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Cognitive deficits associated with combined HIV gp120
expression and chronic methamphetamine exposure in mice

James P. Kesby!, Athina Markou?, Svetlana Semenoval-*, and the Translational
Methamphetamine AIDS Research Center (TMARC) Group

1Department of Psychiatry, School of Medicine, University of California San Diego, La Jolla, CA,
USA

Abstract

Methamphetamine abuse is common among individuals infected by human immunodeficiency
virus (HIV). Neurocognitive outcomes tend to be worse in methamphetamine users with HIV.
However, it is unclear whether discrete cognitive domains are susceptible to impairment after
combined HIV infection and methamphetamine abuse. The expression of HIV/gp120 protein
induces neuropathology in mice similar to HIV-induced pathology in humans. We investigated the
separate and combined effects of methamphetamine exposure and gp120 expression on cognitive
function in transgenic (gp120-tg) and control mice. The mice underwent an escalating
methamphetamine binge regimen and were tested in novel object/location recognition, object-in-
place recognition, and Barnes maze tests. gp120 expression disrupted performance in the object-
in-place test (i.e., similar time spent with all objects, regardless of location), indicating deficits in
associative recognition memory. gp120 expression also altered reversal learning in the Barnes
maze, suggesting impairments in executive function. Methamphetamine exposure impaired spatial
strategy in the Barnes maze, indicating deficits in spatial learning. Methamphetamine-exposed
gp120-tg mice had the lowest spatial strategy scores in the final acquisition trials in the Barnes
maze, suggesting greater deficits in spatial learning than all of the other groups. Although HIV
infection involves interactions between multiple proteins and processes, in addition to gp120, our
findings in gp120-tg mice suggest that humans with the dual insult of HIV infection and
methamphetamine abuse may exhibit a broader spectrum of cognitive deficits than those with
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either factor alone. Depending on the cognitive domain, the combination of both insults may
exacerbate deficits in cognitive performance compared with each individual insult.

Keywords
spatial learning; recognition memory; behavior; transgenic

1. Introduction

Methamphetamine is one of the most commonly abused drugs among individuals infected
with human immunodeficiency virus (HIV; (Marquez et al., 2009). Mesocorticolimbic brain
regions, including the basal ganglia and cerebral cortex, are particularly sensitive to
neuropathology induced by HIV (Gorry et al., 2003) and methamphetamine (Chang et al.,
2005; Berman et al., 2008). Consistent with the observed neuropathology, frontostriatal- and
corticolimbic-mediated patterns of cognitive deficits, including impairments in memory,
executive function, and motor performance, are commonly associated with both HIV
infection (Heaton et al., 1995; Lindl et al., 2010) and methamphetamine abuse (Nordahl et
al., 2003; Scott et al., 2007). Considering the significant overlap between the brain regions
commonly damaged by HIV infection and methamphetamine, HIV-associated
neurocognitive impairments may be exacerbated in individuals with methamphetamine
abuse.

The combined effects of methamphetamine and HIV on cognitive function have been
difficult to investigate in clinical populations because of polydrug abuse (i.e., the
concomitant abuse of other drugs in addition to methamphetamine) and noncompliance with
medications in drug-abusing subjects (Nath, 2010). The rate of global neurocognitive
impairment tends to be greater in HIV-infected methamphetamine-dependent patients than
in individuals who are either HIV-infected or methamphetamine-dependent only (Rippeth et
al., 2004). Furthermore, greater cortical interneuron loss has been observed after combined
HIV infection and methamphetamine dependence (Langford et al., 2003; Chana et al.,
2006). Markers of neuronal injury, including decreased levels of N-acetylaspartate and
increased levels of myo-inositol, are also exacerbated in HIV-infected methamphetamine-
dependent patients (Chang et al., 2005). Animal models of HIV-related pathology can be
used to understand the effect of the interaction between HIV infection and
methamphetamine abuse on cognitive function without the aforementioned confounds.

