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Abstract
HIV-Tat protein has been implicated in the pathogenesis of HIV-1 neurological complications
(i.e., neuroAIDS), but direct demonstrations of the effects of Tat on behavior are limited. GT-tg
mice with a doxycycline (Dox)-inducible and brain-selective tat gene coding for Tat protein were
used to test the hypothesis that the activity of Tat in brain is sufficient to impair learning and
memory processes. Western blot analysis of GT-tg mouse brains demonstrated an increase in Tat
antibody labeling that seemed to be dependent on the dose and duration of Dox pretreatment. Dox-
treated GT-tg mice tested in the Barnes maze demonstrated longer latencies to find an escape hole
and displayed deficits in probe trial performance, versus uninduced GT-tg littermates, suggesting
Tat-induced impairments of spatial learning and memory. Reversal learning was also impaired in
Tat-induced mice. Tat-induced mice additionally demonstrated long-lasting (up to one month)
deficiencies in novel object recognition learning and memory performance. Furthermore, novel
object recognition impairment was dependent on the dose and duration of Dox exposure,
suggesting that Tat exposure progressively mediated deficits. These experiments provide evidence
that Tat protein expression is sufficient to mediate cognitive abnormalities seen in HIV-infected
individuals. Moreover, the genetically engineered GT-tg mouse may be useful for improving our
understanding of the neurological underpinnings of neuroAIDS-related behaviors.

Keywords
HIV-1; neuroAIDS; Tat; learning; memory; mouse

1. Introduction
The activity of HIV-1 and/or the accessory proteins produced by HIV-1 infection of brain,
such as Tat, may be responsible for the persistence of HIV-related neuropathology and
subsequent cognitive and psychomotor slowing [1–4]. For instance, exogenous
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administration of the HIV accessory protein gp120 into rodent brains impaired learning in
the Morris water maze [5,6] and Barnes maze [7], and induced apoptosis in exposed brain
regions [8]. It has been suggested that Tat may also play a crucial role in the neurotoxicity
and cognitive impairment evident in neuroAIDS [9]. Epidemiological reports indicate that
clade-specific variation among HIV-1 strains linked to mutations within the neurotoxic
epitope of the tat gene lead to differences in the prevalence of HIV-associated dementia [10]
and human neuronal toxicity [11,12]. HIV-Tat protein directly damages [13,14] and kills
cells [15,16]. In vitro, Tat protein induced CA1 hippocampal and entorhinal cell
dysfunction, and the incubation of slices of the hippocampal-entorhinal cortex or CA1
hippocampus with Tat1–86 suppressed long-term potentiation (LTP) [17,18]. Consistent with
this finding, the suppression of LTP was positively correlated with performance errors
committed by rats in the eight-arm radial arm maze after intracerebroventricular (i.c.v.)
administration of recombinant Tat protein [18].

However, to date, few behavioral studies have examined the contribution of Tat protein to
learning and memory deficits. In addition to spatial learning and memory impairment in an
eight-arm radial maze [18], infusion of Tat protein into the hippocampus of neonatal rats
impaired the subsequent learning and memory performance of both preweanling and adult
animals [19]. Likewise, exogenous hippocampal administration of Tat to adult rats
undergoing withdrawal from ethanol resulted in significant increases in the time to find the
hidden platform in the later trials of the Morris water maze task [20]. Accordingly, we tested
the hypothesis that Tat activity is sufficient to impair learning and memory performance.
Our studies employed the GT-tg bigenic mouse [15], which possesses a gene that codes for
Tat1–86 protein specifically integrated into glial fibrillary acidic protein (GFAP)-containing
astrocytes, producing brain-specific expression. In this model, Tat protein expression is
induced by the activation of a tetracycline-on promoter site with administration of
doxycycline (Dox). All mice in this study were tested in either the Barnes maze [21,22] or a
novel object recognition (NOR) assay [23,24] to determine whether Tat expression was
sufficient to impair different types of learning and memory performance.

2. Materials and Experimental Methods
2.1 Animals and housing

Adult male GT-tg bigenic [15] and C57BL/6J wild-type (Jackson Labs, Bar Harbor, ME)
mice, 8–14 weeks of age, were used in all experiments. Mice were housed and cared for in
the Northeastern University animal facility in accordance with the 1996 National Institutes
of Health Guide for the Care and Use of Laboratory Animals, as approved by the
Institutional Animal Care and Use Committee. The creation and development of the GT-tg
mouse and genotype confirmation of the inducible and brain-targeted HIV-1 Tat protein
were described previously [15]. GT-tg mice were engineered to express the Tat1–86 gene
upon the Dox-mediated activation of a brain-specific promoter (GFAP in astrocytes).
Breeding pairs of GT-tg bigenic mice, previously back-crossed 7 generations onto the
C57BL/6J line, were used to establish a colony for this study. The C57BL/6J strain of mice
were used to determine whether there were differences in behavior displayed in uninduced
GT-tg mice as compared to the parent strain of mouse.

2.2 Chemicals
Doxycycline hyclate (Dox; see below), obtained from Sigma-Aldrich (St. Louis, MO), was
dissolved in 0.9% saline prior to injection.
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2.3 Induction of brain-targeted Tat with Dox treatment
To induce Tat1–86 protein expression, GT-tg bigenic mice were administered Dox via a
single daily intraperitoneal (i.p.) injection (100 mg/kg, dissolved in 0.9% saline in a volume
of 0.3 ml/30 mg body weight) for 1, 3, 5, or 7 days as indicated. (Characterization of Dox
dose-effect relationships on Tat expression are detailed in the supplemental material). The
100 mg/kg, i.p., daily dose for 7 days maximal dosing was selected based on previously
demonstrated efficacy of Tat induction (JJ He, personal communication and [16]). C57BL/
6J mice used in behavioral experiments were administered the maximal Dox dosing to
control for any possible effects of Dox on behavior. Vehicle (0.9% saline) treatment of GT-
tg mice for 7 days was included as a direct control for Dox-treated GT-tg mice. Vehicle-
treated GT-tg mice are referred to as “uninduced” throughout the manuscript.

