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Abstract

Methamphetamine (Meth) abuse and human immunodeficiency virus type 1 (HIV-1) infection are
two major public health problems worldwide. Being frequently comorbid with HIV-1 infection,
Meth abuse exacerbates neurocognitive impairment in HIV-1-infected individuals even in the era
of combined antiretroviral therapy. While a large body of research have studied the individual
effects of Meth and HIV-1 envelope glycoprotein 120 (gp120) in the brain, far less has focused on
their synergistic influence. Moreover, it is well-documented that the hippocampus is the primary
site of spatial learning and long-term memory formation. Dysregulation of activity-dependent
synaptic transmission and plasticity in the hippocampus is believed to impair neurocognitive
function. To uncover the underlying mechanisms for increased incidence and severity of HIV-1-
associated neurocognitive disorders (HAND) in HIV-1-infected patients with Meth abuse, we
investigated acute individual and combined effects of Meth (20 uM) and gp120 (200 pM) on
synaptic transmission and plasticity in the CAL region of young adult male rat hippocampus, a
brain region known to be vulnerable to HIV-1 infection. Our results showed that acute localized
application of Meth and gp120 each alone onto the CA1 region reduced short-term dynamics

of input-output responses and frequency facilitation, and attenuated long-term potentiation
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(LTP) induced by either high frequency stimulation or theta burst stimulation. A synergistic
augmentation on activity-dependent synaptic plasticity was observed when Meth and gp120 were
applied in combination. Paired-pulse facilitation results exhibited an altered facilitation ratio,
suggesting a presynaptic site of action. Further studies revealed an involvement of microglia
NLRP3 inflammasome activation in Meth augmentation of gp120-mediated attenuation of LTP.
Taken together, our results demonstrated Meth augmented gp120 attenuation of LTP in the
hippocampus. Since LTP is the accepted experimental analog of learning at the synaptic level,
such augmentation may underlie Meth exacerbation of HAND observed clinically.

Keywords

Methamphetamine; HIV-1gp120; Hippocampal slices; Synaptic transmission; Long-term
potentiation; Microglia; Inflammasome

1. Introduction

Human immunodeficiency virus type 1 (HIV-1) brain infection often provokes cognitive and
behavior deficits collectively termed as HIV-1-associated neurocognitive disorders (HAND)
(Antinori et al., 2007; Saylor et al., 2016) which was characterized by severe cognitive
dysfunction and mortality in the pre-antiretroviral era (Antinori et al., 2007; Navia et

al., 1986). The implementation of combined antiretroviral therapy (CART) has led to a
sharp decline in the mortality attributed to AIDS and dramatically reduced incidence of
severe form of HAND in infected individuals (Heaton et al., 2011; Saylor et al., 2016).

The widespread of cCART has also transformed the HIV-1 infection from a life-threatening
illness to a manageable chronic disease (Heaton et al., 2011). Nevertheless, in the CART
era, viral persistence in brain in a latent or restrict manner continues to play a significant
disease-inciting role. Whilst the most severe form of HAND is now rare, milder forms

of cognitive impairment persist among people living with HIV-1 and prevalence of these
forms of cognitive impairment is in fact on the rise (Heaton et al., 2011; Saylor et al.,
2016). Although the underlying mechanisms remain obscure, several risk factors have

been identified including, but are not limited to, HIV-1 envelope glycoprotein 120 (gp120)-
induced neurotoxicity (Kesby et al., 2015b; Sanchez et al., 2015) and comorbid drug abuse,
in particular, the psychostimulant methamphetamine (Meth) (Lanman et al., 2021; Sanchez
and Kaul, 2017).

The viral protein gp120 has been identified as a potent neurotoxin involved in the

HAND pathogenesis with deleterious effects at concentrations ranging from picromolar to
nanomolar in vitro (Klasse and Moore, 2004; Oh, 1992), or higher (Cummins et al., 2010).
Such potency might be reflexive of its biological relevance in vivo (Gilbert et al., 2003).
Indeed, soluble gp120 at high concentrations has been detected in the peripheral blood and
secondary lymphoid organs of individuals with chronic HIV infection (Santosuosso et al.,
2009), in addition to anti-gp120 antibodies in cerebral spinal fluid of patients with HAND
(Trujillo et al., 1996). Studies have shown that gp120, shed off from HIV-1 virions and/or
released from infected brain cells (Saylor et al., 2016; Smith et al., 2018), on the one

hand, induces neuronal apoptosis, synaptic and dendrite dysfunction (Mclintosh et al., 2015;
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Timilsina and Gaur, 2016); and, on the other hand, causes immune activation and resultant
production of neurotoxic molecules as well as inflammasome-dependent pyroptosis (He et
al., 2020) leading to the development of HAND (Smith et al., 2018). The neurocognitive
impairment and pathophysiological alterations observed in HIV-1-infected individuals can
be attributed to direct and indirect effects of gp120 and are frequently associated with the
use of psychostimulant drugs such as Meth (Chilunda et al., 2019; Kapadia et al., 2005).

Meth is one of the most common abused drugs among individuals infected with HIV-1
(Marquez et al., 2009). Accumulating evidence indicates that Meth abuse not only increases
the risk of HIV-1 infection (Gonzales et al., 2010; Mitchell et al., 2006), but also exacerbates
the cognitive deficits and neurodegenerative abnormalities in HIV-1-infected patients as
well as in gp120 transgenic (gp120-tg) animals (Henry et al., 2013; Hoefer et al., 2015;
Keshy et al., 2015a; Thaney et al., 2018). It has shown that HIV-1 infection and Meth

abuse each alone may cause neuronal injury and cognitive impairment (Larsen et al., 2002;
Mattson et al., 2005). In contrast, they in combination appear to produce more serious
neurocognitive impairment than each alone. Indeed, Meth was found to exacerbate HAND
in HIV-1-infected individuals (Chana et al., 2006; Silverstein et al., 2012). However, the
mechanisms underlying Meth exacerbation of HIV-/gp120-associated cognitive impairment
are incompletely understood.