Although HIV does not typically infect neurons (Lindl et al., 2010), HIV-induced
neuropathology involves the indirect neurotoxic effects of HIV viral proteins, such as the
envelope glycoprotein gp120. Transgenic (tg) mice that produce gp120 in the brain (gp120-
tg) at levels similar to those found in HIV patients (Toneatto et al., 1999) can be used to
model the indirect effects of HIV viral products. The gp120-tg mouse exhibits a similar
profile of neuropathology to that observed in HIV-infected humans and therefore represents
a valid model for HIV-induced pathology. For example, widespread reactive astrocytosis,
suggestive of neurological injury (Eddleston and Mucke, 1993), has been observed in the
brains of gp120-tg mice (Toggas et al., 1994) and postmortem HIV-infected human brains
(Navia et al., 1986; Gray et al., 1992; Weis et al., 1993; Vitkovic and daCunha, 1995).
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Moreover, gp120 expression in mice results in the loss of large cortical pyramidal neurons
(Toggas et al., 1994), consistent with pyramidal neuron deficits found in HIV-infected
humans (Masliah et al., 1997; Achim et al., 2009).

Limited studies have begun to explore the combined effects of gp120 expression and
methamphetamine exposure on behavior. For example, gp120-tg mice are more sensitive to
methamphetamine reward and aversion (Kesby et al., 2012) and show subtle alterations in
methamphetamine-induced stereotyped behavior after acute methamphetamine
administration (Roberts et al., 2010). Moreover, alterations in behavioral disinhibition have
been observed in gp120-tg mice after exposure to a methamphetamine binge regimen
(Henry et al., 2013). However, little is still known about the consequences of combined
pathology induced by HIV-related proteins, such as gp-120, and methamphetamine exposure
on cognitive function.

Thus, the aim of the present study was to investigate the effects of the interactions of gp120
expression in the brain and exposure to a chronic methamphetamine binge on various
cognitive domains. Novel object, place, and object-in-place recognition tests were used to
assess discrimination learning/memory. The Barnes maze test was used to assess spatial
learning, spatial memory, and spatial reversal learning. Both the discrimination learning and
spatial learning and memory are known to be disrupted by methamphetamine (Belcher et al.,
2008; Chen et al., 2012; Reichel et al., 2012). To the best of our knowledge, only one study
demonstrated spatial memory deficits in aged gp120 transgenic mice in the Morris water
maze (D’Hooge et al., 1999). The general hypothesis for these studies was that
methamphetamine exposure would augment gp120-induced deficits in cognitive function. In
addition, anxiety-like behavior was assessed using the light-dark box test at an illumination
level similar to that used in the Barnes maze test to account for any motivational differences
in spatial learning.

2. Materials and methods

2.1. Animals

The present study used a total of 55 male transgenic mice (gp120-tg; 4-5 months old; n =
13-14 per group) on a C57BL/6 x DBA genetic background that expressed the gp120
protein under the regulatory control of modified murine glial fibrillary acidic protein
(GFAP). The mice were generated as previously described (Toggas et al., 1994) and
provided by the Neuroscience and Animal Models Core of the Translational
Methamphetamine AIDS Research Center (TMARC; University of California San Diego, La
Jolla, CA). The mice were group-housed with 2—4 mice per cage in a humidity- and
temperature-controlled animal facility on a 12 h/12 h reverse light/dark cycle (lights off at
7:00 AM) with ad libitum access to food and water. Behavioral testing was conducted
during the dark phase of the light/dark cycle. All of the experiments were conducted in
accordance with the guidelines of the American Association for the Accreditation of
Laboratory Animal Care and National Research Council’s Guide for the Care and Use of
Laboratory Animals and approved by the University of California San Diego Institutional
Animal Care and Use Committee.
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2.2. Methamphetamine binge exposure

Methamphetamine hydrochloride (Sigma, St. Louis, MO, USA) was dissolved in saline
(0.9%) and administered subcutaneously with a 5 ml/kg injection volume. Control mice
received saline. Stock solutions of methamphetamine were prepared weekly and diluted as
needed during the drug regimen. The mice were administered a methamphetamine binge
regimen featuring an escalating dose phase followed by a subsequent binge phase designed
to mimic the pharmacokinetic pattern of methamphetamine use observed in human abusers
(Kuczenski et al., 2007). During the escalating methamphetamine regimen, gp120-tg and
non-tg mice were injected three times per day (9:00 AM, 12:15 PM, 4:30 PM) for 14 days
with saline or escalating doses of methamphetamine starting with 0.1 mg/kg and increasing
to 4.0 mg/kg, with a step-wise increase of 0.1 mg/kg per injection. After this 14-day period,
the animals were exposed to an 11-day “binge” period and administered four daily injections
of 6.0 mg/kg methamphetamine or vehicle at 2-h intervals (10:00 AM, 12:00 PM, 2:00 PM,
4:00 PM). After a 1 week washout period, behavioral testing began in the following order:
light-dark box test, object/place/object-in-place recognition tests, and Barnes maze test.
After testing each mouse, the equipment was cleaned using disinfectant (AirX 44 HDQ;
Airex Laboratories, PA, USA).

