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Abstract

:

Acetylcholinesterase (AChE) is responsible for hydrolyzing the acetylcholine neurotransmitter, bringing an end point to cholinergic neurotransmission. Thus, AChE is the primary target of a wide spectrum of compounds used as pesticides, nerve agents or therapeutic drugs for neurodegenerative diseases such as Alzheimer’s disease (AD). This enzyme is heterogeneously distributed in the brain showing different activity depending on the nervous region. Therefore, the aim of this work is to report a novel technology that enables the simultaneous determination of tissue specific AChE activity, as well as the analysis and screening of specific inhibitors, by using cell membrane microarrays. These microarrays were composed of cell membranes, isolated from 41 tissues, organs and brain areas, that were immobilized over a slide, maintaining the functionality of membrane proteins. To validate this platform, demonstrating its usefulness in drug discovery as a high throughput screening tool, a colorimetric protocol to detect the membrane-bound AChE activity was optimized. Thus, rat cortical and striatal AChE activities were estimated in presence of increased concentrations of AChE inhibitors, and the donepezil effect was assessed simultaneously in 41 tissues and organs, demonstrating the major potential of this microarray’s technology.
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1. Introduction


Acetylcholinesterase (AChE) is responsible for degrading the acetylcholine neurotransmitter into choline and acetic acid, bringing an end point to cholinergic neurotransmission. This enzyme is heterogeneously distributed in the brain showing different activity depending on the nervous region. For this reason, AChE is the primary target of a wide spectrum of compounds used as pesticides, nerve agents or therapeutic drugs for neurodegenerative diseases. Concretely, AChE is the main therapeutic target in Alzheimer’s disease (AD), where inhibition of this enzyme attempts to compensate the cholinergic system deficits reported not only in AD but also in other diseases such as Parkinson’s disease or Myasthenia gravis [1,2,3].



Several approaches have been developed to study AChE activity and to test the inhibitory capacity of AChE inhibitors including colorimetric [4,5], spectrophotometric [6,7], fluorometric [8,9,10,11], radiometric [12,13], or electrochemical techniques [14,15,16,17]. Among them, the most commonly used technologies are based on the photometric Ellman’s method, which consists of measuring the increase in yellow color produced from thiocholine, generated from the hydrolysis of the acetylthiocholine by cholinesterases when it reacts with dithiobisnitrobenzoate ion [6]. This method has been adapted to microtiter plates for inhibitor screening, but the amount of sample required limits their use with specific brain areas involved in the AChE physiological effects. In an attempt to adapt to array scale, Monton and co-workers developed an AChE microarray to test inhibitory drugs of the soluble AChE by immobilizing this enzyme in a sol-gel derived silica [18]. However, in vivo, the major isoform of AChE is anchored to the membrane [19] and its activity depends on the tissue where it is expressed. Considering that membrane bound proteins are one of the main pharmacological targets, strategies to develop microarrays of functional membrane proteins are of notable interest. In this work, we describe a biotechnological platform based on cell membrane microarrays (CMMs). In this sense, a cell membrane microarray (CMM) has been successfully used in the study of membrane proteins not only at expression level but also for functional activity [20,21]. As the whole membrane is printed onto these CMMs, the integrity of the proteins remains stable for long periods of time, mainly due to the conservation of the lipid environment [22,23]. Moreover, regional distribution of cholinesterase and specific lipids has been described using CMMs [22].



Therefore, we seek to adapt cell membrane microarrays to a simple and sensible colorimetric assay, used in histochemical studies for cholinesterase (ChE) detection, based on the reduction of ferricyanide to ferrocyanide and the combination of the latter with Cu+2 ions to form brown insoluble copper ferrocyanides [24]. This miniaturized biotechnology platform enables not only enormously reduction in the amount of sample towards the nano-scale, but also determination of AChE activity and the effect of its potential inhibitors in numerous tissues simultaneously using only a single assay, which in turn results in reducing reagents and drugs consumption. To demonstrate its utility, in a single assay, the inhibitory potency of donepezil on AChE activity was estimated in 41 rat tissues revealing the major potential of this novel technology. In addition, relative ChE and AChE activities were quantified in cerebral cortex and striatum CMMs; the half-maximal inhibitory concentration (IC50) of the ChE inhibitors tacrine and physostigmine, first generation drugs for AD symptomatic treatment, donepezil and galanthamine, second generation drugs, and paraoxon, the active metabolite of parathion, an organophosphorus insecticide, were also quantified. In this sense, in vivo and in vitro exposure to a wide range variety of organophosphates in cell models increases the production of reactive oxygen species (ROS) [25,26]. Furthermore, the presence of superoxide formation has been observed in vitro in Human salivary gland (HSG) cells treated with paraoxon [27]. As some of the main proteins involved in the ROS formation are in cell membrane, the effect of paraoxon on the NADH oxidoreductase was studied in rat hippocampus, striatum and thalamus.




