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Abstract

Human Immunodeficiency Virus type 1 (HIV-1) infection induces neurological and
neuropsychological deficits, which are associated with dysregulation of the medial prefrontal
cortex (mMPFC) and other vulnerable brain regions. We evaluated the impact of HIV infection in
the mPFC and the therapeutic potential of targeting over-active voltage-gated L-type Ca2*
channels (L-channel) and NMDA receptors (NMDAR), as modeled in HIV-1 transgenic (Tg) rats.
Whole-cell patch-clamp recording was used to assess the membrane properties and voltage-
sensitive Ca2* potentials (Ca2* influx) in mPFC pyramidal neurons. Neurons from HIV-1 Tg rats
displayed reduced rheobase, spike amplitude and inwardly-rectifying K* influx, increased
numbers of action potentials, and a trend of aberrant firing compared to those from non-Tg control
rats. Neuronal hyper-excitation was associated with abnormally-enhanced Ca2* influx
(independent of NMDAR), which was eliminated by acute L-channel blockade. Combined chronic
blockade of over-active L-channels and NMDARs with open-channel blockers abolished HIV
effects on spiking, aberrant firing and Ca2* potential half-amplitude duration, though not the
reduced inward rectification. In contrast, individual chronic blockade of over-active L-channels or
NMDARs did not alleviate HIV-induced mPFC hyper-excitability. These studies demonstrate that
HIV alters mPFC neuronal activity by dysregulating membrane excitability and CaZ* influx
through the L-channels. This renders these neurons more susceptible and vulnerable to excitatory
stimuli, and could contribute to HIV-associated neuropathogenesis. Combined targeting of over-
active L-channels/NMDARs alleviates HIV-induced dysfunction of mPFC pyramidal neurons,
emphasizing a potential novel therapeutic strategy that may effectively decrease HIV-induced Ca2*
dysregulation in the mPFC.
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Introduction

The introduction of combined antiretroviral therapy (CART) transformed HIV from a death
sentence to a chronic disease with several co-morbid complications, including HIV-
Associated Neurocognitive Disorders (HAND) (Antinori et al., 2007). Despite CART,
HAND affects ~50% of HIV-infected individuals (Heaton et al., 2010; Simioni et al., 2010)
and its prevalence is expected to increase as the HIV-infected population ages. This
underscores the need to elucidate cellular/molecular mechanisms driving HIV-mediated
neuropathogenesis to devise effective strategies that prevent and/or treat HAND.

HIV affects many brain regions, including the vulnerable medial prefrontal cortex (mPFC)
(Ferris et al., 2008), a key regulator of cognition, emotion and motivation-driven behavior,
from which glutamatergic pyramidal neurons (80-90% of mPFC neurons) (Yuste, 2005)
provide excitatory inputs to the HIV-vulnerable striatum and midbrain (Ferris et al., 2008;
Sesack et al., 1989). Although neurons are not infected, HIV-infected leukocytes invade the
brain where the virus is transmitted to glial cells, which release neurotoxic viral proteins and
inflammatory molecules that cause neuronal dysregulation, injury and loss. Such neuronal
dysfunction involves Ca2* dysregulation, excitotoxicity, oxidative stress, and mitochondrial
dysfunction, but the cellular/molecular mechanisms underlying these pathogenic cascades
are not fully understood (Mattson et al., 2005).

Because Ca?* regulates many fundamental signaling and gene expression pathways, severe
alterations in Ca* homeostasis can be damaging. HIV-1 proteins and HIV-induced
inflammatory processes alter Ca2* homeostasis by excessively increasing intracellular Ca2*
levels ([Ca?*];,) (Chami et al., 2006; Hu, 2015). Much emphasis has been placed on
dysfunction of the NMDAR, a Ca2*-permeable ligand-gated ionotropic glutamatergic
receptor, which is well-established to participate in HIV-induced Ca?* dysregulation
(Haughey & Mattson, 2002). However, HIV-induced [Ca2*];, increases are also regulated by
intracellular Ca%* release and voltage-gated Ca2* channels (VGCCs) (Brini et al., 2014; Hu,
2015). In previous clinical trials, individual blockade of NMDARSs or voltage-gated L-type
Ca?* channels (L-channels) failed to improve the progression of HIV-associated dementia
(Navia et al., 1998; Schifitto et al., 2007).

Our recent research has focused on the impact of HIV on the L-channel, which mediates
intrinsic excitability of neurons and regulates Ca2*-induced signal transduction and gene
expression (Brini et al., 2014; Ikeda, 2001). We have demonstrated that HIV-1 Tat
abnormally increases L-channel activity and expression in the mPFC (Hu, 2015; Napier et
al., 2014; 2015a; Wayman et al., 2012), and that chronic exposure to multiple HIV-1 proteins
for 6 months increases L-channel expression /n vivo (Wayman et al., 2015b). These findings,
in combination with the established involvement of NMDAR in HIV neuropathogenesis
(Haughey & Mattson, 2002; Mattson et al., 2005), led us to hypothesize that combined
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repetitive targeting of both over-active L-channels and NMDARs would decrease HIV-
induced mPFC neuronal hyper-excitability.

In the present study, we evaluated the impact of combined chronic blockade of over-active
L-channelssNMDARs in HAND, as modeled in the HIV-1 Tg rat (Reid et al., 2001). HIV-1
Tg rats express 7 of the 9 HIV-1 genes (gag/ pol-deleted) and have been used extensively to
model HIV-1 effects on the brain, and recapitulate many features of HAND including
neuronal injury and pro-inflammatory responses in the brain (Peng et al., 2010; Royal, 111 et
al., 2012). Here, we assessed HIV-induced functional alterations in the membrane properties
and Ca?* influx of mPFC pyramidal neurons and determined whether combined (or
individual) chronic blockade of over-active L-channels and/or NMDAR alleviates these
alterations. Two selective (use-dependent) “open-channel” blockers, diltiazem (Dilt, for the
L-channel) (Niimi et al., 2003) and memantine (Mem, for the NMDAR) (Chen et al., 1992)
were used, which preferentially block over-activated L-channels and NMDARS, respectively,
but reserve “house-keeping” channel activity. We report here that (1) mPFC pyramidal
neurons in HIV-1 Tg rats are hyper-excitable, exhibiting an abnormal increase of firing and
voltage-sensitive Ca2* influx, due partly to L-channel over-activation, independent of
NMDAR, and (2) combined, but not individual, chronic blockade of over-active L-channels
and NMDAR significantly reduces these HIV-induced functional deficits. Our studies point
to a therapeutic potential for targeting both L-channels and NMDARs to ameliorate and/or
reduce HAND.

Materials and Methods

Animals

Male HIV-1 Tg and non-Tg F344 rats, purchased from Envigo (Indianapolis, IN) at 3-4
weeks of age, were housed at the Rush University Comparative Research Center on a 12
hour light/dark cycle with food and water available ad /ibitum. Rats received daily
subcutaneous injections of saline (SAL, 0.1 ml), the selective L-channel blocker, Dilt (15
mg/kg), the selective NMDAR antagonist, Mem (10 mg/kg), or combined Dilt/Mem for 2
weeks, and were used for electrophysiological experiments at 6-7 weeks of age. Animal care
and use procedures were conducted with Institutional Animal Care and Use Committee
(IACUC) approval and in accordance with NIH, USDA and institutional guidelines.

