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Abstract

HIV-1-associated neurocognitive disorders (HAND) remains a significant source of morbidity in
the era of wide spread use of highly active antiretroviral therapy. Disease is precipitated by low
levels of viral growth and glial immune activation within the central nervous system. Blood borne
macrophage and microglia affect a proinflammatory response and release viral proteins that affects
neuronal viability and leads to death of nerve cells. Increasing evidence supports the notion that
HAND is functional channelopathy, but proof of this concept remains incomplete. Based on their
role in learning and memory processes, we now posit that voltage-gated potassium (Ky,) channels
could be a functional substrate for disease. This was tested in the severe combined
immunodeficient (SCID) mouse model of HIV-1 encephalitis (HIVE) by examining whether the
Ky channel blocker, 4-aminopyridine (4-AP), could affect behavioral, electrophysiological, and
morphological measures of learning and memory. HIVE SCID mice showed impaired spatial
memory in radial arm water maze tests. Electrophysiology studies revealed a reduction of long-
term potentiation (LTP) in the CAL region of the hippocampus. Importantly, systemic
administration of 4-AP blocked HIV-1-associated reduction of LTP and improved animal
performance in the radial arm water maze. These results support the importance of K,, channel
dysfunction in disease but, more importantly, provide a potential target for adjunctive therapies for
HAND.
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Introduction

Human immunodeficiency virus (HIV)-associated neurocognitive disorder (HAND) is a
common complication of progressive viral infection in the era of highly active antiretroviral
therapy (HAART). Disease commonly progresses from asymptomatic neurocognitive
impairment to HIV-associated mild neurocognitive disorder and, ultimately, to HIV-
associated dementia (HAD; Gonzalez-Scarano and Martin-Garcia 2005; McArthur et al.
2005; Antinori et al. 2007). While the incidence of HAND has fallen by HAART, extended
life spans and growing resistance to antiviral therapy due to viral strain mutation have led to
its increased prevalence (Sacktor et al. 2001, 2002; Neuenburg et al. 2002; Kandanearatchi
et al. 2003; McArthur et al. 2003). In regards to disease pathogenesis, common high levels
of viral replication in brain have been supplanted by more subtle viral growth and mild
clinical disease. Indeed, asymptomatic neurocognitive impairment and mild cognitive motor
disorder are now most common disease manifestations (Ellis et al. 1997; Sacktor et al. 2002;
Antinori et al. 2007). As HAART can neither abrogate viral growth in its central nervous
system sanctuaries nor provide complete protection from neurological dysfunction
associated with HIV-1 infection, research into the mechanisms and treatments, including
adjunctive therapies, are imperative (Bouwman et al. 1998; Sacktor et al. 2002; Langford et
al. 2003; Zakharenko et al. 2003).

Despite more than two decades of investigation, the mechanisms for HAND pathogenesis
remain incompletely understood. It is widely accepted that virus-linked cognitive
impairments are strongly associated with the presence of immune competent and virus-
infected mononuclear phagocytes (MP; blood borne macrophages and microglia; Glass et al.
1995; Nath 1999; Kaul et al. 2001). MP secretory products affect disease endpoints
specifically neuronal injuries that include dendritic pruning and the reduction of synaptic
contacts (Masliah et al. 1997; Everall et al. 1999), apoptosis (Adle-Biassette et al. 1995;
Gelbard et al. 1995; Petito and Roberts 1995), and selective neuronal loss (Masliah et al.
1992; Fox et al. 1997). However, reduced neuropathology is seen in recent years for HAND
and improvements in cognitive function have been observed by HAART (Gendelman et al.
1998; Tozzi et al. 1999; Parsons et al. 2006; Sacktor et al. 2006; McCutchan et al. 2007).
This suggests that the cognitive decline seen during HAND may result more from neuronal
dysfunction than from frank cell death.