2. Experimental Section


2.1. Tissue Samples and Reagents


The cell membrane fraction was obtained from tissues and organs of a pool of 10 male Sprague Dawley rats (250–300 g) purchased from Harlan (Barcelona, Spain). All animals were treated in accordance with institutional guidelines and Directive 86/609/EEC. The rats were deeply anesthetized with a ketamine/xylazine cocktail (60 mg/kg of Ketamine-HCl and 5 mg/kg Xylazine-HCl i.p.), 2 mL of blood was extracted and rats were decapitated. Brain areas and peripheral tissues of interest were quickly removed and stored at −80 °C. During dissection tissues were maintained at 4 °C to avoid cell membrane protein denaturation and subsequent functionality loss.



All chemicals were purchased from Sigma-Aldrich (San Luis, MO, USA), including the ChE inhibitors tetraisopropyl pyrophosphoramide (Iso-OMPA), 9-amino-1,2,3,4-tetrahydroacridine hydrochloride hydrate (tacrine), eserine (physostigmine), galanthamine hydrobromide from Lycoris sp. (galanthamine), donepezil hydrochloride monohydrate (donepezil) and paraoxon. The inhibitors were all dissolved in distilled water except physostigmine, which is insoluble in water, and was therefore dissolved in dimethyl sulfoxide.




2.2. Cell Membrane Microarrays Fabrication


The microarrays were composed of a collection of membrane homogenates isolated from different rat tissues and organs. Briefly, the cell membrane fraction was isolated from the tissues of interest and homogenates were prepared based on the protocol reported by Barreda-Gómez and co-workers with some modifications [28]. Tissue samples were homogenized using a Teflon-glass grinder (Heidolph RZR 2020, Schwabach, Germany) or a disperser (Ultra-Turrax® T10 basic, IKA, Staufen, Germany) in 20 volumes of homogenized buffer (1 mM EGTA, 3 mM MgCl2, and 50 mM Tris-HCl, pH 7.4) supplemented with 250 mM sucrose. The crude homogenate was subjected to a 1500× g centrifugation (AllegraTM X 22R centrifuge, Beckman Coulter, Brea, CA, USA) for 5 min at 4 °C, and the resultant supernatant was centrifuged at 18,000× g (Microfuge® 22R centrifuge, Beckman Coulter, Brea, CA, USA) for 15 min (4 °C). The pellet was washed in 20 volumes of homogenized buffer and re-centrifuged under the same conditions. The tubes were finally decanted and the pellets were frozen at −80 °C, except for one aliquot which was used to determine the protein concentration. Protein concentration was measured by the Bradford method [29] and adjusted to the required concentrations.



For microarray development, membrane aliquots of the rat brain areas studied were resuspended in assay buffer (0.1 mM PBS) supplemented with the crosslinker at a concentration of 10 µg/µL [30,31]. An amount of 20 µI of each sample was placed in each microwell of a 96-well plate according to the microarray design. Microarrays were printed by a contact microarrayer (SpotBot®3 microarrayer, Arrayit, Sunnyvale, CA, USA) placing 3 replicates of each sample (7 nL/spot), into microscope preactivated glass slides [30,31]. The printing was carried out using SMP15 pins under controlled humidity (relative humidity 60%) at 4 °C. After the spotting, microarrays were stored at −20 °C in a desiccator.



