR habituation test

One Tat-injected animal was excluded from the habituation
assessment; due to procedural errors it did not show any
sensitivity to the 36 habituation trials. A mixed-model ANOVA
Fig. 3. Mean (±SEM) peak ASR amplitude across ISIs (0–4000 ms). Although
an ANOVA on PPI trials across ISIs revealed no overall significant treatment
effect, a significant ISI× treatment interaction was observed. Most notable is the
significant rightward shift in ISI for maximal inhibition of the response for Tat-
treated animals.
on peak ASR amplitude revealed a significant trial effect, F(35,
385)=5.1, pGGb0.001 [F(1, 11)=22.0, p≤0.001, linear; F(1, 11)
=16.4, p≤0.01, quadratic], and a significant treatment effect, F(1,
11)= 5.5, p≤0.04, but no trial× treatment interaction [F(35,
385)b1.0]. Thus, Tat produced a significant∼50% attenuation of
the overall peak ASR amplitude, but did not affect the rate of
habituation. A mixed-model ANOVA on peak ASR latency
revealed a significant trial effect, F(35, 385)=2.1, p≤0.001 [F(1,
11)=5.4, p≤0.04, cubic], no treatment effect [F(1, 11)b1.0], and
no trial× treatment interaction [F(35, 385)b1.0], suggesting
similar latencies across habituation trials for saline and Tat-
treated rats. Fig. 1A illustrates the treatment effect with a
significant ∼50% reduction of the peak ASR amplitude. Fig. 1B
illustrates the similar habituationASR latencies for saline and Tat-
treated animals collapsed across all 36 trials.

3.2. PPI test

Control trials (0, 4000 ms ISI combined). A one-way ANOVA
on peak ASR amplitude revealed a significant treatment effect
[F(1, 12)=9.6, p≤0.01, confirming the findings in the
Fig. 4. (A) Mean (±SEM) peak ASR latency across ISIs (0–4000 ms). An
ANOVA on PPI trials across ISIs revealed no significant effects. (B) Mean
(±SEM) peak ASR latency for saline-and Tat-treated rats on PPI trials collapsed
across ISIs (08–120 ms), suggested a slowing in response (4 ms, ∼15%) by Tat,
although not statistically significant.
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habituation trials with a reduction of the baseline ASR by Tat.
Specifically, peakASR amplitude revealed an∼45% reduction of
amplitude response in Tat-treated animals compared to saline-
treated rats, as illustrated in Fig. 2. For peak ASR latency no
significant treatment effect was noted [F(1, 12)b1.0].

Percent PPI. A one-way ANOVA conducted on percent PPI
of startle amplitude for ISI 100 ms revealed no treatment effect
[F(1, 12)b1.0].

PPI trials (8–120 ms ISI). A mixed-model ANOVA con-
ducted on peak ASR amplitude revealed a significant ISI effect
with a prominent quadratic trend [F(1, 12)=18.9, p≤0.001],
but no effect for treatment [F(1, 12)b1.0]. However, most
importantly the treatment× ISI interaction was significant [F(1,
12)=7.8, p≤0.02, quadratic], indicating that Tat altered the
amplitude of the inhibition response as a function of ISI.
Separate trend analyses for both treatment groups revealed a
significant quadratic trend for saline-treated rats [F(1, 6)=16.1,
p≤0.01] in contrast to a linear trend for Tat-treated animals [F
(1, 6)=13.7, p≤0.01]. The significant alteration of peak ASR
function by Tat suggests Tat-induced effects on the process of
sensorimotor gating, indexed by PPI. This finding is supported
by a rightward peak shift by Tat across ISIs (8–120 ms) [χ2(1)
=4.7, p≤0.03]. Both the significant alteration of peak ASR
function and the rightward peak shift indicate a Tat-induced
Fig. 5. Nissl-stained hippocampal tissue sections of saline (A) and Tat-injected
animals (B). Arrows indicate the truncation of the pyramidal cell fields and the
granule cells in the inferior blade of the dentate gyrus. *Note: CA1-3 fields of
hippocampus, DG: dentate gyrus, Hil: hilus dentate gyrus.
effect on PPI. Fig. 3 illustrates the peak ASR amplitude across
ISIs (0–4000 ms).

