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Abstract

In the era of combined antiretroviral therapy (cART), human immunodeficiency virus type 1 

(HIV-1) is now considered a chronic disease that specifically targets the brain and causes HIV-1-

associated neurocognitive disorders (HAND). Endocannabinoids exhibit neuroprotective and anti-

inflammatory properties in several central nervous system (CNS) disease models, but their effects 

in HAND are poorly understood. To address this issue, whole-cell recordings were performed on 

young (14 – 21 day old) C57BL/6J mice. We investigated the actions of the synthetic cannabinoid 

WIN55,212-2 (1 μM) and the endocannabinoid N-arachidonoyl ethanolamine (anandamide; AEA, 

1 μM) in the presence of HIV-1 Tat on GABAergic neurotransmission in mouse prefrontal cortex 

(PFC) slices. We found a Tat concentration dependent (5 – 50 nM) decrease in the frequency and 

amplitude of miniature inhibitory postsynaptic currents (mIPSCs). The cannabinoid 1 receptor 

(CB1R) antagonist rimonabant (1 μM) and zero extracellular calcium prevented the significant Tat-

induced decrease in mIPSCs. Further, bath-applied WIN55,212-2 or AEA by itself, significantly 

decreased the frequency, but not amplitude of mIPSCs and/or spontaneous IPSCs (sIPSCs), and 
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occluded a further down-regulation of IPSCs by Tat. Pretreatment with rimonabant but not the 

CB2R antagonist AM630 (1 μM) prevented the WIN55,212-2- and AEA-induced decrease in 

IPSCs frequency without any further Tat effect. Results indicated a Tat-induced decrease in 

GABAergic neurotransmission, which was occluded by cannabinoids via a CB1R-related 

mechanism. Understanding the relationship between Tat toxicity and endocannabinoid signaling 

has the potential to identify novel therapeutic interventions to benefit individuals suffering from 

HAND and other cognitive impairments.
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Introduction

Human immunodeficiency virus type 1 (HIV-1) infects the brain and, despite combined 

antiretroviral therapy (cART), 30–50% infected individuals suffer from HIV-1-associated 

neurocognitive disorders (HAND) (Ellis et al., 2007; Heaton et al., 2011). Specifically in the 

post-cART era, cortical deficiencies have been observed in addition to subcortical deficits 

with HIV-1 patients displaying marked decreases in executive function, memory 

consolidation, and attention, all of which are associated with the prefrontal cortex (PFC) 

(Heaton et al., 2011). Synaptodendritic damage with markers of neuronal injury, such as 

injury to synapses and dendrites, underlie the neurocognitive impairments seen in HIV-1-

infected individuals and are strongly associated with HAND (Masliah et al., 1997; Ellis et 

al., 2007). Disturbance of neurotransmitter systems and circuits play an important role in 

synaptodendritic damage and neuro-acquired immune deficiency syndrome (neuroAIDS). 

Alterations have been reported in glutamatergic neurotransmission (Ferrarese et al., 2001; 

Ernst et al., 2010), as well as in serotonergic systems (Murray, 2003; Schroecksnadel et al., 

2007) and in dopaminergic circuits (Berger and Arendt, 2000; Nath et al., 2000; Wang et al., 

2004; Gelman et al., 2006). The GABAergic inhibitory system in neuroAIDS has recently 

been implicated with dysregulated GABAergic neurotransmission in HIV-1 positive 

individuals, specifically in the neocortex (Gelman et al., 2012). A significant downregulation 

of pre- and post-synaptic GABAergic inhibitory systems was reported selectively in the 

frontal neocortex of HIV-1 positive patients with neurocognitive impairments (Gelman et al., 

2012). The observation that both presynaptic and postsynaptic GABA markers were 

regulated (Gelman et al., 2012) implies coordinated changes in synaptic tone (plasticity) of 

inhibitory neocortical circuits.

Preclinical animal studies have demonstrated that the expression of the HIV-1 transactivator 

of transcription (Tat) in transgenic rodent models induced sub-lethal neuronal injury and 

reduced synaptic connectivity (Fitting et al., 2010; Fitting et al., 2013; Roscoe et al., 2014), 

resulting in cognitive and behavioral deficits (Carey et al., 2012; Fitting et al., 2013; Hahn et 

al., 2013; Moran et al., 2013; Paris et al., 2015). In vitro, Tat produces excitotoxicity through 

diverse mechanisms, including binding to the low-density lipoprotein receptor-related 

protein (LRP) (Kim et al., 2008), the activation of N-methyl-D-aspartate (NMDA) receptors 
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(Magnuson et al., 1995; Haughey et al., 2001; Perez et al., 2001; Li et al., 2008; Aksenov et 

al., 2012) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors 

(Longordo et al., 2006; Fitting et al., 2014), leading to increases in [Na+]i, mitochondrial 

instability, and excessive Ca2+ influx (Perez et al., 2001; Haughey and Mattson, 2002; 

Fitting et al., 2014), subsequent dendritic damage (Kruman et al., 1998; Haughey et al., 

2001; Bertrand et al., 2014; Fitting et al., 2014) and synapse loss (Kim et al., 2008). 

However, the effects of Tat on GABAergic neurotransmission are not well known.

The persistence of HAND in the era of cART raises questions about the causes and 

treatment of HIV-1-related brain disorders and the extent to which neuronal dysfunction and 

injury are reversible (Ellis et al., 2007). Upregulation of the endogenous cannabinoids N-

arachidonoyl ethanolamine (anandamide; AEA) and 2-arachidonoyl glycerol (2-AG) have 

protective properties in neurodegenerative disorders, including multiple sclerosis, Parkinson, 

and Alzheimer disease models (Grant and Cahn, 2005; Scotter et al., 2010; Maroof et al., 

2013; Pertwee, 2014; Xu and Chen, 2015). Endocannabinoids act predominantly via 

cannabinoid 1 (CB1) and/or cannabinoid 2 (CB2) receptors, although involvement of 

transient receptor potential (TRP) channels (Higgins et al., 2013; Yuan and Burrell, 2013; 

Kano, 2014) and/or other G-protein-coupled receptors (GPCRs) (Chevaleyre et al., 2006; 

Harkany et al., 2008; Ross et al., 2012) have been reported. CB1 receptors (CB1Rs) are the 

most abundant G-coupled receptors in the brain, with the highest concentration in regions 

such as the cortex, hippocampus, and basal ganglia (Matsuda et al., 1990). CB1R are 

expressed in both excitatory (glutamatergic) and inhibitory (GABAergic) cells (Kano et al., 