Whole-cell patch-clamp recording from ex vivo brain slices

Chloral hydrate-sedated rats (400mg/kg, i.p.) were transcardially perfused with ice-cold
cutting solution (in mM: 248 sucrose, 2.9 KCI, 2 MgSQy, 1.25 NaH,POy4, 26 NaHCO3, 0.1
CacCly, 10 glucose, 3 kynurenuc acid, 1 ascorbic acid; pH=7.4-7.45). Brains were removed,
immersed in ice-cold cutting solution, then coronally sectioned at 300um using a vibratome
(Leica VT1000S, Buffalo Grove, IL). Slices were incubated in artificial cerebrospinal fluid
(aCSF; in mM: 125 NaCl, 2.5 KClI, 25 NaHCOs3, 1.25 NaH,PO4, 1 MgCl,, 2 CaCls, 15
glucose; pH=7.35-7.4, 305-315 mOsm) for 1hr at RT before anchored in an aCSF-perfused
recording chamber at ~34°C. All solutions that brains/brain slices were placed in were
oxygenated (95% O,, 5% CO5).
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Pyramidal neurons in layers V-VI of the prelimbic area of the mPFC (Paxinos & Watson,
1998) were identified using differential interference contrast microscopy on a Nikon Eclipse
E600FN microscope (Nikon Instruments Inc., Melville, NY) for recordings. Recording
electrodes were made from glass pipettes using a horizontal pipette puller (p-97 Sutter
Instrument Co., Novato, CA) and filled with appropriate internal solution adjusted to
pH=7.3-7.35 and 280-285 mOsm [for evoked action potentials (in mM): 120 K-glucontate,
10 HEPES, 0.1 EGTA, 20 KClI, 2 MgCl5, 3 Na,ATP, and 0.3 NaGTP; for voltage-sensitive
Ca?* potentials (in mM): 140 Cs-gluconate, 10 HEPES, 2 MgCl,, 3 Na,ATP and 0.3
NaGTP]. Whole-cell configuration was obtained under voltage-clamp mode settings using
internal solution-filled electrodes (4-6 MQ); then the settings were changed to current-clamp
mode for studying changes in the membrane potential ( V4,) of neurons. Signals were
filtered, amplified and digitized with a Multiclamp 700B amplifier (Molecular Devices,
Sunnyvale, CA) and a Digidata 1440 interface (Axon Instruments) and stored on a PC.

To measure evoked Vj, responses, hyperpolarizing and depolarizing current pulses (=400 to
+300pA) were applied for 500ms at 25pA intervals to mimic inhibitory and excitatory
inputs. Membrane hyperpolarization was first applied to remove inactivation, thereby
allowing activation of low voltage-activated (LVA) Ca?* channels (Huguenard, 1996). The
membrane properties of neurons were determined from the initial action potential evoked by
the minimal depolarizing current (rheobase). The input resistance (R;,) was calculated by
fitting the W, response from the —100pA current step with the Boltzman charge-voltage
equation. The inclusion criteria for data analysis were (1) a stable resting membrane
potential (RMP) more hyperpolarized than -60mV for neurons from non-Tg control rats,
and (2) the amplitude of initial Na*-dependent action potential (evoked by rheobase) greater
than 60mV and 40mV, respectively, for neurons from non-Tg and HIV-1 Tg rats (Napier et
al., 2014; Wayman et al., 2015a,b). The contribution of L-channels to action potential
generation (neuronal excitability) was assessed by selectively blocking L-channel activity
with acute perfusion of 5uM nifedipine (Nif) (Nasif et al., 2005a).

To isolate VGCC activity, the perfusing aCSF contained inhibitors to block Na* channels
(0.5uM tetrodotoxin), K* channels (20mM extracellular tetraethylammonium, 140mM
intracellular Cs-gluconate), ionotropic glutamate receptors (2.5mM kynurenic acid) and
GABA receptors (100uM picrotoxin). V, was held at ~-70mV (around average RMP) to
compensate for K* channel blockade-induced depolarization of RMP (Hu et al., 2004). Ca2*
plateau potentials (reflecting Ca2* influx through voltage-gated Ca?* channels) were evoked
with 40ms rheobase currents. L-channels were selectively blocked with acute perfusion of
5uM Nif and all voltage-gated Ca2* influx was blocked with acute perfusion of 400pM
cadmium (Cd) in the bath. The Ca2* potential properties were determined after at least
10min of perfusion with aCSF containing ion channel blockers/receptor inhibitors, and when
rheobase-evoked Ca2* spike recordings became consistent. The Ca2* potential area is the
integrated area under the potential (mV x ms), demarcated at the beginning/end by the
holding V.
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Statistical Analysis

Results

Data were analyzed using SigmaPlot (Systat Software Inc., San Jose, CA) and SPSS (IBM
Corporation, Armonk, NY). When appropriate, student’s £tests and two-way ANOVA were
used to compare HIV-1 Tg and non-Tg (Ca2* potential properties and membrane properties,
respectively). A Chi-squared test was used for categorical comparison (aberrant firing
events). Three-way repeated measures ANOVA (rmANOVA) was performed when three
independent variables were present, and in all cases there was no significant three-way
interaction. Therefore, data analysis is displayed using the two-way rmANOVA statistics.
Two-way rmANOVA was used to compare responses of neurons at different current steps
(spike frequency and I-V relationship) or with/without Nif treatment (Ca2* potentials after
L-channel blockade). One-way ANOVA was used to compare effects of chronic treatment
with single CaZ* channel blockers. In all cases, ANOVA was followed by Newman-Keuls
post-hoc tests. Data were excluded if criteria were not met and outliers, defined as more than
2-fold the standard deviation from the mean, were removed. Statistical significance was
generally set at p<0.05. When control (i.e., SAL-pretreated) data points were used in
multiple analyses, the Bonferroni correction was applied and the statistical significance set
point was lowered (specifically for SAL-treated spike frequency comparison: p<0.017).

mPFC pyramidal neurons in HIV-1 Tg rats display increased supra-threshold excitability,
which is partly due to L-channel over-activation