The hippocampus is one of the most thoroughly investigated brain structure widely believed
to be involved in learning and memory (Bird and Burgess, 2008; Knierim, 2015). Increasing
evidence indicate that impairment of hippocampal structure and function occurs in HIV-1-
infected individuals and Meth abusers, which is associated with cognitive deficits (Castelo
et al., 2006; Kelschenbach et al., 2019; Thompson et al., 2004). It has been shown that
Meth abuse could result in increase of Nod-like Receptor Protein 3 (NLRP3) inflammasome
activation in the hippocampal region of postmortem Meth chronic user (Mahmoudiasl et

al., 2019) and NLRP3 inflammasome activation is involved in Meth- and gp120-associated
neurotoxic activities (Du et al., 2019; He et al., 2020; Walsh et al., 2014; Xu et al.,

2018). To understand how Meth exacerbates HIV-1-associated neurocognitive impairment,
we studied the acute effects of Meth and gp120 on synaptic transmission and plasticity in
rat hippocampal brain slices. Our results showed that Meth and gp120 each alone had an
inhibitory effect on short- and long-term synaptic plasticity in the CA1 region, and this
inhibition was augmented when Meth and gp120 tested in combination. Further studies
revealed a presynaptic site of action and involvement of microglia NLRP3 inflammasome
activation in Meth- and gp120-mediated inhibition of synaptic activity.

2. Materials and methods

2.1

Materials

Full-length HIV-1pyn gp120 (gp120, Clade B) was purchased from Immunodiagnostics, Inc.
(Woburn, MA). Aliguots of gp120 were kept as 100 nM stock solution at =80 °C. The stock
solution was diluted to desired concentrations with artificial cerebrospinal fluid (ACSF) 2-5
min before test. Methamphetamine was purchased from Sigma-Aldrich (St. Louis, MO, Cat
# M-8750) with DEA license # RX0374974. Lipopolysaccharide (LPS, from Escherichia

coli 0111:B4) was also purchased Sigma-Aldrich. Ac-YVAD-CMK was obtained from Enzo
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Life Sciences (Farmingdale, NY). All other chemicals, unless otherwise specified, were
purchased from Sigma-Aldrich.

2.2. Animals

Male Sprague-Dawley rats (16- to 31-day-old) used for this study were purchased

from Charles River Laboratories (Wilmington, MA). Animals were housed at constant
temperature (22 °C) and relative humidity (50%) under a regular light-dark cycle (light on
at 7 am and off at 5 pm) with free access to food and water. All animal use procedures
were strictly reviewed by the Institutional Animal Care and Use Committee (IACUC) of
University of Nebraska Medical Center (IACUC No. 19-085-07-FC).

2.3. Hippocampal slices

Rat hippocampal brain slices were prepared as previously described (Xiong et al., 1996).
Briefly, animals were anesthetized with isoflurane, decapitated, and their brains were
quickly removed from the cranial cavity. The brains were placed into an ice-cold (4

°C) oxygenated artificial cerebrospinal fluid (ACSF) environment. The hippocampi were
dissected free and transverse hippocampal slices (400 um in thickness) were cut using a
tissue chopper. The slices were kept in a humidified/oxygenated interface chamber at room
temperature (22 °C) for at least 1 h before being transferred into a recording chamber. In the
recording chamber, a single hippocampal slice, rested on a nylon mesh ring sat closely to
the bottom of the chamber fully, was submerged in a continuously perfused ACSF solution
at a constant flow rate of 2 ml/min with the use of a peristaltic pump (Rainin Instrument
Co., Woburn, MA). The ACSF contained (in mM): NaCl (124.0), KCI (3.0), CaCl, (2.0),
MgCl, (2.0), NaH,PO, (1.25), NaHCO3 (26.0) and Glucose (10.0), equilibrated with 95%
O, and 5% CO,, had a pH of 7.4-7.5 and an osmolarity of ~305 mOsm. The temperature
of the perfusion was maintained at 30 + 1 °C with an automatic temperature controller
(Warner Instrument Corp., Hamden, CT). Biological reagents were applied onto the slices
and incubated in humidified/oxygenated interface chamber for 1 h prior to conducting
electrophysiology recordings. Experimental timeline is shown in Fig. 1.

2.4. Electrophysiology

Field excitatory post-synaptic potentials (FEPSPs) were generated by test pulses applied
every 20s (low frequency) with a constant current (100-300 pA, 40 ps in duration)
stimulation of Schaffer collateral-commissural axons using an insulated bipolar tungsten
electrode. The stimulation intensity was adjusted to generate approximately 40-50% of

a maximal response. The evoked fEPSPs were recorded with an Axopatch-1D amplifier
(Molecular Devices, San Jose, CA) in the CA1 dendrite field and Clampex 10 (Molecular
Devices) was used for data acquisition. The recording microelectrodes were made from
borosilicate glass capillaries (WPI, Sarasota, FL) with inner filaments that enable quick
back-filling with ACSF (resistance of 1-5 MQ). Electrical signals were filtered at 1.0 kHz
and digitized at 5.0 kHz using a Digidata 1440 interface (Molecular Devices). Data were
stored on a desktop PC and analyzed off-line using pCLAMP 10 software (Molecular
Devices) and OriginPro 2019b (OriginLab, Northampton, MA). To eliminate the possibility
that gp120 and Meth activate inhibitory interneurons, a portion of early experiments were
conducted in the presence of 20 uM picrotoxin, except those testing the effects of Meth/
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gp120 on basal synaptic transmission. To prevent epileptiform activities, a surgical cut was
made between CA1 and CAS3 areas after the slice had been transferred to the recording
chamber.

For LTP experiment, a 30 min-baseline recording was conducted once the adjustment of
stimulation parameters was achieved. High frequency stimulation (HFS, 100 Hz, 500 ms/
train x 3) was delivered 30 min after the start of recording on each slice with an inter-train
interval of 20 s. Each recording trial was an average of 3 consecutive sweeps. The initial
slope of fEPSP was analyzed and expressed in percentage of basal level, i.e., the average

of initial slopes from the first 30 min in HFS and 15 min in theta-burst stimulation (TBS)
were treated as 100%, respectively. In bar graphs, the magnitudes of LTP were quantified as
the average of entire 60 min recordings after HFS and entire 45 min recordings after TBS.
All data were expressed as the mean + standard error of the mean (SEM) unless otherwise
indicated. To mimic physiological condition, the TBS was also employed to induce LTP
(TBS-LTP). The TBS protocol, as described previously (Morgan and Teyler, 2001), was
composed of 5 trains of 4 pulses (100 Hz) at a rate of 1 train per 200 ms and repeated twice
with an interval of 10 s. Like in HFS-LTP, a baseline recording was conducted for 15 min
before TBS stimulation. Changes in LTP were evaluated with the same method as HFS-LTP.