2.3. Light-dark box test

Three chambers were used for the light-dark box test (San Diego Instruments, San Diego,
CA, USA). Each chamber consisted of two compartments: a dark compartment (16 x 21 x
33 cm) and a light compartment (26 x 21 x 33 cm) that were separated by a divider that left
a 5 cm horizontal gap for the mouse to move from one compartment to the other. The light
intensity in the middle of the light compartment was approximately 900 lux (as used in the
Barnes maze). In the dark compartment, the level of illumination was ~4 lux. During the 5
min test, the mice were placed in the dark compartment with their head facing away from
the light compartment. The total time spent in the light compartment and latency to the first
transition to the light compartment (£ 2.5 s) were recorded.

2.4. Object and place recognition tests

Behavior was sequentially assessed in the novel object, novel place, and object-in-place
recognition tests using a 5-day protocol. The mice were habituated to a white acrylic open
field arena (27 x 29 x 40 cm) for 15 min on day 1 and day 2. Subsequently, the mice were
tested in the novel object recognition test (day 3), novel place recognition test (day 4), and
object-in-place recognition test (day 5). The novel object test consisted of a 5 min
habituation session, 10 min familiarization session with two identical objects, and 10 min
test session in which one object was replaced with a novel object. The novel place
recognition test consisted of a 5 min habituation session, 10 min familiarization session with
two identical objects, and 10 min test session in which one object was moved to a novel
location within the arena. The object-in-place recognition test consisted of a 5 min
habituation session, 10 min familiarization session with four different objects, and 10 min
test session in which the positions of two of the objects were switched. The side (left or
right) of object and location changes were alternated for each task (i.e., for a specific mouse
the novel object was presented on the left side, followed by the new novel place position
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occurring on the right side and finally the object-in-place positional switch occurring on the
left side) and counterbalanced between groups. The mice were returned to their home cages
for 5 min between each session and the objects/open field were cleaned using disinfectant to
eliminate scent cues on the objects and open field. The objects consisted of geometric shapes
of varying colors made from plastic (Learning Resources Inc., Vernon Hills, IL, USA).
There were two copies of each object and all of the objects had consistent height and
volume. Each object was placed in the corner of the arena approximately 6 cm from each
side so that the mice could circumvent the object while maintaining a sufficiently large
distance to accurately determine object interaction. A scored interaction involved the nose
oriented toward the object (no further than 1 cm). Climbing onto the objects and using the
objects to rear were not scored as interactions. The data are expressed as the following
discrimination ratio of the duration of object interaction: (Novel - Sample)/Total. A positive
discrimination ratio represents a greater level of interaction with the non-familiar object or
place. Mice were excluded from the analysis if they failed to interact with any of the objects
during the familiarization session or interacted for less than a total of 5 s in the
familiarization or test session. In total, six mice were excluded from the novel object test,
four mice were excluded from the novel place test and one mouse was excluded from the
object-in-place test.

2.5. Barnes maze test

The Barnes maze is a spatial learning task that is sensitive to hippocampal dysfunction
(Paylor et al., 2001). The maze consisted of a white, acrylic, circular disc (90 cm diameter)
that was elevated 90 cm above the floor, with 20 equally spaced holes (San Diego
Instruments) with a black acrylic escape box (20 x 5 x 6 cm) placed under one of the holes.
The maze was surrounded by four spatial cues at the height of the maze. Illumination in the
center of the maze was approximately 900 lux. The maze was rotated 90 degrees each day to
avoid the use of local cues on the maze by the mice.

2.5.1. Acquisition trials—Each mouse underwent 10 acquisition trials over 5 days, tested
once in the morning and once in the afternoon. Immediately prior to the first trial, all of the
mice were individually placed into the escape tunnel for 1 min to avoid any neophobic
responses. During testing, the mice were placed into a starting cylinder (10 cm diameter) in
the center of the maze for 30 s. The cylinder was then removed, and the mouse was allowed
to explore the arena to find the escape tunnel. The trial ended when the mouse entered the
escape tunnel (i.e., when all four paws left the maze). When the mouse entered the escape
tunnel, the entry was blocked, and the mouse was left in the tunnel for 1 min. If the mouse
did not find or enter the escape tunnel within 5 min, then it was manually placed into the
escape tunnel.