2009) predominantly at presynaptic terminals (Di Marzo et al., 2015). The neuroprotective 

properties of cannabinoids in the presence of the HIV-1 envelope glycoprotein gp120 has 

been studied in several cellular and animal models (Kim et al., 2011; Hu et al., 2013; 

Avraham et al., 2014). There is support for existing signaling pathways from CB1R 

activation to inhibition of NMDA calcium influx (Liu et al., 2009), thus decreasing neuronal 

injury. Further, inhibition of glutamatergic and GABAergic neurotransmission by 

cannabinoid agonists has been documented in the PFC (Auclair et al., 2000; Kano et al., 

2009; Kovacs et al., 2012; Lee et al., 2015). In the present study we examined the effects of 

the synthetic cannabinoid WIN55,212-2 (1 μM) and the endocannabinoid AEA (1 μM) on 

GABAergic neurotransmission in a model of neuroAIDS. Not much is known about how Tat 

interacts with cannabinoids and whether the potential protective effects of cannabinoids in 

the presence of Tat can be attributed to the effects on the GABAergic system. Results 

indicated a Tat-induced decrease in GABAergic neurotransmission, which was occluded by 

cannabinoids via a CB1R-related mechanism.

Materials and Methods

Experiments were conducted in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals (National Research Council, 2011). All procedures were approved by 

the University of North Carolina at Chapel Hill.
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Immunohistochemical staining of cannabinoid 1 receptor (CB1R)

C57BL/6J mice were anesthetized with isofluorane and perfused with 4% 

paraformaldehyde. Brains were removed and post-fixed in 4% paraformaldehyde (for 2 h at 

4 °C), then washed in 1x PBS several times and incubated for at least 32 h in 20% sucrose in 

PBS. Brains were embedded in Tissue-Tek O.C.T. compound, frozen, and stored at −80°C 

until cut. Coronal brain sections (30 μm) containing PFC were cut on a Leica CM3050S 

cryostat (Leica, Deerfield, IL). Sections were exposed to blocking buffer (1% normal goat 

serum, 4% bovine serum albumin, 0.4% Triton X-100 in PBS) for 1.5 h. Sections were 

incubated with primary antibodies against MAP2 (mouse, Millipore, MAB378; 1:200) and 

the rat CB1R-NH (raised to amino acids 1-77 of the N-terminus; rabbit, 1:500; Tsou et al., 

1998), diluted in blocking buffer, overnight at 4 °C. Primary antibodies were detected using 

appropriate secondary antibodies conjugated to either goat-anti-mouse Alexa 488 

(Molecular Probes, O-6380, 1:1000) or goat-anti-rabbit Alexa 594 (Molecular Probes, 

A11012; 1:1000), respectively. Secondary antibodies were diluted in blocking buffer and 

applied to the sections for 1 h at room temperature. Cell nuclei were visualized with Hoechst 

33342 (Molecular Probes, H3570, exposed for 3 min). Tissue sections were washed 

thoroughly with PBS and coverslipped with ProLong Gold (Molecular Probes, P36930). 

Confocal immunofluorescent images were acquired using a Zeiss LSM T-PMT laser 

scanning confocal microscope equipped with a 63x oil immersion objective and configured 

to an Axio Observer Z.1 microscope (Zeiss, Thornwood, NY). Images were collected using 

ZEN 2010 blue Edition software (Carl Zeiss, Inc., Thornwood, NY) and created from 

multiple z-stacks taken through the thickness of the section, then converted into orthogonal 

projection images compressed into single projected images to better show the cells in their 

entirety. Adobe Photoshop CS6 Extended 13.0 software (Adobe Systems, Inc.; San Jose, 

CA) was used to edit the images.

Slice Electrophysiology

Prefrontal cortex (PFC) slices—Brain PFC slices were prepared from male and female 

postnatal day P14 – 24 C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME). The 

brain was removed after decapitation and placed into ice-cold sucrose buffer containing (in 

mM): 254 sucrose,10 D-glucose, 26 NaHCO3, 2 CaCl2, 2 MgSO4, 3 KCl, and 1.25 

NaH2PO4, saturated with 95% O2/5% CO2, at pH 7.4, 300 mOsm. Coronal PFC slices (300 

μm thick, Figure 1a) were cut with a VT 1000S microtome (Leica, Deerfield, IL). Slices 

were transferred immediately into a holding chamber and were incubated at 32 to 33 C for a 

30-min recovery period in a mixture of 50% sucrose saline and 50% artificial cerebrospinal 

fluid (aCSF) containing (in mM): 128 NaCl, 10 D-glucose, 26 NaHCO3, 2 CaCl2, 2 MgSO4, 

3 KCl, and 1.25 NaH2PO4. Slices were then placed on a nylon mesh, submerged in normal 

aCSF bubbled continuously with 95% O2/5% CO2, and maintained at room temperature 

(~21–24°C) until whole-cell patch-clamp recording (30 min to 5 h).

Electrophysiological recordings—Slices were transferred to a submersion-type 

recording chamber (Warner Instruments, Hamden, CT) on a Siskiyou 4080P fixed-stage 

system (Grants Pass, OR), secured beneath a nylon harp, and perfused with aCSF heated to 

30 to 33°C with an inline heater (Warner SC-20, Hamden, CT) at a rate of 2 to 3 mL per 

min. As depicted in Figure 1, recordings were taken from the medial (m)PFC of layer 2/3 
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(Figure 1b). Layer 2/3 pyramidal neurons are known to receive dense inhibitory synaptic 

input from a rich variety of interneurons to provide tight control of neuronal excitability 

(Olah et al., 2009; Petersen and Crochet, 2013). PFC pyramidal neurons were identified 

visually by using an Axio Examiner A1 microscope (Zeiss, Thornwood, NY) equipped with 

a 40x water-immersion objective coupled with an infrared differential interference contrast 

and an integrated Dodt gradient camera system (Figure 1c). Whole-cell patch-clamp 

recordings from PFC neurons were established using a MultiClamp 700B amplifier (Axon 

Instruments, Union City, CA). Membrane current and potential signals were digitized and 

analyzed with Digidata 1550A and pClamp 10.0 systems (Molecular Devices, Sunnyvale, 

CA). Patch pipettes of ~5 MΩ were pulled with a PC-10 puller (Narishige, Greencale, NY). 