Input-output (1-O) tests were conducted by setting the stimulus intensity to evoke 40—
50% of maximal fEPSPs. The stimulus intensities were from 0.2 mA to 0.8 mA with an
increment of 0.1 mA and resultant fEPSPs were recorded and analyzed. Paired pulse ratio
(PPR) curves were generated by testing the Schaffer-collateral pathway with twin pulses at
a fixed pulse duration of 40 ps with varying inter-pulse interval (IPI) at a 20 ms increment
from 20 ms to 100 ms. The paired pulses were delivered at 20s intervals and 3 consecutive
responses were averaged at each PPR test. The PPR was determined by the initial slope or
amplitude of the second response over the first response in each pair. Since there was no
significant difference between measurements in amplitude and initial slope, the data were
pooled.

Frequency-dependent synaptic plasticity tests were performed at half-maximal fEPSP on
each slice. After 20 min of slice acclimation, a ten-pulse stimulus train at 1.0, 5.0 or 10.0 Hz
was applied to the Schaffer collaterals and the resultant responses were recorded. The slices
were allowed to recover over 20 min before giving a different frequency stimulation. The 10
pulse-burst applied each time was at decreased inter-pulse intervals from 1.0 sto 0.2 s and
then to 0.1 s, respectively. The initial slope from each pulse (2-10th pulses) in the recorded
burst was analyzed and expressed as the percentage of the first pulse (taking the first pulse
as 100%). The frequency facilitation (FF) of synaptic responses from the same experimental
group at the same time point were analyzed and graphed.

2.5. Western blot analysis

Following treatment of reagents for 4 h, rat hippocampal slices were harvested for

Western blot analysis. The lysates of brain tissue were prepared using RIPA lysis buffer
(Thermo Fisher Scientific, Waltham, MA) supplemented with a protease inhibitor cocktail
(Thermo Fisher Scientific). After quantification of protein concentrations with BCA protein
assay kit (Thermo Fisher Scientific), 15 ug of total protein was loaded onto 8-12% SDS-
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polyacrylamide gels, followed by the protocol as previously described (Liu et al., 2017; Xu
et al., 2018). The primary antibodies used were BCL2-associated X protein (Bax; 1:500;
Cell Signaling Technology), B cell lymphoma 2 (Bcl-2;1:1000; Cell Signaling Technology),
caspase-1 (1:500; Santa Cruz), Iba-1 (1:500; FUJIFILM Wako), IL-1p (1:2500; Abcam),
NLRP3 (1:500; Novushio), ASC (1:500; Santa Cruz), caspase-8 (cas8; 1:500, Cell Signaling
Technology), GAPDH (1:20000; Sigma), and p-actin (1:5000; Sigma). The immunoblots
were detected by an enhanced chemiluminescence (ECL) system (Thermo Fisher Scientific)
and imaged by the FluorChem M system (ProteinSimple, Santa Clara, CA). Band densities
of labeled proteins were measured by ImageJ software (NIH, Bethesda, MD). The slices
used for Western blotting study were not subjected to LTP experiments, but they were
harvested in the same way as were for LTP experiments.

Immunofluorescence staining

After treatment with Meth and/or gp120 for 4 h, rat hippocampal slices were collected

into 4% freshly made PFA (dissolved in 0.01 M PBS) overnight at 4 °C. Next day, the

slices were moved into 10% sucrose for fixation until sinking to the bottom of EP tubes,
followed by 20% and 30% sucrose in sequence in the same way. Then the optimum cutting
temperature (O.C.T.) compound (Tissue-Tek® 4583, Sakura) was used to embed the slices
on dry ice. Coronal sections of hippocampal embedded mass were cut at 10-20 pm in
thickness using a freezing microtome (CM1850, Leica). After post-fixation in 4% PFA

for 30 min, sections were washed with 0.01 M PBS three times, permeabilized in 0.01

M PBS containing 0.02% Triton X-100 (PBST) for 20 min, and then blocked in PBST
containing 10% goat serum for 30 min at room temperature. Sections were then incubated in
a humidified chamber overnight at 4 °C with the primary antibody (anti-CD11b: 1:200, AbD
MCAZ275G; anti-lba-1: 1:200, Wako 019-19,741; anti-ASC: 1:50, sc-514,414) in PBST with
10% goat serum. Next day, the sections were washed three times with PBST, followed by
incubation 1 h with the secondary antibody (goat anti-mouse 1gG H&L (Alexa Fluor® 488),
1:1000, ab150077; goat anti-mouse 1gG H&L (Alexa Fluor® 594), 1:1000, A-11032; goat
anti-rabbit 1IgG H&L (Alexa Fluor® 488), 1:1000, A-11034) in PBST solution at room
temperature. Then 4”,6-diamidino-2-phenylindole (DAPI; 1:10000, Invitrogen™ D1306) in
0.01 M PBS was used to stain nuclei for 10 min. Finally, each slide was aspirated with

the reagents and covered by a coverslip under the Fluoroshield Mounting Medium (P36934;
Thermo Fisher Scientific). Images were acquired from the region of dentate gyrus by a
confocal microscope (LSM 710; Zeiss). 10 regions of hippocampal slides in 4 rats were
analyzed for each group, and quantified by ImageJ software (NIH, Bethesda, MD).

2.7. Statistical analyses

Statistical analyses were performed using GraphPad® Prism 9.0 (GraphPad Software, San
Diego, CA). All data were graphed, and analyzed using one-way or two-way ANOVA,
followed by Tukey’s multiple comparisons test to determine significant group differences.
Values were expressed as mean + SEM and p <0.05 was considered statistically significant.
A portion of study on individual effect of Meth (7= 8) and gp120 (7= 6) on LTP were
conducted in the presence of picrotoxin (20 uM) in the perfusate. Compared with the results
of Meth (n=14) and gp120 (n = 14) on LTP in the absence of picrotoxin in the perfusate,
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there were no significant difference (p> 0.05). These data were combined for statistical
analyses.

