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Abstract

Nicotinic acetylcholine receptor (nAChR)-mediated neuroprotection has been implicated in the

treatment of neurodegenerative disorders such as Alzheimer’s, Parkinson’s and hypoxic ischemic

events, as well as other diseases hallmarked by excitotoxic and apoptotic neuronal death. Several

modalities of nicotinic neuroprotection have been reported. However, although this process

generally involves α4β2 and α7 subtypes, the underlying mechanisms are largely unknown.

Interestingly, both activation and inhibition of α7 nAChRs have been reported to be

neuroprotective. We have shown that inhibition of α7 nAChRs protects the function of acute

hippocampal slices against excitotoxicity in a α4β2-dependent manner. Neuroprotection was

assessed as the prevention of the NMDA-dependent loss of the area of population spikes (PSs) in

the CA1 area of acute hippocampal slices. Our results support a model in which α7 AChRs control

the release of GABA. Blocking either α7 or GABAA receptors reduces the inhibitory tone on

cholinergic terminals, thereby promoting α4β2 activation, which in turn mediates neuroprotection.

These results shed light on how α7 nAChR inhibition can be neuroprotective through a

mechanism mediated by activation of α4β2 nAChRs.
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Introduction

Many neurodegenerative diseases have in common pathological hallmarks that include

excitotoxic neuronal death, apoptosis and inflammation. This shared pathology is

underscored by the fact that symptoms of Alzheimer’s disease and Parkinson’s disease are

mitigated or prevented by modulation of nicotinic acetylcholine receptors (nAChRs)

(Buckingham et al. 2009; Liu et al. 2007; Quik and Wonnacott 2011). In the hippocampus,
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nAChRs are expressed mainly on GABAergic interneurons which most prominently express

the homomeric α7 and the heteromeric α4β2 isoforms (Albuquerque et al. 1997; Alkondon

and Albuquerque 2004; Alkondon et al. 2000; Lawrence 2008). The mechanisms of

neuroprotection by nicotinic ligands remain to be elucidated. Several modalities of nicotinic

neuroprotection can be manifested, depending on the subtypes of nAChRs involved.

Stimulation of α7 and α4β2 nAChRs triggers a Ca2+ dependent intracellular cascade

involving neuroprotective cell signaling kinases (Akaike et al. 2010; Kihara et al. 2001;

Ueda et al. 2008). The signaling cascades involved are the PI3K/AKT and in some cases

Raf/MEK/ERK and JAK2/STAT3 (Kawamata et al. 2011). It is likely that, through these

pathways, nAChRs regulate brain plasticity (Morishita et al. 2010) and inflammation

(Mabley et al. 2009; Pavlov and Tracey 2006; Wang et al. 2003).

Nicotine has been reported to be neuroprotective against N-methyl-D-aspartate (NMDA)

induced excitotoxicity in neuronal cultures in a α7 nAChR-dependent manner (Dajas-

Bailador et al. 2000; Gahring et al. 2003). However, reduction of the α7 nAChR activity has

also been reported to be neuroprotective (Dziewczapolski et al. 2009; Escubedo et al. 2009;

Eterovic et al. 2011; Ferchmin et al. 2005; Hu et al. 2007; Hu et al. 2008; Martin et al. 2004;

Woodcock 2010). Clearly, a unifying hypothesis to account for the different modes of

nicotinic neuroprotection has yet to emerge. The two α7 antagonists tested here were the

classical α7 antagonist methyllycaconitine (MLA) (Davies et al. 1999) and the novel

antagonist of α7, the cembranoid (1S,2E,4R,6R,7E,11E)-cembra-2,7,11-triene-4,6-diol.

Since α7 nAChRs are excitatory receptors expressed mainly on GABAergic interneurons

(Alkondon et al. 2000; Buhler and Dunwiddie 2002; Frazier et al. 1998; Lawrence 2008),

inhibition of α7 nAChRs may decrease the inhibitory tone on cholinergic terminals in the

hippocampus and increase the release of acetylcholine (Giorgetti et al. 2000; Materi and

Semba 2001). In this light, the present study tested the hypothesis that bicuculline

methiodide (BMI), a GABAA receptor antagonist, directly decreases the inhibitory tone on

cholinergic afferents, and mimics the downstream effect observed with inhibition of α7

nAChRs to increase acetylcholine release, enhance α4β2 nAChR activation, and trigger

neuroprotection. We propose that neuroprotection by inhibition of α7 nAChRs and by BMI

occur via the same mechanism.