2.4 Western blot
Whole brains were isolated from GT-tg mice pretreated with vehicle or Dox (100 mg/kg, i.p.
up to 7 days) and homogenized for Western blot analysis. Brains were also obtained from
C57BL/6J mice lacking the Tat transgene that had been pretreated with vehicle or Dox (100
mg/kg, i.p.) for 7 days as a control. Prepared aliquots of homogenated protein (100 μg/lane)
were then resolved by gel electrophoresis on 10% Bis-Tris gels (at pH 6.4) using NuPAGE
MES SDS running buffer and NuPAGE antioxidant using methods described previously
[25]. After blocking with 5% nonfat dry milk powder (NFDM) in 0.1% Tris-buffered saline-
Tween (TBS-T) for 1 h, resolved, nitrocellulose bound proteins were incubated overnight at
4°C in 5% NFDM/0.1% TBS-T containing the primary antibodies for β-actin (0.02 μg/ml,
Cell Signaling Technologies) and Tat protein (1:2000 of the rabbit polyclonal antibody
ab43014, Abcam, Cambridge, MA). After washing, membranes were incubated with a
horseradish peroxidase-conjugated goat antirabbit IgG (diluted 1:5000 in 5% NFDM/0.1%
TBS-T) and visualized with LumiGlo enhanced chemiluminescence agent (Cell Signaling
Technologies, Ipswich, MA) detected with a Biospectrum AC imaging system (UVP,
Upland, CA).

Western blots were performed in triplicate for each of three brain samples, and βactin signal
intensity bands and bands corresponding to Tat protein weights in GT-tg mice were
quantified and statistically analyzed as described in section 2.7.1.

Note that further Western blot analyses were performed with additional tissue samples,
conditions of Tat induction and alternative antibodies for Tat protein. Full details may be
found in the supplemental material.

2.5 Barnes Maze
The Barnes maze assesses spatial learning and memory and is based on the natural tendency
of mice to explore and escape through holes [22,26]. The paradigm as performed here was
carried out in stages over 5 days, and included habituation (on day 1), acquisition (days 1–
4), probe testing (day 4) and reversal testing (on day 5). The task requires the use of fixed
and distinct spatial cues within the testing room to navigate to one of 40 evenly-spaced, 5-
cm diameter escape holes positioned evenly around the perimeter of a brightly lit 105 cm
circular surface. An escape chamber (15 × 8 × 3 cm) was located beneath the escape hole
and remained fixed throughout the acquisition period. Mice were habituated by allowing
them to freely explore (but not escape) the maze for 1 min, and then by placing the mice
directly into the escape chamber (not yet attached to the escape hole), for 30 s.

After habituation, mice were trained to locate an assigned escape hole/chamber (i.e.,
acquisition trials). The acquisition period consisted of two trials/day for four days with a 15-
min inter-trial interval (ITI). Each 3-min trial began by placing a mouse enclosed in a

Carey et al. Page 3

Behav Brain Res. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cylinder in the center of the maze, ensuring that they were randomly oriented at trial
initiation. Data collection began when a static radio noise was played as the cylinder was
removed to free the mouse; the static noise was played to motivate mice to escape the maze
(i.e., in addition to the bright light [27]). Mice not finding the escape hole within 3 min were
guided toward and allowed to enter the hole. When mice entered the escape hole, the static
noise was terminated and the mice were kept in the escape chamber for 15 s. In between
each trial, the maze was wiped with 70% ethanol to remove odor cues.

During these acquisition trials, escape latencies and maze errors (see below) were recorded.
A mouse was considered to have completed an escape when its last foot left the maze
surface. Errors were deemed as nose or head deflections into a hole not leading to the escape
box. Reference memory errors were recorded when a mouse made a nose and head
deflection into a non-escape hole, whereas working memory errors were recorded when a
mouse made a nose and head deflection into an non-escape hole already visited during that
same trial. In addition, the type of search strategy employed by mice on each trial was
recorded as serial (searching the holes in a clockwise or counterclockwise order), random
(hole searches separated by crossing through the center of the maze or unorganized search),
or direct search (moving directly to escape hole or within the two adjacent holes before
visiting the escape) [28].

At the end of day 4, a probe trial was performed. During this trial, the escape chamber was
removed and mice explored the maze for 90 s [29]. The variables recorded during this trial
were 1) success at finding the former escape location and 2) time spent in the target quadrant
(where the escape hole was located). Reversal learning was tested on day 5 by moving the
escape hole 135 degrees from the previous location and conducting four trials. Latency to
escape through the new location was recorded.

On the last day of testing the mice performed one 3-min trial in which they were required to
locate an escape tunnel in a novel location made visible with a contrasting object placed
behind the tunnel; this trial assessed whether any vision problems existed that might
confound task performance. All mice in the study successfully found the visually-cued
escape location.