The supra-threshold excitability of mPFC pyramidal neurons was assessed using
depolarizing current steps (0-300pA) in brain slices from non-Tg control and HIV-1 Tg rats.
The characteristics of action potentials and spike frequency were assessed. We found that
neurons from HIV-1 Tg rats (n=25-28 in 10 rats; for Nif-treated spike frequency: n=8 in 4
rats) displayed reduced Rj, (v=0.015), rheobase (£=0.037), action potential amplitude
(0<0.001)(Table 1), and increased numbers of action potentials evoked by depolarizing
currents (two-way rmANOVA: genotype, ~1,144)=4.599, p=0.053; current, F12 144)=76.146,
p<0.001; interaction, A2 144)=3.952, p<0.001)(Figure 1A-B) as compared to neurons from
non-Tg rats (n=28-31 in 15-16 rats; for Nif-treated spike frequency: n=7 in 5 rats). Selective
L-channel blockade by acute application of Nif in the bath reduced spiking in neurons from
both non-Tg and HIV-1 Tg rats, indicating the importance of L-channel activity in the supra-
threshold excitability (two-way rmANOVA; non-Tg: treatment, /1 72)=7.567, p=0.033;
current, F12,72)=33.020, p<0.001; interaction, A12,74)=5.944, p<0.001; HIV-1 Tg: treatment,
F,84)=11.423, p=0.012; current, F12 84)=50.176, p<0.001; interaction, A2 g4)=3.384,
p<0.001). Acute blockade of the L-channels reduced the enhanced evoked spiking in
neurons from HIV-1 Tg rats to levels that were similar to those in vehicle-treated control
(Ctrl) non-Tg mPFC (p>0.05). However, Nif induced a greater reduction in spiking in
neurons from non-Tg rats as compared to that in Nif-treated neurons from HIV-1 Tg rats
(two-way rmANOVA: genotype, £ 156)=4.045, p=0.066; current, F(12 156=50.899,
p<0.001; interaction, A1 156)=4.420, p<0.001)(Figure 1B), suggesting that L-channel over-
activation was not solely responsible for the HIV-induced increase in evoked spiking.
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A trend towards increased aberrant firing was also observed in neurons from HIV-1 Tg rats
(n=12/32, 37.5%, n=11 rats) as compared to those from non-Tg rats (n=5/31, 16.13%, n=16
rats, ;(2(1):3.650, p=0.056)(Figure 1C-D). This was similar to that observed in our previous
studies induced by bath application of HIV-1 Tat (Napier et al., 2014; Wayman et al.,
2015a), and in adult HIV-1 Tg rats (Wayman et al., 2015b). The properties of such abnormal
firing included (1) spontaneous firing with depolarized RMP, (2) reduced firing with
deformed action potentials in response to moderate depolarizing currents (~150pA,
suggesting over-activation-induced inactivation), and (3) post-hyperpolarization rebound-
associated firing (suggesting a possible increase of LVA-Ca2* channel activity) (Figure 1C).
The RMP, threshold, half-amplitude duration of action potential and afterhyperpolarization
(AHP) were not significantly altered in neurons from HIV-1 Tg rats as compared to those
from non-Tg rats (Table 1). These findings demonstrate that (1) mPFC pyramidal neurons in
HIV-1 Tg rats were more excitable and therefore more vulnerable even to moderate
excitatory stimuli, and (2) increased L-channel activity plays a critical role in this increased
supra-threshold excitability of mPFC pyramidal neurons.

Sub-threshold excitability of mPFC pyramidal neurons is altered in HIV-1 Tg rats

We next evaluated the sub-threshold excitability of mMPFC pyramidal neurons from non-Tg
and HIV-1 Tqg rats in brain slices using hyperpolarizing current steps (—400pA to —25pA)
(Figure 1E-F). We found that more hyperpolarized current steps (<-275pA) induced greater
Vin hyperpolarization in neurons from HIV-1 Tg rats (n=10 rats) compared to those from
non-Tg rats (n=30 in 16 rats) at early states (100ms, n=27 HIV-1 Tg neurons; two-way
rmANOVA! genotype, A g25)=5.864, p=0.019; current, A5 g5=357.486, p<0.001;
interaction, F(15 gp5)=7.552, p<0.001)(Figure 1F). Similar results were also found at steady
states (450ms, n=28 HIV-1 Tg neurons; data not shown, two-way rmANOVA: genotype,
F1,810=3.697, p=0.060; current, F15 g10y=604.423, p<0.001; interaction, A5 g10)=6.334,
p<0.001). These data indicate that the voltage-sensitive inward flow of cations elicited by
membrane hyperpolarization (i.e. the inward rectification) was significantly reduced in
mPFC pyramidal neurons from HIV-1 Tg rats compared to those from non-Tg rats. This
reduction could reflect HIV-induced alterations in the mPFC sub-threshold excitability in
response to inhibitory inputs. Importantly, this dysregulation, if resulting from reduced K*
influx through inwardly rectifying K* (K;;) channels, could consequently lead to an increase
in local extracellular K* levels, which could facilitate membrane depolarization of nearby
neurons and thereby promote their firing.

Increased Ca2* influx is mediated by over-activation of voltage-gated L-channels,
independent of NMDAR, in neurons from HIV-1 Tg rats

We assessed the contribution of Ca2* channel dysregulation, in an NMDAR-independent
fashion, to the increased excitability of neurons in the context of HIV by comparing Ca*
influx through VGCCs in the mPFC of HIV-1 Tg and non-Tg rats (Figure 2A-C). To assure
Ca?* influx selectively through VGCCs, glutamate- and GABA-mediated excitatory and
inhibitory inputs, as well as voltage-sensitive Na* and K* channels, were blocked. We found
that Ca2* influx was significantly enhanced, reflected by the increased Ca2* potential
duration (51)=2.340, p=0.0232) (Figure 2B) and Ca?* potential area (%49)=2.687,
p=0.0098) (Figure 2C) in neurons from HIV-1 Tg rats (n=34-35 neurons in 18-19 rats)
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compared to those from non-Tg rats (n=17-18 neurons in 9 rats). Other Ca2* potential
properties, including the rheobase (183.5 + 6.9pA vs. 175.6 + 10.3pA), threshold (-22.5
+0.9mV vs. —23.9 £ 1.1mV), and amplitude (64.6 £ 1.3mV vs. 62.6 + 2.0mV) were not
significantly altered (p>0.05) in neurons from HIV-1 Tg rats as compared to those from non-
Tg rats, respectively.

To assess the contribution of L-channel activity to the enhanced Ca2* influx in neurons from
HIV-1 Tg rats, the L-channels were selectively blocked with acute perfusion of Nif in the
bath. L-channel blockade significantly reduced Ca2* influx duration and area in neurons
from both non-Tg (n=9 in 8 rats) and HIV-1 Tg rats (n=15 in 11 rats) (Figure 2D-F). In
neurons from HIV-1 Tg rats, we found that Nif significantly reduced Ca2* influx to Ctrl
levels in neurons from non-Tg rats. There was also no significant difference in bath Nif-
treated Ca2* influx between neurons from non-Tg rats and those from HIV-1 Tg rats (two-
way ANOVA; Duration: genotype, A 22)=3.886, p=0.061; treatment, £ 22)=63.766,
p<0.001; interaction, A1 72)=0.548, p=0.467; Area: genotype, ~122)=3.592, p=0.071;
treatment, A1 22)=65.002, p<0.001; interaction, £ 22)=0.720, p=0.405)(Figure 2D-F).
These findings suggest that over-activated L-channels are mainly responsible for the
enhanced voltage-sensitive Ca2* influx in mPFC neurons from HIV-1 Tg rats. All Ca2*
influx was completely blocked with acute perfusion of Cd (400uM) in neurons from HIV-1
Tg (n=4 neurons in 4 rats) or non-Tg rats (n=3 neurons in 3 rats)(Figure 2D).

Combined chronic blockade of Ca2* influx through over-active L-channels and NMDARs
alleviates HIV-1 associated hyper-excitability of mPFC pyramidal neurons

Because we demonstrated that the L-channels are functionally involved in HIV-induced
hyper-excitability, in an NMDAR-independent fashion, and because NMDAR dysfunction is
well-established in HIV-induced Ca?* dysregulation (Haughey & Mattson, 2002), although
not the only source of HIV-induced Ca2* dysregulation (Hu, 2015), we assessed whether
combined chronic blockade of over-active L-channels and NMDARs could ameliorate or
reduce HIV-induced hyper-excitability. We pretreated HIV-1 Tg and non-Tg rats daily for 2
weeks with SAL or two open-channel blockers, Dilt and Mem (Dilt/Mem), which target the
L-channel and NMDAR, respectively. We then assessed the effects of combined chronic
blockade of Ca%*-permeable channels on neuronal excitability and evoked Ca2* plateau
potentials in mPFC pyramidal neurons (Figure 3).