A mixed-model ANOVA conducted on peak ASR latency
revealed a significant effect for PPI trials (8–120 ms ISI) with a
prominent linear trend, [F(1, 12)=43.3, p≤0.001], but no effect
for treatment [F(1, 12)=2.2, p≤0.16) or treatment× ISI
interaction [F(3, 36)b1.0]. Fig. 4A illustrates the peak ASR
latency across ISI (0–4000 ms). A slowing in response latency
(4 ms, ∼15%) collapsed across ISIs (08–120 ms) was
suggested, although no significant treatment effect was noted
(Fig. 4B).

3.3. Histology

Analysis of Nissl-stained sections through the hippocampus
confirmed placement of injection sites into the dentate hilus
region of the hippocampal formation. Saline-injected animals
displayed little pathology, whereas Tat-injected animals dis-
played damage to the dentate region with the truncation of the
terminal end of the pyramidal cell fields and the granule cells in
the inferior blade of the dentate gyrus (Fig. 5). Massive cellular
necrosis was not observed in either the hippocampal subfields
or the dentate gyrus following intrahippocampal Tat injection.

4. Discussion

The present experiment investigated potential alterations in
adult male rats in sensorimotor gating, as measured by PPI,
following bilateral intrahippocampal administration of 50 μg Tat.
Behavioral testing examinedASR on habituation, control and PPI
trials using the dependent measures of peak ASR amplitude and
peak ASR latency. Intrahippocampal Tat injections produced
robust alterations in the baseline ASR and the temporal relation
between the prepulse and the ASR, as indexed by the ISI function
across PPI trials (8–120 ms ISI). Intrahippocampal Tat injections
in adult male rats produced significant differences between saline-
and Tat-treated animals, specifically in peak ASR amplitude
measures.

The baseline peak ASR amplitude on the 36 ASR habituation
trials and the control trials was significantly attenuated by Tat,
relative to saline-injected rats. The startle reflex protects ani-
mals from blows, loud sounds or predatory attacks before any
directed evasive or defensive actions can be performed
(Yeomans and Frankland, 1996). An attenuation of this startle
reflex by Tat suggests an alteration in responsivity to stimulus
input and how the organism processes stimulus events.

Alterations produced by Tat across PPI trials were most
evident in peak ASR amplitude, as Tat-induced a rightward peak-
shift relative to the saline-treated rats. No significant alterations
were observed on the ISI function of peak ASR latency; however,
an attenuating effect of Tat was demonstrated with the suggestion
of a slowing of the response (4 ms, ∼15%) collapsed across PPI
trials (8–120 ms ISI). The present results are in agreement with
the findings of a recent Tat study that demonstrated alteration in
the ISI function across PPI trials throughout development (Fitting
et al., 2006). Thus, in addition to an attenuation of the startle
reflex, indexed by the baseline ASR, a disruption of pre-attentive
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processes was noted and suggests adverse effects on cognitive
processing, as indexed by sensorimotor gating.

It is important to note that percent PPI (at 100 ms) did not
exhibit any significant Tat-induced effects, indicating that the
amplitude of the inhibition response was not attenuated by Tat.
The determination of ISI functions appeared more sensitive to
Tat-induced alterations in PPI and ought to be considered for
future research assessing Tat-induced neurotoxicity. It is
important to note that these functional alterations by Tat
were only evident on the peak ASR amplitude measure within
PPI trials (8–120 ms ISI), and not on the measure of ASR
latency across all ISI. The dependence of detecting significant
alterations on the characteristic of peak ASR amplitude and
not peak ASR latency might reflect some basic properties of
the way the nervous system is organized to deal with sensory
input (Hoffman and Ison, 1980) and needs further
investigation.