The immobilization of the membranes to the support was checked by using an adapted protocol of the Bradford method [29]. For this purpose, 2 microarrays were thawed and rehydrated in 50 mM Tris-HCl buffer (pH 7.4) for 15 min at room temperature. Then, the microarrays were incubated with coomassie blue staining for 60 min at room temperature, washed twice in 50 mM Tris-HCl buffer (pH 7.4) for 5 min and dipped in distilled water. The images were acquired and analyzed determining the homogeneity of the microarrays printed.




2.3. ChE Activity Detection


ChE activity was detected by adapting the methodology reported by Karnovsky and Roots [24]. CMMs were dried for 60 min, and then incubated at room temperature with the reaction medium prepared in 0.1 M Tris-maleate buffer pH 6 containing 5 mM sodium citrate, 3 mM cupric sulfate, 5 mM potassium ferrocyanide and 2.3 mM acetylthiocholine iodide substrate. The incubation medium was protected from light to avoid substrate degradation. The selective butyrylcholinesterase (BuChE) irreversible inhibitor, Iso-OMPA (0.1 mM) was added to the reaction buffer to determine AChE activity. Lastly, the inhibitors were added at the required concentrations. When physostigmine was tested, 0.5% bovine serum albumin, a protein stabilizer, was also added to the reaction medium. The reaction was discontinued by washing with 0.1 M Tris-maleate buffer pH6 (2×). To assess the effect of pralidoxime, CMMs were incubated with 1 µM paraoxon in the presence of increasing concentrations of pralidoxime.




2.4. Data Normalization


The protein content of membrane homogenates was measured with the Coomassie brilliant blue protein-binding method [29] using bovine serum albumin as standard. After printing membrane homogenates on the slides, protein concentration was recalculated using Bradford methods adapted to cell membrane microarrays. Briefly, CMMs were dried for 15 min and incubated in 50 mM Tris-HCl buffer (pH 7.4) for 15 min. CMMs were subsequently incubated in Coomassie brilliant blue solution for 60 min at room temperature, washed in 50 mM Tris-HCl buffer for 15 min (2×) and dried at room temperature. Slides were scanned and quantified as reported below. The protein determinations were used to normalize ChE and AChE activities.




2.5. Image Processing


A Leica DM500 microscope and Leica ICC50 HD camera were coupled to the capturing software LAS EZ 2.0.0. Microphotographs were captured with the same light parameters and the final image was assembled with the software Adobe Photoshop CS5 (Adobe Systems Incorporated, Mountain View, CA, USA).




2.6. Data Analysis and Determination of IC50 Values


CMMs were scanned using a scanner (Epson Perfection V750 Pro) and quantified using the software ScanAlyze (Stanford University, Stanford, CA, USA). Data were processed with GraphPad Prism 5.00 (GraphPad Software, San Diego, CA, USA). To determine IC50 values, CMMs were incubated with increasing concentration of the inhibitors tested to inhibit 20% to 80% of AChE activity, ranging from 1 nM to 10 mM. The data were obtained by non-linear regression of the logarithm of the inhibitor concentration (M) versus the percentage of remaining AChE activity. Correlation analysis was carried out by the Pearson test. A p ≤ 0.05 was considered significant. Data are presented as mean ± SEM.





3. Results and Discussion


3.1. Protocol Optimization to Detect ChE and AChE Activity in Cell Membrane Microarrays


We modified and optimized the traditional histochemical methodology implemented by Karnovsky and Roots for AChE localization in tissue sections [24] to detect membrane-bound ChE and AChE activity in the CMM. In this method, thiocholine is enzymatically released from acetylthiocholine, reducing ferricyanide to ferrocyanide which precipitates by cupric ion and citrate as cupric ferrocyanide, Cu2+Fe2+(CN)6, known as Hatchett’s brown. To achieve this aim, ChE activity was tested at different pH in CMMs consisting of membranes isolated from the cerebral cortex, striatum, cerebellum and the liver. At pH 7.4, an increase in the deposition of unspecific precipitates and a decrease in ChE activity compared to the same assay performed at pH 6 were recorded (Figure S1, Supporting Information), which is congruent with previous results described for light microscopy in tissue sections [24]. Therefore, pH 6 was selected to perform the following experiments.