3. Results

3.1.

3.2.

Meth and gp120 inhibition of synaptic transmission in rat hippocampal slices

While the combined effects of Meth exposure and gp120 on synaptic function were
examined in gp120 transgenic (gp120-tg) rodents, few studies have investigated their acute
effects in the central nervous system (CNS). To explore their acute effects on synaptic
transmission in the CNS, we examined I-O responses by electrical stimulation of Shafer-
collateral fibers and recording of resultant fEPSPs in the CA1 dendritic field, using a
protocol with a fixed IPI and variable stimulus current intensities from 0.2 mA to 0.8 mA in
a 0.1 mA increment. Application of Meth (20 pM) and gp120 (200 pM) each alone onto the
CA1 region of hippocampal slices significantly reduced average initial slopes at all stimulus
intensities tested when compared with the average initial slope in control group (F21, 605
=7.948, P<0.001, Fig. 2). The average initial slope was further reduced when Meth and
gp120 were administered in combination (Fig. 2). The reduction was statistically significant
when compared with either Meth alone (£ 7, 9.8 < 0.05) or gp120 alone (Pyg 0.7 <0.05, Ao g
< 0.01) at different stimulus intensities, demonstrating synergistic effects of Meth and gp120
inhibition of synaptic transmission n

Meth augmentation of HIV-1 gp120 inhibition of LTP

Neurocognitive deficits tend to be worse in HIV-1-infected individuals with Meth abuse
and the underlying mechanisms remain obscure. To explore the potential mechanisms for
Meth exacerbation of neurocognitive deficits seen in HIV-1-infected individuals, we studied
the effects of Meth (20 uM) and gp120 (200 pM) each alone and in combination on HFS-
induced LTP in the CA3-CA1 synapses in rat hippocampal slices because memories are
believed to be encoded by modification of synaptic strength and LTP is widely considered
as one of the major cellular mechanisms underlying learning and memory. As shown in
Figs. 3A-B, employment of the HFS protocol produced a robust LTP in untreated slices
(control). The average magnitude of LTP was 237.68 + 9.88% of baseline (Fig. 3C, Mean

+ SEM, n=23). Application of Meth and gp120 individually reduced LTP magnitudes to
156.35 + 7.64% (n=22) and 171.48 + 6.89% (1= 20), respectively. The difference for
each test was statistically significant compared to control (Pyetn < 0.05, FAgp120 < 0.001).
Application of Meth and gp120 in combination produced further significant reduction on
LTP magnitude to 123.48 + 4.09% (p < 0.05 vs Meth; p < 0.001 vs gp120, n = 20),
demonstrating Meth potentiation of gp120-induced inhibition of LTP. Since Meth abuse
could result in an increase of NLRP3 and induction of inflammation in the hippocampus

of Meth users, we examined whether NLRP3 inflammasome activation was involved in

the combined effects of Meth and gp120 on LTP. Local application of Ac-YVAD-CMK, a
Caspase 1 inhibitor for 1 h significantly attenuated the combined effects of Meth and gp120
on LTP, indicating that activation of NLRP3 inflammasome was involved in the combined
effects of Meth and gp120 on the inhibition of LTP. (Fig. 3C, 7= 10). To mimic the
stimulation under physiological condition, we employed widely used theta-burst stimulation
(TBS) protocol and tested effects of Meth and gp120 on TBS-induced LTP. Likewise, TBS
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also produced a robust LTP in the hippocampal slices (Fig. 3D). Meth and gp120 attenuated
the average LTP magnitudes to 150.58 + 28.14% (7= 6) and 156.09 + 17.02% (n = 6)

of baseline, respectively (Fig. 3E). In comparison to the LTP magnitude 273.94 + 13.96%
of baseline in control (n=5), the differences were statistically significant (v < 0.001).
Application of Meth and gp120 in combination further reduced LTP magnitude to 123.19 +
8.46% of baseline (7= 7). Compared with the LTP magnitudes when Meth and gp120 were
applied alone, the difference was statistically significant between Meth+gp120 and gp120
groups (p < 0.05), but not between Meth+gp120 and Meth groups (p > 0.05), demonstrating
a synergic effect of Meth and gp120 on LTP in the hippocampal slices.

3.3. Meth- and gp120-alteration of paired-pulse ratio (PPR)

To understand the site of action of Meth and HIV-1 gp120 on synaptic transmission, we
measured the PPR, the ratio of the fEPSP initial slope (or amplitude) of the second response
over the first one. Paired-pulse stimulation with different IPIs produced robust responses in
control slices as shown in Fig. 4A. Meth significantly increased PPR with stimulation IPIs
of 40 ms (1.93 £ 0.05, 7= 20 vs control: 1.63 + 0.03, n = 20, P< 0.01; Figs. 4A-C), 60 ms
(1.82 £ 0.05, n =20 vs control: 1.57 + 0.03, n = 20, < 0.05; Fig. 4B) and 100 ms (1.67
+0.02, n =20 vs control: 1.42 £ 0.02, n= 20, P< 0.05; Fig. 4B), while gp120 produced
significant increase of PPR only in the IPI of 40 ms when compared to the control group
(gp120: 1.89 £ 0.04, n= 20 vs control: 1.63 + 0.03, n = 20, £< 0.05; Figs. 4A—-C). These
results suggested a presynaptic site of action for Meth and gp120. The PPR was further
increased when Meth and gp120 were applied in combination, illustrating an augmented
effect of Meth and gp120 on the PPR.

3.4. Effects of Meth and gp120 on frequency-dependent synaptic responses

In monosynaptic transmission, the magnitude of the postsynaptic responses evoked by
pre-synaptic stimulation is intrinsically dependent on stimulation frequency (Markram et
al., 1998). To examine whether Meth and gp120 alter frequency-dependent short-term
synaptic plasticity in CA3-CA1 synapses, we recorded the fEPSPs elicited by a stimulation
paradigm of ten-pulse train at the frequency of 1, 5 and 10 Hz, respectively (Fig. 5A).