The pipette solution had the following composition (in mM) unless otherwise stated: 140 

KCl, 0.1 CaCl2, 5 EGTA, 10 HEPES, 4 ATP-Mg2+, 0.4 GTP-2Na+, 1 QX314 (Lidocaine N-

ethyl bromide), pH 7.2, 290 mOsm. QX314 was added to the pipette solution to block the 

GABABR-mediated currents and to prevent the generation of Na+-dependent action 

potentials. Under these conditions, miniature postsynaptic currents (mPSCs) were acquired 

in aCSF containing tetrodotoxin (TTX, 1 μM) at a holding potential of −70 mV. To record 

spontaneous inhibitory postsynaptic currents (sIPSCs) and mIPSCs, glutamate receptor 

antagonists DNQX (20 μM) and AP-5 (20 μM) were added to aCSF. Drugs were 

administered by bath application. Synaptic currents were collected for 5 min for each 

experimental condition. Access resistance (<25 MΩ) was regularly monitored during 

recordings, and cells were rejected if resistance changed >15% during the experiment. If the 

access resistance increased during the course of the experiment and caused significant 

reductions in the synaptic current amplitudes, efforts were made to improve access (such as 

applying additional suction or slight positive pressure); if this failed, the experiment was 

discontinued.

Acquisition and analysis of synaptic currents—Spontaneously occurring synaptic 

currents were filtered at 2 kHz, and digitized at 10 kHz using Digidata 1550A. Off-line 

analysis of synaptic currents was performed using the Minianalysis software (Version 6.0.8; 

Synaptosoft, Decatur, GA). Synaptic currents were screened automatically using an 

amplitude threshold of 3 pA. Events were then visually screened to ensure that the analysis 

was not distorted by changes in noise level or by membrane fluctuations. If the background 

noise increased during the recording, the data from that cell were discarded. The data 

generated from these measurements were used to plot cumulative probability amplitude and 

inter-event interval graphs, with each distribution normalized to a maximal value of 1. 

Cumulative probability plots obtained under different experimental conditions were 

compared using the nonparametric Kolmogorov –Smirnov test (KS-T), which estimates the 

probability that two cumulative distributions differ from each other by chance alone (Xu et 

al., 2009). All numerical values are expressed as mean ± standard error of the mean (SEM) 

and statistical analyses were performed by using a paired Student’s t-tests as needed. An 

alpha level of p < 0.05 was considered significant for all statistical tests used.

Drugs

Treatments included HIV-1 Tat1– 86 (1–50 nM, rtat HIV-1 IIIB, ImmunoDX, Woburn, MA), 

the synthetic cannabinoid WIN55,212-2 (1 μM, Tocris, Ellisville, MO), the endocannabinoid 
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anandamide (AEA, 1 μM, Tocris, Ellisville, MO), the CB1R antagonist rimonabant (1 μM, 

Tocris, Ellisville, MO), and the CB2R antagonist AM630 (1 μM, Tocris, Ellisville, MO). 

Cannabinoid concentrations were chosen based on preliminary experiments (data not shown) 

and previous studies that assessed the protective effects of cannabinoids in different disease 

models, including NMDA-induced increases in [Ca2+]i (Zhuang et al., 2005; Liu et al., 

2009), AMPA-induced excitotoxicity (Kokona and Thermos, 2015), gp120-induced synaptic 

loss (Kim et al., 2011), and gp120-induced dopaminergic neuronal damage (Hu et al., 2013). 

Tat concentrations were chosen from the range that elicited functional deficits in neurons 

similar to those occurring in HIV-1, and that are considered to reflect levels seen under 

pathological conditions (Singh et al., 2004; Fitting et al., 2014). AP-5 (DL-2-amino-5-

phosphonovaleric acid, NMDA receptor antagonist, 20 μM), DNQX (6,7-

dinitroquinoxaline-2,3-dione, AMPA and kainate receptor antagonists, 20 μM), and TTX 

(tetrodotoxin, 1 μM) were purchased from Tocris (Ellisville, MO). All drugs were dissolved 

in dimethyl sulfoxide (DMSO), except for HIV-1 Tat, TTX, and AP-5, which were dissolved 

in distilled water. All stock solutions were stored at −80 °C as frozen aliquots for less than 

one month. Drugs were administered by bath application. AP-5, DNQX and TTX were bath 

applied 20 min prior to, and for the duration of the experiment. For the experimental 

manipulation of extracellular calcium we used aCSF without calcium or aCSF with 

cadmium chloride, which blocks high and low threshold voltage-dependent calcium 

channels (CdCl2, 200 μM, Sigma, St. Louis, MO).

Results

Immunohistochemical analysis of the distribution of CB1R in the mouse PFC

To identify regional and cellular distribution of CB1Rs in layer 2/3 of the mPFC, 

immunohistochemical stainings were conducted on PFC tissue sections. In the current study, 

we used a well characterized CB1R-NH antibody (Tsou et al., 1998) to locate CB1Rs in the 

mouse mPFC. The CB1R is a G protein-coupled cannabinoid receptor highly expressed in 

the central nervous system (CNS) and peripheral tissues. It is particularly enriched on 

presynaptic terminals and decreases neurotransmitter release primarily through activation of 

inhibitory G proteins (thus being coupled through Gi/o proteins; Howlett et al., 2010). The 

CB1R is most abundant in the cortex, striatum, hippocampus (Matsuda et al., 1990) and has 

been shown to play an important role in decreasing GABAerigic neurotransmitter release in 

these regions (Kovacs et al., 2012; Lee et al., 2015). Cells were stained for endogenous 

CB1R (red), MAP2 (green) and counterstained with Hoechst 33342 (blue) with images being 

taken in the mPFC of layer 2/3 where recordings were conducted (Figure 2). CB1R staining 

revealed a dense axonal meshwork with CB1Rs being localized in axons (arrow) as well as 

in the soma (arrowhead). The uniform distribution of these receptors on the cytoplasm and 

axons indicates that abundant CB1R are present in our mPFC mouse tissue.