CMMs obtained from cerebral cortex, striatum, colliculus, cerebellum and liver were subsequently incubated at different times (from 30 min to 20 h) with the reaction medium to determine the best time to establish the maximal enzymatic activities of ChE. This activity increased over time without reaching equilibrium within 20 h of assessment in the cerebral cortex, cerebellum, and liver (Figure 1). As the unspecific deposition was increased over time, the optimal incubation time chosen to obtain the best signal/noise ratio was 16 h. These data were consistent with those obtained from similar experiments performed in membrane homogenates and quantified by colorimetric assays using a spectrophotometer (Figure S1, Supporting Information), in contrast with the 0.5 to 2 h proposed for tissue sections [32]. This discrepancy could be because of the fact that the protocol was optimized to detect AChE activity not only in nervous, but also in peripheral tissues, where its activity is lower [33]. In this context, the membranes isolated from liver, where ChE activity is mainly because of BuChE [34,35] showed a little activity at two hours compared with that obtained from nervous tissue, in which AChE is principally responsible for ChE activity [36,37,38].




3.2. Determination of ChE and AChE Activities in a Collection of Rat Tissues Using CMMs


ChE and AChE activities were determined in CMMs consisting of membranes isolated from 41 different rat tissues and organs spotted in triplicate in a single miniaturized assay. The optical density obtained in each tissue was normalized by total protein using a cell membrane microarray printed with increasing concentrations of membranes isolated from the cerebral cortex (from 17.5 to 87.5 ng of protein) as the internal control. Maximal ChE activities were obtained in gastrointestinal tract organs, adipose tissue and skin, followed by other organs such as the brain, heart and liver, while the highest AChE activities were found in brain areas (Figure 2). The enzyme most responsible for this activity in these peripheral tissues appeared to be BuChE, while it was AChE in the brain and other peripheral tissues such as arteries, erythrocytes, tongue, vas deferens and spleen, as indicated by the slight inhibition produced by iso-OMPA (Figure S2). These results are in accordance with the distribution of the activity of these ChE enzymes previously reported by other authors [33,39,40,41], although BuChE activity could be underestimated in our assays because of the fact that we use acetylthiocholine as substrate, which is much more specific for AChE than for BuChE [42,43].



To validate these results, the same experiment was replicated in membrane homogenates of the cerebral cortex, spleen, salivary glands, small intestine, heart, adipose tissue and pancreas, using a spectrophotometer to quantify. Good correlations were obtained for both enzymatic activities: ChE (r = 0.8460, p < 0.05) and AChE (r = 0.9028, p < 0.01) (Figure S3). Furthermore, the enzymatic activities determined using CMMs correlated with that described by Shih using Ellman´s method (r = 0.8380, p < 0.001) for ChE [29] and by Das and co-workers (r = 0.9409, p < 0.001) for the detergent-soluble fraction of AChE [41]. Several studies described that AChE activity is mainly detected in nervous tissues, being in the minority in peripheral tissues such as heart [40]. In this sense, higher activity has been detected in the basal ganglia of the brain, where striatum is the major area. Other brain regions such as cerebral cortex present an important AChE activity but less than basal ganglia [44,45]. This distribution is consistent with the activity and expression determined in the tissues and brain areas included in CMMs (Figure 2 and Figure S4).




3.3. Effects of Donepezil on AChE Activity Using CMMs


To demonstrate the usefulness of this platform in the assessment of potency of AChE inhibitors, CMMs made of membrane homogenates isolated from 41 rat organs and tissues were incubated with increasing concentrations of donepezil, a non-competitive reversible AChE inhibitor, in presence of 0.1 mM Iso-OMPA. Donepezil concentration–response curves with IC50 values between 52 nM and 1260 nM were thus simultaneously obtained depending on the tissue. In this context, donepezil revealed the highest inhibition of AChE activity in the dorsal root ganglia, while the lowest was in the amygdala (Table 1). This tissue-specific effect could be due to the different AChE isoforms, in addition to anchoring partners or the lipid composition [19,46,47]. IC50 values quantified in some areas of the rat brain such as cerebral cortex (79 ± 9 nM) were similar to those obtained by Snape and co-workers in whole brain (33 ± 12 nM) using Ellman’s method [48]. Nevertheless, some authors reported lower IC50 values for donepezil probably because their studies refer to the whole brain or because experiments were performed in different species [46,49]. Noteworthily, this novel methodology enables, in a single miniaturized assay, the pharmacological characterization of the primary targets of a test compound in multiple tissues and organs, due to the low amount of sample required.