The responses evoked by the consecutive pulses in the train were quantified as the percent
change of each of the nine consecutive fEPSPs with respect to the first fEPSP. Meth and
gp120, applied alone or in combination, reduced the frequency-associated facilitation of
synaptic response as reflected by the decrease of fEPSP slope at different frequencies (1
Hz: F27 666 = 1.53, P<0.05; 5 Hz: F27, 666 = 1.31, > 0.05; 10 Hz: Fo7, 657 = 6.49, P

< 0.001; Figs. 5B-D). At the tenth pulse of 10 Hz the reduction of frequency-associated
facilitation of synaptic response was statistically significant compared to the control at 10
Hz (Pvieth, Meth+gp120 < 0.001, Pyp120 < 0.05, Fig. 5E), illustrating Meth and gp120 reduction
of frequency-dependent synaptic response in the hippocampal brain slices. When applied
in combination, Meth and gp120 were found to further reduce frequency facilitation of
synaptic responses when compared to Meth alone at the frequency of 5 Hz (Meth+gp120:
145.15 £ 7.41%, n= 18 vs Meth: 175.1 £ 7.70%, n = 20, p <0.01) or gp120 alone at 10 Hz
(Meth+gp120: 151.48 + 5.98%, n = 18 vs gp120: 184.53 + 11.93%, n = 20, p< 0.05).
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3.5. Activation of microglia in the hippocampus by Meth and gp120 in combination

3.6.

Ample evidence indicates that microglia activation and resultant proinflammatory responses
alter neuronal and synaptic function in the brain. To determine potential involvement of
microglia activation in Meth- and gp120-associated inhibition of synaptic plasticity, we
examined whether acute application of Meth and gp120 in the CA1 region produced
microglia activation and resultant production of IL-1p in rat hippocampal slice. As shown
in Figs. 6A-D, Meth and gp120 each alone induced microglia activation evidenced by an
increase of CD11b/DAPI double positive cells in the hippocampus when compared to the
control group (Aveth < 0.01; Pyp120 < 0.05). Most notably, remarkable increase in microglia
activation was observed when Meth and gp120 were applied in combination (P < 0.001).
The observed increase of microglia activation was in consistent with immunostaining,
western blot results that the expression of Iba-1 protein, a microglia marker, and prolL-1p,
a product of inflammatory response, were significantly upregulated by Meth and gp120
applied in combination (Figs. 6D—F). Application of LPS (100 ng/ml), a potent activator

in inducing microglia activation, onto slices as a positive control also produced significant
enhancement of the expression levels of Iba-1 and prolL-1p (Figs. 6D—F). To examine the
potential involvement of inflammasome in Meth- and gp120-mediated microglial activation,
a highly selective and irreversible caspase-1 inhibitor Ac-YVAD-CMK (10 uM) (Garcia-
Calvo et al., 1998) was applied onto the hippocampus slices 1 h prior to the application

of Meth+gp120. Under this experimental condition, microglial activation was markedly
suppressed as evidenced by reduced expression levels of pro-I1L-1p and Iba-1 (Figs. 6E-F,
Piba-1 < 0.001, A 1 < 0.01), suggesting the involvement of inflammasome in Meth- and
gpl20-associated microglial activation.

Involvement of NLRP3 inflammasome in microglial activation induced by combined

treatment of Meth and gp120

After observation on caspase-1 inhibitor Ac-YVAD-CMK suppression of microglia
activation, we further analyzed the expression levels of inflammasome composition proteins
by western blot and examined the adaptor protein ASC oligomerization in microglia using
immunofluorescent staining. As a critical component of the inflammasome, ASC protein
was found to aggregate, appearing as “speck”-like spots located at the nuclear periphery

in microglia treated with Meth and gp120 (Fig. 7A). Such an aggregated ASC was only
observed after treatment with Meth and gp120 in combination, but not in each treated alone,
indicating the aggregation of inflammasome platform following treatment of Meth and
gp120. To further examine the protein expression levels of inflammasome components, we
also conduct western blot assay on hippocampal slices and exemplary gels were exhibited in
Fig. 7B. As shown in Figs. 7D-E, upregulated levels of NLRP3, ASC and procaspase-1
were evident in Meth+gp120 group compared to the gp120-treated group (v < 0.05),

and Meth-treated group (p < 0.05), respectively, indicating an involvement of NLRP3
inflammasome in microglia activatiion induced by Meth and gp120 applied in combination.
LPS was tested as a positive control (Figs. 7B-E),
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4. Discussion

Meth abuse and HIV-1 infection are two global public health issues. Being frequently
comorbid with HIV-1 infection, Meth abuse exacerbates neurocognitive deficits in HIV-1-
infected patients even in the era of CART (Chana et al., 2006; Chilunda et al., 2019; Kesby et
al., 2015b). While many studies have investigated the individual effects of Meth and gp120
in the brain (Goldstein and Volkow, 2011; Thompson et al., 2004), far less has been focused
on their synergistic influence. In the present study, we examined acute effects of Meth

and gp120, when applied individually or in combination, on short- and long-term synaptic
plasticity in the CA1 region of hippocampal slices prepared from young adult male Sprague-
Dawley rats. Our results demonstrated that: (i) Meth and gp120 each alone attenuated short-
and long-term synaptic plasticity as reflected by a decrease of 1/0 responses, a decline

of fEPSP slope percentage in frequency tests, and a reduction on the magnitude of LTP
induced by HFS and TBS in the presence of picrotoxin, a GABA receptor antagonist;

(if) Meth augmented gp120-associated attenuation of short-and long-term synaptic plasticity
when applied in combination; (iii) Meth and gp120 increased paired-pulse facilitation ratio,
suggesting a presynaptic site of action; (iv) Meth and gp120 each alone or in combination
induced significant microglia NLRP3 inflammasome activation in the hippocampus as
revealed by increased expression levels of prolL-1B, NLRP3, ASC and procaspse-1; (V)
application of Ac-YVAD-CMK, a potent and irreversible inhibitor of the inflammatory
enzyme caspase-1 (Garcia-Calvo et al., 1998) blocked Meth+gp120-mediated attenuation

of LTP, indicating an involvement of NLRP3 inflammasome activation in Meth- and gp120-
associated attenuation of short- and long-term synaptic plasticity in the hippocampus.