Tat concentration dependent effects on mIPSCs in PFC pyramidal neurons

GABAergic neurotransmission and specific synaptic proteins associated with inhibitory 

synapses have been shown to be altered by Tat (Fitting et al., 2013; Hargus and Thayer, 

2013). To explore the effects of Tat on spontaneous and miniature GABAA receptor-

mediated inhibitory postsynaptic currents (sIPSCs and mIPSCs, respectively), we performed 
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patch-clamp recordings on mPFC pyramidal neurons in the presence of DNQX and AP-5 

(Figure 3). sIPSCs and mIPSCs were confirmed by the application of GABAA receptor 

antagonist bicuculline (data not shown). Tat at any concentration (5 – 50 nM) had no 

significant effect on the mean frequency and amplitude of sIPSCs (n = 6, Figure 3a). To 

assess mIPSCs, TTX was added to the bath to eliminate large-amplitude, action potential-

dependent IPSCs. The representative traces of mIPSCs before and after Tat application are 

shown in Figure 3b. A concentration dependent decrease in the frequency and amplitude of 

mIPSCs by Tat (5 – 50 nM) was noted in the presence of TTX (Figure 3c). Tat significantly 

decreased the mean frequency and amplitude of mIPSCs at Tat (10 nM) and Tat (50 nM) 

compared to before Tat application (n = 11, paired t-tests, p < 0.05). Thus, Tat inhibits action 

potential-independent release of GABA concentration-dependently via presynaptic and 

postsynaptic mechanisms.

Effects of Tat in combination with WIN55,212-2 on mIPSCs

To explore the effects of cannabinoids in the presence of Tat on sIPSCs and mIPSCs, we 

performed patch-clamp recordings on mPFC pyramidal neurons with bath application of 

WIN55,212-2 (1 μM) following Tat (10 nM) administration. No effects were noted for the 

mean frequency or amplitude of sIPSCs (n = 7, Figure 4a). To assess mIPSCs, TTX was 

added to the bath to eliminate large-amplitude, action potential-dependent IPSCs. The 

representative traces of mIPSCs for before and after Tat application are shown in Figure 4b. 

The cumulative frequency and amplitude histograms for representative cells demonstrate a 

significant decrease in frequency and amplitude of mIPSCs with the application of Tat (KS-

T, p < 0.05, Figure 4c). Tat significantly decreased the mean frequency of mIPSCs (from 

2.60 ± 1.05 Hz to 1.54 ± 0.59 Hz, n = 5, paired t-test, p < 0.05, Figure 4d) and mean 

amplitude of mIPSCs (from 27.81 ± 3.91 pA to 20.74 ± 2.90 pA, n = 5, paired t-test, p < 

0.05, Figure 4d), which was not affected by bath application of WIN55,212-2 following Tat 

treatment (n = 5, Figure 4d). Thus, Tat produced a significant decrease in GABAergic 

neurotransmission at the level of an action potential-independent release of GABA (mIPSCs, 

i.e. quantal release) that was not affected by the synthetic cannabinoid WIN55,212-2.

Significant effects of WIN55,212-2 on mIPSCs in PFC pyramidal neurons

It is well known that cannabinoids, such as WIN55,212-2, decrease GABAergic 

neurotransmission in different brain regions (Hoffman and Lupica, 2000; Chen et al., 2010; 

Chiu et al., 2010), but the combined effects of WIN55,212-2 followed by Tat application on 

GABA release is less clear. Thus, we examined IPSCs before and after WIN55,212-2 (1 μM) 

treatment, which was then followed by Tat (10 nM) application (Figure 5). No significant 

effects were noted on the mean frequency and amplitude of sIPSCs (n = 7, Figure 5a). 

mIPSCs were assessed in the presence of TTX with the representative traces for control, 

WIN55,212-2, and WIN + Tat shown in Figure 4b. WIN55,212-2 significantly reduced the 

mean frequency of mIPSC (from 1.93 ± 0.51 Hz to 1.52 ± 0.50 Hz, n = 7, paired t-test, p < 

0.05, Figure 5c), which was significantly blocked by rimonabant (1 μM, n = 9, Figure 5c′) 

but not AM630 (1 μM, n = 8, Figure 5c″). Interestingly, no further downregulation of GABA 

release was noted by Tat following WIN55,212-2 application compared to WIN55,212-2 

alone (n = 7, Figure 5c). No WIN55,212-2 and WIN + Tat effects were noted on the mean 

amplitude of mIPSCs in the absence or presence of rimonabant (n = 7, Figure 5d and n = 9, 
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Figure 5d′, respectively), which has been reported previously (Vaughan et al., 1999; 

Takahashi and Linden, 2000; Trettel and Levine, 2002; Chevaleyre et al., 2007; Chiu et al., 

2010). When PFC slices were pretreated with AM630 a significant downregulation of the 

mean amplitude of mIPSCs was noted for WIN55,212-2 and WIN + Tat compared to control 

(n = 8, paired t-tests, p < 0.05, Figure 5d″). Thus, WIN55,212-2 produced a significant 

decrease in the mean frequency of mIPSCs, which was significantly blocked by the CB1R 

antagonist rimonabant but not by the CB2R antagonist AM630. No further downregulation 

by Tat was noted in any condition, suggesting the decrease of GABA release by Tat was 

occluded by WIN55,212-2.

Significant effects of AEA on mIPSCs and sIPSCs in PFC pyramidal neurons

As WIN55,212-2 is a synthetic cannabinoid, we next investigated endocannabinoid AEA (1 

μM) effects in combination with Tat (10 nM) treatment (Figure 6). The representative traces 

of sIPSCs for control, AEA, and AEA + Tat are shown in Figure 6a. In contrast to 

WIN55,212-2, AEA decreased the mean frequency of sIPSCs (from 2.18 ± 0.66 Hz to 1.88 

± 0.63 Hz, n = 7, paired t-test, p < 0.05, Figure 6b), which was significantly blocked when 

pretreating PFC slices with the CB1R antagonist rimonabant (1 μM, n = 5, Figure 6b′) but 

not with the CB2R antagonist AM630 (1 μM, n = 10, Figure 6b″). No effects were noted for 

AEA on the mean amplitude of sIPSCs (n = 7, Figure 6c), indicating that the AEA-induced 

decrease in sIPSC frequency was significantly reduced by an action potential-dependent 

release of GABA via a presynaptic mechanism. Further, no AEA effects were noted on the 

mean amplitude of sIPSCs in the presence of rimonabant (n = 5, Figure 6c′), or in the 

presence of AM630 (n = 10, Figure 6c″). Tat revealed no further downregulation of IPSCs 

after AEA bath application compared to AEA treatment alone in any of the treatment 

conditions (n = 7, Figure 6b, c; n = 5, Figure 6b′, c′; n = 10, Figure 6b″), except for a 

significant AEA + Tat effect on the mean amplitude of sIPSCs in the presence of AM630 

compared to control (paired t-test, n = 10, p < 0.05, Figure 6c″). For mIPSCs, the 

representative traces for control, AEA and AEA + Tat are shown in Figure 6d. As 

demonstrated with WIN55,212-2, AEA reduced the mean frequency of mIPSC (from 2.10 

± 0.51 Hz to 1.74 ± 0.51 Hz, paired t-test, n = 8, p < 0.05, Figure 6e), which was 

significantly blocked by rimonabant (n = 5, Figure 6e′) but not by AM630 (n = 11, e″). 