Recent studies provide compelling evidence that neuronal voltage-gated potassium (K*)
channels (Ky) play an important role in memory processes. Neuronal K* currents decrease
during learning and animal mutants with K\, channel dysfunction exhibit learning and
memory deficits (Giese et al. 1998, 2001; Solntseva et al. 2003). Furthermore, K, channel
antagonists have been shown to improve learning and memory, while Ky, channel “openers”
diminish it (Messier et al. 1991; Ghelardini et al. 1998; Solntseva et al. 2003). Thus,
alteration of K\, channel activity may affect learning and memory processes. Studies from
our laboratory revealed conditioned media recovered from HIV-1gp120- and/or
lipopolysaccharide-stimulated human monocyte-derived macrophages (MDM) produces
significant increase of 4-aminopyridine (4-AP)-sensitive transient K* current and resultant
neuronal injury in cultured rat hippocampal neurons (manuscript under preparation). We
hypothesize HIV-1-infected MP induce neuronal dysfunction by alteration of neuronal K,
channel physiology, leading to cognitive impairment. To test this hypothesis, we studied the
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protective effects of 4-AP, a nonspecific Ky, channel blocker, on neurocognitive processes in
a severe combined immunodeficient (SCID) mouse model of HIV-1 encephalitis (HIVE).
Our results showed that 4-AP ameliorates HIV-1-induced inhibition of long-term
potentiation (LTP) and improves animal performance in the radial arm water maze system.
These results indicate that K, channels are linked to HAND. Our data also suggest that K\,
channels could be the potential targets for the development of adjunctive therapeutic
modalities in disease.

Materials and methods

Isolation and culture of primary human monocytes

Human monocytes were obtained from HIV-1, HIV-2, and hepatitis B seronegative adults
by leukophoresis and purified by countercurrent centrifugal elutriation. Monocytes were
cultured in Dulbecco’s Modified Eagle Medium (DMEM; Sigma, St. Louis, MO, USA) with
10% heat-inactivated pooled human serum, 1% glutamine, 50 pg/ml gentamicin, 10 pg/ml
ciprofloxacin, and 1,000 U/ml highly purified recombinant human macrophage colony-
stimulating factor (a generous gift from Wyeth Pharmaceuticals, Inc., Cambridge, MA,
USA). Monocytes were plated at a density of 2x107 cells/ml for 7 days in Teflon flasks to
permit cellular differentiation. Tissue culture reagents were screened before use and found
negative for endotoxin (<10 pg/ml; Associates of Cape Cod, Inc., Woods Hole, MA, USA)
and mycoplasma contamination (Gen-probe 11; Gen-probe Inc., San Diego, CA, USA).

HIVE SCID mice and 4-AP administration

SCID mice (male C.B-17/IcrCrl-scidBR, 4 weeks old) purchased from Charles River
Laboratories (Wilmington, MA, USA) were inoculated into the basal ganglia (caudate and
putamen) with 10 pl of either an HIV-1pa-infected or uninfected human MDM suspension
containing 3x10° cells. Sham-operated animals received 10 pl of serum-free DMEM. 4-AP
(5 mg/kg) was administered daily by intraperitoneal injection beginning on the day of MDM
inoculation and continuing until sacrifice for electrophysiological studies. The Institutional
Animal Use and Care Committee (IACUC) of University of Nebraska Medical Center
(IACUC # 05-020-05) approved all animal use procedures.

Histopathology

Brain tissue was collected at necropsy, fixed in 4% phosphate-buffered paraformaldehyde,
and embedded in paraffin. Blocks were cut to identify the injection site. For each mouse,
30-100 serial (5 um in thickness) coronal sections were cut from the injection site at the
level of the hippocampus. Immunohistochemical staining followed a basic indirect protocol.
Antibodies to CD68 and HIV-1 p24 antigen (Dako) were applied to determine the number of
human MDMs and HIV-1-infected cells. Astrocytes were identified using antibodies
specific for glial fibrillary acidic protein (GFAP). All paraffin-embedded sections were
counterstained with Mayer’s hematoxylin.

Radial arm water maze

Behavioral testing was conducted using a six-arm radial arm water maze apparatus
(diameter 91 cm, height 110 cm) containing a submerged platform (13x13 cm, 2 cm below
water level) in one arm. A small fixed light source along with intramaze visual cues was
used for spatial orientation. Room and water temperature were maintained at 22°C and 17—
22°C, respectively. A 3-day protocol, consisting of five blocks of three trials each, for a total
of 15 trials per day, was performed 1 week prior to, 1 week after, and 2 weeks after
inoculation. Two measurements were recorded during each 60-s trial: the number of
incorrect arm choices (errors) and the amount of time required to discover the hidden

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Keblesh et al.