2.6 Novel object recognition (NOR) assay
Learning and memory performance was examined using the NOR assay [23,24,30]. The
NOR task for rats and mice is based on their trait to spontaneously explore their
environment; unaffected animals will spend more time exploring a novel object than a
familiar one [31,32]. As this task does not require motivation such as food or water
deprivation, it minimizes external, physical stressors [31]. The NOR task probes both
learning and memory function, as the final output of the assay is affected by both. The
paradigm was carried out over three phases as described in Carey et al. [24]. Each phase
lasted 10 min with a 10 min inter-trial interval (ITI), which was found to be optimal in
previous experiments using untreated-C57BL/6J mice [24]. During each trial, mice freely
explored the environment before being returned to their home cages. During phase 1, objects
A and B (e.g., pair of dice) were centered across from each other in a rectangular cage (16 ×
24 × 12 cm), 2 cm away from the walls. In phase 2, object B was moved laterally to 1 cm
from the edge of the cage whereas object A remained fixed. In phase 3, after completion of
the training phases, object B (the die) was replaced with a novel object (a marble). Note that
phase 2 served as a control, to demonstrate that subsequent performance in phase 3 was
based on novel object recognition, rather than simple changes in object location. In contrast,
phase 3 testing assessed both learning and memory, as mice will typically recognize and
reject previously encountered objects to spend more time with the novel object [24]. Use of
marbles and dice as novel objects was randomized across the study. For each phase, the time
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mice spent attending to each object was recorded with a stopwatch. Object attending was
defined as the duration of time a mouse spent in physical contact with the object, using any
body part other than the tail, or whenever it was within 0.5 cm of the object, facing it, and
engaged in active exploration (e.g., sniffing or manipulating). Data are presented as a
percent recognition index (RI) for object B: RI = (time attending to object B/time attending
to object A+B)*100. In addition to described Dox-treatment comparisons, separate groups of
mice were tested at 48 h or one week after the completion of Dox treatment. An additional
group of mice treated with the maximal dose of Dox for the maximum duration (100 mg/kg,
i.p., 7 days) was tested one month after the completion of Tat induction.

2.7 Statistical analyses
2.7.1 Western blot—β-actin antibody labeling was measured at the expected weight of 45
kDa, whereas Tat protein labeling was quantified from the band found at 19 kDa, which has
been suggested to be the observed weight of expressed Tat protein in the GT-tg mouse
model (J.J. He, personal communication). All bands were quantified with ImageJ 1.62
software (National Institutes of Health (NIH)). Band values were then calculated as percent
of C57BL/6J control (saline-treated) sample labeling, and plotted as average values ± SEM
across 7–9 experiments. Statistical differences in labeling were assessed using a one-way
ANOVA test with Tukey’s HSD post hoc testing using Prism 5.0 software (GraphPad
Software, La Jolla, CA). Additional bands labeled with Tat-selective antibodies and
identified elsewhere as Tat protein by others (14 kDa [33] and 23 kDa [34]) were analyzed
as described in the Supplemental material.

2.7.2 General Behavioral Analysis—Data from all behavioral experiments were
analyzed using SPSS 16 statistical package for the social sciences (Chicago, Illinois, USA)
and are presented as mean ± standard error of the mean, unless noted otherwise.
Significance was set at p ≤ 0.05.

2.7.3 Barnes maze—Latency was analyzed with a two-way repeated measures ANOVA
with day (acquisition, day 1–4) or trial (reversal, trial 1–4) as the within-subjects repeated
measure and group as the between-subjects variable. The number of errors was analyzed
with one-way ANOVA. Tukey’s Honestly Significant Difference (HSD) post hoc test was
used to further elucidate all significant ANOVA effects. Search strategies were analyzed
with Mann-Whitney U. Probe trial success was analyzed with Fisher’s exact test and is
presented as proportions and 95% confidence intervals. Time in the target quadrant during
the probe trial was analyzed with a one-sample t-test comparing the time spent in the
quadrant to chance (22.5 s).

2.7.4 Novel object recognition—An omnibus repeated measures ANOVA was run with
phase as the within subjects repeated measure, and time of testing, Dox dose, and duration
of administration as the between subjects variables. Data were analyzed for two comparisons
of interest: between group differences in phase 3 RIs and/or within group differences
between phase 1 and phase 3 RIs, where an unaffected mouse will show a significant
increase in RI from phase 1 to phase 3. Significant interactions and main effects were further
analyzed with subsequent one-way ANOVA and/or Tukey’s HSD post hoc testing.

3. Results
3.1 HIV-1 Tat protein is expressed in GT-tg mouse brain in a manner dependent on the
degree of exposure to doxycycline

HIV-1 Tat expression in this model has been previously monitored and confirmed to be
brain-specific by RT-PCR of Tat mRNA [15], but this is a proxy for Tat protein expression
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and not a direct measurement. To attempt a more direct demonstration of Dox-induced Tat
expression, we performed Western blots on whole homogenized brains isolated from GT-tg
mice pretreated with vehicle (0.9% saline, i.e., uninduced) for 7 days or Dox (100 mg/kg,
i.p. for 1, 3, 5 or 7 days). C57BL/6J mice were also pretreated with vehicle or Dox (100 mg/
kg, i.p.) for 7 days as a control for the effects of Dox treatment. β-actin antibody labeled a
single band of similar intensity among all samples, suggesting equivalent amounts of protein
in all samples (Fig. 1a, upper image, (F7,56 = 0.850, p = 0.55; one-way ANOVA with
Tukey’s HSD post hoc test). At the suggested observed weight of Tat protein (19 kDa, Fig.
1a, lower image), antibody labeling intensity differed with the presence and duration of Dox
administered (Fig. 1b; F6,33 = 8.455, p < 0.0001; one-way ANOVA with Tukey’s HSD post
hoc test). Although Tat antibody demonstrated a modest degree of non-selective binding by
labeling proteins of similar weight in samples of control C57BL6/J mouse brains (Fig. 1a),
this labeling did not differ from the amounts of protein labeled in uninduced GT-tg mice
(Fig. 1b, p > 0.05, Tukey’s HSD post hoc test). Tat antibody labeling was statistically
greater in brain samples taken from GT-tg mice treated with Dox for 3, 5 or 7 days as
compared to samples from saline-treated GT-tg mice (Fig. 1b, p < 0.01, Tukey’s HSD post
hoc test). Additional testing demonstrated Tat expression increases that were dependent on
the Dox dose of used (see supplemental Fig. 1). Together, these results suggest that Tat
protein expression is dependent on the dose and duration of Dox exposure.