Materials and Methods

Reagents

LY294002, methyllycaconitine, and Ro 31-820 were purchased from Calbiochem (La Jolla,

CA). Unless specified otherwise, all chemicals were purchased from Sigma–Aldrich (St.

Louis, MO). Fetal bovine serum (SH 30071.03) was from HyClone, DMEM 30-2002 and

F12K 30-2004 were from ATTC, Pen/Strep 15140 was from GIBCO. The tobacco

cembranoid (1S,2E,4R,6R,7E,11E)-cembra-2,7,11-triene-4,6-diol (4R) was either purified

form a crude tobacco extract by A.D. Rodriquez (Department of Chemistry, University of

Puerto Rico, Rio Piedras, Puerto Rico or from tobacco leaves by K. El Sayed (School of

Pharmacy, University of Louisiana, Monroe, LA). 4R stock solution was prepared in 100%

dimethylsulfoxide (DMSO) and diluted in buffer the day of the experiment.
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Pretesting of compounds used in field potential determinations in slices

The compounds applied to slices were tested for untoward effects as previously reported

(Ferchmin et al. 2005; Ferchmin et al. 2003). The drugs were superfused alone, washed off,

and 2 hours later, there was no observable effect on the field potentials. BMI and vesamicol

were used for the first time in this work; therefore, they were tested as described in results

(Figs 2, 3B, 6B). Table 1 presents the drugs used in the present study, their pharmacological

effects, and concentrations used.

Slice Preparation and Electrophysiological Recordings

All experimental procedures involving vertebrate animals have been reviewed and approved

by the Institutional Animal Care and Use Committee of Universidad Central del Caribe. The

methods for the dissection of hippocampi and the preparation of acute slices from male

Sprague-Dawley rats (120–200 g) were performed as previously (Eterovic et al. 2011;

Ferchmin et al. 1995). For dissection and incubation, a standard artificial cerebrospinal fluid

(ACSF) saturated with 95% O2, 5% CO2 was used (in mM): 125 NaCl, 3.3 KCl, 1.25

NaH2PO4, 2 MgSO4, 2 CaCl2, 25 NaHCO3, and 10 glucose. The dissections were

performed on ice. Transverse slices (400 μm thickness) were cut with a manual slicer and

transferred immediately to a recording chamber. The chamber contained three lanes with

independent perfusion lines exposed to humidified 95% O2, 5% CO2. The slices were kept

over a nylon mesh, at the interface between ACSF and warmed and humidified 95% O2, 5%

CO2 at 34±1°C. A bipolar electrode placed in the stratum radiatum was used to stimulate the

Shaffer collaterals with a constant current in the range of 20 to 40 μA for 0.2 ms. The

stimulus-evoked population spike (PS) was recorded in stratum pyramidale with a glass

electrode filled with 2 M NaCl and impedance 1 to 5 MΩ.

Procedure for Testing Neurotoxicity and Neuroprotection

About 30 slices from the hippocampi of two rats were distributed equally among the three

lanes of the chamber. A maximum of seven slices were analyzed per lane for each individual

experiment. On average 21 slices per condition were tested for each experimental condition

in three independent experiments. One hour after dissection, each slice received a stimulus

twice the strength required to elicit a threshold PS. This initial response was recorded as

initial PS area (ms x mv). Two hours later, excitotoxicity was induced by superfusing with

0.5 mM NMDA for 10 min in the presence of 95% O2, 5% CO2, and 10 mM glucose. After

washout of the NMDA with ACSF for one hour, each slice was stimulated in the same area

and intensity used to determine the initial (pre-NMDA exposure) PS. The PS areas obtained

before and after NMDA exposure were compared, and the percentage of the initial response

remaining at the end of the experiment was calculated and used as a measure of

electrophysiological recovery.

The experimental conditions were set to allow for an average 20% recovery of PSs in slices

treated only with NMDA (Ferchmin et al. 2000).