Page 4

platform (escape latency). Upon successfully locating the platform, mice remained on the
platform for 10-15 s before being removed from water maze, dried, and given food and
water. For each block, mice were run in cohorts of three, allowing for extended periods of
rest between blocks. The goal arm for each individual animal was randomly assigned and
fixed for a particular 3-day protocol, while the start arm varied randomly for each trial. In
subsequent testing, each individual mouse was randomly assigned a different goal arm in
order to assess new learning and memory. To assess whether the groups differed in the
motor or proximal visual skills necessary to locate and escape to the platform, animals were
tested before and after injection of infected or uninfected MDMs using a visible platform.
The test runs were captured and analyzed for swim speed using Noldus EthoVision video
tracking system (Leesburg, VA, USA).

Hippocampal slices and electrophysiology

Hippocampal slices were prepared as described previously (Anderson et al. 2003). Briefly,
animals were anesthetized with isoflurane and decapitated. The brains were quickly
removed to ice-cold (2—-4°C) artificial cerebral spinal fluid (ACSF) containing (in
millimolars): 124 NaCl, 3 KCl, 2 CaCl,, 2 MgCls, 1 NaH,PO3, 26 NaCOs3, and 10 glucose,
equilibrated with 95% O,/5% CO, to a pH of 7.35-7.5. Transverse hippocampal slices (400
um in thickness) were then cut using a tissue chopper and incubated in an oxygenated
holding chamber for at least 1 h before being used for experiments. For recording, a single
slice was submerged in the recording chamber and perfused continuously with ACSF (30°C,
2 ml/min). Field excitatory postsynaptic potentials (FEPSPs) were elicited by constant
current (50-300 pA), low frequency (0.05 Hz) orthodromic stimulation of Schaffer
collateral-commissural axons with the use of an insulated bipolar tungsten electrode (except
for the tip). The stimulation intensity was adjusted to generate approximately 40-50% of a
maximal response. The evoked fEPSPs were recorded with an Axopatch-1D amplifier
(Axon Instruments, Inc., Union City, CA, USA) in the CA1 dendrite field (stratum radium).
The recording microelectrodes were made from borosilicated glass capillaries. The tip
diameter of the microelectrode was 3-5 um and had a resistance of 1-5 MQ when filled
with ACSF. High-frequency stimulation (HFS; 100 Hz, 500 msx2) was delivered after a 20-
min control (baseline) recording. The initial slopes of the fEPSPs were measured and
expressed as a percentage of the basal level.

Electron microscopy

After completion of water maze testing, animals were sacrificed and hippocampal slices
were cut and immediately fixed in 2% glutaraldehyde, 2% paraformaldehyde, and 0.5%
acrolein. Vials were left at room temperature for 1-2 h, then stored at 4°C when necessary.
Tissue slices were then washed with 0.1 M Sorenson’s phosphate buffer and postfixed in 1%
osmium tetroxide for 1 h before dehydration processes. After dehydration, tissue slices were
embedded in blocks of media (39.1 g Araldite, 23.0 g dodecenyl succinic anhydride, and 1.0
2,4,6-tri(dimethylaminomethyl)phenol). Thin sections were stained with 2% uranyl acetate
and Reynolds lead citrate and examined with a Philips 410LS transmission electron
microscope (TEM) operated at 60 kV. Micrographs were systematically and randomly taken
in the CA1 dendrite region at magnifications of x21,000 and x54,000. The number of active
zones (the sites of synaptic vesicle docking and neurotransmitter release) per visual field
(approximately 12.5 um? at x21,000) and their average lengths were then analyzed using
image processing software.