2.5.2. Probe trial—The probe trial was conducted on day 6 and identical to the acquisition
trials, with the exception that the escape tunnel was removed. Therefore, each mouse was
tested for a total of 5 min before being returned to the home cage.

2.5.3. Memory retention—Two weeks after the probe test, the mice were tested for
memory retention using a single two-trial test that was identical to the acquisition trials.
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2.5.4. Reversal learning—During testing for reversal learning, there were four reversal
trials over 2 days that were identical to the acquisition trials, but the location of the escape
tunnel for each mouse was shifted 180°.

2.5.5. Behavioral measures—All behaviors were scored from video files by an
experimenter who was blind to the experimental conditions. The measures assessed were the
latency to find the target hole, number of reference errors, and number of working memory
errors. Reference errors were defined as any incorrect hole inspection. Working memory
errors were defined as searching the same hole twice within a trial when the revisit to the
same hole occurred after the inspection of other holes. In the probe trial, the time spent by
each mouse in the quadrant of the maze that contained the target hole was calculated.

Search strategy was also assessed in the acquisition, retention, and reversal trials. The search
strategy was defined as one of four categories, similar to those described previously (Barnes,
1979), with the following scores; 1 = random, 2 = mixed, 3 = serial, and 4 = spatial. A
spatial strategy was defined as finding the target hole directly or after inspecting one of the
adjacent holes first (thus having a maximum of one prior error). Random (< 25%), mixed
(26-74%), and serial (= 75%) strategy scores were all defined based on the percentage of
errors that were made in a serial fashion. For an error to be defined as serial, this error had to
be part of a minimum of three consecutive errors made in either direction around the maze
without skipping a hole or changing direction. Thus, a greater search strategy score
represents the use of a more efficient search strategy to locate the target hole.

2.6. Statistical analyses

All of the analyses were performed with SPSS Statistics 19 (Chicago, IL, USA). All of the
data were analyzed using analysis of variance (ANOVA), with Genotype and
Methamphetamine as the between-subjects factors. Repeated-measures ANOVAS were used
when additional within-subjects factors were present. When appropriate, post hoc
comparisons were performed using Least Significant Difference (LSD) analyses.
Confidence intervals (95%) were used to determine significant differences from zero in
novel object, novel place and object-in-place recognition tests. All of the results are
expressed as mean + SEM. Differences were considered statistically significant at p < 0.05.

3. Results

3.1. Body weights

As reported previously (Kesby et al., 2012; Henry et al., 2013), gp120-tg mice weighed less
than non-tg mice at all stages of testing (F1 51 = 24.8, p < 0.001). Therefore, in subsequent
analyses of the effects of methamphetamine/saline exposure, body weights were normalized
to a percentage of baseline to account for the weight difference between genotypes (Fig. 1).
A significant main effect of Day (Fg 408 = 56.3, p < 0.001) was observed, with all mice
weighing less than baseline throughout the procedure, regardless of methamphetamine or
saline exposure. Methamphetamine treatment led to significantly lower overall weight (Fq 51
= 28.5, p<0.001). Furthermore, a significant Methamphetamine x Day interaction (Fg 408 =
15.3, p < 0.001) was detected because methamphetamine exposure led to a greater decrease
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in weight on days 7-32 (p < 0.001) than saline exposure. A significant Genotype x Day
interaction (Fg 408 = 4.4, p < 0.01) was also found, with gp120-tg mice showing a greater
reduction of weight on days 11 and 14 (p < 0.05) compared with non-tg mice. By day 65, the
effects of methamphetamine exposure on body weight were no longer evident.

3.2. Light-dark box test

All of the mice spent significantly less time in the light compartment than in the dark
compartment (F1 51 = 579.9, p < 0.001). The duration of time spent in the light compartment
did not differ between groups (Fig. S1 in Supplementary Materials). However, a significant
main effect of Methamphetamine (F; 51 = 4.9, p < 0.05) on the latency to enter the light
compartment was found, with methamphetamine-exposed mice taking longer on average to
enter the light compartment compared with saline-exposed mice (saline: 74.0 + 13.7 s;
methamphetamine: 123.1 = 17.9 s). No significant effects of genotype were found.