The hippocampus has been a major brain system for studies of synaptic plasticity in the
context of putative information-storage mechanisms in the brain. It is one of the most
intensively investigated structure in the brain and activity-dependent synaptic plasticity is a
prominent feature of hippocampal synapses. The most studied form of activity-dependent
synaptic plasticity in the hippocampus is LTP, a widely accepted model linking synaptic
plasticity with learning and memory (Neves et al., 2008; Takeuchi et al., 2014), although
other forms of activity-dependent plasticity have also been found (Abraham et al., 1985;
Dudek and Bear, 1992). Ample evidence indicates that the hippocampus is the primary

site of spatial learning and long-term memory formation (Abraham et al., 2019; Brace et
al., 1985). Alteration of hippocampal LTP induction may lead to impairment of learning
and memory (Brace et al., 1985). To understand the mechanisms for Meth exacerbation of
HAND seen in HIV-1-infected individuals with Meth abuse, we investigated acute effects
of Meth and gp120 on synaptic transmission and plasticity in CA3 to CAL synapses in the
hippocampus, a brain region known to be vulnerable to HIV-1 infection (Kallianpur et al.,
2013). Our results showed that localized application of Meth and gp120 each alone onto
the CA1 region of the hippocampal slices reduced 1-O responses and frequency facilitation,
increased paired-pulse facilitation ratio, and attenuated LTP induced by HFS as well as by
TBS. A synergistic augmentation on inhibition of synaptic transmission and plasticity was
observed when Meth and gp120 were applied in combination. Alteration on paired-pulse
facilitation ratio suggests presynaptic involvement in Meth- and gp120-mediated effects. The
reduction of I-O responses and frequency facilitation is indicative of dysfunction of synaptic
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transmission whereas the attenuation of LTP implies an impairment of learning and memory.
The synergistic effects of Meth and gp120 revealed in this study may represent a potential
mechanism, at least in part, for Meth-associated exacerbation of HAND observed clinically,
even in the era of cART, in HIV-1-infected individuals with Meth dependence (Carey et al.,
2006; Chana et al., 2006; Silverstein et al., 2012).

Much of the neurotoxicity associated with HIV-1 brain infection has been attributed to the
effects of viral envelope protein gp120 shed off from infected cells. It has been demonstrated
that gp120 causes neural cell apoptosis (Jana and Pahan, 2004) and oxidative stress (Price

et al., 2005), disrupts blood-brain barrier (BBB) (Kanmogne et al., 2007) and induces
neuroinflammation (Louboutin et al., 2010), ultimately leading to cognitive impairment and
pathogenesis of HAND. In contrast to gp120, the neurotoxic effects of Meth, although well-
studied, are not well-defined (Loftis and Janowsky, 2014; Shaerzadeh et al., 2018). While a
plethora of research has investigated individual neurotoxic effects of gp120 and Meth in the
brain, few have been done on their synergic influence on synaptic transmission and plasticity
(LTP). In this study we observed that gp120, when applied alone, attenuated hippocampal
LTP, which is consistent with the findings that gp120 inhibited short- and long-term
potentiation in the hippocampus when applied acutely onto the hippocampal slices (Dong
and Xiong, 2006; Shen et al., 2015), administered to the brain via intracerebroventricular
infusion (for 3-5 days) (Sanchez-Alavez et al., 2000), or overexpressed in the brain in
gp120-transgenic animals (Hoefer et al., 2015; Krucker et al., 1998). We also observed that
Meth reduced LTP when applied acutely, which is in agreement with the results that Meth
reduced LTP recorded either in the CAL region of mouse hippocampus in vitro (Swant et al.,
2010) and rat hippocampus ex vivo (Hori et al., 2010; Onaivi et al., 2002) or in the dentate
gyrus in vivo in reinstated rats (Shahidi et al., 2019), along with the findings observed in

the medial portion of the prefrontal cortex (Ishikawa et al., 2005) and in the cortical-striatal
region of rats with self-administration of Meth (Huang et al., 2017). In addition to its
suppressive effect, Meth was also found, when administered for a long-term with a low dose,
to enhance LTP in differentiating and mature mouse dentate gyrus neural cells (Baptista et
al., 2016). Nevertheless, limited studies have been done on their combined effects on LTP

in the hippocampus. Current literature search on PubMed displayed only one publication
investigated the combined effect of Meth and gp120 on LTP in HIV gp120-tg animals and
that study demonstrated Meth enhanced gp120 reduction on LTP and impaired learning and
memory (Hoefer et al., 2015). The results from that study can be utilized as a validation of
acute effects of Meth and gp120 we observed in vitro in an animal model in vivo, solidifying
Meth augmentation of gp120-associated attenuation of LTP in the hippocampus.

Mounting evidence indicates that Meth abuse exacerbates HAND in HIV-1-infected
individuals (Carey et al., 2006; Chana et al., 2006). Animal models of neuroAIDS revealed
that gp120 protein per se can cause cognitive impairment (Henry et al., 2013; Hoefer et al.,
2015; Kesbhy et al., 2015b). Furthermore, a cross-species study demonstrated that HIV in
humans and gp120 in mice impaired learning and executive functions which were worsened
by Meth abuse in both species (Kesby et al., 2015b). Although exact mechanisms for

Meth exacerbation of HIV/gp120-associated neurocognitive impairment remain ambiguous,
various possibilities have been proposed including, but are not limited to, oxidative stress
(Shah et al., 2013; Teodorof-Diedrich and Spector, 2020), microglia activation and resultant
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neural injury (Chilunda et al., 2019; Liu et al., 2017; Xu et al., 2018), disruption of the
blood-brain barrier (Mahajan et al., 2008; Ohene-Nyako et al., 2021) and synaptodendritic
dysfunction and damage in the adult cortex and hippocampus (Hoefer et al., 2015; Thaney
et al., 2018). Our results showed the synergic effect of Meth and gp120 on LTP was
significantly attenuated by Ac-YVAD-CMK, a potent and irreversible inhibitor of the
inflammatory enzyme caspase-1 (Garcia-Calvo et al., 1998). As the inflammasome consists
of NLRP3 (receptor sensor), ASC (bridge protein) and Procaspase-1 (IL-1 converting
enzyme), the Ac-YVAD-CMK-mediated attenuation of the synergic effect of Meth and
gp120 on LTP suggests an involvement of NLRP3 inflammasome activation on Meth-

