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Abstract

It is well established that HIV-1-infected mononuclear phagocytes release platelet activating factor
(PAF) and elevated levels of PAF have been detected in blood and in the cerebrospinal fluid
(CSF) of acquired immunodeficiency syndrome (AIDS) patients with HIVV-associated
neurocognitive disorders (HAND). It is our hypothesis that the elevated levels of PAF alter long-
term potentiation (LTP) in the hippocampus, leading to neurocognitive dysfunction. To test this
hypothesis, we studied the effects of PAF on LTP in the CA1 region of rat hippocampal slices.
Our results showed incubation of hippocampal slices with PAF attenuated LTP. The PAF-
mediated attenuation was blocked by ginkgolide B, a PAF receptor antagonist, suggesting PAF
attenuation of LTP via PAF receptors. Application of lyso-PAF, an inactive PAF analog, had no
apparent effect on LTP. Further investigation revealed an involvement of tyrosine kinase in PAF
attenuation of LTP, which was demonstrated by lavendustin A (a specific protein tyrosine kinase
inhibitor) blockage of PAF attenuation of LTP. As LTP is widely considered as the cellular and
synaptic basis for learning and memory, the attenuation of LTP by PAF may contribute at least in
part to the HAND pathogenesis.
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1. Introduction

Brain infection of human immunodeficiency virus type 1 (HIV-1) often results in a spectrum
of neurological complications that range from asymptomatic cognitive impairments to
severe dementia, which are termed collectively as HIV-1-associated neurocognitive
disorders (HAND) [2, 16]. Although the advent of combined antiretroviral therapy (CART)
has resulted in a dramatic decline in all forms of neurological complications of HIV-1
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infection, it is becoming clear that cCART cannot fully control HAND and the prevalence of
HAND continues to rise due to sustained HIV-1-infection of mononuclear phagocytes (MP,
brain macrophages and microglia), the emergence of resistant viral phenotypes, poor drug
penetration of blood-brain barrier, drug toxicities and increase in patient lifespan [1, 30].
Nevertheless, the mechanisms underlying HAND pathogenesis, especially in the era of
CART, are not fully understood. Many studies suggest an indirect mechanism, in addition to
a direct HIV-1 neurotoxicity, by which the HIV-1-infected and immune activated MPs
release soluble viral and cellular factors leading to development of HAND[23, 46]. Amongst
the soluble cellular factors is platelet-activating factor (PAF), a candidate HIV-1-induced
neurotoxin [15, 23].

PAF (1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine) is a potent phospholipid
inflammatory mediator, which seems to play a role in HI\VV-1-associated neurotoxicity and
HAND pathogenesis [6, 15, 29, 38]. It has been shown that elevated levels of PAF were
detected in blood of naive HIV-infected patients [44], in the cerebrospinal fluid (CSF) of
acquired immunodeficiency syndrome (AIDS) patients with HAND [15], in brain tissues of
mice with an immunodeficiency syndrome (murine AIDS)[31] and in the culture
supernatants of HIV-1-infected MPs [15, 32, 35]. The elevated levels of PAF in the CSF and
brain tissues are potentially toxic to neurons and can cause neuronal and synaptic
dysfunction or injury, resulting in an impairment of memory as seen in patients with HAND.
However, how elevated PAF induces memory impairment remains an interesting area of
investigation. To this end, we studied effects of PAF on long-term potentiation (LTP), an
activity-dependent increase in synaptic efficacy that has been proposed as the cellular and
molecular basis for learning and memory, in rat hippocampal brain slices. Our results
revealed that PAF attenuated L TP via protein tyrosine kinase signaling.