We found that combined chronic blockade of the two Ca2*-permeable ion channels (Dilt/
Mem) abolished the abnormal increase of action potentials in neurons from HIV-1 Tg rats
(Dilt/Mem: n=12 in 4 rats; SAL: n=22 in 9 rats; two-way rmANOVA: treatment,
15(1’384):2.677, p=0.112; current, F(12’384):168.125, p<0.001; interaction, F(12,384):2.122,
p=0.015). The reduced firing levels were similar to those in neurons from SAL-pretreated
non-Tg rats (n=28 in 15 rats, p>0.05)(Figure 3A). In contrast, the spike frequency in
neurons from non-Tg rats was not significantly altered by combined chronic Dilt/Mem
pretreatment (n=9 in 5 rats).

We also found that some characteristics of action potentials were affected by combined
chronic Dilt/Mem pretreatment in pyramidal neurons from both HIV-1 Tg (n=13-14 in 4
rats) and non-Tg (n=8-9 in 4-5 rats) rats (Table 1). In both genotypes, combined Dilt/Mem
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pretreatment resulted in a trend towards an increased rheobase (two-way ANOVA: genotype,
F1,72=3.966, p=0.05; treatment, /1 72)=3.809, p=0.055; interaction, A 72)=0.0725,
p=0.788), a significantly-increased amplitude (two-way ANOVA: genotype, /1 78)=16.6437,
p<0.001; treatment, A1 76)=6.930, p=0.01; interaction, A1 7)=0.00554, p=0.94), and an
increased 1/2 amplitude duration (two-way ANOVA: genotype, A1 74)=2.056, p=0.156;
treatment, A1 74y=4.057, p=0.048; interaction, A 74y=0.0673, p=0.796). Neurons from
HIV-1 Tg rats exhibited increased action potential amplitude (p=0.042) after combined
Dilt/Mem pretreatment, which was similar to that in neurons from SAL-pretreated non-Tg
rats (£>0.05). Interestingly, combined Dilt/Mem pretreatment also induced an increase in the
1/2 amplitude duration of evoked action potentials in neurons from both non-Tg and HIV-1
Tg rats as compared to those from SAL-pretreated non-Tg and HIV-1 Tg rats. This increase
in the 1/2 amplitude duration might result from non-specific inhibitory effects of Dilt and/or
Mem on voltage-gated K* channels and Ca2*-activated K* channels, respectively (Bukanova
& Solntseva, 1997; Ito et al., 2010; Kahlfuss et al., 2014). Combined chronic Dilt/Mem
pretreatment did not significantly affect the RMP, threshold, and AHP (Table 1). These
findings suggest that combined chronic blockade of L-channel/NMDAR reduces hyper-
excitability induced by HIV.

Associated with the decreased firing, we also found that combined chronic blockade of over-
active L-channels and NMDARSs reduced the abnormal increase of CaZ* influx in neurons
from HIV-1 Tg rats. In HIV-1 Tg rats, this improvement in Ca2* regulation was indicated by
a significant reduction in the Ca?* potential duration measured at the ¥2 amplitude level
(SAL: n=40 neurons in 19 rats, Dilt/Mem: n=22 neurons in 7 rats, p<0.05); this CaZ* influx
in neurons from Dilt/Mem-pretreated HIV-1 Tg rats was similar (£>0.05) to that in neurons
from SAL-pretreated non-Tg rats (n=22 in 13 rats; two-way ANOVA: genotype,
Fa,97=1.399, p=0.240; treatment, /1 97)=0.183, p=0.670; interaction, /A1 97)=5.963,
p=0.016)(Figure 3B). In addition to the observed effects on the half amplitude duration, a
trend of improvements was also found in the entire Ca?* potential duration (p=0.063), where
duration was reduced in neurons from HIV-1 Tg rats pretreated with combined Dilt/Mem
compared to those pretreated with SAL (9.3+1.2s vs 11.9+0.8s; data not shown; two-way
ANOVA; genotype, £1,113)=1.619, p=0.206; treatment, /1 113)=0.00007, p=0.979;
interaction, £ 113)=0.548, p=0.015). Nevertheless, the whole Ca?* potential area was not
significantly affected by combined Dilt/Mem pretreatments.

Combined chronic Dilt/Mem pretreatment did not affect the HIV-1-associated reduction in
inward rectification in response to membrane hyperpolarization in mPFC pyramidal

neurons

We also assessed the subthreshold excitability by subjecting pyramidal neurons to
hyperpolarizing current steps (-400pA to —25pA) and evaluating the corresponding changes
in V. Combined pretreatment with Dilt/Mem did not affect the reduced inward rectification
in neurons from SAL-pretreated HIV-1 Tg rats (SAL: n=27 in 10 rats, Dilt/Mem: n=13 in 4
rats, p>0.05). Neurons from Dilt/Mem-pretreated HIV-1 Tqg rats still showed significantly
reduced inward rectification (reflecting decreased inflowing cations in response to
membrane hyperpolarization) at more hyperpolarized current steps (£325pA) when
compared to those from SAL-pretreated non-Tg rats (n=30 in 16 rats; two-way rmANOVA:
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genotype, A 615)=2.244, p=0.142; current, A5 615=515.294, p<0.001; interaction,
F15,615=3.559, p<0.001)(Figure 3C). Collectively, these data show that combined chronic
L-channel/NMDAR blockade did not affect HIVV-induced decreases in cation influx during
membrane hyperpolarization.

Individual chronic blockade of over-active L-channels or NMDARSs did not alleviate HIV-1
associated hyper-excitability of mPFC pyramidal neurons