3.4. Inhibition of AChE Activity by Different Drugs Using Striatal and Cortical CMMs


To demonstrate that this technology provides results that are comparable with those obtained by conventional techniques, the effect of several known inhibitors on AChE activity was tested. To that end, CMMs made of cortical and striatal membranes were incubated in the reaction buffer reported previously to determine AChE activity in the absence and presence of increasing concentrations of the active metabolite of the organophosphorus insecticide parathion (paraoxon), as well as of drugs used to treat AD (tacrine, physostigmine, galanthamine and donepezil). All drugs tested produced concentration–response curves in both kinds of brain tissues, with IC50 values in the micromolar range. Although the inhibition observed in the cerebral cortex was higher than in the striatum, the IC50 quantified for each drug showed good correlation in both tissues (Figure 3). In this context, paraoxon was the most potent drug in inhibiting AChE in both brain areas, showing very low IC50 values, followed by donepezil, physostigmine, tacrine and galantamine as other authors have previously reported [37,38,47,49,50,51,52,53]. The IC50 determined for all drugs analyzed in both brain areas, using CMMs, presented good correlation (r = 0.9717; p < 0.01) even if the inhibition observed in the cerebral cortex was higher than in the striatum, probably because of the action on the tetrameric (G4) forms of AChE [51]. Furthermore, the inhibition induced by paraoxon was partially obviated by pralidoxime, an oxime usually used to counteract the toxic effects of organophosphorates or nerve agents [54] (Figure 3).



Once the inhibitory effect was determined in cortex and striatum, we studied whether paraoxon, in addition to inhibiting the AChE, was also responsible for the production of ROS by NADH oxidoreductases. For this purpose, the Karnovsky and Roots protocol was modified, using NADH and decylubiquinone as substrates and cofactor, in order to evaluate the ROS formation using a tetrazolium salt. We dried the CMM for 30 min and then we incubated the membranes with phosphate buffer 5 mM, decylubiquinone 50 µM, nitroblue tetrazolium chloride 0.05 mg/mL, azide 10 mM and different concentrations of paraoxon. We observed that paraoxon induced a concentration dependent increase in reactive oxygen species in cerebral areas like hippocampus, striatum and thalamus (Figure 3). Thus, the ROS stress induced by paraoxon could also be involved in the toxic effect of this insecticide on specific brain regions (Figure 3).





4. Conclusions


In summary, we propose a novel platform based on CMMs obtained from a tissue collection to estimate membrane-associated AChE activity and to screen compounds that act through membrane-bound cholinesterases, in a single miniaturized assay. Several attempts have been performed to quantify AChE activity and to screen AChE ligands in serum samples, membrane homogenates or AChE-enriched solutions with high sensibility and reproducibility [4,5,6,7,8,9,10,11,12,13,14,15,16,17]. However, these methods are optimized to soluble AChE and require the addition of detergent to study the membrane-bound AChE, which can alter the lipid environment in addition to enzyme structure and function. By contrast, CMMs are developed specifically to study membrane proteins using a protocol that immobilizes membranes isolated from different tissues and maintains the membrane environment and the functionality of the proteins [30]. This feature is important for screening AChE inhibitors because the action of these drugs varies among tissues, depending on the expression of AChE isoforms, anchoring partners or the lipid composition [19,46,47]. Therefore, the CMM-based biotechnological platform developed in this work can be considered a robust miniaturized assay for the screening of AChE ligands in multiple rat tissues. We demonstrate its utility for studying ChE, and in particular AChE activity levels, and the action exerted by different drugs on these enzymes in multiple rat organs and tissues simultaneously, with the main advantage that the amount of sample is significantly less than that required by conventional techniques. This characteristic enables the inclusion of precious tissues that could not otherwise be studied because of difficulty in the procurement, scarcity or high cost. This biotechnological platform also reduces the amount of drug candidate required to perform the assay, as well as generated residues, resulting in time and cost saving. The versatility of this methodology enables inclusion of membranes isolated from different sources, thereby facilitating the study of AChE in different species as well as under several pathologic conditions. Moreover, other membrane-bound enzymes may further extend the applicability of this approach, such as the study of the NADH dehydrogenase complex in different diseases such as depression [55,56].