Similar increases in Tat antibody labeling were also observed in a band of a weight
attributed to Tat protein (14 kDa [33]; see supplemental Fig. 2). Although the Tat antibody
nonspecifically labeled protein at 14 kDa in the control C57BL/6J mice (which lack Tat
protein), the increase over control labeling was statistically significant after Dox treatment.

3.2 Barnes Maze Testing Results
3.2.1 Strain differences in Barnes maze performance—A repeated measures
ANOVA indicated an overall group difference in latencies to escape the Barnes maze during
acquisition trials (average of all trials, saline-treated C57BL/6J 130 ± 7 s; Dox-treated
C57BL/6J 114 ± 5 s; uninduced GT-tg, 100 ± 6 s; F2,90 = 4.55, p < 0.05). The escape
latencies of the saline- and Dox- treated C57BL/6J mice did not differ on any day (p = 0.96,
p = 0.84, p = 0.16, p = 0.84, days 1–4, respectively, Tukey’s HSD). However, uninduced
GT-tg bigenic mice exhibited a shorter escape latency than either saline- or Dox-treated
C57BL/6J mice on days 1 (p = 0.06 (trend) and p < 0.01, respectively) and 2 (p < 0.05
versus both C57BL/6J groups).

These data suggest the presence of subtle strain differences between the GT-tg mice and the
C57BL/6J mice in spatial acquisition performance that preclude a direct comparison of the
GT-tg mice to the C57BL/6J mice for this particular task. However, these data do suggest
that Dox-treatment itself did not affect task performance in the absence of the Tat gene, as
Dox-treated C57BL/6J mice did not exhibit differences in latency versus saline-treated
C57BL/6J mice.

3.2.2 Tat-induced mice demonstrated impaired Barnes maze acquisition
versus uninduced GT-tg littermates—GT-tg mice were induced to express Tat protein
by administering Dox (100 mg/kg, i.p.) daily for 5 or 7 days prior to being tested in the
Barnes maze. For the sake of clarity, these mice will be referred to as 5 day and 7 day Tat-
induced mice, respectively. Performance was compared to uninduced (0.9% saline, i.p., 7
days) GT-tg littermates. A two-way repeated measures ANOVA indicated an overall group
difference in escape latencies over the four acquisition days, with the average differences of
the 5 day Tat-induced mice (148 ± 8 s) and the 7 day Tat-induced mice (133 ± 6 s)
significantly longer than that of uninduced littermates (100 ± 6 s, (F2,89 = 14.99, p < 0.001).
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Post hoc analysis of effects on individual acquisition days (Fig. 2a), indicated that there
were no differences in escape latencies on any of the four acquisition days between the 5
day and 7 day Tat-induced mice (p = 0.53, p = 0.22, p = 0.99, p = 0.65, days 1–4,
respectively). However, the 5 day Tat-induced mice demonstrated longer latencies to escape
from the maze compared to uninduced GT-tg mice on days 1, 2, and 4 (p < 0.05), but not on
day 3 (p = 0.20). Similarly, the 7 day Tat-induced mice demonstrated longer latencies to
escape from the maze compared to uninduced mice on days 1 and 4 (p < 0.01), but not days
2 and 3 (p = 0.54, p = 0.09, respectively).

There also was an overall group difference in the total number of errors made over
acquisition testing, excluding trial 1 (F2,362 = 11.03, p < 0.001, one-way ANOVA, Fig. 2b).
Post-hoc analyses indicated that the 7 day Tat-induced mice made significantly more errors
(8.3 ± 0.5) than uninduced mice (5.6 ± 0.4, p < 0.001, Tukey’s HSD). However, while the 5
day Tat-induced mice did not commit significantly more errors (6.6 ± 0.6) than the
uninduced mice (p = 0.21), the number or errors committed also did not differ from the 7
day Tat-induced mice (p = 0.09).

A significant overall group difference was found in the number of reference memory errors
made (F2,360 = 12.11, p <0.001, one-way ANOVA; Fig. 2b). Post hoc analyses indicated
that the 7 day Tat-induced mice made significantly more reference memory errors (7.1 ±
0.4) on average than the uninduced mice (4.8 ± 0.3, p < 0.001, Tukey’s HSD). However, the
5 day Tat-induced mice did not commit more reference memory errors (5.7 ± 0.5) than the
uninduced mice (p = 0.23) and committed significantly fewer errors than the 7 day Tat-
induced mice (p < 0.05). Although all mice committed fewer working memory errors overall
than reference memory errors, there was a group difference in the number of working
memory errors made (F2,361 = 6.70, p = 0.001). The 7 day Tat-induced mice committed
significantly more working memory errors on average (1.1 ± 0.1) than uninduced mice (0.5
± 0.1, p < 0.01, Tukey’s HSD). The 5 day Tat-induced mice did not commit significantly
more working memory errors (0.9 ± 0.2) than the 7 day Tat-induced mice (p = 0.82), but did
show a trend toward committing more working memory errors than uninduced mice (p =
0.06).