To compare the effects of individual chronic Ca?* channel blockade with those of combined
Dilt/Mem pretreatments on Ca2* dysregulation, HIV-1 Tg rats were given daily s.c. injection
of either Dilt or Mem alone for two weeks prior to evaluation (Figure 4). The two individual
blockers for CaZ*-permeable channels had different effects on spike frequency. Individual
chronic pretreatment with Mem did not affect the increased spiking in neurons from HIV-1
Tg rats (n=10 in 4 rats) when compared to those from SAL-pretreated non-Tg rats (n=28 in
15 rats). Individual chronic pretreatment of HIV-1 Tg rats with Dilt (n=8 neurons in 4 rats)
induced a reduction in spike numbers that was not significantly different from those in
neurons from SAL-pretreated non-Tg or SAL-pretreated HIV-1 Tg rats (n=22 neurons in 9
rats; two-way rmANOVA: treatment, A3 768=1.230, p=0.306; current, F12 768=339.448,
<0.001; interaction, A3 768)=1.960, p<0.001)(Figure 4A). However, this effect of
individual Dilt pretreatment on reduced spiking was likely due to a unique aberrant firing
event, which was identified mainly in neurons from HIV-1 Tg rats pretreated with Dilt
(66.7%, n=8/12 in 4 rats), but rarely in neurons from rats that received other pretreatments
(SAL-non-Tg: 6.5%, n=2/31 in 16 rats; SAL-HIV-1 Tg: 12.5%, n=4/32 in 11 rats; Mem-
HIV-1 Tg: 20%, n=3/15 in 4 rats; Dilt/Mem-HIV-1 Tg: 16.7%, n=2/12 in 4 rats;
X2(4):23.87, p<0.0001)(Figure 4B-C). This additional abnormal spiking event was
characterized by an apparent and inconsistent loss of action potentials, even though the
threshold was apparently achieved (Figure 4B). In addition, the other aberrant firing events
that were first described in neurons from HIV-1 Tg rats pretreated with SAL in Figure 1C-D
(i.e., defined as spontaneous firing with depolarized RMP, over-activation-induced loss of
spiking, and post-hyperpolarization-associated firing) were also observed in neurons from
Dilt- or Mem-pretreated HIV-1 Tg rats. When compared to neurons from HIV-1 Tg rats
pretreated with SAL, these abnormal firing events occurred more often in neurons from Dilt-
pretreated rats, and to a similar extent in neurons from Mem-pretreated rats. Conversely,
combined chronic Dilt/Mem pretreatment actually reduced the abnormal firing events in
neurons from HIV-1 Tg rats (8.3%, n=1/12 in 4 rats) as compared to those from SAL-
pretreated HIV-1 Tg rats (SAL-HIV-1 Tg: 37.5%, n=12/32 in 11 rats; Mem-HIV-1 Tg: 40%,
n=6/15 in 4 rats; Dilt-HIV-1 Tg: 83.3%, n=10/12 in 4 rats; SAL-non-Tg: 16.1%, n=5/31 in
16 rats; X2(4):24.51, p<0.0001)(Figure 4D).

Differential effects on action potential and membrane properties were also found after
individual pretreatment with the two blockers for Ca2*-permeable channels. Individual
pretreatment with either blocker induced RMP depolarization when compared to neurons
from SAL-pretreated non-Tg rats (/2 52)=5.705, p=0.006; Mem-HIV-1 Tg: =64.4 + 1.7 mV,
n=15in 4 rats; Dilt-HIV-1 Tg: —64.3 + 1.7 mV, n=12 in 4 rats; SAL-non-Tg: -68.8 + 3.1
mV, n=28 in 15 rats). This change in RMP likely resulted from some non-specific effects of
the two blockers on ion channels other than the L-channel and NMDAR, including but not
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limited to the two-pore-domain K* (K,p) channels (He & Bausch, 2014; Takahira et al.,
2005), which regulate outflow of K* ions at resting states to maintain RMP at normal levels
(Lesage & Lazdunski, 2000). In the case of Mem-pretreatment alone, a trend towards a
reduced action potential amplitude was seen (Mem-HIV-1 Tg: 63.4 + 3.0 mV, n=15 neurons
in 4 rats; Dilt-HIV-1 Tg: 68.6 £ 4.2 mV, n=12 neurons in 4 rats; SAL-non-Tg: 71.1+£ 1.4
mV, n=28 neurons in 15 rats, A 55=2.777, p=0.071). Other membrane properties, including
Rin, rheobase, threshold, half amplitude duration and AHP, were not significantly altered in
comparison to neurons from SAL-treated non-Tg rats (data not show). Together, these novel
findings show that, unlike combined chronic Dilt/Mem treatments, individual blockade of L-
channels or NMDARs did not ameliorate HIV-induced hyper-excitability in mPFC
pyramidal neurons.

Discussion

Our study provides compelling evidence that points to the potential benefit of combined
blockade of over-active L-channels and NMDARs as a promising therapeutic strategy for
HAND. Here, we first characterized HIV-induced functional impairments in mPFC
pyramidal neurons, focusing on voltage-gated Ca2* influx, and then assessed the
improvements following combined chronic blockade of over-active L-channels and
NMDARs. We found that pyramidal neurons in HIV-1 Tg rats were hyper-excitable in
response to moderate excitatory stimuli, reflected by increased rheobase, spike frequency
and Ca?* influx, showed a trend of aberrant spiking phenomenon, and exhibited reduced
cation influx in response to membrane hyperpolarization. Increased L-channel activity,
independent of NMDAR, contributed to this HIV-induced mPFC neuronal hyper-excitability.
More importantly, combined chronic blockade of over-active L-channels/NMDARS
alleviated HIV-induced hyper-excitability, by which abnormally-increased spiking, Ca2*
potential duration at half-amplitude, and aberrant firing events were abolished. Conversely,
individual chronic blockade of L-channel or NMDAR did not relieve neurons from
abnormally-increased spiking and/or aberrant firing.

Alterations in the membrane properties of mPFC neurons from HIV-1 Tg rats were
determined first. Increased supra-threshold excitability was found, displayed by reduced
rheobase, increased action potentials, and enhanced Ca2* potentials, which contributed to
mPFC neuronal hyper-excitability and could be mediated by different types of voltage-
sensitive ion channels. Voltage-gated Na* channels were unlikely to contribute to this hyper-
excitability because the firing threshold was unaffected and spike amplitude was reduced, as
seen in our previous studies after Tat exposure (Napier et al., 2014; Wayman et al., 2015a),
suggesting decreased Na* currents in mPFC neurons in HIV-1 Tg rats. Therefore, the
increased firing could be attributed to dysfunction of K* channels and/or Ca2* channels. We
found that over-active L-channels contribute to mPFC hyper-excitability, but only partly,
suggesting the involvement of K* channels and/or non-L-type Ca2* channels in HIV-induced
alterations (Brailoiu et al., 2014; Clark, 111 et al., 2005; Piekarz et al., 2012). In fact, a
likelihood of reduced K,p channel function was indicated by the increased Rj,, in neurons
from HIV-1 Tg rats. Importantly, the HIV-induced increase in spiking was abolished by
combined chronic blockade of L-channelssNMDARs. The reduced Na* channel activity was
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also interestingly normalized after combined chronic blockade of L-channel/NMDAR.
Further studies are needed to determine the mechanism(s) that underlies such change.

Enhanced voltage-sensitive Ca2* influx clearly indicates that over-activation of VGCCs was
associated with increased mPFC neuronal excitability, independent of NMDARs. VGCCs
couple membrane depolarization with voltage-activated (not ligand-activated) influx of
Ca?*, which acts as a messenger that participates in diverse intracellular signaling. The
current study revealed enhanced Ca2* influx through the high voltage-activated (HVA)-Ca2*
channels in neurons form HIV-1 Tg rats, which was abolished by selective L-channel
blockade. This suggests a key role of the L-channel in HIV-induced Ca2* dysregulation in
mPFC pyramidal neurons, although possible effects of non-L-type (P/Q, N and R-type) Ca2*
channels (Brini et al., 2014) are not excluded (Brailoiu et al., 2014; Clark, 111 et al., 2005;
Piekarz et al., 2012). The L-channel includes LVA-Ca, 1.3 and HVA-Ca, 1.2 subtypes
(Lipscombe, 2002), and is critical in regulating Ca2*-mediated signal transduction and gene
expression in neurons (Brini et al., 2014; lkeda, 2001). Here, we determined that the HVA L-
channel is the major contributor to the HIV-enhanced neuronal Ca2* influx, reflecting
disruption of the L-channel kinetics (e.g., increased open probability and/or time) and
expression. Furthermore, our previous studies also have revealed that acute Tat alters Ca2*
homeostasis by increasing L-channel activity ex vivoand L-channel expression /in vivoin
mPFC pyramidal neurons (Hu, 2015; Napier et al., 2014; 2015a; Wayman et al., 2012), and
that the mPFC of adult HIV-1 Tg rats (6-7 months of age) displays increased L-channel
expression (Wayman et al., 2015b). Additionally, increased LVA-Ca2* channel activity was
also implied by the occurrence of post-hyperpolarization-associated firing found in many
mPFC neurons from HIV-1 Tg rats, which was rarely seen in those from non-Tg rats.
Importantly, the enhanced HVA-Ca?* influx was reduced by combined chronic L-channel/
NMDAR blockade, along with normalization of firing in mPFC neurons.