and gp120- associated inhibition of LTP. Further studies revealed that Meth and gp120
induced microglia activation (Fig. 7) and increased the expression levels of Iba-1 and
prolL-1p. The prolL-1p can be cleaved into IL-1p by caspase-1 and the elevated IL-1p
may contribute to Meth and gp120-associated inhibition of LTP in the CAL region of the
hippocampus. This assumption is based on the fact that IL-1p receptors are present at high
levels in the hippocampus (Parnet et al., 1994) and hippocampal LTP was impaired via
mechanisms associated with microglial activation and IL-1p activity (Hoshino et al., 2017b;
Hoshino et al., 2021). Indeed, many studies have demonstrated that IL-1p inhibits LTP

in the hippocampus (Bellinger et al., 1993; Hoshino et al., 2017a; Katsuki et al., 1990;
Schneider et al., 1998). In view of the results observed by others mentioned above and
combined with our previous data that Meth induced inflammasome activation and increased
production of IL-1p (Xu et al., 2018) and potentiated gp120-induced microglial activation
in primary microglial cell cultures (Liu et al., 2017), we argue that Meth enhancement of
gpl20-associated microglial inflammasome activation may contribute to, at least in part,
their inhibitory effects on synaptic transmission and plasticity in the hippocampus in vitro
although further experiments are needed to test this argument.

It is worth pointing out that male rats were used in thw present study. Although estrous
cycles might cause data variability the lack of including female animals in this study might
cause unintentionally biased results because sex differences might exist in responding to
Meth and gp120 challenges. Thus, the findings reported in this study might have a limitation
in applying to both sexes. It is also worth pointing out that young adult animals were
employed for the studies. The reason for choosing young adult animals was to minimize
potential hypoxic/anoxic and surgical brain tissue damage because young animals are
relatively more resistant to hypoxia/anoxia and easier for surgical dissecting brain out of
cranial cavity. The results obtained from these young adult animals might have a limitation
in implicating HIV-associated diseases in adulthood patients as well.

5. Conclusions

The present study demonstrated that Meth and gp120 each alone, when applied acutely,
had an inhibitory effect on short-term and long-term synaptic plasticity in the CA1 region
of rat hippocampal slices as revealed by tests on 10 responses, frequency facilitation and
LTP. Meth augmented gp120 inhibition of synaptic plasticity when applied in combination.
Changes in paired-pulse facilitation suggest presynaptic involvement in Meth- and gp120-
associated actions. The synergic effects of Meth and gp120 on LTP was blocked by
Ac-YVAD-CMK, a potent inhibitor of the inflammatory enzyme caspase-1, suggesting an
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involvement of NLRP3 inflammasome activation in Meth augmentation of gp120 reduction
of LTP in the hippocampus. The results obtained in the present study may implicate a
potential mechanism, at least in part, for Meth-associated exacerbation of HAND observed
in HIV-1-infected individuals with Meth dependence in the era of CART.
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Fig. 1.

E)?perimental timeline. a. After harvesting the slices were allowed to recover for 1 h

in an interface incubation chamber before being selected for experimental treatments.

b. Slices were treated for 1 h, unless otherwise stated, with Meth and gp120 each

alone, or Meth+gp120, Meth+gp120+ Ac-YVAD-CMK before being used electrophysiology
experiments. c. Slices were treated for 4 h with Meth, gp120 and LPS each alone,

or Meth+gp120, Meth+gp120+ Ac-YVAD-CMK before being collected for IHC and/or
Western blot experiments.
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Fig. 2.

Inhibitory effects of Meth and HIV-1 gp120 on synaptic transmission in the CA1 region of
rat hippocampal slices.
Upper panel: Representative input-output traces of superimposed fEPSPs, evoked by twin-
pulse stimuli (10 ps in duration, 40 ms inter-pulse interval) at various intensities ranging
from 0.2 to 0.8 mA with an increment of 0.1 mA, were recorded from hippocampal slices
with different treatments as indicated. Each trace shown was an average of consecutive 3
evoked fEPSPs. Lower panel: Averaged input-output curves generated by plotting fEPSP
initial slope of the first pulse against the stimulus intensities ranging from 0.2 to 0.8 mA
as shown in A. Note that Meth and gp120 each alone significantly decreased the slopes
of fEPSP evoked by stimuli with all different intensities. Combined application further
deceased the fEPSP slope at stimulus intensity of 0.7 mA compared to Meth alone, and at
0.6 mA, 0.7 mA and 0.8 mA compared to gp120 alone. Data represent mean £ SEM with n
=20 in each group and are analyzed using two-way ANOVA followed by Tukey’s post hoc
test. **P < 0.01, ***P< 0.001 vs. control, £ < 0.05 vs. Meth. £P< 0.05, 24P < 0.001 vs.
gp120.
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Fig. 3.

Meth augments HIV-1 gp120 inhibition of long-term potentiation (LTP) induced by either
high-frequency stimulation (HFS) or theta-burst stimulation (TBS). Panel A shows the
representative fEPSPs taken at the time points of a (base line, in black) and 6 (50 min

after HFS, in red) at different experimental condition as shown in Panel B. Panels B and D
illustrate the time courses and average magnitudes of LTP recorded in the Schaffer-collateral
to CAL synapses induced by HFS (B) or TBS (D) under different experimental conditions
as indicated. Note that the time course and average magnitudes of LTP for Meth+gp120

+ Ac-YVAD-CMK group were not shown in Panel B due to over-crowed curves and
overlap. Panels C and E are summarized bar graphs for Panels B and D respectively,
showing that Meth and gp120 each alone significantly reduced the magnitude (an average
of 60 min LTP) of LTP induced by HFS (C) and TBS (E). However, Meth augmented

gp120 reduction of LTP magnitude when tested in combination. Addition of caspase 1
inhibitor Ac-YVAD-CMK blocked Meth-associated augmentation of gp120 reduction on
LTP magnitude, suggesting an involvement of inflammasome in such an augmentation.
Sample size (n) in groups of HFS and TBS (in brackets): Control 23 (5), Meth 22 (6), gp120
20 (6), Meth+gp120 20 (7), Meth+gp120 + Ac-YVAD-CMK 10. Data represent the mean
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+ SEM and are analyzed using one-way or two-way ANOVA followed by Tukey’s multiple
comparisons test. ***P < 0.001 vs. control, #P< 0.01, ##P < 0.001 vs. Meth+gp120.
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Meth- and gp120-induced alteration of PPR.