2. Materials and Methods

2.1 Preparation of hippocampal slices

Male Sprague-Dawley rats (two- to four-week old), purchased from Charles River
Laboratories (Wilmington, MA) were used for preparation of hippocampal slices. All animal
use procedures were strictly reviewed by the Institutional Animal Care and Use Committee
(IACUC) of the University of Nebraska Medical Center (IACUC No. 00-062-07). On the
experimental day, an animal was anesthetized with isoflurane and decapitated. Brain was
quickly removed from the cranial cavity and placed into an ice-cold (4°C), pre-oxygenated
artificial cerebrospinal fluid (ACSF). Hippocampi were dissected out and transverse
hippocampal slices (400um in thickness) were cut using a tissue chopper. Slices were kept in
a humidified/oxygenated holding chamber at room temperature for at least 1 h before
experiment. In the recording chamber, a single hippocampal slice was submerged and
continuously perfused (2.0ml/min) with ACSF contained (in mM): NaCl (124.0), KCI (3.0),
CaCl; (2.0), MgCl5 (2.0), NaH,PO3 (1.0), NaHCO3 (26.0) and glucose (10.0), equilibrated
with 95% O, and 5% CO», pH 7.40-7.50. The temperature of the perfusate was maintained
at 30 £ 1°C. Drugs were applied onto slices via incubation (1 h) or otherwise as indicated.
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2.2 Electrophysiology

Field excitatory postsynaptic potentials (EPSPSs), elicited by a constant current stimulation
(0.05 Hz, 50-400 pA) of Schaffer collateral-commissural fibers using an insulated bipolar
tungsten electrode, were recorded in the CA1 dendrite field (stratum radium) with an
Axopatch-1D amplifier (Molecular Devices, Sunnyvale, CA). Intensity and duration of
stimulation were adjusted to generate approximately 30-40% of a maximal response. Glass
recording electrodes had a tip diameter of 2.5-5.0u and a resistance of 1-5M< when filled
with ACSF. A 15 min control recording was conducted in each experiment once the
adjustment of stimulation parameters was achieved. Each recording trial was an average of 3
consecutive sweeps. High frequency stimulation (HFS, 100Hz, 500ms) was delivered twice
in a 20 s interval at the same intensity as that employed in test pulses. Electrical signals were
filtered at 1 kHz and digitized at 2.5 kHz using a Digidata 1320 interface (Molecular
Devices). Data were stored on a desktop PC and analyzed off-line using pPCLAMP 10
software (Molecular Devices). The initial slope of the EPSPs was analyzed and expressed as
percentage of basal level (the average of initial slope from the first 15 min was treated as
100%). In bar graphs, the magnitudes of LTP were quantified at the time point of 35 min
after HFS. All data were expressed as the mean + SEM (unless otherwise indicated) and
graphed using OriginLab®8.5 (OriginLab Corp, Northampton, MA). Statistical analyses
were made by two-tailed t-tests. Differences were considered significant if p < 0.05.

3. Results

3.1 PAF attenuation of hippocampal LTP

PAF has been proposed as an HIV-1-induced neurotoxin produced by infected and immune
activated macrophages and microglia and elevated levels of PAF were detected in the CSF
of HIV-1-infected patients with neurocognitive dysfunction [15, 44]. To determine whether
PAF is involved in the mediation of HIV-1-associated neurocognitive dysfunction, we
studied the effects of PAF on LTP in rat hippocampus, a brain region widely believed to be
involved in learning and memory. Incubation of hippocampal slices with PAF (20uM, 1 h)
attenuated LTP recorded in the CA1 region of hippocampal slices. The average LTP
magnitude was 145.2 + 6.1% of basal level (n=14) when measured 35 min after HFS. In
contrast, the magnitude of LTP in non-treated (control) slices was 177.3 + 14.6% of basal
level (n=10). The difference was statistically significant (t(22)=0.034; p<0.05), suggesting
PAF attenuation of LTP in the hippocampus (Fig. 1). The PAF-induced attenuation of LTP
was blocked by a PAF receptor antagonist ginkgolide B (5uM, n=12), indicating PAF
attenuation of LTP via PAF receptors expressed in the hippocampus [25] (Fig. 1). To
examine if PAF attenuation of LTP was a result of suppression of basal synaptic
transmission, PAF (20uM) was applied onto hippocampal brain slices via bath perfusion. As
shown in Figure 2, bath application of PAF for 10 min had no significant effect on basal
synaptic transmission (n=5). Moreover, incubation of lyso-PAF C-16, an inactive PAF, had
no apparent effect on LTP, suggesting a specific effect of PAF on LTP (Fig. 1B, n=6). These
results demonstrated PAF reduction of LTP via PAF receptors in the CAL region of
hippocampal slices.
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3.2 Involvement of tyrosine kinase signaling in PAF attenuation of LTP

It has been shown that PAF induces protein tyrosine phosphorylation in hippocampus [9].
To investigate whether PAF attenuation of LTP was mediated via tyrosine kinase signaling,
we examined effects of a specific tyrosine kinase inhibitor, lavendustin A, on PAF-induced
attenuation of LTP in the hippocampal slices. Lavendustin A (20uM) had no apparent effect
on basal synaptic transmission when applied to the hippocampal slices alone, it significantly
blocked PAF-induced attenuation of LTP when it was co-incubated with PAF, indicating the
PAF attenuation of LTP via tyrosine kinase signaling.