Statistical analysis

Unpaired two-tailed student’s t test and analysis of variance tests were performed to
determine the level of significance. Data are expressed as mean + standard error (M = SE).
The level of significance was determined at p<0.05
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Results

HIVE SCID mice

To investigate the mechanisms underlying HIV-1 neuropathogenesis, we have developed a
murine model of fulminate human disease by injecting HIV-1apa-infected MDM
(HIVMDM) into the subcortical brain region (the basal ganglia) of SCID mice. Animals
injected with HIV-1 MDM recapitulate HIVE (Persidsky et al. 1996; Anderson et al. 2003).
To confirm the validity of HIVE mouse model, histopathological examination of brain tissue
was performed. Paraformaldehyde-fixed paraffin-embedded coronal brain sections of
MDM-injected (control) and HIVV-1 MDM-injected SCID mice were immunolabeled with
antibodies to GFAP, CD68, and HIV-1p24 antigen (Dako, Carpinteria, CA, USA). GFAP
immunolabeling revealed more prevalent glioastrocytic activation in HIVMDM:-injected
animals (Fig. 1b) compared to controls (Fig. 1a). The injected HIVMDMs were detected
within the injected area by an anti-CD68 antibody (Fig. 1¢). Using an antibody for
HIV-1p24, we found multinucleated giant cells, a neuropathological hallmark of HIVE in
the brains of virus-infected MDM injected animals (Fig. 1d).

Learning and memory are protected by 4-AP

Cognitive decline is one of the most prominent symptoms seen in AIDS patients with HAD.
To determine whether brain injection of HIVMDM impairs animal learning and memory
and to evaluate the effects of 4-AP on animal behavior, we performed a radial arm water
maze test to detect potential cognitive deficits. In order to evaluate demonstrable cognition,
the number of incorrect arm choices (errors) and the time to find the hidden platform (escape
latency) were measured 6—8 and 13-15 days after brain injection.

In agreement with previous findings (Anderson et al. 2003, 2004), HIVE SCID mice
demonstrated impaired performance in tests assessing spatial learning and memory.
Although measurements were not significant at every block, intraday trends 1 week after
inoculation indicate consistent learning deficiencies in HIVMDM-injected SCID mice when
compared to the control group. For example, in block five on the first day, the average time
to find the platform (31.2+6.4 s, n=15) and the average number of errors (4.1+1.0 errors,
n=15) were significantly (p<0.05) higher in HIVE animals than the MDM-injected (control)
animals (13.7£2.5 s, n=12; 1.3+0.4 errors, n=12), demonstrating an impairment of spatial
learning and memory in HIVE animals (Fig. 2a). Furthermore, the average escape latency
(7.5+0.8 s, n=12) and average number of errors (0.7+0.3 s, n=12) were significantly lowered
(p<0.01) with administration of 4-AP to HIVE mice, suggesting the blockade of voltage-
gated K channels can ameliorate HIV-1-associated impairments of animal behavior.
Similarly, for all three testing days 1 week after injection, the HIVE mice showed a
significantly longer escape latency compared to both the control (uninfected MDM-injected)
and 4-AP-treated HIVE mice (Fig. 2c; p<0.01). For example, the average trial time for
HIVE mice on day three (17.2+1.8 s, n=60) was significantly slower than those for both the
control mice (8.7+0.7 s, n=60, p<0.001) and the 4-AP-treated HIVE mice (7.0+0.6 s, n=60,
p<0.001). As expected, an assessment of errors with respect to days mirrored this result (Fig.
2d, p<0.01). To evaluate the possibility that HIVE mice lessened animals’ anxiety in the
water or motor skills, we conducted swim speed tests before and after HI\VV-1 MDM brain
injections. As shown in Table 1, no significant difference between HIVMDM-injected
groups was observed (n=3 in each group).

In order to determine if the neurotoxic effect of HIVE diminished new learning and
memory, a second week of water maze testing was performed. On the first day of testing, the
MDM and the HIVE groups performed about the same with respect to both escape latency
and errors (Fig 2e, f). However, results from the second and third testing days parallel the
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results of week 1, suggesting persistent HIVV-1 related damage (Fig 2e, f; p<0.001). Notably,
on each day in the second week of testing, the 4-AP treated group outperformed the HIVE
group with significantly faster trials times and fewer errors (Fig 2e, f; p<0.001). For
example, the average escape latency for HIVE mice on day 3 of the second week was
17.5+2.6 s (n=75), which was significantly slower than in the uninfected macrophage and 4-
AP treated groups (6.7£0.6 s, n=60, p<0.001; 4.6+0.2 s, n=60, p<0.001). Taken together,
these behavioral studies revealed deficits in learning (intraday) and memory (intraweek,
interweek) in HIVE SCID mice, while demonstrating significantly improved learning and
memory scores in response to 4-AP treatment.