3.3. Object and place recognition tests

No significant effects of gp120 expression or methamphetamine exposure on the
discrimination index in the novel object (Fig. 2A) or novel place (Fig. 2B) test were found.
In the object-in-place recognition test (Fig. 2C), a main effect of Genotype (F1 50 = 5.1, p<
0.001) was detected, with gp120-tg mice showing a significantly lower discrimination score
compared with non-tg mice. Saline-exposed, non-tg mice successfully discriminated the
novel object/place/side in all tests (Fig. S2 in Supplementary Materials). No significant
effects of gp120 expression were detected on the total interaction time in the novel object,
novel place or object-in-place tests (Table S1 in Supplementary Materials). However, a
significant main effect of Methamphetamine (F1 50 = 5.6, p < 0.05) was revealed in the
familiarization phase of the object-in-place test, with methamphetamine-exposed mice
showing higher interaction levels than saline-exposed mice (Table S1 in Supplementary
Materials).

3.4. Barnes maze test

3.4.1. Latency—Significant effects of Day on the acquisition (F4 200 = 26.0, p < 0.001)
and reversal (F1 50 = 25.4, p < 0.001) stages were observed, with all mice showing a
reduction in the latency to find the target hole across the days of testing. No significant
effects of gp120 expression or methamphetamine exposure on latency during the
acquisition, retention, or reversal test were observed (data not shown).

3.4.2. Reference errors—Significant effects of Day on the acquisition (F4 200 = 18.6, p <
0.001) and reversal (F1 59 = 26.6, p < 0.001) stages were observed, with all mice exhibiting
a reduction of the number of errors prior to finding the target hole across the days of testing
(Fig. 3A). A significant Genotype x Day interaction (F1 50 = 4.7, p < 0.05) was observed
during the reversal trial (Fig. 3B). A trend toward gp120-tg mice making more errors on
reversal day 1 compared with non-tg mice was observed (p < 0.1). This analysis revealed
that gp120-tg mice showed a greater decrease in the number of errors from day 1 to day 2 in
reversal testing compared with non-tg mice (gp120-tg: 44% decrease, p < 0.001; non-tg:
24% decrease, p < 0.05). No significant effects of gp120 expression or methamphetamine
exposure on reference errors were found during the memory retention test.
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3.4.3. Working memory errors—Significant effects of Day on the acquisition (F4 200 =
20.0, p < 0.001) and reversal (F1 50 = 33.1, p < 0.001) stages were observed, with all mice
exhibiting a reduction of the number of errors prior to finding the target hole across the days
of testing. No significant effects of gp120 expression or methamphetamine exposure on
working memory errors were found during the acquisition, retention, or reversal test (data
not shown).

3.4.4. Strategy scores—Significant effects of Day on the acquisition (F4,200 = 20.2, p <
0.001) and reversal (F1 50 = 19.9, p < 0.001) stages were observed, with all mice showing an
increase in strategy scores across the days of testing (Fig. 3C). A significant main effect of
Methamphetamine (F1 50 = 4.8, p < 0.05) was found. During the acquisition stage,
methamphetamine exposure resulted in significantly lower average strategy scores compared
with saline exposure (Fig. 3D). A significant Methamphetamine x Trial interaction (F1 59 =
4.8, p < 0.05) was also detected, with saline-exposed mice showing a greater strategy score
in trial 2 compared with trial 1, whereas methamphetamine-exposed mice showed no
significant difference between trials 1 and 2 (Fig. 4; p < 0.01). During the acquisition stage,
a significant three-way Genotype x Methamphetamine x Day interaction (F4 290 = 2.4, p <
0.05) was detected, with methamphetamine-exposed gp120-tg mice showing significantly
decreased strategy scores on day 5 compared with all of the other groups (Fig. 3C; p < 0.05).
This outcome was further examined with an analysis of simple effects followed by trend
analysis. A significant linear trend across the days of testing was observed in saline-exposed
non-tg mice (Fq 12 = 17.4, p < 0.01), saline-exposed gp120-tg mice (F1 13 = 30.6, p < 0.001),
and methamphetamine-exposed non-tg mice (Fj 13 = 39.5, p < 0.001) but not in
methamphetamine-exposed gp120-tg mice (F1 12 = 2.7, p > 0.05). This pattern of results
suggests that improvements in the spatial strategies of methamphetamine-exposed gp120-tg
mice began to plateau toward the final days of testing.