4. Discussion

In the present study, we examined effects of PAF on synaptic transmission and plasticity in
the CA1 region of rat hippocampal slices. Treatment of hippocampal slices with PAF for 1 h
via incubation attenuated the induction of LTP. Such an inhibitory effect was not a result of
PAF inhibition of basal synaptic transmission since bath perfusion of hippocampal slices
with PAF for 10 min did not produce a significant change on EPSP initial slope. The PAF-
mediated attenuation of LTP was blocked by ginkgolide B, a PAF receptor antagonist,
indicating PAF attenuation of LTP via PAF receptors expressed in the hippocampal neurons
[27]. Our results also showed that PAF attenuated LTP via tyrosine kinase signaling
pathway as the PAF-mediated attenuation on LTP was blocked by a tyrosine kinase inhibitor
lavendustin A [33].

It has been shown that PAF modulates synaptic plasticity and memory formation [17, 28,
45], in addition to its platelet-activating properties and involvement in the mediation of
neuro-inflammatory responses [29, 38]. On one hand, PAF induces LTP in mouse
hippocampal slices [45] and in rat somatosensory cortex in vitro [17], enhances memory in
rat performing an inhibitory avoidance task [20] as well as in water maze task [34].
Blockade of PAF receptors by specific antagonists attenuated LTP in the hippocampal slices
[3, 22] and induced amnesia in mice in elevated plus-maze tests [41]. In parallel, knockout
PAF receptor in mice attenuated LTP in the hippocampal slices [11], despite a study
demonstrating that LTP in the hippocampal CA1 region was normal in mice lacking the
PAF receptors [24]. On the other hand, PAF induces neuronal injury or death in immune and
inflammatory conditions [5, 6, 15, 43] and inhibits LTP in rat hippocampal slices at higher
doses [13]. Studies using animal models revealed that mice with elevated levels of PAF in
the frontal cortex and hippocampus developed an impaired spatial learning and memory [31]
and that systemic administration of a PAF antagonist attenuated HIV-1-associated
neuropathology [36]. In this study, we observed an inhibitory effect of PAF on LTP in rat
hippocampus. As LTP is a widely-accepted cellular and synaptic mechanism for learning
and memory and the hippocampus is one of the brain regions involved in learning and
memory, the attenuation of LTP in the hippocampus by PAF may reflect a role for PAF in
the disruption of learning and memory processes. Taken together, these results indicate that
PAF may play a role in HIV-1-associated neurocognitive dysfunction.

The mechanisms underlying the aforementioned discrepancy are unclear. It may be the
consequence of concentration difference. At physiological (low) concentrations, PAF
enhances synaptic transmission and induces LTP, while at pathological (high)
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concentrations it inhibits LTP. Therefore, the elevated levels of PAF in the CSF and brain
tissues are potentially toxic to neurons and can cause neuronal and synaptic dysfunction as
well as injury leading to neurocognitive dysfunction as seen in HIV-1-infected individuals
with HAND [15, 31, 32, 35]. This notion is supported by the results obtained in a
multicenter clinical trial study demonstrating that a PAF antagonist improved
neuropsychological test scores, especially in verbal memory, in HIV-1-infected individuals
[39].

Many cellular events are critically regulated by tyrosine kinases and tyrosine
phosphorylation signaling is important for both synaptic transmission and synaptic plasticity
[7, 42]. High levels of protein tyrosine kinases are expressed in the hippocampus [18, 27]
and PAF was found to stimulate tyrosine phosphorylation in this brain region [9, 40].
Studies have shown that tyrosine phosphorylation either enhances the induction of LTP [19,
26] or inhibits the induction of LTP [12]. Our results demonstrated that the PAF-induced
inhibition of LTP can be blocked by a specific tyrosine kinase inhibitor, lavendustin A,
suggesting PAF-induced inhibition of LTP was mediated via tyrosine kinase signaling
pathways. This finding was in an agreement with the results illustrating tyrosine
phosphorylation-dependent inhibition of hippocampal LTP in young adult rats [12].