4-AP attenuated HIVE LTP inhibitions

In our animal behavior study, we found 4-AP ameliorates HIVMDM:-induced impairment of
spatial learning and memory in HIVE mice. Next, we sought to determine whether these
HIVE-associated changes in animal behavior would correlate with altered synaptic
transmission and plasticity and to examine whether K,, channel antagonist 4-AP would have
a protective effect. Hippocampal slices were therefore harvested from sacrificed animals at 1
(days 6-8) and 2 weeks (days 13-15) after injection for the study of LTP, a long-lasting
enhancement in synaptic strength which is widely believed be the cellular correlate of
learning and memory.

As reported previously, high-frequency stimulation of the Schaffer-collateral pathway
reliably induced LTP in the CA1 region of the hippocampus in unmanipulated animals
(Anderson et al. 2003), with an average LTP magnitude of 205.7+12.9% of basal level (n=5,
data not shown) measured 60 min after HFS. Using the identical protocol, HIVE mice
exhibited a significant decrease in LTP magnitude compared with animals injected with
uninfected MDMs (Fig. 3). The average LTP magnitude measured 60 min after HFS was
153.3+27.9% of the basal level (n=11) in HIVMDMe-injected mice, compared with an
average LTP magnitude of 206.0+63.4% in MDM-injected mice (n=10). Consistent with our
previous findings (Anderson et al. 2003), this statistically significant difference (p<0.05)
indicates the injection of HIVMDM inhibits LTP.

Furthermore, this HIVMDM-associated inhibition of LTP could be prevented with systemic
administration of 4-AP. The LTP magnitude recorded in HIVE mice with administration of
4-AP was 183.3+20.3% of the basal level (n=6), which was statistically different from the
LTP magnitude recorded in HIVE mice without 4-AP administration (p<0.05). This suggests
that the K* channel antagonist 4-AP can ameliorate HIVE associated LTP inhibition. These
results show the neurotoxic effects HIVE on electrophysiological properties related to
learning and memory and demonstrate that a K* channel antagonist can restore diminished
function attributable to HIV-1apa-infected MDM.

HIVE and hippocampal synapses

Previous in vitro studies in our laboratory have demonstrated HIV-1-infected MDM culture
supernatant inhibits synaptic transmission in the CA1 region of rat hippocampus through
presynaptic mechanisms (Xiong et al. 1999). The inhibitory effect of HIVMDM on
hippocampal LTP has now been recapitulated in SCID mouse with HIVE. To further
investigate the possible nature of HIV/MDM inhibition, electron microscopy was performed
in the CA1 region of the hippocampus to assess any evident changes in synaptic morphology
and to determine if these changes would be effected by 4-AP treatment.

After completion of the radial arm water maze behavior test, animals were sacrificed and
hippocampal brain tissues were prepared using standard procedures for electron microscopy.
Micrographs of the CA1 dendrite region were systematically and randomly collected by
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transmission electron microscopy and evaluated for the number and length of active zones
present (Fig. 4). Analysis of these electron micrographs revealed no significant differences
between the number of active zones in uninfected MDM-injected (7.4+2.0, n=40 visual
fields) and HIVE animals with (6.8+2.1, n=40) or without 4-AP treatment (7.1+2.3, n=40).
However, the lengths of the active zones in HIVE animals (214.3+61.3 nm, n=296 synapses)
were significantly (p<0.01) reduced compared to those of MDM-injected (control) animals
(252.3+67.7 nm, n=272). Furthermore, the HIVMDM-associated reduction in active zone
length was prevented by systemic administration of 4-AP. The average active zone length in
the 4-AP injected group was 262.5£70.2 (n=284), which was significantly different than the
average length observed in untreated HIVMDM-injected animals (p<0.01). These results
demonstrate inoculation of SCID mice with HIVMDM damages synaptic structures in the
hippocampus, a brain region associated with learning and memory, and that this damage is
prevented by systemic administration of the K* current blocker 4-AP.