Resembling the findings of the present study, clinical reports of
HIV-1 infected patients diagnosedwith HADdemonstrated robust
alterations in event-related brain potentials (ERPs) (Castello et al.,
1998; Fein et al., 1995; Goodwin et al., 1996). ERP recordings are
an important method to test neuropsychological function and are
among the earliest readily quantifiable alterations observed in
HAD (Fein et al., 1995; Goodwin et al., 1996; Schroeder et al.,
1996; Castello et al., 1998). The P3 component has been shown to
be particularly sensitive to the cognitive decline associated with
HIV-1 dementia (Fein et al., 1995; Goodwin et al., 1996). There is
also compelling evidence of alteration in the ERP N2 latency
component, with the amplitude of the delay increasing as a func-
tion of severity of HAD (Schroeder et al., 1996). Interesting
parallels between the rodent PPI and human ERP component
studies are reported by relating both paradigms at a physiological
and/or functional level (Swerdlow et al., 2000a). PPI is thought to
reflect the functioning of a pre-attentive filtering system whereby
the prepulse exerts an inhibitory influence until the processing of
the prepulse is complete (Hoffman and Ison, 1980; Swerdlow et
al., 2000a). Limbic circuitry, primarily the hippocampus, regulates
PPI and is also thought to be a primary substrate for suppression of
the ERP (Swerdlow et al., 2000a). Specifically, the dentate gyrus
of the hippocampal formation appears to disrupt PPI in the rat by a
mechanism distinct from that of dopamine agonists (Caine et al.,
1991, 1992). The dentate gyrus of the hippocampus also appears
to be implicated in sensorimotor gating deficits as seen in
schizophrenic patients (Braff et al., 1978; Cadenhead et al., 2000;
Davatzikos et al., 2005; Nowakowski et al., 2002). Thus, an
alteration in PPI by Tatwas noted and suggests a disruption of pre-
attentive processes (Swerdlow et al., 2001b), and may serve as an
experimental model for the ERP deficits seen in HAD patients.

In this study intrahippocampal Tat injections produced a lesion
of the dentate gyrus with the truncation of the terminal end of the
pyramidal cell fields. These findings generally support previous
studies suggesting that Tat causes neuronal damage, synaptic
alterations and glial activation in the hippocampal regions,
including CA1, CA3/4 and the dentate gyrus (Behnisch et al.,
2004; Bruce-Keller et al., 2003; Cheng et al., 1998;Maragos et al.,
2003; Nath et al., 2000b); however, the Tat-induced pathology
was limited relative to some prior reports (Maragos et al., 2003).
Several neuropathological studies have demonstrated loss of a
subset of neurons in hippocampal tissue from HIV-infected
individuals (Masliah et al., 1992) and in monkeys infected with
simian immunodeficiency virus (Luthert et al., 1995). Further,
selective populations of neurons seem to be vulnerable to viral
protein-induced neurotoxicity, with dopaminergic neurons being
particular susceptible (Aksenov et al., 2006; Nath et al., 2000a;
Wallace et al., 2006).

The present experiment demonstrates that intrahippocampal
injection of Tat in adult male rats had adverse effects on senso-
rimotor gating, as indexed by PPI. The assessment of ISI function
with PPI by measuring peak amplitude and peak latency across a
range of ISIs (i.e., 8, 40, 80, 120) is critically important for the
detection of Tat alterations in sensorimotor gating and/or at-
tentional processes. In contrast, the commonly employedmetric of
percent PPI demonstrated no differential treatment effect.
Although Tat was found to attenuate the baseline ASR, on ha-
bituation and control trials, these alterations do not cloud the
interpretation of the shift in peak inhibition across the ISI function.
Our laboratory recently found that intrahippocampal Tat injections
in neonatal rats may cause similar effects in sensorimotor gating,
as indexed by PPI (Fitting et al., 2006). Tat injections in neonatal
rats produced sex-dependent alterations in the pre-attentive
processes of sensorimotor gating at 30 and 60 days of age. Data
collected from a second group, that were tested only once at
90 days of age, suggested that the observed adverse Tat effects for
males and females early in development were maintained with
age. Tat did not alter the integrity of the hippocampal infra hilar
area of the dentate gyrus itself but altered the width of the
pyramidal cell fields in the CA areas and the granule cell fields of
the superior blade of the dentate gyrus. It is suggested that the
increased field width is most likely a consequence of disaggre-
gation of the pyramidal cells induced by early cell loss following
the neonatal Tat exposure. It will be important for future research
to further explore the neural circuitry of the Tat-induced alterations
in PPI, which likely include the hippocampus.