The 5 day and 7 day-Tat induced mice demonstrated different search strategy patterns
compared to the uninduced mice, who favored the direct search strategy (vs. 5-day Tat
induced mice, U = 2230, p < 0.01; vs. 7-day Tat-induced mice, U = 5171.5, p < 0.05, Mann-
Whitney U). The 5 and 7 day Tat-induced mice did not show different search strategy
patterns (U = 2583, p = 0.20), with both groups favoring the random strategy.

3.2.3 Tat induced mice demonstrated probe trial performance deficits—
Uninduced GT-tg mice spent significantly more time than chance would predict in the target
quadrant (36.5 ± 5.2 s vs. 22.5 s; p < 0.05, one-sample t-test). In contrast, the 5 day and 7
day Tat-induced mice did not spent more time in the target quadrant than chance (33.8 ±
11.3 s, p = 0.35 and 34.6 ± 6.9 s, p = 0.10, respectively). Moreover, the uninduced mice
demonstrated significantly greater success (74%) at finding the acquisition escape hole
versus 5 day Tat-induced mice (13%, p < 0.01, Fisher’s exact test). The 7 day Tat-induced
mice displayed a trend toward being less successful at finding the escape than the uninduced
mice (41%, p = 0.09), although the frequency of escape did not differ from that of the 5 day
Tat-induced mice (p = 0.21).

3.2.4 Tat-induced mice were slower to learn a new escape location during a
Barnes maze reversal learning task—A two-way repeated measures ANOVA
indicated an overall group difference in escape latency (F2,42 = 4.86, p < 0.05), with the 4-
trial average latency of 5 day Tat-induced mice (148 ± 8 s) and 7 day Tat-induced mice (128
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± 7 s, p = 0.19, Tukey’s HSD) was significantly longer than in uninduced GT-tg littermates
(102 ± 7 s). Post-hoc analysis of individual trials (Fig. 3) indicated that 5 day and 7 day Tat-
induced mice did not perform differently on any of the four trials (p = 0.85, p = 0.62, p =
0.37, p = 0.80, trials 1–4, respectively). However, compared to uninduced mice, the 5 day
Tat-induced mice demonstrated a trend to longer latencies to escape from the maze on trial 1
(p = 0.11) that was significant on trials 2 and 3 (p < 0.01 and p < 0.05), and reached the
performance of uninduced mice only in trial 4 (p = 0.43). Likewise, the 7 day Tat-induced
mice demonstrated increased latencies to escape from the maze compared to uninduced mice
on trials 1 and 2 (both p < 0.05), but not trials 3 and 4 (p = 0.30 and p = 0.99).

3.3 Novel Object Recognition Testing Results
3.3.1 Tat protein expression impaired novel object recognition—There was no
group difference in NOR performance in Dox-treated C57BL/6J mice tested either 2 or 7
days after Dox treatment (phase 1, F1,42 = 0.05, p = 0.83; phase 2, F1,42 = 0.01, p = 0.92;
phase 3, F1,42 = 1.79, p = 0.19, one-way ANOVA). Uninduced GT-tg mice tested 2 or 7
days after saline treatment also did not demonstrate NOR performance differences (phase 1,
F1,51 = 0.84, p = 0.36; phase 2, F1,51 = 2.03, p = 0.16; phase 3, F1,51 = 2.43, p = 0.13, one-
way ANOVA). Therefore, both time points were collapsed into a single group for each
strain of mice.

Analysis identified a main effect of phase of task (F2,706 = 11.78, p < 0.001; omnibus
repeated measures ANOVA), Dox dose (F2,353 = 3.71, p < 0.05; Fig. 4a), and induction
duration (F3,353 = 4.16, p < 0.01; Fig. 4b). Also noted were an interaction of phase ×
duration (F46,706 = 5.78, p < 0.001) and phase × dose (F4,706 = 4.42, p < 0.01). No main
effect of testing time (F2,353 = 0.86, p = 0.42) or phase × time interaction effect (F64,706 =
0.71, p = 0.60) was detected, suggesting that task performance after Tat protein induction
remained consistent (i.e., did not recover). Post-hoc analysis of these main effects and
interactions using one-way ANOVA indicated that there were no overall group performance
differences in phase 1 (F14,353 = 1.22, p = 0.26) or phase 2 (F14,353 = 1.23, p = 0.25). There
was however, an overall group difference in phase 3 performance (F14,353 = 6.05, p <
0.001).

3.3.2 Tat induced GT-tg mice demonstrated novel object recognition deficits
that were dependent on the duration of Dox induction—Both the 5- and 7-day
Dox-treated mice exhibited phase 3 RI differences versus C57BL/6J mice and uninduced
littermates during testing at both 2 and 7 days’ post induction (p <0.01 and p < 0.05,
respectively, Tukey’s HSD; Fig. 4a). Importantly, the 5- and 7-day Dox-treated mice did not
show an increase in NOR performance when compared to phase 1 RI values when tested at
either 2 or 7 days after induction (p = 0.99). By contrast, the RI values of 1-day Dox-treated
mice did not differ when comparing C57BL/6J or uninduced mice at 2 days (p = 0.99) or 7
days (p = 0.99), and showed significant phase 3 RI increases compared to phase 1 (p = 0.05,
both time points tested).