Discussion

Ky channels play a crucial role in the generation of neuronal electrical activity. They
repolarize action potentials (APs), set interspike intervals, modulate the resting membrane
potential, regulate the AP duration, and stabilize the membrane potential of both excitable
and nonexcitable cells. As such, Ky, channels are the main regulators of both a neuron’s
ability to fire APs and the shape of the AP waveform. As the number of AP or the AP firing
patterns encode information (Reike et al. 1997), modulation of K, channel activity may alter
information processing (i.e., learning and memory). Moreover, activations of K,, channels
are involved in apoptotic volume decrease due to efflux of K*, CI~, and H,O and ultimately
resulting in apoptosis (Remillard and Yuan 2004). Thus, the dysfunction of K,, channels is
believed to be an important link in the mechanisms of memory disturbance. In this study, we
demonstrated that systemically administered 4-AP, a non-specific K, channel blocker,
ameliorates cognitive deficits in a murine model of HIVE.

In past studies, an animal model system for HIVE was developed (Persidsky et al. 1996;
Persidsky and Gendelman 1997; Anderson et al. 2003, 2004). Animals in this model
recapitulate human HIVE following stereotactic injection of HIV-1apa-infected MDM into
the basal ganglia, an area severely affected in HIVE (Glass et al. 1993; Wiley and Achim
1994) and develop behavior abnormalities (Avgeropoulos et al. 1998; Anderson et al. 2003;
Sas et al. 2007). In the present study, we validated the inoculation of SCID mice with
HIV-1apa-infected MDM as a model for HAD by demonstrating deficiencies in animal
learning and memory and LTP induction in the hippocampus. In order to test whether
systemic administration of 4-AP could produce protective effects on HIV-1-associated
impairment in spatial learning and memory, we first established a water maze protocol by
which we could reliably quantify the cognitive deficits in animals with HIVE. Although
measurements were not significant at every block, intraday trends indicate learning
deficiencies in SCID mice injected with HIV-infected MDM when compared to those
injected with uninfected MDM. Intraweek trends provide further evidence for learning and
memory deficiencies in HIVE animals. While learning occurred as early as the second trial
in the control group, HIVE animals exhibited substantial deficiencies in learning and
memory on all testing dates, with the exception of the first day (day 10) in the second week.
On this day, the goal platform position was changed in order to test new learning and
memory. As the new task required “forgetting” the old platform position and learning the
new one, the control group may have been remembering the previous platform position,
while the HIVE group could have both forgotten the old platform position and floundered in
efforts to learn the new one. In all cases of HIVE-associated impairment in learning and
memory, administration of 4-AP significantly improved animal behavior in water maze
tests. These results suggest that K, channels may be involved in the viral neuropathogenesis
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and that the blockade of K, channels can protect neuronal cells from HIV-1-associated
injury.

The protective effects of 4-AP administration were also demonstrated in
electrophysiological studies of synaptic transmission and neuronal plasticity by HIVE
induction. In SCID mice injected with HIV-1-infected MDM, significant impairment of LTP
induction was detected in the CA1 region of the hippocampus. Our experiments showed that
the daily administration of 4-AP exerts significant protection against this HI\VV-1-induced
impairment. These findings parallel well the results obtained in animal behavior studies,
providing further evidence to support a channelopathy hypothesis for HAND as proposed by
Gelman and his colleagues (Gelman et al. 2004). It should be noted that as the total duration
of the experiment constituted a relatively acute exposure to the suspected neurotoxic
products of HIV-1apa-infected macrophage compared to the chronic condition experienced
by HAND patients, these results may represent a less fulminant form of HAND. However,
in the context of the gradual onset and varying degrees of HAND, our experiments may
nonetheless capture its mechanism.