Effects of Meth and gp120 on PPR were tested at the Schaffer-collateral to CAL synapses
in the hippocampal slices. fEPSPs were elicited by paired-pulse stimulation (10 ps in
duration, 200 YA in intensity) with varying inter-pulse interval (IPI) from 20 to 100 ms
with an increment of 20 ms. The PPRwas calculated by dividing the initial slope (or

peak amplitude) of the first fEPSP from that of the second fEPSP. (A) Representative
superimposed traces of fEPSPs recorded at indicated experimental conditions in response to
paired-pulse stimulations with different IPIs. (B) Line graph plots the magnitudes of PPRs
against IPIs. Note a decrease in second responses as IPI increase starting from 40 ms. (C)
Bar graph shows the PPRs at 40 ms IPI in different experimental conditions. Note Meth and
9120 each alone increased PPR and a further significant increase in PPR was observed when
Meth and gp120 was tested in combination, illustrating a presynaptic site of action. Data
represent the mean £ SEM with n = 20 in each group and were analyzed using two-way
ANOVA (B) and one-way ANOVA followed by Tukey’s post hoc test (C). *£< 0.05, **P<
0.01, ***P < 0.001 vs. control, #P< 0.05, # P < 0.01, ##P < 0.001 vs. Meth+gp120.
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Meth- and gp120-associated alteration of frequency facilitation (FF) of synaptic responses.
The influence of Meth and gp120 on FF of synaptic responses were examined in the

CAL region of hippocampal slices. Comparisons were made among frequency responses
generated in response to a 10-pulse stimulation (10 ps in duration, 0.2 mA in intensity,)

at 1.0 Hz, 5.0 Hz and 10.0 Hz. The degree of facilitation was expressed as the percentage
of initial slopes of the 2-10th pulses over the first one (regarding the first pulse as 100%).
(A) Exemplary FF recordings at the frequency of 10 Hz from four experimental conditions.
Each trace shown was an average of consecutive 3 evoked fEPSPs. (B), (C) and (D) are line
graphs exhibiting average normalized fEPSP slopes at the corresponding frequency of 1 Hz,
5 Hz, and 10 Hz. Note significant reductions of FF in some pulses in Meth+gp120 group
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(n=18) compared to control (n = 20). (E) Summary data of tenth fEPSP slopes obtained

at four distinct experimental conditions with different stimulation frequencies. Note that at
10 Hz, Meth (n = 20) and gp120 (n = 20), applied alone or in combination, decreased FF
dramatically when compared with gp120 alone, demonstrating Meth and gp120 impairment
of FF in the hippocampus. Data represent the mean + SEM and are analyzed using two-way
ANOVA followed by Tukey’s post hoc test. *P< 0.05, **P< 0.01, ***P < 0.001 vs. control,
##p<0.01 vs. Meth, 2P< 0.05, 24P < 0.01 vs. gp120.
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Fig. 6.

Meth- and gp120-induced microglial activation in hippocampal slices.

(A) Immunostaining displays expression of CD11b, a marker of microglial activation, in
the rat hippocampal slices in experimental groups as indicated. The right two images
(vertical) in each group were the images of CD11b staining (green, upper) and DAPI
staining (blue, lower). The left image (larger in size) in each group was an enlarged

photo with CD11b-staining image and DAPI-staining image superimposed. Images were
visualized by fluorescent microscopy at x20 original magnification. Scale bar equals 50 pm.
(B) Representative images, from each group shown in (A), were visualized by fluorescent
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microscopy at x40 original magnification. Scale bar equals 20 pm. (C) Bar graph exhibiting
quantification of CD11b*/DAPI™ cells showed that microglial activation was significantly
potentiated by Meth and gp120 applied in combination (M+g). /= 10 in each group (4
independent experiments). (D) Exemplary bands of western blot analysis illustrated the
expression levels of Iba-1 and prolL-1p. (£-F) Bar graphs showing band densitometry data
in (n= 8 in each group, 4 independent experiments). Application of Meth and gp120

each alone significantly (p < 0.01) increased the expression levels of Iba-1 and prolL-1p.
However, a more significant increase (0 < 0.001) was observed when applied in combination
(M+g). Note that pretreatment of slices with caspase-1 inhibitor Ac-YVAD-CMK (10 pM)
for 1 h blocked the combined effect of Meth and gp120 (M+g+A). Lipopolysaccharide
(LPS, 100 ng/ml) was tested as a positive control. Data are presented as mean + SEM and
analyzed by one-way ANOVA followed by Turkey’s post hoc test. * p< 0.05, **p < 0.01,
***p < 0.001 vs. control, #p < 0.01, ##P < 0.001 vs. Meth+gp120.
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Fig. 7.

In\g/olvement of NLRP3 inflammasome in synergic microglial activation by Meth and gp120.
(A) Representative immunofluorescence images taken from hippocampal slices in four
groups with different treatments as indicated. ASC/Iba-1/DAPI triple positive cells were
spotted in slices treated with Meth and gp120 in combination, but not in slices treated with
each alone. Scale bar equals 20 um. (B) Exemplary band of western blot analysis showing
the expression levels of NLRP3, ASC and pro-caspase-1. (C-E) Band densitometry data
from 4 independent experiments, normalized with the controls, showed Meth and gp120 in
combination (M+g) upregulated the expression levels of ASC (n =5, compared to gp120
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alone) and procaspase-1 (n = 8, compared to Meth and gp120 each alone). Pretreatment of
slices with caspase-1 inhibitor Ac-YVAD-CMK (10 uM) for 1 h significantly blocked the
up-regulatory effects of Meth and gp120 on inflammasome complex expression (M+g+A).
LPS (100 ng/ml) was used as a positive control. Data are presented as mean + SEM and
analyzed using one-way ANOVA followed by Tukey’s post hoc test. *£< 0.05, **P< 0.01,
**% P < 0,001 vs. control, £ < 0.05, #P < 0.01 vs. Meth+gp120.
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