The biological significance for PAF inhibition of LTP in the hippocampus remains to be
determined. As a higher concentration of PAF produces neuronal injury [8, 37] and elevated
levels of PAF have been detected in the CSF and brain tissues from AIDS patients with
HAND [15, 21] and other neurological disorders [4, 10], the inhibition of LTP may reflect,
at least in part, a role PAF may play in HAND pathogenesis because LTP is an activity-
dependent enhancement of synaptic strength which may underlie learning and memory. This
assumption is supported by experimental results demonstrating that PAF antagonists
exhibited therapeutic effects for HIV-1-associated neurocognitive impairment in both
HIV-1-infected individuals [39] and SCID mice with HIV encephalitis [14, 36].

In summary, we demonstrated that PAF, when applied via incubation, attenuated the LTP in
the CAL region of rat hippocampal slices. The PAF-induced attenuation of LTP was blocked
by ginkgolide B, a PAF receptor antagonist, suggesting that PAF-mediated attenuation of
LTP was achieved via acting on PAF receptors. The PAF-induced attenuation of LTP was
also blocked by a tyrosine kinase inhibitor, lavendustin A, indicating an involvement of
tyrosine kinase signaling in PAF-associated attenuation of LTP. As elevated levels of PAF
were detected in HIV-infected patients with HAND and LTP has been proposed as the
cellular basis for learning and memory, the attenuation of LTP by PAF in the hippocampus
may represent, at least in part, a potential mechanism for HAND pathogenesis.
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Highlights
PAF attenuated L TP in rat hippocampal slices.
PAF attenuation of LTP was mediated via PAF receptors.

Tyrosine kinase signaling was involved in PAF-mediated reduction of LTP.
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Figure 1.
PAF attenuation of LTP induced by HFS in CA1 region of rat hippocampal slices. Panel A

exhibits the time course and average magnitude of LTP in the Schaffer-collateral to CA1
synapses recorded from control slices (O) and PAF-treated slices ((0) and slices treated with
PAF and ginkgolide B (GB), a specific PAF receptor antagonist (A). The graph plots the
initial slope of the evoked EPSPs recorded from the CA1 dendrite field (stratum radium) in
response to constant current stimuli. High frequency stimulation (HFS, 100 Hz, 500ms x 2)
was delivered at the time indicated by an arrow. Each data point in the graph is an average
of 3 consecutive sweeps. Note that incubation of hippocampal slices with PAF significantly
attenuated L TP, and such PAF-induced attenuation was blocked by PAF receptor antagonist
ginkgolide B. Above the time course are representative individual field EPSPs taken from
different time points marked a (dot line) and b (solid line), respectively, under different
experimental conditions as indicated. The bar graph in the panel B shows the average LTP
magnitudes measured at 45 min after HFS in slices of control, treated with PAF, treated with
PAF plus ginkgolide B or treated with lyso-PAF, an inactive PAF analog. * denotes p<0.05.
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Figure 2.

Bath application of PAF had no significant effect on synaptic transmission. Each data point
in the graph is an average of 3 consecutive sweeps as indicated in Figure 1. Note that bath
application of PAF (20uM), as indicated by a horizontal bar, had no significant effect on

basal synaptic transmission (n=5).
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Involvement of protein tyrosine kinase in PAF-induced attenuation of LTP. Panel A shows
the time course and average magnitude of LTP recorded from control slices (M), slices
treated with PAF (O) and slices treated with PAF plus lavendustin A (LVD), a specific
protein tyrosine kinase (2). As shown in the panel A, PAF decreased the magnitude of LTP
and the PAF-mediated decrease of LTP was blocked by lavendustin A, a specific protein
tyrosine kinase inhibitor. Panel B is a summary bar graph showing the average LTP

magnitudes measured at 45 min after HFS. Note that lavendustin A blockade of PAF-

mediated decrease of LTP. Application of lavendustin A along had no significant effect on

LTP. ** denotes p<0.01.
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