During the reversal stage, a significant Methamphetamine x Day interaction (F1 59 = 4.8, p <
0.05) was detected, with methamphetamine-exposed mice showing a higher strategy score
on day 2 compared with day 1 (Fig. 3D; p < 0.001), whereas saline-exposed mice did not.
No significant effects of gp120 expression or methamphetamine exposure were observed in
the retention test.

3.4.5. Probe test—No significant effects of gp120 expression or methamphetamine
exposure on the duration of time spent in the target quadrant were found (Fig. S3 in
Supplementary Materials).

4. Discussion

The main findings of the present study indicate that methamphetamine exposure and gp120
expression produced both factor-specific and additive effects on aspects of cognitive
function. Mice that expressed gp120 exhibited an impairment in object-in-place associative
memory and tended to make more reference errors on the first day of reversal learning in the
Barnes maze compared with non-tg mice. Methamphetamine-exposed mice took longer to
enter the light compartment in the light-dark test and maintained a consistently lower
strategy score during the acquisition trials in the Barnes maze but tended to more quickly
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acquire advantageous strategies during the reversal trials than saline-exposed mice.
Importantly, the combination of methamphetamine exposure and gp120 expression
potentiated the impairments in the strategies used to find the target hole in the Barnes maze
task during the last day of acquisition. Methamphetamine-exposed gp120-tg mice showed
less-advantageous strategy choices than all of the other groups, suggesting that gp120
expression further impaired the already deficient spatial strategy in methamphetamine-
exposed mice. Altogether, both gp120 expression and methamphetamine exposure led to
specific deficits in cognitive function.

The expression of gp120 led to selective impairment in object-in-place performance but not
novel object or novel place performance. The lack of gp120-induced impairments in novel
object and novel place performance suggests that both discrete spatial and recognition
memory are intact. Therefore, the impairment in object-in-place performance is specific to
associative recognition memory that involves complex interactions between several key
brain regions (see below). In contrast, methamphetamine exposure did not alter performance
on any of the recognition tasks. Methamphetamine binges have been shown to impair novel
object and object-in-place performance in rats (Belcher et al., 2008; Reichel et al., 2012).
However, rats exposed to escalating binge regimens as used in the current study, rather than
single-day dosing regimens, did not exhibit novel object recognition deficits (Clark et al.,
2007; Belcher et al., 2008), highlighting the importance of the particular methamphetamine
binge regimen used. The key brain regions implicated in object-in-place associative memory
include the medial prefrontal cortex (mPFC), perirhinal cortex (PRH), and hippocampus
(Barker and Warburton, 2011). Barker and colleagues (Barker et al., 2007; Barker and
Warburton, 2011) demonstrated that object-in-place performance depends on the functional
integrity of each of these regions, both independently and in connection with each other.
Novel object and novel place performance, however, depends on discrete regions within the
hippocampus-mPFC-PRH circuit. For example, only lesions of the PRH impair novel object
performance, whereas only lesions of the hippocampus impair novel place performance.
Thus, selective impairment in object-in-place performance, such as that observed in gp120-
expressing mice, would suggest either an impairment in mPFC function or compromised
connectivity within the hippocampus-mPFC-PRH circuit. The PFC is commonly implicated
in HIV-induced neuropathology. Specifically, functional deficits (Melrose et al., 2008),
reduced morphological volume (Jernigan et al., 2005), and increased pathology, including
the loss of large neurons and dendritic damage (Masliah et al., 1992), have all been observed
in the frontal cortex in HIV-infected individuals. Moreover, multiple studies have shown
that patients infected with HIV show widespread decreases in white matter tracts (Stubbe-
Drager et al., 2012; Zhu et al., 2013), suggesting that compromised regional connectivity
may contribute to cognitive deficits. In humans, associative recognition memory is
important for contextual awareness of changes within the environment making it essential
for normal everyday living (Barker and Warburton, 2013). Our findings suggest that the
expression of gp120 protein in the brain may contribute to compromised mPFC function or
compromised functional connectivity of the hippocampus-mPFC-PRH circuit in HIV-
infected humans leading to deficits in associative recognition memory.