Neurotoxicity and neuroprotection was not quantified by measuring neuronal death, instead,

the loss and recovery of the area of the PSs was used as an indirect measure of neurotoxicity

and neuroprotection. See discussion for more details about the method.
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Experimental Protocol

The experimental protocol used for hippocampal slices throughout this work is shown in Fig

1. There were 3 experimental categories: a) NMDA controls, slices treated for 10 min with

0.5 mM NMDA. After 1 hour of ACSF superfusion, the final PSs were recorded. b) Slices

pretreated with BMI, MLA or 4R for 1 hour and washed for another hour before application

of NMDA and recording of final PSs. c) Slices pretreated with BMI, MLA, or 4R but in the

presence of drugs postulated to modify their effect. These drugs were applied for 15 min

before, during the hour of and for 15 min after the application of BMI, MLA, or 4R. After 1

hour of washout, NMDA was applied. Overall, this protocol allowed BMI or other

compounds sufficient time to trigger a neuroprotective program that would counteract the

NMDA-induced excitotoxicity two hours after the drugs were washed out.

Data acquisition and statistical analysis

The areas of PSs were acquired and analyzed with the Labman program (gift from Dr. T. J.

Teyler, WWAMI Medical Education Program, University of Idaho, Moscow, ID). The data

were statistically analyzed with SigmaPlot, version 11.0 (Systat Software, Inc.). One-way

analysis of variance was used whenever the data were distributed normally. In some

experiments, a large proportion of slices treated with NMDA had zero recovery and the data

failed the normality test. In these cases, the less powerful nonparametric Kruskal-Wallis

one-way analysis of variance on ranks was used. The choice of the post-hoc test was based

on the advisory statistics suite of SigmaPlot. Data were expressed as mean±SEM. Wherever

appropriate, statistical significance of the differences with NMDA controls or other

experimental conditions are indicated on the figure legends.

Cell culture of α7 expressing SHSY5Y cells

α7 nAChR expressed in SHSY5Y cells were obtained from Novartis Pharma AG. The cells

were cultured in 1:1 DMEM/F12K, 10% FBS, 100μg/mL G418 and 100units/mL Penicillin

and 100ug/mL Streptomycin. They were plated for culture maintenance in 75cm2 tissue

culture flasks and in glass cover-slips inside 35mm Petri dishes for experiments in three or

four days. They were split when 80–90% confluence was reached (about 4–5 days). Briefly

the media containing the floating cells was transferred to a 50mL centrifuge tube and then

5mL of a solution containing 1X Trypsin diluted in 1X PBS was added for five to ten

minutes to detach the cells from the flask. Then the cells were pooled with the ones that

were already in the conical tube and centrifuged for three minutes at 1000 rpm. The pooled

cells were then plated and incubated at 37°C and 5% CO2.

Whole-cell patch-clamp recording

Whole-cell current was measured using an EPC9 (HEKA) amplifier controlled by Pulse

software. The current traces were low-pass filtered at 2 kHz and digitized at 10 kHz. The

cells were clamped at −100 mV as previously described (Charpantier et al. 2005). The

external buffer contained (in mM): 130 NaCl, 5 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES; pH

adjusted to 7.4 with 1M NaOH solution. The pipette solution contained (in mM): 130 K-D

gluconate, 5 NaCl, 2 MgCl2, 5 EGTA, 10 HEPES, pH 7.4. The pipettes were made from

borosilicate capillary tubes pulled to have a resistance of 2–4 MΩ. Agonists and modulators
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were applied with a 16-channel Dynaflow chip (Cellectricon, Inc. Sweden). 4R was

dissolved in 100% DMSO and diluted immediately before the experiment with the bath

solution to 0.1% DMSO; all agonist solutions also contained 0.1% DMSO. All experiments

were carried out at room temperature (22–24°C). The analysis of whole-cell currents was

carried out using the MiniAnalysis software (Synaptosoft Inc.)

Results

Pre exposure to BMI protects against NMDA excitotoxicity

To test the hypothesis that inhibition of α7 nAChR causes a decrease of GABAergic tone,

which triggers neuroprotection (Ferchmin et al. 2005; Ferchmin et al. 2003), we pre-treated

slices with 0.1 μM BMI for 1 hour following the experimental protocol shown in Fig 1. A

model of this hypothesis is shown in Fig 8. As illustrated in Fig 2, pre-exposure to BMI

reversed the excitotoxic effect of NMDA on PSs.

Interestingly, BMI protection took place when NMDA was applied 1 hour after superfusion

with ACSF to remove BMI. This shows that BMI per se is not neuroprotective but a

neuroprotective metabolic consequence of the presence of BMI persisted after BMI was

removed. In the same conditions but without NMDA application, BMI did not affect the PSs

(Fig 2C) suggesting that the metabolic effect of BMI only protects against excitotoxicity but

does not enhance the PSs per se.