Direct and indirect effects of HIV-1 proteins could also contribute to the mPFC neuronal
hyper-excitation. HIV-1 Tg rats express low level HIV-1 proteins, including Tat, gp41,
gp120, Vpr, Nef, Rev and Vpu (Reid et al., 2001), which could contribute to L-channel and
NMDAR over-activation. In fact, gp120, gp160 and Tat directly increase neuronal L-channel
and NMDAR activity (Haughey & Mattson, 2002; Lannuzel et al., 1995). HIV-1 protein
exposure also indirectly induces neurotoxicity by disrupting macrophage, microglia and
astrocyte function, leading to release of inflammatory cytokines/chemokines, reactive
oxygen species, matrix-degrading enzymes and glutamate (Henderson et al., 2012; Mattson
et al., 2005). These processes also could ultimately alter neuronal Ca?* homeostasis
(Mattson et al., 2005). Moreover, Tat, gp120 and gp41 increase extracellular glutamate
levels by disrupting astrocytic glutamate transporters, and gp120 and Tat can promote
release of neurotoxic cytokines from monocytes and glia (Haughey & Mattson, 2002;
Mattson et al., 2005). These dysregulations can result in pathogenic cascades, and when
associated with L-channel/NMDAR dysfunction, could render mPFC neurons more
susceptible and vulnerable to excitatory stimuli.

The most important, clinically relevant finding of the present study is that combined chronic
targeting of both over-active L-channel/ NMDAR alleviates HIV-induced hyper-excitability
in mPFC pyramidal neurons. Individual targeting of NMDARSs or L-channels has previously
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been tested in clinical trials as a therapeutic strategy to treat HAND, but neither was
successful due to the inability to halt or reverse the HIVV-associated dementia complex
(Navia et al., 1998; Schifitto et al., 2007). Here, we demonstrate that chronically-combined
open-channel (use-dependent) blockade significantly reduced excessive Ca2* influx and
associated hyper-excitability of mPFC pyramidal neurons in young HIV-1 Tg rats, and
abolished HIV-induced aberrant firing. The improvements in voltage-sensitive CaZ* influx
were partial, in which the Ca2* potential duration at half amplitude was normalized, though
the entire duration only showed a trend towards recovery and the entire CaZ* potential area
was not significantly affected. These findings suggest a likely reduction of Ca?* influx that
occurred mainly in the cell soma, but not in the dendrites. Given that we administered
combined treatment for a relatively short period of time (two weeks) in this study, longer
term treatments are expected to produce more significant improvements in this HIV-induced
Ca?* dysregulation. Collectively, our novel findings emphasize the therapeutic potential of
combined long-term blockade of over-activated L-channel/ NMDAR as a strategy to
ameliorate and/or reduce HAND (Figure 5). Future studies are needed to determine whether
combined chronic L-channel/NMDAR blockade improves deficits in mPFC-related
behavior, that have been reported in HIV-1 Tg rats (Nesil et al., 2015; Reid et al., 2016;
Repunte-Canonigo et al., 2014).

In contrast to the effects of combined chronic treatment, we found that individual chronic
blockade of over-active L-channels or NMDARs did not relieve neurons from HIV-induced
hyper-excitation. The present study revealed that pretreatment with the NMDAR blocker
Mem alone did not reduce abnormally-increased spiking or aberrant firing. Intriguingly, we
identified a unique aberrant spiking event associated with individual Dilt pretreatment. We
also found non-specific effects of Mem and Dilt on K,p, Na*, voltage-gated K* and Ca2*-
activated K* channels, as reported by previous studies (Bukanova & Solntseva, 1997; He &
Bausch, 2014; Ito et al., 2010; Kahlfuss et al., 2014; Kimura et al., 1983; Takahira et al.,
2005). Further investigations are needed to determine if such non-Ca2* channel effects of the
two blockers also actually contribute to the aberrant firing events.

The present study also revealed alterations in the subthreshold excitability in mPFC neurons
of HIV-1 Tg rats, which could alter extracellular K* level, and consequentially alter RMP
and neuronal excitability. This change was reflected by a reduction in the inward
rectification, which implies decreased activity of the channels that are activated by
membrane hyperpolarization and conduct inwardly flowing K* and other cations, including
the K, and hyperpolarization-activated cation current (4,) channels (Hille, 2001). Reduced
Kir channel activity and expression could result in increased extracellular K* levels, which
could facilitate RMP depolarization and consequently increase firing. It is worth noting that
the reduction of inwardly rectifying K* (and other cations) in mPFC pyramidal neurons in
HIV-1 Tg rats was not alleviated by combined chronic blockade of over-activated L-channel/
NMDAR. Further studies could determine if a modified combinatorial treatment, including a
Kjr channel activator, can improve the subthreshold excitability of mPFC neurons.

Our current studies have focused on the dysregulation of NMDAR/L-channel-mediated
Ca?*-related processes by HIV in pyramidal neurons from the mPFC. Although we have
noted some HIV-related effects on other ion channels (including K* and Na* channels), such
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channels are not a specific focus of the current NMDAR/L-channel-based studies. However,
it is important to note that HIV also affects many other ion channels and receptors that likely
participate in pathogenic processes related to HAND and that may also be affected in the
current model/treatment regimen. For example, HIV reduces inhibitory GABA
neurotransmission (Buzhdygan et al., 2016) and enhances the activity of another ionotropic
glutamate receptor, the AMPAR (Epstein, 1998; Zhou et al., 2016). Reduced inhibitory
neurotransmission (GABA) and increased excitatory stimulation of glutamatergic ionotropic
receptors (AMPA and NMDAR) also contributes to membrane depolarizations that, if large
enough, could ultimately activate VGCCs, including the L-channel, and promote excessive
Ca2* influx. It is likely that the observed improvements after combined chronic Ca%*
channel blockade result from effects directly at the pyramidal neurons as well as on other
systems that provide inputs to these neurons or affect their external environment. Future
studies are needed to elucidate the exact mechanism(s) of NMDAR/L-channel blockade,
which could include determination of excitatory and inhibitory inputs to the mPFC, as well
as additive or synergistic effects on CaZ* influx.