Having established a role for K,, channel dysfunction in HAND using behavioral and
electrophysiological tests, we further sought to associate these results with any observed
physical changes in the structures involved in LTP and learning and memory. Golgi staining
studies performed in our laboratory (data not shown) revealed reduced dendritic arborization
in the hippocampus, which could account for some of the observed deficiencies. To further
examine the potential mechanism(s) underlying the observed deficiencies, we performed
electron microscopy to analyze synaptic morphology. In particular, we examined the number
and length of active zones in the hippocampus, based on our previous results showing
HIV-1-infected MDM-conditioned media inhibits LTP via a presynaptic mechanism (Xiong
et al. 1999). Given the reduced dendritic arbor in our Golgi stain studies, we expected to
observe a decrease in the number of active zones, but instead found similar numbers in all
three groups. The lengths of the active zones in the CA1 regions of slices taken from HIVE
mice, however, were significantly reduced compared to controls. This reduction was not
observed when HIVMDM-injected mice were treated daily with 4-AP. It should be noted
that while the length of the active zone in part depends on the shape, orientation, and section
depth with respect to the synapse, our large sample size accounts for these natural variations.
The significantly shorter active zones in the HIVE group likely indicate a reduction in the
typical activity-dependent increases in active zone size, which would normally be expected
to accompany the spatial learning task training performed in the weeks prior to sacrifice
(Lisman and Harris 1993; Malenka and Bear 2004). As the reduced active zone length
reflects a reduction in three-dimensional synaptic surface, it could reasonably be assumed
several factors of synaptic transmission would be diminished, thereby compromising
memory integrity. Thus, the greater active zone length in the 4-AP treated group gives us
morphological evidence in agreement with our functional observations, allowing us to
conclude based on our evidence that K, channels play an important role in viral
neuropathogenesis.

As Ky, channels are expressed both in neuronal cells and macrophages (Gallin 1991;
Mackenzie et al. 2003; Vicente et al. 2003), the systemic administration of 4-AP may
provide neuroprotection by blocking Ky, channels expressed not only in the host neurons but
also the injected macrophages. Studies have shown that increased K, channel conductance is
necessary for macrophage activation and cytokine production (Blunck et al. 2001; Irvine et
al. 2007), and upregulated Ky, expression is correlated with immune cell activation (Rus et
al. 2005). Ky, channel blockers have now been used to alleviate the neuropathology and
symptoms of experimental autoimmune encephalomyelitis (Beeton et al. 2001) through their
ability to reduce immune cell activation (Beeton et al. 2001; Vicente et al. 2003),
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proliferation (Beeton et al. 2001; Vicente et al. 2003), and production of immune active
molecules, such as interleukins and tumor necrosis factor (Haslberger et al. 1992; Maruyama
et al. 1994; Beeton et al. 2001; Qiu et al. 2002). Thus, systemic administration of 4-AP may
reduce macrophage activation and resultant cytokine production, contributing to the overall
protective effect as seen in this study. On the other hand, the macrophage-secreted immune
active molecules may affect neuronal K, channels, resulting to neuronal dysfunction or
injury. We have demonstrated that the conditioned media recovered from HIV-1-infected
human MDM, which contains soluble immune active molecules, enhanced neuronal outward
K* currents and induced neuronal injury through activation of neuronal K,, channels (Hu et
al. 2007). This MDM-conditioned media-induced neuronal injury was blocked by K\,
channel antagonist 4-AP or tetraethylammonium, indicating that neuronal Ky, channels are
involved in HIV-1-associated neuronal injury. Thereby, the neuroprotective effects of
systemic administered 4-AP may be a consequence of the blockade of neuronal Ky, channels.
In either case, the particular involvement of macrophage and neuronal Ky, channels in HAD
pathology and the possible benefits of 4-AP treatment deserve consideration.

While in our model of HIV-associated dementia 4-AP treatment has proven beneficial,
consideration of the possible effect of 4-AP on nonneuronal K, channels (e.g., cardiac Ky,
channels) must be taken into account in potential clinical application. During the course of
our experiment, one animal receiving daily 4-AP injections died, possibly due to
complications related to cardiac potassium channels. In fairness, it should be noted that all
other treated animals survived, moving and swimming freely, indistinguishable in their gross
motor behavior from animals that were not treated. In addition, the use of 4-AP is not
without historical foundation. It originally formed the central ring of tacrine, the first drug
prescribed to treat Alzheimer’s type dementia, and has since yielded benefits in the
treatment of neuroinflammatory diseases such as multiple sclerosis (Stefoski et al. 1987;
Davis et al. 1990; Bever 1994; Bever et al. 1994). These results suggest that K,, channel
antagonists may be a potential adjunctive treatment for HAND.
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Fig. 1.