Further, no AEA and AEA + Tat effects were noted on the mean amplitude of mIPSCs in the 

absence or presence of rimonabant (n = 8, Figure 6f and n = 5, Figure 6f′, respectively). 

When PFC slices were pretreated with AM630 a significant downregulation of the mean 

amplitude of mIPSCs was noted for AEA + Tat compared to AM630 alone (n = 11, paired t-
tests, p < 0.05, Figure 5f″). Thus, AEA produced a significant decrease in the mean 

frequency of mIPSCs and sIPSCs, which was significantly blocked by rimonabant and not 

further downregulated by Tat, suggesting again the decrease of GABA release by Tat was 

occluded by AEA, probably via a CB1R-mediated mechanism.

Effects of Tat are blocked by CB1R antagonist rimonabant and extracellular calcium

To understand the mechanisms by which Tat (10 nM) decreased GABAergic synaptic 

neurotransmission assessed by mIPSCs, we examined the involvement of rimonabant 

(Figure 7a), AM360 (Figure 7b), extracellular calcium (Figure 7c) and calcium channels 

(Figure 7d). Pretreatment with the CB1R antagonist rimonabant (1 μM) prevented the Tat-
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induced effect on the mIPSCs reported in Figure 3, with no effects on the mean frequency or 

the mean amplitude (n = 8, Figure 7a). Pretreatment with the CB2R antagonist AM630 (1 

μM) did not block the Tat-induced effects on the frequency of mIPSCs (from 2.30 ± 0.61 Hz 

to 2.04 ± 0.55 Hz, n = 9, paired t-test, p < 0.05, Figure 7b) but on the mean amplitude of 

mIPSCs (n = 9, Figure 7b). Removing extracellular calcium from the aCSF decreased the 

overall mIPSCs frequency (from 2.76 ± 0.52 Hz to 1.87 ± 0.38 Hz, n = 7, paired t-test, p < 

0.05, Figure 7c) and amplitude (from 33.2 ± 2.1 pA to 30.7 ± 1.9 pA, n = 7, paired t-test, p < 

0.05, Figure 7c), indicating the involvement of external calcium in GABAergic 

neurotransmission. More importantly, in the absence of external calcium, no significant Tat 

effect was noted on mIPSCs frequency and amplitude compared to zero extracellular 

calcium alone (n = 7, Figure 7c). Thus, the significant downregulation of action potential-

independent GABA release (mIPSCs) by Tat was abolished when no external calcium was 

present in the aCSF. No effects were noted for the mean frequency or amplitude of sIPSCs 

(data not shown). Similarly, CdCl2 (200 μM), a blocker of voltage-gated calcium currents, 

significantly downregulated mIPSCs compared to control, in mIPSCs frequency (from 3.21 

± 1.02 Hz to 2.42 ± 0.83 Hz, n = 6, paired t-test, p < 0.05, Figure 7d) and mIPSCs amplitude 

(from 28.2 ± 4.0 pA to 23.6 ± 3.3 pA, n = 6, paired t-test, p < 0.05, Figure 7d). Interestingly, 

whereas no significant Tat effect on the frequency of mIPSCs was noted in the presence of 

CdCl2 (n = 6, Figure 7d), Tat induced a significant decrease in the amplitude of mIPSCs 

(from 23.6 ± 3.3 pA to 20.2 ± 1.8 pA, n = 6, paired t-test, p < 0.05, Figure 7d), indicating 

that other channels and receptors that are involved in Ca2+ influx contribute to Tat-induced 

effects on GABAergic neurotransmission postsynaptically. No effects were noted for the 

mean frequency or amplitude of sIPSCs (data not shown). Thus, the Tat-induced decrease in 

action potential-independent GABA release was abolished in the presence of CB1R 

antagonist rimonabant but not CB2R antagonist AM630, indicating the effects of Tat alone 

appear to be mediated via the CB1R-related pathway. Further, Tat effects were abolished in 

the absence of extracellular calcium and partially when blocking voltage-gated calcium 

channels, suggesting extracellular calcium is necessary for the Tat-induced decrease in 

action potential-independent GABA release.

Discussion

In the present study, we used whole-cell patch-clamp recordings of acute mouse PFC slices 

to examine the effects of Tat and cannabinoids on GABAergic neurotransmission. This is 

one of the first studies to demonstrate that Tat effects on GABA release are mediated via 

CB1R- but not CB2R-related mechanism and involves the influx of extracellular calcium, 

partially via voltage-dependent calcium channels. Cannabinoids, WIN55,212-2 and AEA, 

occlude the Tat-induced decreases in GABA release as they also acted via a CB1R-related 

mechanism. Based on the finding of the present study, understanding the effects of 

cannabinoids on GABAergic neurotransmission in the context of neuroAIDS may be an 

important consideration in the treatment of HAND and other diseases in which cognitive 

deficits occur.
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Tat decreases GABAergic neurotransmission in pyramidal neurons via an action potential-
independent mechanism that is mediated via CB1Rs and involves extracellular calcium

GABA and glutamate are the most abundant neurotransmitters in the brain, and the balanced 

activation of inhibitory and excitatory functions is vital to maintaining the equilibrium of 

neuronal networks that remain under endocannabinoid modulation (Busquets-Garcia et al., 

2015). Multiple studies have demonstrated that Tat mediates excitotoxic effects through the 

glutamatergic system (Nath et al., 1996; Haughey et al., 2001; Song et al., 2003; Fitting et 

al., 2014), but its effects on the GABAergic inhibitory system are not well known. Evidence 

from clinical studies demonstrated the involvement of the GABAergic inhibitory system in 

neuroAIDS, with its downregulation in HIV-1 positive individuals specifically in the frontal 

neocortex (Gelman et al., 2012). Downregulation of neocortical GABAergic circuits is a 

recognized feature in many subjects with frontal lobe dysfunction phenotypically similar to 