3.3.3 Tat induced GT-tg mice demonstrated a Dox dose-dependent deficit in
phase 3 novel object recognition—GT-tg mice treated daily with the lowest dose of
Dox (25 mg/kg) exhibited normal NOR learning when tested 2 days after the completion of
induction (p < 0.01; Fig. 4b), a result similar to that found in C57BL/6J and uninduced mice
(p = 0.99). However, prolonged Tat protein exposure impaired the RI between phase 1 to
phase 3 at 7 days testing (p = 0.99). By contrast, GT-tg mice treated with 50 mg/kg Dox
demonstrated impaired NOR both at 2 and 7 days (p = 0.99, Tukey’s HSD). Interestingly,
although NOR was significantly different from C57BL/6J and uninduced littermates in the
group tested 48 h after the completion of induction (p < 0.01), mice so treated demonstrated
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mild improvement when tested at one week after Tat induction, at which time they did not
differ from controls (vs. C57BL/6J, p = 0.14, and vs. uninduced, p = 0.25).

3.3.4 Tat protein expression induced lasting suppression of novel object
recognition—We examined the duration of the NOR deficits induced by maximal Tat
induction (Fig. 5). Maximally induced mice were tested either within 48 h, one week, or one
month after the completion of Tat induction. These groups were compared to uninduced GT-
tg mice (0.9% saline, i.p., 7 days) and C57BL/6J mice pretreated with Dox (100 mg/kg, i.p.,
7 days). At all time points, Tat-induced mice spent less time on the novel object in phase 3
than C57BL/6J mice (p < 0.05, Tukey’s HSD) and their uninduced littermates (p < 0.05).
There was no NOR difference between C57BL/6J and uninduced mice (p = 0.99).
Furthermore, while uninduced and C57BL/6J mice spent more time on the novel object in
phase 3 versus phase 1 (both p < 0.01, Tukey’s HSD), Tat-induced mice did not show
increased RI values in phase 3 compared to matching group performance in phase 1 at any
time point (p = 0.99), suggesting a deficit in novel object recognition.

4. Discussion
The present study demonstrated that mice expressing increased Tat protein levels exhibited
impaired task performance on the Barnes maze including total, reference, and working
memory errors, as well as abnormal NOR task performance. In the Barnes maze, Tat
expressing mice exhibited longer latencies to find an escape hole compared to uninduced
littermates.

Overall, these data are in agreement with earlier studies. A single acute i.c.v. administration
of Tat protein was shown to impair spatial learning and memory in an eight-arm radial maze
[18]. Further, infusion of Tat1–72 protein into the CA1 region of the rat hippocampus
increased time to find the hidden platform in the Morris water maze task during ethanol
withdrawal [20]. While these studies utilized acute exogenously administered Tat proteins
over short durations, the common spatial learning deficits identified in each of the three
studies suggest that Tat expression is sufficient to induce learning and memory performance
deficits. The demonstration of impaired learning and memory performance months after
i.c.v. administration of Tat protein [19] is also consistent with the prolonged duration of
detrimental effects by exposure to Tat protein observed in the present study.

Furthermore, in our study the 5-day and 7-day Tat-induced mice committed more working
memory errors during acquisition than uninduced mice. The working memory errors
reported here are consistent with the results of the Li et al. study [18], as the type of errors
the Tat-injected mice made in that study were based on a similar behavior. Moreover, the 5-
and 7-day Tat-induced mice favored the random search strategy during acquisition training,
while the uninduced mice favored the direct search strategy. Use of the direct search strategy
suggests knowledge of the escape location, whereas the random search strategy (or lack of a
strategy) suggests that mice may not retain knowledge of the escape hole location [28].
Along these lines, 5-day Tat-induced mice also demonstrated Barnes maze probe trial
deficits. Together, these results constitute strong evidence for a clear impairment of spatial
memory in the Tat-induced mice. This finding is further consistent with clinical studies,
where HIV infiltration often is identified in the hippocampus and adjacent parts of the
entorhinal and temporal cortices (see [35] for review). The present Barnes maze findings of
deficits in spatial learning and memory are also consistent with data collected from other
animal models of HIV-infection showing impaired spatial ability [18,36–39].

Our study extends findings from prior spatial learning experiments by showing that Tat-
induced mice demonstrated impaired reversal learning in the Barnes maze, characterized by
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an inability to learn a new escape location. However, by trial 4, the 5 day Tat-induced mice
performed comparably to uninduced mice. We do not interpret this finding as reflecting a
“recovery” of performance, as our NOR data suggest that Tat-induced mice exhibit
persistent learning impairments. Rather, we believe that this result suggests that the mice
exposed to Tat protein were slower to learn a new escape location than their uninduced
littermates. This difficulty in learning a new escape location is similar to the cognitive
inflexibility often observed in patients suffering from progressive neurodegenerative
diseases [40], and is consistent with the cognitive deficits associated with prolonged HIV-1
infection [2,41]. Additional studies comparing Tat-induced structural deficits in mouse brain
regions to brain areas found to be abnormal in imaging studies with HIV-positive humans,
specifically in the dorsal frontal cortex [42,43] and hippocampus [44], may provide further
insight into these findings.