HIVE in SCID mice. HIV-1apa-infected MDM were stereotactically injected into the basal
ganglia of SCID mice. Paraformaldehyde-fixed paraffin-embedded coronal brain sections
were immunolabeled with GFAP, human CD68, and HIV-1 p24. In comparison with brain
sections from control animals (a), widespread GFAP-positive astrocyte reactions surround
the injection site of HIV-1apa-infected human MDM (b). Human MDM were determined
by immunostaining with CD68 and found to be localized within the injection area (c). An
example of HIV-1 p24 positive multinucleated giant cells found in a SCID mouse brain 7
days after injection (d). Original magnification x200
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4-AP ameliorates learning and memory deficits in HIVE mice. Water maze escape latency
and error analysis were used to evaluate spatial learning and memory behavior. SCID mice
were injected with either HIV-15pa-infected macrophages (HIVE) or uninfected
macrophages (Control), and a subgroup of HIVE mice were subsequently i.p. injected each
day with 5 mg/kg 4-AP. A 3-day protocol, consisting of five blocks of three trials each, for a
total of 15 trials per day, was performed 1 and 2 weeks after injection. The amount of time
required to discover the hidden platform (escape latency) and the number of incorrect arm
choices (errors) were recorded for each trial. One week after inoculation, block analysis by
escape latency (a) and errors (b) indicates slower learning, inter-day forgetting, and
submaximal performance plateaus in HIVE animals, which were not seen with 4-AP
administration. Day analysis reveals significant deficits (in both escape latency and errors)
in HIVE animals at weeks 1 (c, d) and 2 (e, f) after inoculation, as well as recovered
performance in 4-AP treated HIVE mice. The y-axes in a, ¢, and e are escape latency in

seconds, and in b, d, and f are error frequency
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Fig. 3.

4-AP attenuates HIV-induced inhibition of LTP in the CAL region of SCID mouse
hippocampal slices. SCID mice were injected with HIV-1pa-infected macrophages or
uninfected macrophages, and a subgroup of those injected with HIV-1pa-infected
macrophages were daily administered with 4-AP (5 mg/kg). A The time course and
magnitude of LTP in the Schaffer collateral to CA1 synapses recorded from hippocampal
slices prepared from SCID mice injected with either HIV-15pa-infected macrophages
(HIVE), uninfected macrophages (control), or HIV-1apa-infected macrophages and 4-AP
(HIVE+4AP). The graph plots the initial slope of the evoked EPSPs recorded from the CAl
dendrite field (stratum radium) in response to constant current stimuli. HFS (500 msx2) was
delivered at the time indicated by an arrow. Each point in the graph is an average of three
consecutive sweeps. Note that injection of HIV-1apa-infected macrophages inhibited LTP
(circle) and administration of 4-AP abolished the HIV-15pa-associated inhibition (triangle).
B Individual fEPSPs taken from different time points (a) before and (b) after HFS. C The
bar graph showing the average LTP during the last 20 min of each group, demonstrating
that HIV-1 inhibits LTP and systemic administration of a K, channel antagonist, 4-AP,
significantly blocked the HIV-1-associated inhibition
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Fig. 4.

Reduction of active zone length in HIVE mice and its protection by 4-AP. After completion
of the water maze, hippocampal slices were fixed and embedded. One hundred-nanometer
thin sections were then cut in the neuropil and stained with uranyl acetate and lead citrate.
Micrographs were taken using a TEM at magnifications of x21,000 and x54,000. The
number of active zones per visual field (approximately 12.5 pm?) and their average length
were then determined for all groups (three animals in each group). No difference was found
in the number of active zones between groups; however, active zone lengths in HIVE
animals were found to be significantly shorter than both those in SCID mice injected with
uninfected macrophage and HIVE animals treated with 4-AP (d). Representative
micrographs taken from mice injected with uninfected macrophage (a), HIV-1apa-infected
macrophage (b), and HIV-1pa-infected macrophage with daily 4-AP i.p. treatments (c).
Examples of active zones for each group are shown at original (small boxes) and high
magnification (large inset boxes)
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Swimming speed (centimeter/second)

Control HIV HIV + 4-AP

Before injection 147140452 12.98+0.34  13.67+0.48

After injection 13.26+0.44 11.34+0.40  11.90+0.36

a .
Mean + SE. Each group has three animals
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