Acknowledgements

The authors gratefully thankDr. AvindraNath for providing the
HIV-1 Tat protein. Further, the authors thank Heidi M. Carman,
PhD and Guanghan Wu, PhD for their technical assistance. This
work was supported by the grants from the National Institutes of
Health (NIH) DA013137, DA014401, and HD043680.
References

Aksenov MV, Aksenov MY, Mactutus CF, Booze RM. Cell culture models of
oxidative stress and injury in the central nervous system. Curr Neurovasc
Res 2005;2:73–89.

AksenovMY,AksenovaMV,Nath A, Ray PD,Mactutus CF, BoozeRM. Cocaine-
mediated enhancement of Tat toxicity in rat hippocampal cell cultures: the role
of oxidative stress and D1 dopamine receptor. Neurotoxicology 2006;27
(2):217–28.

Aksenov MY, Hasselrot U, Wu G, Nath A, Anderson C, Mactutus CF, et al.
Temporal relationships between HIV-1 Tat-induced neuronal degeneration,
OX-42 immunoreactivity, reactive astrocytosis, and protein oxidation in the
rat striatum. Brain Res 2003;987:1–9.



195S. Fitting et al. / Pharmacology, Biochemistry and Behavior 84 (2006) 189–196
Aksenova MV, Silvers JM, Aksenov MY, Nath A, Ray PD, Mactutus CF, et al.
HIV-1 Tat neurotoxicity in primary cultures of rat midbrain fetal neurons:
changes in dopamine transporter binding and immunoreactivity. Neurosci
Lett 2006;395(3):235–9.

Annunziata P. Blood–brain barrier changes during invasion of the central
nervous system by HIV-1. Old and new insights into the mechanism.
J Neurol 2003;250:901–6.

Bansal AK, Mactutus CF, Nath A, Maragos W, Hauser KF, Booze RM.
Neurotoxicity of HIV-1 proteins gp120 and Tat in the rat striatum. Brain Res
2000;879:42–9.

Behnisch T, FrancesconiW, Sanna PP. HIV secreted protein Tat prevents long-term
potentiation in the hippocampal CA1 region. Brain Res 2004;1012:187–9.

Belman AL. Infants, children, and adolescents. In: Berger JR, Levy RM, editors.
AIDS and the Nervous System. Second edition. Lippincott–Raven Publishers;
1997. p. 223–53.

BelmanAL,DiamondG,DicksonD,HoroupianD, Llena J, LantosG, et al. Pediatric
acquired immunodeficiency syndrome. Am J Dis Child 1988;142:29–35.

Braff DL, Stone C, Callaway E, Geyer MA, Glick ID, Bali L. Prestimulus effects
on human startle reflex in normals and schizophrenics. Psychophysiology
1978;15:339–43.

Brenneman DE, Westbrook GL, Fitzgerald SP, Ennist DL, Elkins KL, Ruff MR,
et al. Neuronal cell killing by the envelope protein of HIVand its prevention
by vasoactive intestinal peptide. Nature 1988;335:639–42.

Brew BJ, Rosenblum M, Price RW. AIDS dementia complex and primary HIV
brain infection. J Neuroimmunol 1988;20:133–40.

Bruce-Keller AJ, Chauhan A, Dimayuga FO, Gee J, Keller JN, Nath A. Synaptic
transport of human immunodeficiency virus—Tat protein causes neurotox-
icity and gliosis in rat brains. J Neurosci 2003;23:8417–42.

Cadenhead KS, Swerdlow NR, Shafer KM, Diaz M, Braff. Modulation of the
startle response and startle laterality in relatives of schizophrenic patients
and in subjects with schizotypal personality disorder: evidence of inhibitory
deficits. Am J Psychiatry 2000;157(10):1660–8.

Caine SB, Geyer MA, Swerdlow NR. Carbachol infusion into dentate gyrus
disrupts sensorimotor gating of startle in the rat. Psychopharmacology
1991;105:347–54.

Caine SB, Geyer MA, Swerdlow NR. Hippocampal modulation of acoustic startle
and prepulse inhibition in the rat. Pharmacol BiochemBehav 1992;43:1201–8.

Caine SB, Humby T, Robbins TW, Everitt BJ. Behavioral effects of
psychomotor stimulants in rats with dorsal or ventral subiculum lesions:
locomotion, cocaine self-administration, and prepulse inhibition of startle.
Behav Neurosci 2001;115:880–94.