It should be noted the Tat-induced GT-tg mice were not compared to C57BL/6J mice in the
Barnes maze. It was demonstrated that the C57BL/6J mice showed significant learning
differences during acquisition training when compared to the uninduced GT-tg mice,
therefore precluding direct comparison in Barnes maze experiments. The C57BL/6J mice
used as controls here are direct ancestors of mice born at a breeding colony from Jackson
Laboratories, whereas the GT-tg mice were created and back-crossed in the laboratory of Dr.
Johnny He. Although the GT-tg mice have been back-crossed 7 generations onto the
C57BL/6 line, it is possible that there is some divergence in phenotype from the C57BL/6J
strain, resulting in subtle differences in spatial acquisition due to the ancestry of the mice.
Although this effect highlights the importance of making direct comparisons between the
uninduced GT-tg mouse and the parent strain of mice in the future, it does not negate the
Barnes maze findings reported here.

Furthermore, significant deficits in other measures of learning and memory performance
were observed, suggesting Tat protein-induced deficits extend beyond spatial learning. NOR
deficits were dependent on Dox dose and duration (and thus, presumably, Tat) exposure, and
persisted for up to one month after Tat-induction. Interestingly, a very low Dox dose (25
mg/kg/d for 7 days) did not produce significant NOR impairment when mice were tested 2
days after induction completion, but NOR impairment was observed in a separate group of
Dox-treated mice tested 7 days after induction. These data suggest that Tat effects may not
only persist but progress over time even after induction is terminated. Viral proteins such as
Tat have been shown to induce progressive damage [45], consistent with our present
findings. Together, these data suggest that the learning and memory deficits we found are
related to the amount of Tat produced, to the duration of Tat exposure, and may persist (and
even progress) after induction is terminated.

In contrast to the Barnes maze results, no differences in NOR performance were found
between C57BL/6J and uninduced GT-tg mice. Although spatial learning and memory
performance strongly varies between mouse strains [46,47], novel object recognition is
thought to be relatively consistent between mouse strains [48]. This contrast may speak to
the different sub-systems of learning and working memory represented by the two tasks used
in this study. Reports suggest that different types of learning and memory are subserved by
distinct brain regions [49,50]. The hippocampus has been demonstrated to be a major brain
structure involved in spatial learning [51], whereas the ability of animals to recognize a
novel object has been attributed to the activity of the perirhinal cortex in the medial temporal
lobe [52]. While backcrossed 7 generations onto the C57BL/6J line, the differences in
baseline spatial memory performance demonstrated by the GT-tg bigenic mice could
conceivably arise from subtle neuroanatomical differences (e.g., in hippocampus) remaining
between the two strains. Administration of exogenous Tat protein into the hippocampi of
neonate rats impaired spatial memory performance into adulthood [19], suggesting Tat
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exposure during development produces prolonged disability of spatial memory. Although
the extent of Tat-induced neurotoxic effects within the perirhinal cortex remains
uncharacterized, induction of Tat protein was reported to result in significant neurotoxicity
and neuronal death in the hippocampus and cerebral cortex of GT-tg bigenic mice [16].
Overall, the existing neuroanatomical evidence seems consistent with the learning and
memory deficits we observed, but further investigation of the structural differences between
C57BL/6J and uninduced GT-tg mice and characterization of Tat-induced neurotoxicity and
neuroanatomical integrity throughout the brain is needed.

It should be further noted that assays of learning and memory depend on the integrity of
systems mediating attention. It is conceivable that the deficits in novel object recognition
may be due to Tat-mediated deficits in attention. Although attentional deficits are associated
with the cognitive decline of HIV patients [53], the effect of Tat protein on attention has not
been studied in animal models. The novel object recognition test may be configured
differently to examine attention [54], but the present study did not examine this effect.
Further study is required to determine the impact of attention on Tat-induced deficits in
learning and memory.

Of interest, Tat protein possesses multiple means to induce cellular dysfunction, potentially
mediating the observed learning and memory impairments. Extracellular Tat protein also
activates cell surface growth factor receptors [55] modulating signal transduction including
the activation of PKC [56] and MAP kinases [55,57] associated with LTP and synaptic
plasticity, the neuronal basis for hippocampal-dependent learning (see [58,59] for reviews).
Tat exposure in vitro can result in CA1 hippocampal and entorhinal cell dysfunction by
suppressing LTP [17,18]. Intriguingly, Tat was recently shown in vitro to upregulate histone
deacetylase-2 (HDAC2), a regulator of gene expression and chromatin remodeling [60]. As
HDAC2 overexpression was shown to downregulate CREB and CaMKII genes essential to
synaptic plasticity, the authors speculated that this upregulation may be the mechanism by
which Tat protein induces HIV-associated neurocognitive dysfunction [60]. Additionally,
Tat protein is known to upregulate a number of mediators of inflammation, including tumor
necrosis factor-alpha [61] and cytokines such as interleukin-1β (IL-1β; [62]). Tat-induced
upregulation of cytokines was shown to occur in hippocampus after infusion into that
structure [61]. As cytokines have been demonstrated to suppress spatial learning and
memory performance [63,64,65], the neuroinflammatory effects of Tat protein could
conceivably contribute to the behavioral deficits observed here. Finally, in vitro research
suggests that Tat produces neurotoxicity [66] correlated with the induction of oxidative
stress and astrocytosis [67,68] that impairs neuronal function and survival [68], particularly
the dysfunction of pyramidal hippocampal neurons [69,70]. Rat studies in vivo using direct
injections of Tat into the brain have confirmed multiple neurohistopathological
manifestations [66] modeling aspects of HIV-associated dementia [71,72], including
learning and memory deficits [18,19,20]. Together, these findings suggest future
experiments examining signaling, neuroinflammatory and neurotoxicity effects of Tat on
learning and memory performance would be valuable in establishing the biological
mechanisms and brain structural targets mediating learning and memory deficits in Tat-
expressing mice and in neuroAIDS patients.