Collectively, our findings demonstrate that the excitability of mPFC pyramidal neurons is
abnormally increased in HIV-1 Tg rats, which is due in part to over-activation of the L-
channel. This hyper-excitability renders these neurons more susceptible and vulnerable to
excitatory stimuli that could ultimately lead to injury or cell death. This mPFC neuronal
hyper-excitability is ameliorated by combined, but not individual, chronic blockade of over-
activated L-channel/NMDAR, which is reflected by normalized firing, significantly-reduced
Ca?* influx, and decreased aberrant firing. In combination with previous studies focusing on
NMDAR-mediated excitotoxicity induced by HIV (Haughey & Mattson, 2002; Hu, 2015;
Mattson et al., 2005), our novel findings reveal that the pathophysiological effects of HIV on
both the L-channel and NMDAR contribute to excessive Ca?* influx, which dysregulates
Ca%* homeostasis, disturbs Ca2* signaling, and causes mPFC neuronal hyper-excitation. The
improvements in mPFC neuronal activity following combined chronic blockade of over-
activated L-channel/NMDAR not only emphasize the impact of these hyper-active Ca%*-
permeable ion channels on HIV-induced dysregulation of mPFC neuronal activity, but also
highlight a potentially promising novel therapeutic strategy.
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Highlights

. Excitability of mPFC pyramidal neurons is abnormally increased in
HIV-1 Tg rats.

. This is due in part to L-channel over-activation, independent of
NMDAR.

. Combined L-channel/NMDAR blockade ameliorates this neuronal
hyper-excitability.

. Individual L-channel/NMDAR blockade does not ameliorate this
hyper-excitability.

. Combined targeting of Ca2+ channels may improve HIV-induced

neurological deficits.
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Figure 1. The excitability of mPFC pyramidal neurons is abnormally increased in HIV-1 Tg rats
Pyramidal neurons exposed to HIV are hyper-excitable, partially due to L-channel activity.

(A) Representative traces showing evoked neuronal firing from a non-Tg (left) or HIV-1 Tg
(right) rat. (B) The current-response (spike number) relationships show evoked firings in
mPFC neurons from non-Tg or HIV-1 Tg rats before (circles, Ctrl) and after (triangles) acute
selective L-channel blockade with nifedipine (Nif; non-Tg, open shapes, n=7 neurons in 5
rats; HIV-1 Tg, filled shapes, n=8 neurons in 4 rats). Note that neurons from HIV-1 Tg rats
displayed significantly greater spike numbers compared to those from non-Tg rats, and that
acute L-channel blockade reduced spiking in HIV-1 Tg neurons to levels similar to those
observed in non-Tg/Ctrl neurons. Significance is denoted by * for differences between
HIV-1 Tg and non-Tg within acute treatment, and by ~ for differences between Ctrl and Nif
within genotype (*:p<0.017, except Nif-Tg vs. Nif-non-Tg, *,*:p<0.05, ** M p<0.01,

**x A 0<0.001). HIV-1 Tg rats displayed a trend of increased aberrant firing properties in
these neurons. (C) Representative traces displaying deformed action potential properties that
were mainly observed in neurons from HIV-1 Tg rats, including (1) spontaneous firing with
depolarized RMP (top trace), (2) overactivation-induced loss of spiking (middle trace), and
(3) post-hyperpolarization rebound-associated firing (bottom trace). (D) The percentage of
neurons that displayed aberrant firing patterns from each group showing a trend (p=0.056) of
increased aberrant firing events in neurons from HIV-1 Tg rats compared to those from non-
Tg rats (non-Tg, open bar, 16.13%, n=5/31 neurons in 16 rats; HIV-1 Tg, hatched bar,
37.5%, n=12/32 neurons in 11 rats). The inward rectification was reduced in neurons from
HIV-1 Tg rats. (E) Representative traces from a non-Tg (left) or HIV-1 Tg rat (right)
showing membrane hyperpolarization (downward traces from the resting level) in response
to negative current stimuli (—400pA to —25pA). Early state V4, was measured at the time
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point (100ms) indicated by the vertical, dashed lines. The gray rectangle indicates the
difference in Vy, response between neurons from HIV-1 Tg and non-Tg rats. (F) The
current-voltage relationships (/-V curves) are graphed (non-Tg, n=30 neurons in 16 rats;
HIV-1 Tg, n=27 neurons in 10 rats). Neurons from HIV-1 Tg rats (filled circles) displayed
more hyperpolarized V4, in response to negative current steps compared to those from non-
Tg rats (open circles), indicating reduced inwardly flowing cations. Significance is denoted
as follows: *:p<0.025, **:p<0.01, ***:p<0.001.
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Figure 2. Ca?* influx through the voltage-sensitive L-channels is abnormally increased in mPFC
pyramidal neurons from HIV-1 Tg rats, independent of NMDAR

(A) Representative neuronal Ca2* potential traces from a non-Tg or HIV-1 Tg rat. (B, C)
The bar graphs indicate an increase in the Ca?* potential duration and area, reflecting
increased Ca2* influx through VGCCs in neurons from HIV-1 Tg rats compared to those
from non-Tg rats (non-Tg, open bars, n=17-18 neurons in 9 rats; HIV-1 Tg, hatched bars,
n=34-35 neurons in 18-19 rats). (D) Representative neuronal Ca?* potential traces from a
non-Tg or HIV-1 Tg rat before (Ctrl) and after acute treatment with nifedipine (Nif, 5uM) or
cadmium (Cd, 400uM). Acute treatment with Nif reduced Ca?* potentials, and Cd
completely suppressed Ca2* potentials. (E-F) The bar graphs indicate that the increased
duration and area of Ca2* potentials in neurons from HIV-1 Tg rats were significantly
reduced by selective blockade of the L-channels with acute application of Nif in the bath
(non-Tg, n=9 neurons in 8 rats; HIV-1 Tg, n=15 neurons in 11 rats). There was no
significant difference in the Ca2* potential duration or area between neurons from non-Tg/
Ctrl and HIV-1 Tg/Nif. Significance is denoted as follows: *:p<0.05, **:p<0.01,
**%:p<0.001.
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Figure 3. Combined chronic blockade of over-active L-channels and NMDARs ameliorates
hyper-excitability of mPFC pyramidal neurons from HIV-1 Tg rats