HAND. Schizophrenia (Benes and Berretta, 2001; Markram et al., 2004; Hashimoto et al., 

2008), depression and anxiety (Benes and Berretta, 2001; Sequeira et al., 2009; Sibille et al., 

2011) and substance abuse disorders (Ke et al., 2004) have been shown to present similar 

changes in GABAergic function. The lack of GABAergic inhibitory control leads to 

heightened excitatory output from the frontal neocortex (Markram et al., 2004; Tepper et al., 

2004), which agrees with some electroencephalographic recordings made in patients with 

HIV/AIDS (Baldeweg and Gruzelier, 1997). Further, a recent study using Tat transgenic 

mice indicated that HIV-1 Tat expression in the brain as well as acute Tat application in vitro 
generated a latent excitatory state, with increased stimulus-evoked glutamate exocytosis in 

the cortex and hippocampus while GABA exocytosis was decreased in the cortex (Zucchini 

et al., 2013). The Tat-induced decrease in GABAergic neurotransmission is supported by the 

findings in our present study and indicates to be CB1R-mediated and dependent on 

extracellular calcium, partially involving voltage-gated calcium channels. Whereas CB1R 

antagonist rimonabant prevented the Tat-induced decrease in GABA release, AM630, a 

CB2R antagonist, failed to block the Tat-induced effects on GABA neurotransmission. Tat 

could affect CB1Rs presynaptically as GABA release can be inhibited via the well known 

CB1R-mediated retrograde synaptic signaling mechanism (Kano et al., 2009; Bellocchio et 

al., 2010; Kovacs et al., 2012; Ohno-Shosaku and Kano, 2014; Lee et al., 2015). Previous 

studies have demonstrated that Tat induces loss of presynaptic terminals on hippocampal 

neurons in culture (Shin and Thayer, 2013). Further, the sensitivity of GABA release 

depending on extracellular calcium with the contribution of different voltage-gated calcium 

channel subtypes has been demonstrated before (Alamilla and Gillespie, 2013). Tat has been 

shown to cause an initial transient increase in intracellular calcium through inositol 1,4,5-

trisphosphate (IP3)-dependent calcium release (Haughey et al., 1999) as well as ryanodine-

regulated calcium stores (Fitting et al., 2014) with a prolonged secondary increase due to 

calcium ion (Ca2+)-influx through plasma membrane/calcium channels that is dependent on 

an NMDA receptor (Haughey et al., 1999; Self et al., 2004; Chami et al., 2006). It should be 

noted, that in contrast to our findings a previous cortical neuron culture study demonstrated 

that Tat30–86 increased presynaptic transmitter release, with increasing the frequency and 

amplitude of mIPSCs in target neurons by 57% and 36%, respectively (Brailoiu et al., 2008). 

However, this finding could be explained by the age of the cell culture (5–10 days in vitro 
(DIV)), as the change in GABAergic synaptic transmission to the inhibitory action of GABA 

has been shown to end in cortical neuron cultures at DIV 17 (Baltz et al., 2010). 

Xu et al. Page 10

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Interestingly, it has been demonstrated that specific synaptic proteins associated with 

inhibitory synapses are downregulated by Tat, such as synaptotagmin 2 (Syt2) in a Tat 

transgenic mouse model (Fitting et al., 2013), whereas gephyrin has been shown to be 

upregulated in the presence of Tat (Fitting et al., 2013; Hargus and Thayer, 2013). Thus, 

depending on the inhibitory synaptic input and the location of recording, GABAergic 

neurotransmission and GABA release might be differently affected. Layer 2/3 of the mPFC, 

the location of our recordings, is known to receive a dense inhibitory synaptic input from 

different interneurons including parvalbumin-containing fast-spiking, somatostatin-

containing, and neurogliaform interneurons, to provide control of neuronal excitability (Olah 

et al., 2009; Petersen and Crochet, 2013). A study on the hippocampus has demonstrated 

that neurons expressing parvalbumin in the pyramidal layer and neurons expressing 

somatostatin in stratum oriens might be selectively vulnerable to Tat (unpublished data).

Our results provide direct evidence that Tat concentration-dependently decreases inhibitory 

transmitter release in layer 2/3 of the mPFC with the involvement of extracellular calcium 

that is partially regulated via voltage-gated calcium channels. Additionally, the observation 

that Tat alters the mIPSCs, but not sIPSCs, is consistent with previous reports (Brailoiu et 

al., 2008) and indicates that Tat alters action potential-independent release of GABA from 

transmitter vesicles (Edwards et al., 1990; Shao and Dudek, 2005). As the frequency and 

amplitude of mIPSCs was reduced after Tat treatment, the decrease in GABAergic release 

could be explained by the inhibition of the vesicle release machinery in the presynaptic axon 

terminal (presynaptic inhibition) and a decrease of postsynaptic receptors due to a reduction 

in mIPSC amplitude (postsynaptic inhibition). A significant downregulation of pre- and 

post-synaptic GABAergic inhibitory systems was reported selectively in the frontal 

neocortex of HIV-1 positive patients with neurocognitive impairments (Gelman et al., 2012). 

Thus, as neuronal excitability and synaptic plasticity at excitatory synapses are critically 

dependent on the level of inhibition, changes of inhibitory synaptic efficacy by Tat may have 

great impact on neuronal function and toxicity and need to be considered in the future.

Synthetic cannabinoid WIN55,212-2 and endocannabinoid AEA decrease GABAergic 
neurotransmission in PFC pyramidal neurons via a CB1R-mediated mechanism and 
without any further downregulation by Tat

Multiple studies have investigated the effects of cannabinoids on GABAergic synaptic 

transmission (Bellocchio et al., 2010; Kovacs et al., 2012; Ohno-Shosaku and Kano, 2014; 

Lee et al., 2015). It is now well accepted that endocannabinoids are released from 

postsynaptic neurons and cause transient and long-lasting reduction of neurotransmitter 

release (Gerdeman and Lovinger, 2001; Huang et al., 2001; Kano et al., 2009). As reported 

in the present study it also has been shown previously that WIN55,212-2 decreases the 

frequency of mIPSCs recorded in the presence of TTX, but does not change mIPSCs 

amplitude, indicating that the neurotransmission is inhibited presynaptically (Vaughan et al., 

1999; Takahashi and Linden, 2000; Trettel and Levine, 2002; Chevaleyre et al., 2007; Chiu 

et al., 2010; Kovacs et al., 2012). Similarly, in the present study the exogenous application of 

AEA not only decreased mIPSC frequency without changing mIPSC amplitude but also 

decreased sIPSCs frequency. It has been shown previously that AEA affects sIPSC 

frequency (Adermark and Lovinger, 2007). The reduced mIPSC frequency by AEA might 

Xu et al. Page 11

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



have resulted from a decreased transmitter-release probability after AEA treatment, as a 

decrease in sIPSC frequency was noted. The reduction in frequency of mIPSCs suggests 

again presynaptic inhibition with two mechanisms that could potentially contribute to this 

result: fewer GABAergic presynaptic terminals on the pyramidal neurons and/or decreased 

release probability in those terminals. Further experiments would be required to distinguish 

between these two mechanisms.