Supplementary Materials


The following are available online at https://www.mdpi.com/2673-4532/2/1/3/s1, Figure S1: False color representative images of cholinesterase activity determined at different pH in cell membrane microarrays consisted of rat membranes homogenates isolated from striatum, cerebral cortex cerebellum and liver (A). An increase in the deposition of unspecific precipitates and a decrease in the cholinesterase activity were observed at pH 7.4 in comparison with the same assay performed at pH 6. Correlation between cholinesterase activities quantified using the spectrophotometer or cell membrane microarrays in rat membrane homogenates isolated from cerebral cortex (B) and liver (C). Data are mean ± SEM values from 3 experiments performed in different CMM, Figure S2: Cholinesterase effects of specific inhibitors of BuChE and AChE on the rat colliculus. Sagittal sections (A) and cell membrane microarrays (B) were incubated in absence or in presence of 100 µM Iso-OMPA alone or together with 100 µM galantamine. Note the decrease in the colorimetric signal evoked by the AChE inhibitor, galantamine, on sagittal tissue sections and cell membranes microarrays of rat colliculus, Figure S3: Correlation between cholinesterase (A) and acetylcholinesterase (B) activities quantified using the spectrophotometer or CMM in rat membrane homogenates isolated from cerebral cortex, spleen, salivary glands, heart, pancreas, small intestine and adipose tissue. Data are mean ± SEM values from 3 experiments performed in different CMM, Figure S4: Representative images of the fluorescent immunodetection of AChE using rat cell membrane microarrays (A) and the graphic representation of the AChE signal (B). Cell membrane microarray consisted of increasing amount of membrane preparation isolated from a pool of striatum, cerebellum and heart of Sprage Dawnley rats (n = 10). The protocol used was as follows. Microarrays were incubated with the blocking buffer (PBS, 0.3% triton and 1:200 Normal Goat Serum) for 30 min before adding the anti-AChE mouse monoclonal antibody (ref: MAB304, Merck Millipore) at 1:200 dissolved in blocking buffer. After 1 h at room temperature, microarrays were revealed with the secondary antibody goat anti-mouse Alexa Fluor 555 (Abcam) at 1:200 in the blocking buffer. Finally, microarrays were rinsed with PBS for 10 min, and the fluorescence was quantified using a ChemiDoc MP imaging system. Nonspecific immunoreactivity was determined in the absence of the primary antibody.
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Figure 1. FalsePseudocolor representative images of cholinesterase activity determined at different times in cell membrane microarrays (CMMs) consisting of rat membrane homogenates isolated from colliculus, cerebral cortex, striatum, cerebellum and liver (A), and the time course curves of cholinesterase (ChE) activity obtained after quantifying each spot (B). Data are mean ± SEM values from 3 experiments performed in different CMMs. 
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Figure 2. Distribution of ChE and acetylcholinesterase (AChE) activities in the central nervous system and peripheral tissues of male Sprague Dawley rats. CMMs used in the assay consisted of a collection of 41 rat tissues spotted in triplicate, where each spot corresponds to a pool of membranes isolated from 10 animals. Data are expressed as mean ± SEM (standard error of mean) values from 3 experiments performed in different CMMs. 
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Figure 3. (A) False Pseudocolor representative images and the corresponding response curves of AChE activity determined in the cerebral cortex and striatum of male Sprague Dawley rats, using CMMs incubated with different galantamine concentrations. (B) Correlation of half-maximal inhibitory concentrations, represented as the negative logarithm (pIC50), quantified for different AChE ligands in both brain areas. Note that pIC50 determined for each drug in each tissue present good correlation, revealing the robustness of this methodologic platform for screening AChE inhibitors. Data are mean ± SEM values from 3 experiments performed in different CMMs. (C) False Pseudocolor representative images of AChE activity determined in CMMs of membranes isolated from rat cerebral cortex and striatum in the absence or presence of paraoxon (1 µM) and pralidoxime at increasing concentrations. Note that 1 mM pralidoxime partially avoids paraoxon-induced inhibition. (D) Superoxide formation mediated by mitochondrial NADH oxidoreductase in presence of different concentrations of paraoxon on rat hippocampus, striatum and thalamus. Sodium azide 10 mM was used as positive control. 
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Table 1. Catalytic activity of AChE, the ratio vs. total ChE activity and the Log half-maximal inhibitory concentration (IC50) value obtained for donepezil were determined for different organs and tissues of male Sprague Dawley rats, using CMMs. AChE activity was normalized by protein amount and expressed in arbitrary units (OD). Data are mean ± SEM values from three experiments performed in different CMMs. ND: not determined.
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	AChE Activity
	AChE/ChE