5. Conclusion
In summary, we have shown that brain-selective Tat protein expression induces spatial,
reversal, and novel object recognition learning and memory impairments, which persist and
even progress after termination of Tat induction. Tat expression appears to be sufficient to
mediate spatial learning and memory deficits, and thus may mediate some of the cognitive
deficits observed in HIV-infected individuals.
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Research Highlights

• Mice expressing HIV-Tat protein show deficits in spatial learning and memory

• Mice expressing HIV-Tat protein demonstrate demonstrate perseveration

• Mice expressing HIV-Tat protein demonstrate impairment of novel object
recognition
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Fig. 1. Doxycycline-induced HIV-1 Tat protein expression in GT-tg mouse brain
(a) Representative Western blots from whole brain. The β-actin antibody labeled a single
band (upper panel) corresponding to the weight of the β-actin protein of similar intensity
across all samples. By contrast, the Tat antibody labeled a number of proteins non-
selectively (lower panel), but only demonstrated a difference in labeling intensity that
corresponded to the presence and duration of Dox administered.
(b) Summary graph of the quantified whole brain Western blots. All band intensities are
plotted as percent control (saline-treated C57BL/6J) labeling. Dox treatment resulted in an
increase in Tat-antibody labeling in GT-tg mice dependent on the duration of pretreatment.
Labeling intensity differences corresponded to the presence and duration of Dox
administered at 19 kDa, which has been suggested to be the observed weight of expressed
Tat protein in the GT-tg mouse.

Carey et al. Page 18

Behav Brain Res. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Tat-induced mice demonstrated longer escape latencies and committed more Barnes maze
acquisition errors versus uninduced GT-tg mice
(a) The 5 day Tat-induced mice (100 mg/kg Dox, i.p.; gray squares) demonstrated longer
escape latencies compared to uninduced GT-tg mice (0.9% saline, i.p., 7 days; white circles)
on days 1, 2, and 4, while the 7 day Tat-induced mice (100 mg/kg Dox, i.p.; black
diamonds) demonstrated longer latencies on days 1 and 4. (n = 9–18; n.s. = not significant, *
= different from 5 day Tat-induced mice, † = different from 7 day Tat-induced mice, p <
0.05, Tukey’s HSD).
(b) The 7 day Tat-induced mice (dark gray patterned bars) committed more total, reference
memory, and working memory errors than the uninduced mice (white bars). The 5 day Tat-
induced mice (gray bars) showed a trend toward committing more working memory errors
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than the uninduced mice. (n= 8–16; ^ = trend from uninduced mice, p = 0.06, * = different
from uninduced mice, † = different from 5 day Tat-induced mice, p < 0.05, Tukey’s HSD)
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Fig. 3. Tat-induced mice required more trials to learn a new escape location during a Barnes
maze reversal learning task
Escape latencies did not differ between the GT-tg mice induced to express Tat with Dox
(100 mg/kg, i.p.) for 5 days (gray squares) or 7 days (black diamonds). The 5 day Tat-
induced mice demonstrated longer escape latencies compared to uninduced GT-tg mice
(0.9% saline, i.p., 7 days) (white circles) on trials 2 and 3, and showed a trend on trial 1. The
7 day Tat-induced mice demonstrated longer escape latencies compared to uninduced mice
on trials 1 and 2. (n = 9–19; ^ = trend from 5 day Tat-induced mice, p = 0.11, * = different
from 5 day Tat-induced mice, † = different from 7 day Tat-induced mice, p < 0.05, Tukey’s
HSD).
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Fig. 4. Tat-induced GT-tg mice exhibited phase 3 novel object recognition deficits
GT-tg mice were administered the maximum Dox dose (100 mg/kg, i.p.) for 1, 3, 5, or 7
days (a, gray bars) or 25, 50, or 100 mg/kg Dox for 7 days (b, gray bars). Groups were tested
2 days (solid bars) or 7 days (hatched bars) after induction.
(a) Tat-induced GT-tg mice demonstrated a Dox duration-dependent deficit in phase 3
novel object recognition. The 5 and 7 day Tat-induced mice showed differences in phase 3
RI when compared to C57BL/6J mice and uninduced littermates. (n = 17–53 mice/bar; * =
different from matching phase 1 response, † = different from phase 3 response of C57BL/6J
and uninduced mice, p ≤ 0.05, Tukey’s HSD).
(b) Tat-induced GT-tg mice demonstrated a duration-dependent deficit in phase 3
novel object recognition. Mice induced for 7 days with 50 or 100 mg/kg Dox were
impaired in phase 3 NOR. Mice induced with 25 mg/kg Dox and tested one week after
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induction also demonstrated impairment in phase 3. (n = 17–53 mice/bar; * = different from
matching phase 1 response, † = different from phase 3 response of C57BL/6J and uninduced
mice, p ≤ 0.05, Tukey’s HSD).
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Fig. 5. Tat-induced GT-tg mice exhibited persistent suppression of phase 3 novel object
recognition performance
Mice were induced to express Tat with 100 mg/kg Dox for 7 days and tested 2 days (light
gray thatched bars), 7 days (dark gray thatched bars), or 30 days (black bars) after the
completion of induction. Phase 3 NOR of the C57BL/6J and uninduced mice was not
different. Tat-induced mice tested at all time points spent less time on the novel object in
phase 3 than controls and showed no increase in phase 3 RIs from phase 1. (n = 17–53 mice/
bar; * = significant increase from phase 1 response, † = different from phase 3 response of
C57BL/6J and uninduced mice, p < 0.05, Tukey’s HSD).
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