The AEA-induced decrease in mIPSC and sIPSC frequency was blocked by the selective 

CB1R antagonist rimonabant, but not the CB2R antagonist AM630, demonstrating CB1R 

mediation, a finding consistent with other studies (Trettel and Levine, 2002; Bodor et al., 

2005; Hill et al., 2007; Galarreta et al., 2008; Chiu et al., 2010). Interestingly, rimonabant 

but not AM630 blocked the effects of WIN55,212-2, which is known to be not very specific 

to CB1R-mediated mechanisms (Hofmann et al., 2011). Previous literature has demonstrated 

that WIN55,212-2 can act via non-CB1/CB2-mediated mechanisms by activating Gi/o 

proteins (Hajos et al., 2001; Fung et al., 2015). Even though AM630 failed to block the 

effects of WIN55,212-2 it should be noted that it induced a decrease in the mean amplitude 

of mIPSCs, which otherwise is not affected by WIN55,212-2 or AM630 alone. Thus, some 

CB2R-related mechanism might be involved postsynaptically or might be related to glial 

activity (Kim et al., 2011; Hu et al., 2013). Interestingly, WIN55,212-2 or AEA bath 

application following or preceding Tat treatment occluded the Tat-induced decrease in 

GABA release, suggesting that WIN55,212-2 and/or AEA and Tat might use similar 

pathways to decrease GABAergic neurotransmission, including a CB1R-mediated 

mechanism. For example, several mechanisms have been offered to explain CB1R-mediated 

suppression of neurotransmitter release, including inhibition of voltage-gated calcium 

channels, activation of a number of potassium channels, and inhibition of release machinery 

(Schlicker and Kathmann, 2001; Chevaleyre et al., 2006). As Tat effects were abolished for 

mIPSCs frequency, but not mIPSCs amplitude when blocking the voltage-gated calcium 

channels with CdCl2, it appears that the voltage-gated calcium channels could represent a 

presynaptic mechanism of Tat to inhibit GABA release. Nevertheless, Tat significantly 

reduced mIPSC amplitude in contrast to the endocannabinoids, indicating that Tat also 

affects postsynaptic inhibition by potentially altering number of postsynaptic receptors 

(Hargus and Thayer, 2013). Interestingly, the Tat-induced decrease in mean amplitude of 

mIPSCs was blocked when PFC slices were pretreated with WIN55,212-2 or AEA, 

indicating some indirect mechanisms by which endocannabinoids can affect Tat-induced 

postsynaptic inhibition.

Conclusion

The present study demonstrates that Tat inhibits GABAergic neurotransmission in the mouse 

mPFC (layer2/3) and that endocannabinoids occlude the Tat-induced suppression of GABA 

release by acting on CB1Rs. The interaction of Tat and endocannabinoids on inhibitory 

synaptic transmission in the PFC may partially contribute to the protective effects elicited by 

endocannabinoids that have been reported in different disease models (Zhuang et al., 2005; 

Liu et al., 2009; Kim et al., 2011; Hu et al., 2013; Kokona and Thermos, 2015), but requires 

further investigation in the context of neuroAIDS/HIV-1 Tat toxicity.
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Figure 1. Electrophysiology conducted in PFC slices of postnatal day P14 – 24 mice
(a) Lateral view of the mouse brain with a coronal cut through the PFC (horizontal line). (b) 

Diagram of a coronal PFC slice, indicating the location of whole cell recordings conducted 

in layer 2/3 of the mPFC (dashed line). (c) Pyramidal neurons were identified by their 

triangular shape with infrared differential interference contrast and integrated Dodt gradient 

optics (40x). Scale bar: 20 μm. OB, olfactory bulb; PFC, prefrontal cortex; LS, lateral 

septum; HIPP, hippocampus; CRBL, cerebellum.
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Figure 2. Pyramidal PFC neurons harbor CB1R-like immunoreactivity
Confocal microscope images of mouse mPFC tissue of layer 2/3, immunostained and 

double-labeled for MAP2 (microtubule-associated protein 2, an important structural and 

functional component of dendrites; green), the 1-77 amino acid N-terminus CB1R (G 

protein-coupled cannabinoid receptor; red), and counterstained with Hoechst 33342 (nuclear 

DNA label, blue). The merged image indicates that CB1R (red) is specifically localized in 

the soma (arrowheads) and axons (arrows) of mPFC mouse tissue. Scale bar: 20 μm.
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Figure 3. Tat concentration-dependently decreased the frequency and amplitude of mIPSCs but 
not sIPSC in PFC pyramidal neurons
(a) No significant Tat (5 – 50 nM) effects were noted on the mean frequency and amplitude 

of sIPSCs (n = 6). (b) Representative traces show mIPSCs before and after application of Tat 

concentrations (5 – 50 nM). (c) Different concentrations of Tat (5 – 50 nM) concentration-

dependently decreased the mean frequency and amplitude of mIPSCs at 5 min following Tat 

application (n = 11). Data are mean ± SEM. Significance was assessed by paired Student t-
tests. *p < 0.05 vs. Control, #p < 0.05 vs. Tat (5 nM).
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Figure 4. Tat significantly decreased the frequency and amplitude of mIPSCs in PFC pyramidal 
neurons, which was not affected after WIN55,212-2 treatment
(a) No significant differences were found in the mean frequency and amplitude of sIPSCs 

before and after the application of Tat (10 nM) or Tat + WIN55,212-2 (1 μM) (n = 7). (b) 

Representative traces show mIPSCs before Tat (10 nM) and after Tat (10 nM) application. 