(%)
	Log IC50

Donepezil





	Olfactory bulb
	4.06 ± 0.24
	99 ± 7
	−6.76 ± 0.05



	Cerebral cortex
	2.75 ± 0.09
	96 ± 4
	−7.10 ± 0.05



	Striatum
	5.57 ± 0.28
	97 ± 6
	−6.26 ± 0.06



	Hippocampus
	3.32 ± 0.18
	102 ± 8
	−6.87 ± 0.07



	Amygdala
	5.66 ± 0.61
	111 ± 17
	−5.90 ± 0.03



	Thalamus
	4.10 ± 0.16
	99 ± 5
	−6.56 ± 0.03



	Hypothalamus
	3.69 ± 0.13
	91 ± 4
	−6.93 ± 0.03



	Colliculus
	4.28 ± 0.14
	94 ± 4
	−6.87 ± 0.03



	Cerebellum
	2.19 ± 0.14
	82 ± 7
	−7.20 ± 0.05



	Medulla oblongata
	3.40 ± 0.12
	97 ± 4
	−6.85 ± 0.05



	Pituitary
	0.11 ± 0.03
	69 ± 26
	ND



	Spinal cord (cervical)
	3.05 ± 0.24
	105 ± 12
	−6.72 ± 0.05



	Spinal cord (lumbar)
	3.39 ± 0.14
	101 ± 6
	−6.91 ± 0.02



	Dorsal root ganglia
	2.00 ± 0.15
	63 ± 6
	−7.28 ± 0.07



	Optic nerve
	0.65 ± 0.11
	43 ± 7
	−7.25 ± 0.08



	Eye
	3.59 ± 0.15
	93 ± 6
	−6.20 ± 0.06



	Artery
	2.98 ± 0.12
	88 ± 5
	−7.12 ± 0.05



	Erythrocyte
	2.38 ± 0.34
	70 ± 14
	−6.77 ± 0.10



	Heart
	0.45 ± 0.15
	16 ± 6
	ND



	Lung
	0.04 ± 0.04
	10 ± 10
	ND



	Thymus
	0.50 ± 0.17
	31 ± 15
	ND



	Spleen
	3.50 ± 0.24
	61 ± 5
	−7.46 ± 0.06



	Adrenal glands
	0.08 ± 0.03
	3 ± 1
	ND



	Kidney
	0.06 ± 0.00
	12 ± 1
	ND



	Prostate
	0.05 ± 0.00
	11 ± 2
	ND



	Urinary bladder
	0.16 ± 0.05
	9 ± 4
	ND



	Vas deferens
	2.45 ± 0.18
	34 ± 5
	−7.47 ± 0.09



	Epididymis
	0.11 ± 0.02
	14 ± 3
	ND



	Testicle
	0.30 ± 0.02
	49 ± 5
	ND



	Skeletal muscle
	0.20 ± 0.05
	26 ± 8
	ND



	Tongue
	4.46 ± 0.37
	82 ± 10
	−7.42 ± 0.06



	Salivary glands
	1.20 ± 0.11
	32 ± 3
	−7.49 ± 0.10



	Esophagus
	0.46 ± 0.05
	35 ± 5
	ND



	Stomach
	ND
	ND
	ND



	Small intestine
	0.44 ± 0.06
	6 ± 1
	ND



	Large intestine
	0.15 ± 0.05
	2 ± 1
	ND



	Caecum
	0.24 ± 0.09
	3 ± 1
	ND



	Liver
	0.30 ± 0.02
	9 ± 1
	ND



	Pancreas
	ND
	ND
	ND



	Adipose tissue
	0.08 ± 0.04
	1 ± 1
	ND



	Skin
	0.06 ± 0.03
	3 ± 2
	ND
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