Dose dependence of BMI neuroprotection

BMI, a water soluble analogue of bicuculline (DeFeudis et al. 1975), is an unlikely

candidate to cause neuroprotection because it is a convulsant and, consequently, induces

seizures with ensuing excitotoxic neuronal death (Olney et al. 1986). To find the optimal

BMI concentration likely to induce neuroprotection without causing excitotoxic seizures, a

cumulative dose response (0.1–1.0 μM) versus paired-pulse inhibition in CA1 was done (Fig

3). The paired-pulse paradigm is appropriate to determine the strength of GABAergic

inhibition in CA1 (Ferchmin et al. 1995; Nathan et al. 1990). Paired-pulse stimulation of

slices superfused with ACSF showed a PS only after the first stimulus. There was no PS

after the second stimulus because of recurrent GABAergic inhibition. An incipient PS was

elicited by the second stimulus at 0.05 μM BMI, suggesting a decrease in GABAergic

inhibition. At 0.1 μM BMI the second stimulus evoked a small but robust PS without

secondary PSs. A further increase in BMI concentration up to 0.5 μM produced a secondary

PS after the first stimulus and the response to the second stimulus showed no paired-pulse

inhibition (Fig 3A). At 1 μM BMI the disinhibition was significantly increased displaying

large secondary spikes after the first and second stimuli indicative of a potentially

excitotoxic effect of BMI. At higher BMI concentrations (>1 μM; results not shown)

epileptiform waves were recorded. Overall, BMI was neuroprotective within the

concentration range from 0.1 to 0.5 μM. Controls for the effect of BMI without NMDA

application indicated that 0.1 μM BMI by itself did not affect the PS areas (Fig 3B). Since

BMI was maximally neuroprotective at 0.1 μM, this concentration was used in all the

remaining experiments.
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4R is an antagonist of α7 nAChRs

The first step of the mechanism of neuroprotection by 4R and MLA is inhibition of α7

nAChR (Fig 8). MLA is a classic antagonist of the α7 receptors (Davies et al. 1999) but the

direct effect of the 4R on α7 nAChRs was not described untill now. Here we show that 4R

inhibited ACh evoked currents from SHSY5Y cells transfected with human α7 nAChR. Fig

4 illustrates that application of 300 μM ACh evoked robust inward currents, which

desensitized rapidly and were inhibited by 10 nM MLA (data not shown), as expected for

the α7 nAChR (Charpantier et al. 2005). The ACh evoked current was robustly but

reversibly inhibited in the presence of 25 μM 4R. The inhibition required preincubation with

4R alone. In the absence of ACh, 25 μM 4R did not evoke any current, which indicated that

4R is not an agonist of α7 nAChR. These results were reproduced with 3 cells and the

observed inhibition was 82% ± 18% (mean ± S.E.M.).

Pharmacological profile of BMI, MLA and 4R mediated neuroprotection

The purpose of the next experiments was to compare the pharmacological profile of the

neuroprotection by BMI with the neuroprotection by MLA and 4R. These comparisons were

made either with new data presented in this work or with experiments published previously.

The compounds used for this purpose were tested for untoward effects on the health of the

slices, and the size and shape of the recordings. The results of these control experiments

were either published before (Ferchmin et al. 2005; Ferchmin et al. 2003) or, in the case of

BMI and vesamicol, were tested here (see Fig 2C, 3B and 6B).

To determine whether BMI and MLA neuroprotection was mediated by the α4β2 nAChR,

DHβE was coapplied with both compounds. DHβE, at 1 μM, is a selective α4β2 nAChR

antagonist (Raggenbass and Bertrand 2002). Figure 5 shows that coapplication of 1 μM

DHβE with either BMI or MLA completely abolished the neuroprotection confirming the

nicotinic mechanism. Previously, we showed that DHβE prevented the neuroprotection by

4R without affecting NMDA toxicity or the size or shape of PSs (Ferchmin et al. 2005).

Taken together, the results are consistent with neuroprotection by BMI, MLA and 4R, all

being mediated by a nicotinic mechanism.

According to our hypothesis, inhibition of α7 nAChRs on GABAergic interneurons or direct

inhibition of GABAA receptors will increase synaptic release of acetylcholine and activate

α4β2 nAChRs. The role of synaptic release of acetylcholine on neuroprotection by BMI, 4R

and MLA was tested by coapplication with vesamicol (50 μM). Vesamicol indirectly

prevents vesicular release of ACh (Auld et al. 2000; Auld et al. 2001; Cobb et al. 1999).