Overall, the mice were able to learn the Barnes maze task, suggesting no gross hippocampal
dysfunction after either gp120 expression or methamphetamine exposure. Nevertheless,
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deficits in the spatial strategies used by methamphetamine-exposed mice suggest
impairment in hippocampal function. Specifically, compared with saline exposure,
methamphetamine exposure led to consistently lower strategy scores throughout the
acquisition trials. This consistent and subtle decrease in optimal strategy preference may be
the result of reduced within-day, trial-by-trial improvements. That is, saline-exposed mice
tended to choose more efficient strategies during the second trial each day compared with
the first trial, whereas methamphetamine-exposed mice did not. In C57BL/6 mice, spatial
learning deficits have been observed after daily exposure to high-dose methamphetamine for
7 days (Chen et al., 2012) but not after exposure to a single-day neurotoxic binge (Grace et
al., 2010). Together with our findings, these studies suggest that spatial learning may be
more susceptible to impairment from prolonged methamphetamine exposure, rather than
acute methamphetamine-induced neurotoxicity. Thus, methamphetamine exposure appears
to impair spatial learning, but the effects are subtle and depend on the methamphetamine
regimen used.

Observed deficits in spatial learning in the Barnes maze may be attributed to altered anxiety-
like behavior in methamphetamine-exposed mice. In the light-dark box, methamphetamine
exposure increased the latency to enter the light compartment suggesting a possible increase
in anxiety-like behavior. However, there was no effect of methamphetamine on the total
time spent in the light compartment, which is considered a more accurate measure of
anxiety-like behavior than the latency to enter the light compartment (Chaouloff et al., 1997;
Bourin and Hascoet, 2003). Moreover, there was no effect of methamphetamine on the
latency to find the target hole in the Barnes maze. Therefore, it seems unlikely, that
cognitive deficits detected in the Barnes maze in the present studies may be attributed to
alterations in anxiety-like behavior.

The lack of an observed impairment in spatial learning in the Barnes maze after gp120
expression complements the absence of a deficit in novel place performance because both
tasks are hippocampus-dependent (Paylor et al., 2001; Barker and Warburton, 2011). Spatial
memory deficits in gp120-expressing mice have been observed previously in the Morris
water maze (D’Hooge et al., 1999), but these deficits were age-dependent. Nevertheless,
gp120 expression led to an exacerbation of the methamphetamine-induced spatial strategy
deficit during the acquisition stage. Rather than a simple additive effect throughout the
entire acquisition stage, gp120 expression in methamphetamine-exposed mice led to further
impairment only toward the later stages of learning and therefore may represent a ceiling
effect. The possibility of a ceiling effect is suggested by the fact that all of the groups, with
the exception of the methamphetamine-exposed gp120-tg group, were still improving their
spatial strategy in a linear fashion. Thus, to detect greater strategy deficits and deficits in
other less sensitive measures such as reference errors, more training trials may be required.
Deficits in both long- and short-term potentiation have been observed in the hippocampus in
gpl120-expressing mice (Krucker et al., 1998), suggesting that hippocampal function is
compromised. Although the present study demonstrated that gp120 expression alone is not
sufficient to impair spatial learning, gp120 expression may exacerbate methamphetamine-
induced pathology to further compromise hippocampal function. Learning appears to be
particularly sensitive to combined methamphetamine dependence and HIV infection in
human subjects (Rippeth et al., 2004). Thus, the observation of augmented spatial learning
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deficits (i.e., deficits in spatial strategy) observed in methamphetamine-exposed gp120-tg
mice may reflect a general deficit in learning rather than a deficit in a particular learning
construct (e.g., spatial memory).

Interestingly, both methamphetamine exposure and gp120 expression led to alterations in
reversal learning in the Barnes maze which were both subtle and difficult to interpret. That
is, decreased spatial strategy scores in methamphetamine-exposed mice on Day 1 of reversal
learning may be a carry-over effect of the lower strategy scores observed throughout the
acquisition trials. Reversal learning deficits have been noted after methamphetamine
treatment in rats (lzquierdo et al., 2010) but have not been previously assessed in gp120-
expressing mice. Because both methamphetamine exposure (Berman et al., 2008) and gp120
expression (Toggas et al., 1994) can lead to cortical pathology, this deficit may represent
altered cognitive flexibility. Further studies that assess more complex executive functions
are warranted.