(A) The current-spike response curves show that combined chronic blockade of Ca2*
channels with diltiazem and memantine (Dilt/Mem) for 2 weeks abolished the excessive
spiking in neurons from HIV-1 Tg rats (SAL, circles; SAL-non-Tg, n=28 neurons in 15 rats;
SAL-HIV-1 Tg, n=22 neurons in 9 rats; Dilt/Mem, diamonds; Dilt/Mem-non-Tg, n=9
neurons in 5 rats; Dilt/Mem-HIV-1 Tg, n=12 neurons in 4 rats). Note that neurons from Dilt/
Mem-treated HIV-1 Tg rats displayed similar spiking numbers to neurons from SAL-treated
non-Tg rats. Significance is denoted by * for differences between HIV-1 Tg and non-Tg
within treatment, by ~ for differences between SAL and Dilt/Mem within genotype, and by #
for differences between SAL-HIV-1 Tg and Dilt/Mem-Non-Tg. *,#~:p<0.017, ** #: p<0.01.
(B) The bar graphs show that combined chronic blockade of over-active L-channel/ NMDAR
alleviated the abnormal increase of Ca2* influx in neurons from HIV-1 Tg rats. This
improvement was indicated by a reduction in the half amplitude of CaZ* spikes, which
returned to levels similar to that in neurons from SAL-pretreated non-Tg rats (SAL-non-Tg,
open bars, n=22 neurons in 13 rats; SAL-HIV-1 Tg, open hatched bars, n=40 neurons in 19
rats; Dilt/Mem-non-Tg, gray bars, n=18 neurons in 9 rats; Dilt/Mem-HIV-1 Tg, gray hatched
bars, n=22 neurons in 7 rats). Significance is denoted as follows: *:p<0.05, **:p<0.01. (C)
The current-voltage (/-V) relationships indicate that combined chronic blockade of L-
channel/NMDAR did not alleviate the reduced inward rectification in neurons from HIV-1
Tg rats. The /-Vcurve is graphed for the early state (100ms; SAL-non-Tg, n=30 neurons in
16 rats; SAL-HIV-1 Tg, n=27 neurons in 10 rats; Dilt/Mem-non-Tg, n=8 neurons in 4 rats;
Dilt/Mem-HIV-1 Tg, n=13 neurons in 4 rats). Neurons from Dilt/Mem-pretreated HIV-1 Tg
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rats (filled diamonds) still displayed more hyperpolarized V4, in response to negative
currents compared to those from SAL-pretreated non-Tg rats (open circles). Significance is
denoted by * for differences between HIV-1 Tg and non-Tg within treatment, by * for
differences between SAL and Dilt/Mem within genotype, and by ¢ for differences between
SAL-non-Tg and Dilt/Mem-HIV-1 Tg. *A,$:p<0.025, ** $¢: p<0.01, ***: p<0.001.
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Figure 4. Individual blockade of over-active L-channels or NMDARs did not alleviate hyper-
excitability of mPFC pyramidal neurons from HIV-1 Tg rats

(A) The current-spike response curves for neurons from individual memantine (Mem)- or
diltiazem (Dilt)-pretreated HIV-1 Tg rats compared to those form SAL-pretreated HIV-1 Tg
and non-Tg rats. Mem did not induce any significant change in the number of evoked
spiking when compared to neurons from HIV-1 Tg rats pretreated with SAL. Although there
was an apparent reduction in the spike number after individual Dilt pretreatment, it likely
resulted from the aberrant loss of action potentials, displayed in Figure 4B (SAL-non-Tg,
open circles, n=28 neurons in 15 rats; SAL-HIV-1 Tg, filled circles, n=22 neurons in 9 rats;
Mem-HIV-1 Tg, n=10 neurons in 4 rats; Dilt-HIV-1 Tg, n=8 neurons in 4 rats). Significance
is denoted by * for differences between SAL-HIV-1 Tg and SAL-non-Tg, and by ® for
differences between SAL-non-Tg and Mem-HIV-1 Tg. ** 88:p<0.01. (B) A representative
trace displaying a unique aberrant firing event characterized specifically by an apparent and
inconsistent loss of Na* spiking although firing threshold was achieved (denoted by the
arrow). (C) The bar graph shows that this apparent loss of Na* spiking occurred mainly in
neurons from HIV-1 Tg rats after Dilt-pretreatment (non-Tg, 6.45%, n=2/31 neurons in 16
rats; HIV-1 Tg, 12.5%, n=4/32 neurons in 11 rats; Dilt-HIV-1 Tg, 66.67%, n=8/12 neurons
in 4 rats; Mem-HIV-1 Tg, 20%, n=3/15 neurons in 4 rats; Dilt/Mem-HIV-1 Tg, 16.67%,
n=2/12 neurons in 4 rats). (D) The bar graph shows the percentage of neurons that displayed
aberrant firing patterns which were first described in Figure 1 (i.e., spontaneous firing,
overactivation-induced loss of spiking, and post-hyperpolarization-associated firing),
showing again that Dilt-treated HIV-1 Tg neurons mainly exhibited these aberrant events
(non-Tg, 16.13%, n=5/31 neurons in 16 rats; HIV-1 Tg, 37.5%, n=12/32 neurons in 11 rats;
Dilt-HIV-1 Tg, 83.33%, n=10/12 neurons in 4 rats; Mem-HIV-1 Tg, 40%, n=6/15 neurons in
4 rats; Dilt/Mem-HIV-1 Tg, 8.33%, n=1/12 neurons in 4 rats). Note that combined Ca2*
channel blockade (Dilt/Mem) abolished these aberrant firing events.

Neurobiol Dis. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Khodr et al.

Page 24

Potential Therapy:

- \
. ,/" Ca?* influx ‘.‘
£ \
Over- Over-active
driven .- Hiv-1 ... L-channel '||
proteins "t I
NMDAR .- *. HVA -’
k LVA 4 P F
/"K . WJ‘@\
R
disruption of
mPFEC CaZ* homeostasis
Pyramidal ."ﬂ
Neuron dysregulation of

\ neuronal activity /

! | Altered glutamate output \}7

[ Dorsal/ventral ]( —{ midbrain

striatum J >

Figure 5. A hypothesized mechanism by which hyper-excitability of mPFC pyramidal neurons
induced by HIV in a HIV-1 Tg rat model is alleviated by combined chronic treatments of L-
channel blocker and NMDAR antagonist

Over-activation of the L-channel and NMDAR contribute to HIV-induced hyper-excitation
of pyramidal neurons in the mPFC, which could alter excitatory glutamatergic outputs from
the mPFC. This change could consequently affect the function of other vulnerable cortical
and subcortical brain regions altered in neuroAIDS. Combined chronic treatments with
selective L-channel blocker and NMDAR antagonist that preferentially target over-activated
Ca?* permeable ion channels alleviate the mPFC neuronal hyper-excitability in HIV-1 Tg
rats. This novel finding from the present study suggests that combined targeting of over-
active L-channels and NMDARs may be necessary and could provide more effective
therapeutic potential for treating HIV-induced neurocognitive and neuropsychiatric deficits.
The gray box indicates the novel findings from the current study.
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Table 1

Effects of chronic HIV-1 protein expression /n vivo on the membrane properties in rat mPFC pyramidal

neurons.
SAL-non-Tg SAL-HIV-1Tg Dilt/Mem-non-Tg Dilt/Mem-HIV-1 Tg
RMP (mV) -68.8 0.9 -67.0+1.0 -68.8+1.7 -68.3+1.3
Rin (MQ) 1844+101  2211+106% 169.9 + 19.9 203.1+15.1
Rheobase (pA) 88.8 £ 6.0 700+65% 102.8 £10.8 88.5+9.0
Threshold (mV) -40.2 £ 0.6 -39.9+0.6 -399+1.1 -39.6 +0.9
1/2 amplitude duration (ms) 1.08 £ 0.05 1.16 £ 0.05 1.20 £ 0.09 1.31+0.07
Amplitude (mV) 71.1+18 60.9+18° 774+33 67.6+26"
AHP (mV) -16.1+0.6 -15.6 £ 0.6 -16.0+1.0 -14.6 +0.8

Two-way ANOVA. HIV-1 Tg vs. non-Tg:
SAL-HIV-1 Tg vs. Dilt/Mem-HIV-1 Tg:

A significant effect of treatment regardless of genotype was observed for 1/2 amplitude duration (dark gray box).

*

:p<0.05,

*ok

*
:p<0.001;

A
:p<0.05.
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