Coapplication of vesamicol inhibited the neuroprotection by BMI, 4R and MLA (Fig 6A)

without affecting the PSs or the toxicity of 0.2 mM NMDA (Fig 6B). We have shown that

neuroprotection by 4R is not dependent on the Raf-MEK-ERK cascade since it was not

prevented by PD98059, a specific inhibitor of ERK-1,2 activation by MEK-1,2 (Ferchmin et

al. 2005). PD98059 is a specific inhibitor of ERK-1,2 activation by MEK-1,2 (Alessi et al.

1995; Davies et al. 2000). Figure 7A shows that, like 4R, neuroprotection by BMI and by

MLA are resistant to PD98059. We have shown previously that, at the concentrations tested

(10–50 μM), PD98059 by itself did not affect the PS areas (Ferchmin et al. 2003). Similarly,

the PKC inhibitor Ro31-8220 did not inhibit the neuroprotection by BMI and MLA (Fig
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7B,C), nor did it affect the neuroprotection by 4R (Ferchmin et al. 2005). By contrast,

Ly294002, a selective inhibitor of PI3K, inhibited the neuroprotection by BMI and MLA

(Fig 7D, E) as was shown previously for 4R-induced neuroprotection (Ferchmin et al. 2005).

Discussion

The hypothesis tested here is that inhibition of α7 nAChRs causes indirectly a decrease in

GABAergic tone, which can be produced directly by the GABAA antagonist BMI. The

decreased inhibitory tone causes an increase in ACh release, which activates the α4β2

nAChRs responsible for the neuroprotection. A model of this hypothesis is presented in Fig

8.

According to this hypothesis, a mild reduction of GABAergic tone would mimic the effect

of α7 inhibition. This was supported by our finding that within the narrow concentration

range of 0.1 to 0.5 μM BMI was robustly neuroprotective (Fig 3). Higher BMI

concentrations failed to protect either by causing excitotoxicity or by affecting other

receptors or ion channels as is discussed below. The lowest BMI concentration that

produced a small PS after the second stimulus in a paired pulse paradigm was the most

neuroprotective (Fig 3A and B). Our assumption that a decrease in GABAergic tone

increases ACh release agrees with reports that inhibition of GABAA receptors by bicuculline

enhances synaptic ACh release (Giorgetti et al. 2000; Moor et al. 1998; Roland and Savage

2009; Vazquez and Baghdoyan 2004).

The model predicts that the mechanism of protection by either 4R, MLA or the GABAA

antagonist will be identical. Consistent with this prediction is the observations that

neuroprotection by 0.1 μM BMI and by 10 nM MLA was inhibited by DHβE proving the

involvement of the α4β2 nAChRs (Fig 5). At 1 μM DHβE is a selective inhibitor of the α4β2

nAChRs (Alessi 1997; Khiroug et al. 2004; Raggenbass and Bertrand 2002). We have

reported that the neuroprotection by 4R is inhibited by DHβE (Ferchmin et al. 2005) and

here we present evidence that 4R is an antagonist of the α7 nAChR (Fig 4).

Since the protection by BMI, 4R, and MLA was abolished in the presence of vesamicol (Fig

6A), the synaptic release of ACh must participate in the pathway as proposed in the model

(Fig 8A and B, step 4). The synaptically released ACh could act either on nicotinic or

muscarinic ACh receptors. The fact that the selective inhibitor of α4β2 nAChR, 1 μM

DHβE, completely blocked the protective effect of BMI and MLA (Fig 5) shows that a

nicotinic receptor is involved (Fig. 8A, Step 5).

Therefore, although muscarinic receptors interact with GABAergic transmission (Fellous

and Sejnowski 2000; Konopacki and Golebiewski 1993), they do not seem to have a

significant effect on BMI neuroprotection.

The neuroprotection by BMI, MLA and 4R was effective two hours later when these

compounds were already washed off (Fig 1). This suggests that BMI, MLA, and 4R are

neuroprotective because of their outlasting effect on the cell signaling processes that confers

the resistance to the excitotoxic stimulus.
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Additional evidence that BMI neuroprotection was mediated by the same mechanism as

MLA is supported by the pharmacological study of inhibitors of cell signaling protein

kinases on the efficacy of both compounds (Fig 7). The protein kinase inhibitors had the

same effect on neuroprotection by BMI and MLA. In addition, we have previously reported

a similar pharmacological profile for 4R (Ferchmin et al. 2005).