(c) Cumulative frequency and amplitude distributions of mIPSCs based on data shown in 

Panel b. Both frequency and amplitude distributions were statistically different under these 

two experimental conditions (before vs. after treatment of Tat (10 nM); p < 0.00001 using 

KS-T; 958 events analyzed for before and 500 events for after Tat treatment). (d) Tat (10 
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nM) significantly decreased the mean frequency and amplitude of mIPSCs with 

WIN55,212-2 (1 μM) not further diminishing the Tat-induced decrease in mIPSCs (n = 5). 

Data are mean ± SEM. Significance was assessed by paired Student t-tests. *p < 0.05 vs. 

Control. WIN: WIN55,212-2.
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Figure 5. WIN55,212-2 significantly decreased the frequency but not amplitude of mIPSCs in 
PFC pyramidal neurons, which was blocked by rimonabant but not AM630
(a) WIN55,212-2 (1 μM) or WIN + Tat (10 nM) had no significant effect on the mean 

frequency and amplitude of sIPSCs (n = 7). (b) Representative traces show mIPSCs before 

WIN55,212-2 (1 μM), after WIN55,212-2, and after WIN + Tat (10 nM) application. (c, c′, c

″) Effects of WIN55,212-2 (1 μM) and Tat (10 nM) on the mean frequency of mIPSCs. 

WIN55,212-2 significantly decreased the mean frequency of mIPSCs with WIN + Tat not 

changing the WIN55,212-2-induced decrease in frequency of mIPSCs (n = 7, c). 

Pretreatment with rimonabant (1 μM) blocked the WIN55,212-2-induced decrease in the 

mean frequency of mIPSCs (n = 9, c′). Pretreatment with AM630 (1 μM) did not prevent the 

WIN55,212-2- and WIN + Tat-induced decreases in the mean frequency of mIPSCs (n = 8, c

″). (d, d′, d″) Effects of WIN55,212-2 (1 μM) and Tat (10 nM) on the mean amplitude of 

mIPSCs. WIN55,212-2 blocked the Tat-induced decrease in mean amplitude of mIPSCs (n = 

7, d). No significant effects were noted when pretreating PFC slices with rimonabant (1 μM, 
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n = 9, d′). Pretreatment with AM630 (1 μM) significantly decreased the mean amplitude of 

mIPSCs for WIN55,212-2 and WIN + Tat compared to control (n = 8, d″). Data are mean ± 

SEM. Significance was assessed by paired Student t-tests. *p < 0.05 vs. Control, #p < 0.05 

vs. AM (1 μM). WIN: WIN55,212-2; Rim: rimonabant; AM: AM630.
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Figure 6. AEA significantly decreased the frequency but not amplitude of mIPSCs and sIPSCs in 
PFC pyramidal neurons, which was blocked by rimonabant but not AM630
(a) Representative traces show sIPSCs before AEA (1 μM), after AEA, and after AEA + Tat 

(10 nM) application. (b, b′, b″) Effects of AEA (1 μM) and Tat (10 nM) on the mean 

frequency of sIPSCs. AEA significantly decreased the mean frequency of sIPSCs with AEA 

+ Tat not changing the AEA-induced decrease in frequency of sIPSCs (n = 7, b). 

Pretreatment of rimonabant (1 μM) blocked the AEA-induced decrease in the mean 

frequency of sIPSCs (n = 5, b′). Pretreatment of AM630 (1 μM) did not prevent the AEA− 

and AEA + Tat-induced decreases in the mean frequency of sIPSCs (n = 10, b″). (c, c′, c″) 
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Effects of AEA (1 μM) and Tat (10 nM) on the mean amplitude of sIPSCs. No effects were 

noted on the mean amplitude of sIPSCs in the absence (n = 7, c) or presence of rimonabant 

(n = 5, c′). Pretreatment of AM630 (1 μM) caused a significant decrease in the mean 

amplitude of sIPSCs by AEA + Tat compared to control (n = 10, c″). (d) Representative 

traces show mIPSCs before AEA (1 μM), after AEA, and after AEA + Tat (10 nM) 

application. (e, e′, e″) Effects of AEA (1 μM) and Tat (10 nM) on the mean frequency of 

mIPSCs. AEA significantly decreased the mean frequency of mIPSCs, whereas no further 

downregulation was noted for AEA + Tat (n = 8, e). Pretreatment of rimonabant (1 μM) 

blocked the AEA-induced decrease in the mean frequency of mIPSCs (n = 5, e′). 

Pretreatment of AM630 (1 μM) did not prevent the AEA− and AEA + Tat-induced decreases 

in the mean frequency of mIPSCs (n = 11, e″). (f, f′, f″) Effects of AEA (1 μM) and Tat (10 

nM) on the mean amplitude of mIPSCs. No effects were noted on the mean amplitude of 

mIPSCs in the absence (n = 8, f) or presence of rimonabant (n = 5, f′). Pretreatment of 

AM630 (1 μM) caused a significant decrease in the mean amplitude of mIPSCs by AEA + 

Tat compared to AM630 alone (n = 11, f″). Data are mean ± SEM. Significance was 

assessed by paired Student t-tests. *p < 0.05 vs. Control, #p < 0.05 vs. AM (1 μM), WIN: 

WIN55,212-2; Rim: rimonabant; AM: AM630.
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Figure 7. The significant effects of Tat on the frequency and amplitude of mIPSCs in PFC 
pyramidal neurons was blocked by CB1R antagonist rimonabant and under conditions of zero 
extracellular Ca2+

(a) Pretreatment of rimonabant (1 μM) blocked the Tat (10 nM)-induced decrease in the 

mean frequency and mean amplitude of mIPSCs (n = 8). (b) Pretreatment of AM630 (1 μM) 

did not block the Tat (10 nM)-induced decrease in the mean frequency of mIPSCs but 

prevented the Tat-induced decrease in the mean amplitude of mIPSCs (n = 9). (c) At zero 

extracellular calcium, Tat (10 nM) had no significant effect on mIPSC frequency and 

amplitude (n = 7). (d) In the presence of CdCl2 (200 μM), Tat (10 nM) showed no significant 

effect on mIPSC frequency but decreased the mean amplitude of mIPSCs (n = 6). Data are 
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mean ± SEM. Significance was assessed by paired Student t-tests. *p < 0.05 vs. Control, #p 
< 0.05 vs. AM (1 μM), §p < 0.05 vs. CdCl2 (200 μM). Rim: rimonabant; AM: AM630.
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