Castello E, Baroni N, Pallestrini E. Neurotological and auditory brain stem
response findings in human immunodeficiency virus-positive patients
without neurologic manifestations. Ann Otol Laryngol 1998;107:1054–60.

Catani MV, Corasaniti MT, Ranalli M, Amantea D, Litovchick A, Lapidot A, et al.
The Tat antagonist neomycin B hexa-arginine conjugate inhibits gp-120-
induced death of human neuroblastoma cells. J Neurochem 2003;84:1237–45.

Cheng J, Nath A, Knudsen B, Hochman S, Geiger JD, Ma M, et al. Neuronal
excitatory properties of human immunodeficiency virus type 1 TAT protein.
Neuroscience 1998;82:97−106.

Davatzikos C, Shen D, Gur RC, Wu X, Liu D, Fan Y, et al. Whole-brain
morphometric study of schizophrenia revealing a spatially complex set of
focal abnormalities. Arch Gen Psychiatry 2005;62:1218–27.

Davis M, Mansbach RS, Swerdlow NR, Campeau S, Braff DL, Geyer MA.
Apomorphine disrupts the inhibition of acoustic startle induced by weak
prepulses in rats. Psychopharmacology 1990;102:1–4.

Fauci AS. The human immunodeficiency virus: infectivity and mechanisms of
pathogenesis. Science 1988;239:617–22.

Fein G, Biggins CA, MacKay S. Delayed latency of the event-related brain
potential P3A component in HIV disease. Arch Neurol 1995;52:1109–18.

Fendt M, Li L, Yeomans JS. Brain stem circuits mediating prepulse inhibition of
the startle reflex. Psychopharmacology 2001;156:216–24.

Fitting S, Booze RM, Mactutus CF. Neonatal hippocampal Tat injections:
developmental effects on prepulse inhibition of the auditory startle response.
Int J Dev Neurosci 2006;24:275–83.

Geyer MA, Swerdlow NR. Measurement of the startle response, prepulse
inhibition, and habituation. In: Crawley JN, et al, editor. Current protocols in
neuroscience. New York: Wiley; 2004. unit 8.7.
Goodwin GM, Pretsell DO, Chiswick A, Egan V, Brettle RP. The Edinburgh
cohort of HIV-positive injecting drug users at 10 years after infection: a case-
control study of the evolution of dementia. AIDS 1996;10:431–40.

Graham FK. Distinguishing among orienting, defense, and startle reflex. In:
Kimmel HD, van Olst EH, Orlebeke JF, editors. The orienting reflex in
humans. New York: Plenum Press; 1979. p. 267–86.

Hoffman HS, Ison JR. Reflex modification in the domain of startle: some
empirical findings and their implications for how the nervous system
processes sensory input. Psychol Rev 1980;87:175–89.

Holden CP, Haughey NJ, Nath A, Geiger JD. Role of Na+/H+exchangers,
excitatory amino acid receptors and voltage-operated Ca2+ channels in
human immunodeficiency virus type 1 gp120-mediated increases in
intracellular Ca2+ in human neurons and astrocytes. Neuroscience
1999;91:1369–78.

Kelly MD, Grant I, Heaton RK, Marcotte T, The HNRC Group. Neuropsycho-
logical findings in HIV infection and AIDS. In: Grant I, Adams KM, editors.
Neuropsychological Assessment of Neuropsychiatric Disorders. 2nd ed.;
1996. p. 403–22. New York: Oxford.

Luthert PJ, Montgomery MM, Dean AF, Cook RW, Baskerville A, Lantos PL.
Hippocampal neuronal atrophy occurs in rhesus macaques following
infection with simian immunodeficiency virus. Neuropathol Appl Neurobiol
1995;21:529–34.

Maragos WF, Tillman P, Jones M, Bruce-Keller AJ, Roth S, Bell JE, et al.
Neuronal injury in hippocampus with human immunodeficiency virus
transactivating protein, Tat. Neuroscience 2003;117:43–53.

Martinez ZA, Halim ND, Oostwegel JL, Geyer MA, Swerdlow NR. Ontogeny
of phencyclidine and apomorphine-induced startle gating deficits in rats.
Pharmacol Biochem Behav 2000;65:449–57.