The PS is an appropriate parameter for assessing early neurotoxicity and neuroprotection

because it is the sum of the axon potentials of a population of neurons and it is directly

proportional to the number of functionally active pyramidal neurons (Andersen et al. 1971).

This variable was successfully used to assess neurotoxicity and neuroprotection against

NMDA, anoxia, oxygen and glucose deprivation, excitotoxic amino acids and paraoxon on

hippocampal neurons (Eterovic et al. 2011; Ferchmin et al. 2005; Ferchmin et al. 2000;

Ferchmin et al. 2003; Fountain et al. 1992; Martins et al. 2012; Schurr et al. 1995a; Schurr et

al. 1995b; Schurr and Rigor 1989). Agreement between histological markers of

neurodegeneration and PSs (Monette et al. 1998; Small et al. 1996) or intracellular action

potentials (Wang et al. 1999) was demonstrated. Recently, we showed that a cell permeable

inhibitor of caspase 9 and SB-216763 an inhibitor of the proapoptotic enzyme GSK-3β

prevented the loss of PSs in slices treated with excitotoxic concentration of NMDA. This

suggests that the loss of PSs is caused by an early step of apoptosis (Martins et al. 2012).

There are several concerns about the mechanism of action and the selectivity of BMI in our

paradigm. The low concentration of BMI (0.1 μM) found by us to be neuroprotective was

seldom used. However, this concentration agrees with the literature considering that only a

slight inhibition of GABAA receptors was needed to trigger neuroprotection (Fig 3A).

Bicuculline was reported to inhibit specific GABA binding to brain membranes with an

ED50 of 5 μM (Frere et al. 1982). BMI inhibited GABA evoked currents recorded from

HEK293 cells expressing a recombinant GABA receptor with IC50=1.9 μM (McCartney et

al. 2007). The above reports show that 0.1 μM bicuculline could inhibit 10 to 15% of

GABAA receptors.

It is predictable that excitotoxicity will be ameliorated by activation of inhibitory GABA

receptors (DeFazio et al. 2009; Sommer et al. 2003; Wei et al. 2012; Xu et al. 2008).

Therefore, our finding that a weak inhibition of GABAA receptors is neuroprotective

apparently contradicts the reports that enhancement of GABAergic transmission is

neuroprotective. The difference between our experimental design and theirs is that we

preapplied the GABAergic antagonist (Fig 1) whereas they enhanced the GABAergic

transmission during and after the excitotoxic episode.

Exposure to 0.1 μM BMI could be considered a preconditioning treatment against toxic

concentrations of NMDA by synaptic activation of NMDA receptors triggering

neuroprotection as described before (Soriano et al. 2006). However, the protection described

here is produced by 0.1 μM BMI in acute slices while Soriano et al. used 50 μM bicuculline

in cultured neurons. In our experiments, BMI concentrations higher than 0.5 μM were not

neuroprotective and the inhibition of BMI-mediated neuroprotection by vesamicol and

DHβE proves that it is a novel mode of cholinergic and nicotinic neuroprotection.
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Another concern about bicuculline and BMI selectivity is that they block nAChRs (Demuro

et al. 2001; Zhang and Feltz 1991), the apamin-sensitive Ca2+-activated K+ current

(Johansson et al. 2001; Johnson and Seutin 1997) or the small-conductance calcium-

activated potassium channels (SK) (Khawaled et al. 1999). However, these effects were

observed at concentrations 10 to 100 times higher than the 0.1 μM BMI used here. In

addition, in our paradigm, increase in BMI concentration did not enhance the

neuroprotective effect (Fig 3B).