As demonstrated previously, the combined effects of gp120 expression and
methamphetamine exposure on cognition appear to be both subtle and complex (Henry et
al., 2013). The combination of gp120 expression and methamphetamine exposure led to
further deficits in spatial learning compared with either factor alone. However, these deficits
were only observed after extensive training, suggesting a possible ceiling effect in
performance (see above). Thus, specific testing conditions that require high cognitive
demands (e.g., rule learning in operant-based cognitive tasks) may be needed to reveal the
additive effects of gp120 and methamphetamine on cognitive performance. These results are
similar to those reported in the clinical literature. For example, the rate of global
neuropsychological impairment is greatest when HIV-infected patients are also
methamphetamine-dependent (Rippeth et al., 2004) and particularly so when these
ndividuals are immunosuppressed (CD4 < 200; (Carey et al., 2006)).

In conclusion, our work extends upon previous findings after gp120 expression by
demonstrating gp120-specific deficits in associative recognition memory and cognitive
flexibility. In addition, we have demonstrated long-lasting cognitive impairments during
protracted abstinence from chronic methamphetamine exposure that mimics human abuse
patterns. The combination of gp120 expression with methamphetamine exposure resulted in
additive effects that were subtle and may represent an impairment in maximal ability rather
than a generalized baseline deficit. This pattern of results suggests that hippocampal-cortical
networks may be particularly affected, and tasks that assess more complex executive
functions are required to completely understand the consequences of methamphetamine
exposure and gp120 expression on cognitive function. The gp120-expressing mouse
represents a useful model for studying the combined effects of HIV infection and
methamphetamine dependence and may help identify specific aspects of cognitive function
that are particularly sensitive to this comorbidity.
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Effects of an escalating methamphetamine (METH) binge on fluctuations in the percentage
of baseline weight. Methamphetamine-exposed mice lost significantly more weight than
saline (SAL)-exposed mice from day 7-32 of the regimen. Furthermore, gp120-tg mice lost

more weight than non-tg mice on days 11 and 14 of the regimen, regardless of

methamphetamine or saline exposure. The data are expressed as mean £ SEM. ***p <
0.001, significant difference between saline- and methamphetamine-exposed mice; #p <
0.05, significant difference between non-tg and gp120-tg mice.

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Kesby et al.

Page 17

03A. Novel Object B. Novel Place C. Object-in-Place

i _*
S 0.2 . .
=
E 518 T T
S ol | o 1 L
[}
E 0.0
8 04| O nontg ! . E
o EE gp120-tg
Fig. 2.

Novel object (A), novel place (B), and object-in-place (C) recognition tasks in non-tg and
gp120-tg mice. The expression of gp120 led to a significantly reduced discrimination index
([novel - familiar]/total) in the object-in-place recognition task compared with non-tg mice.
No significant effects of methamphetamine exposure were evident; therefore, the data were
collapsed for the purpose of representing genotype effects. The data are expressed as mean +

SEM. *p < 0.05.
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Fig. 3.

Aserage reference errors made (A, B) and strategy scores (C, D) in the Barnes maze during
acquisition (days 1-5), retention (Ret), and reversal learning on days 1 and 2 (Rv1 and Rv2,
respectively). gp120-tg mice tended to make more errors on the first day of reversal learning
(B) compared with non-tg mice. Methamphetamine (METH)-exposed gp120-tg mice had
significantly worse strategy scores on day 5 of acquisition (C) than all of the other groups,
suggesting that gp120 expression further impaired methamphetamine-induced spatial
strategy deficits during acquisition (D). Methamphetamine-exposed mice used a worse
average strategy on reversal learning day 1 vs. day 2 (D), whereas saline (SAL)-exposed
mice did not improve from day 1 to day 2 of reversal learning. The data are expressed as
mean = SEM. (B) #p < 0.05, significant Genotype x Day interaction; (C) *p < 0.05,
methamphetamine-exposed gp120-tg mice significantly different from all other groups; (D)
*p < 0.05, significant main effect of Methamphetamine; ##p < 0.001, significant difference
between day 1 and day 2 in methamphetamine-exposed mice.
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Fig. 4.
Comparison of strategy scores between saline (SAL)- and methamphetamine (METH)-

exposed mice in the first and second trials of each day of acquisition in the Barnes maze.
Saline-exposed mice showed a significantly improved strategy score in trial 2 compared
with trial 1, whereas methamphetamine-exposed mice did not. No significant effects of
genotype were detected; therefore, the data were collapsed for the purpose of representing
methamphetamine effects. The data are expressed as mean + SEM. **p < 0.01.
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