Masliah E, Ge N, Achim CL, Hansen LA, Wiley CA. Selective neuronal
vulnerability in HIV encephalitis. J Neuropathol Exp Neurol 1992;51:
585–93.

McArthur JC, Grant I. HIV Neurocognitive Disorders. In: Grant I, Adams KM,
editors. Neuropsychological Assessment of Neuropsychiatric Disorders. 2nd
ed.; 1996. p. 499–523. New York: Oxford.

Nath A, Anderson C, Jones M, Maragos WF, Booze RM, Mactutus CF, et al.
Neurotoxicity and dysfunction of dopaminergic systems associated with
AIDS dementia. J Psychopharmacol 2000a;14:222–7.

Nath A, Haughey NJ, Jones M, Anderson C, Bell JE, Geiger JD. Synergistic
neurotoxicity by human immunodefiency virus proteins Tat and gp120:
protection by memantine. Ann Neurol 2000b;47:186–94.

Nowakowski C, Kaufmann WA, Adlassnig C, Maier H, Salimi K, Jellinger KA,
et al. Reduction of chromogranin B-like immunoreactivity in distinct
subregions of the hippocampus from individuals with schizophrenia.
Schizophr Res 2002;58(1):43–53.

Parisi T, Ison JR. Development of the acoustic startle response in the rat:
ontogenetic changes in the magnitude of inhibition by prepulse stimulation.
Dev Psychobiol 1979;12:219–30.

Price RW,BrewBJ. TheAIDS dementia complex. J Infect Dis 1988;158:1079–83.
Price RW, Brew B, Sidtis J, Rosenblum M, Scheck AC, Cleary P. The brain in

AIDS: central nervous system HIV-1 infection and AIDS dementia complex.
Science 1988;239:586–92.

Schroeder MM, Handelsman L, Torres L, Jacobson J, Ritter W. Consistency of
repeated event-related potentials in clinically stable HIV-1 infected drug
users. J Neuropsychiat Clin Neurosci 1996;17:418–23.

Swerdlow NR, Braff DL, Geyer MA. Animal models of deficient sensorimotor
gating: what we know, what we think we know, and what we hope to know
soon. Behav Pharmacol 2000a;11:185–204.

Swerdlow NR, Martinez ZA, Hanlon FM, Platten A, Farid M, Auerbach P, et al.
Towards understanding the biology of a complex phenotype: rat strain and
substrain differences in the sensorimotor gating-disruptive effects of
dopamine agonists. J Neurosci 2000b;20:4325–36.

Swerdlow NR, Geyer MA, Braff DL. Neural circuit regulation of prepulse
inhibition of startle in the rat: current knowledge and future challenges.
Psychopharmacology 2001a;156:194–215.

Swerdlow NR, Hanlon FM, Henning L, Kim YK, Gaudet KI, Halim ND.
Regulation of sensorimotor gating in rats by hippocampal NMDA:
anatomical localization. Brain Res 2001b;898:195–203.

SPSS 14.0 for Windows (1989–2005). SPSS Inc.



196 S. Fitting et al. / Pharmacology, Biochemistry and Behavior 84 (2006) 189–196
SYSTAT 11.0 for Windows (1989–2004). SYSTAT Inc.
UNAIDS /WHO. AIDS epidemic update. Geneva: UNAIDS; 2005.
Wallace DR, Dodson S, Nath A, Booze RM. Estrogen attenuates gp120-and tat

(1–72)-induced oxidative stress and prevents loss of dopamine transporter
function. Synapse 2006;59:51–60.
Winer BJ. Statistical principles in experimental design. New York: McGraw-
Hill; 1971.

Yeomans JS, Frankland PW. The acoustic startle reflex: neurons and
connections. Brain Res Rev 1996;21:301–14.


	Intrahippocampal injections of Tat: Effects on prepulse inhibition �of the auditory startle res.....
	Introduction
	Methods
	Animals
	Experimental design
	Surgery
	Histology
	Apparatus
	Testing procedures
	ASR habituation test
	PPI test

	Statistical analysis

	Results
	ASR habituation test
	PPI test
	Histology

	Discussion
	Acknowledgements
	References