It is possible that at higher concentration BMI activated other processes that impaired the

neuroprotection. It is noteworthy that the neuroprotection assessed in this work was the

recovery of the capability of the CA1 pyramidal neurons to produce synaptically elicited

axon potentials after exposure to excitotoxic treatment with NMDA. As mentioned above,

this modality of neuroprotection correlates with neuroprotection determined by other

methods in which cell death was the end point measure. In conclusion, our data support the

notion that neuroprotection by antagonists of α7 nAChRs and by mild inhibition of GABAA

receptors are mediated by the same mechanism that involves synaptic interactions and

activation of the α4β2 nAChRs. This work sheds light on the complexity of nicotinic

neuroprotection mediated by inhibition of α7 nAChR.
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Fig. 1.
The experimental design shows the seven steps of the neuroprotection assay. 1) Recovery

from slice preparation. 2) Recording of initial PSs. 3) BMI or other neuroprotective drug

was applied for 1 hour alone or in the presence of an inhibitor. The inhibitors were present

15 min before, during, and for 15 min after BMI application. 4) Drugs were removed by

superfusing with ACSF for 1 hour. 5) The excitotoxic stimulus, 0.5 mM NMDA, was

superfused for 10 min. 6) NMDA was removed by washing with ACSF for 1 hr during

which the slices, depending on the treatment, either recovered the PSs or failed to recover.

7) Recording of final PSs.
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Fig. 2.
Pre-exposure to 0.1 μM BMI protected against NMDA mediated excitotoxicity. Initial PSs

and final PSs after the indicated treatments are shown. A) Initial PS recorded from stratum

pyramidale of CA1. The final PS was recorded from the same slice and site after application

of 0.5 mM NMDA for 10 min. B) Initial PS as in A. The final PS was recorded after

superfusion for 1 hour with 0.1 μM BMI, washout with ACSF followed by NMDA as in A.

C) Initial PS and final PS after superfusion with 0.1 μM BMI for 1 hour in the absence of

NMDA. For details of experimental design see Fig 1.
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Fig. 3.
Fig 3A: At 0.1 μM BMI decreases pair-pulse inhibition without secondary PSs. A

cumulative dose response curve of BMI was done to determine the lowest concentration

necessary to decrease paired-pulse inhibition. Schaffer collaterals were stimulated once per

min with paired-pulses of 20 ms interpulse interval and the synaptically evoked PSs were

recorded from stratum pyramidale. The concentration of BMI was incremented every 20

min. The recordings shown are the average of the last 5 responses for each concentration.

The black arrow shows the primary PSs elicited by the second stimulus at 0.1 μM BMI. The

white arrows show secondary PSs elicited by the first and the second stimuli.
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Fig 3B: Preexposure to specific concentrations of BMI protected against NMDA

excitotoxicity. Slices were pre-exposed for 1 hour to either ACSF or to the various BMI

concentrations. BMI was removed by superfusion with ACSF for another hour after which

the standard NMDA toxic stimulus was applied. After NMDA the slices were superfused for

1 hour with ACSF and the final PSs were recorded. The recovery of PSs in slices

preincubated with 0.1 and 0.5 μM BMI was significantly larger than in NMDA controls

exposed only to NMDA (white bar) or to 0.05 or 1 μM BMI (* p<0.05). The number of

slices per condition was 42, 21, 90, 21, 14, and 21, respectively. The black line on top

indicates the experimental groups exposed to 0.5 mM NMDA for 10 min. The gray bar

below indicates the groups exposed to BMI. The hatched bar shows the lack of effect of

superfusion for 1 hour with 0.1 μM BMI on the PSs. See Fig 1 for details of design.
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Fig. 4.
4R inhibits ACh-evoked currents from the α7 nAChR. ACh-evoked currents were recorded

from SHSY5Y cells transfected with human α7 nAChR, using the patch-clamp technique as

explained in Methods. The cells were exposed to 300 μM ACh for 350 ms; 90s washouts

with the external buffer separated successive applications of the agonist. 300 μM ACh

evoked robust inward currents (first two recordings to the left). The cells were then exposed

to 25 μM 4R in the absence of ACh for 120s; this was followed by application of 25 μM 4R

in the presence of 300 μM ACh for 350 ms. 25 μM 4R produced a profound inhibition of the

ACh-evoked current with full recovery upon washout as shown by the last two recordings.
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Fig. 5.
α4β2 nAChRs are required for BMI and MLA mediated neuroprotection. The white bars,

NMDA control, show the remaining PSs in slices treated with 0.5 mM NMDA for 10 min.

A) The light gray bar shows the recovery of slices treated for 1 hour with 0.1 μM BMI,

washed for another hour with ACSF before treatment with NMDA. The dark gray bar shows

the effect of 1 μM DHβE coapplied with 0.1 μM BMI. BMI significantly increased the

recovery of PSs over NMDA controls and over BMI coapplied with DHβE (N=21;*,

p<0.05). B) The light gray bar shows the neuroprotection by 10 nM MLA applied for 1 hour.

Dark gray bar shows that 1 μM DHβE coapplied with 10 nM MLA prevented the

neuroprotection (N=14;*p<0.05). See Fig 1 for design.
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Fig. 6.
Fig 6A: Synaptic release of acetylcholine is necessary for neuroprotection by BMI, 4R and

MLA. Vesamicol (50 μM) coapplied with BMI, 4R or MLA blocked the neuroprotection.

The white bars represent the NMDA controls showing the recovery of PSs after 10 min of

0.5 mM NMDA. I) The light gray bar shows the neuroprotection by 0.1 μM BMI

pretreatment (N=21;*** p<0.001). The dark bar shows the inhibition of BMI

neuroprotection by coapplication with vesamicol. II) Neuroprotection by 2 μM 4R

(N=14;*** p<0.001) was nullified by coapplication with vesamicol. III) 10 nM MLA

preapplied for 1 hour protected (N=14; *** p<0.001). Coapplication of 10 μM MLA with

vesamicol inhibited the neuroprotective effect. See Fig 1 for design.

Fig 6B: Vesamicol per se did not affect NMDA neurotoxicity or the rundown of PS in the

absence of NMDA. To estimate a possible enhancement of NMDA toxicity or

neuroprotection by vesamicol, 0.2 mM NMDA was used. The white bar shows the decrease

of PSs after application of 0.2 mM NMDA for 10 min. The gray bar reflects the effect of 1

hour application of vesamicol followed by 1 hour superfusion with ACSF and application of

0.2 mM NMDA. The comparison of the white and gray bar shows that vesamicol did not

affect the toxicity of NMDA. The hatched bar shows a near complete recovery of PSs after 1

hour exposure to 50 μM vesamicol alone without later application of NMDA. The recovery
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of PSs in slices exposed only to vesamicol were significantly larger than in slices exposed to

0.2 mM NMDA without or with vesamicol preapplication (N=14; *; p<0.05). For design,

see Fig 1.
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Fig. 7.
Cell signaling underlying BMI and MLA neuroprotection. White bars represent unprotected

NMDA controls. A) 10 μM PD98059 did not inhibit the neuroprotection by 0.1 μM BMI

(gray bar), or 10 nM MLA (hatched gray bar) (N=21; *** p<0.01). B) The neuroprotective

effect of BMI was not affected by 100 nM Ro 31-8220 (N=21; *p<0.050). C) The

neuroprotective effect of MLA was not affected by 100 nM Ro 31-8220 (N=21; *p<0.05).

D) Neuroprotection by BMI was inhibited by 10 μM Ly294002 (N=21; *, p<0.05). E) 10

μM Ly294002 inhibited the neuroprotective effect of 10 nM MLA (N=21; *, p<0.05). See

Fig 1 for design.
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Fig. 8. Proposed model for the neuroprotection by MLA, 4R, and BMI
A) Proposed sequence of steps and the inhibitors used to explore them. 1) MLA and 4R

inhibit α7 nAChR on GABAergic interneurons or septal afferents. 2) Decreased α7 activity

reduces GABA release. 3) The hyperpolarizing tone decreases either because of reduced

GABA release or because of the presence of the antagonist BMI. 4) Reduced inhibition on

cholinergic terminals allows for more ACh release. Vesamicol blocks this pathway by

blocking the synaptic release of ACh. 5) The enhanced ACh release activates the α4β2

nACh receptors. DHβE, a selective antagonist of α4β2 blocks this step. 6) Activation of

α4β2 receptors triggers the phosphoinositide 3-kinase neuroprotective cascade, which is

blocked by LY294002. Positive or negative effector refers to compounds that cause or

reverse the neuroprotection.
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B) Proposed localization of receptors and synaptic elements. Inhibition of α7 receptors (1)

on GABAergic interneurons or GABAergic terminals attenuates GABA release (2) and

decreases the GABAergic tone (3) on incoming cholinergic afferents. The decreased

GABAergic tone is mimicked by BMI, a GABAA antagonist. Weaker GABAergic tone (3)

disinhibits the synaptic release of ACh (4) and increases the activation of α4β2 (5) on

terminals innervating pyramidal neurons or directly on pyramidal neurons. The icons

representing receptors and synaptic vesicles are presented in the top to bottom sequence in

which they are presumed to act in this mechanism.
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