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Abstrakt 

Acetylcholinesteráza (AChE) účinně hydrolyzuje acetylcholin (Ach). Inhibice AChE 

je letální a myši s chyběním AChE ve všech tkáních (AChE KO) jsou těžce poškozeny. AChE 

je v CNS kotvena na prolin bohatou kotvou - proline-rich membrane anchor (PRiMA), 

zatímco ve svalech je kotvena kolagenem Q (ColQ). V této disertaci popisujeme že u PRiMA 

KO myší, u nichž je AChE v CNS eliminována, nedochází k významným změnám v chování i 

přes nadbytek  ACh a adaptaci cholinergních receptorů podobnou té, která byla pozorována u 

AChE KO myší. Kromě toho u myší, u nichž AChE nemůže interagovat s PRiMA i ColQ,  je 

fenotyp podobný jako u AChE KO myší, ale biochemické změny v CNS jsou podobné 

změnám u PRiMA KO jedinců. PRiMA KO myší se také od ostatních AChE deficitních myší 

liší svou reakcí na AChE inhibitory. Naše výsledky nasvědčují, že AChE v periferních tkáních  

je hlavním cílem inhibitorů AChE a že chybění AChE v periferii je hlavní příčinou 

fenotypických charakteristik AChE KO myší. 
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Abstract 

Acetylcholinesterase (AChE) effectively hydrolyzes acetylcholine (ACh). The 

inhibition of AChE is generally lethal and mice without AChE in all tissues (AChE KO) have 

severe impairments. In the brain, AChE is anchored in the plasma membrane by proline-rich 

membrane anchor (PRiMA), while in the muscles, AChE is anchored by collagen Q (ColQ) in 

the basal lamina. We report here that the PRiMA KO mice, in which AChE is essentially 

eliminated in the brain, show very little changes in behavior despite an excess of ACh in the 

brain and adaptation of ACh receptors comparable to those seen in AChE KO mice. 

Moreover, when AChE cannot interact with ColQ and PRiMA, the phenotype resembles that 

of AChE KO mice, but the biochemical changes in the brain are similar to those in PRiMA 

KO mice. PRiMA KO mice also differ from other AChE-deficit mice strains in their 

responses to AChE inhibitor. Our results suggest that AChE in the peripheral tissues is the 

major target of AChE inhibitors and AChE absence in the peripheral tissues is the leading 

cause of the phenotype of AChE KO mice. 
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Introduction 

AChE is a well-known enzyme that has been a subject of intense research for decades. 

The well-established role of AChE is to hydrolyse neurotransmitter ACh 1.  

ACh is synthesized in varicosities of cholinergic neurons from its precursors choline 

(Ch) and acetyl coenzym A (acetyl-CoA) in a reaction catalyzed by the enzyme choline 

acetyltransferase (ChAT) 2. Upon the synthesis, ACh is pumped from the cytosol into synaptic 

vesicles by vesicular acetylcholine transporter (VAChT) 3. Acetyl-CoA for ACh synthesis is 

provided by the basal metabolism of neurons 4 and Ch has to be captured from the 

extracellular space by a high-affinity choline transporter (ChT), which is a selective marker of 

cholinergic neurons 5. The released ACh binds and activates two distinct classes of 

cholinergic receptors: NRs which are ligand-gated ion channels and muscarinic receptors 

(MR), G-protein-coupled receptors (GPCR) 6,7. 

In the extracellular space, ACh is subjected to the enzymatic degradation by AChE. In  

addition to AChE, ACh can be cleaved by butyrylcholinesterase (BChE), a second 

cholinesterase (ChE) 1. However, the direct contribution of BChE to the regulation of 

cholinergic signaling under physiological conditions remains questionable 8.  

Previously, many concepts describing the function of AChE in the brain have been 

extrapolated from the results of intense research of cholinergic transmission at the 

neuromuscular junction (NMJ). At NMJ, ACh mediates fast synaptic transmission which is 

ensured by establishing tight synaptic contact between presynaptic nerve terminal and 

postsynaptic membrane, where ACh travel short distance to activate NR 9,10. 

 . AChE is highly concentrated at NMJ and present mainly postsynaptic location 11. 

When AChE is blocked, ACh accumulates in the synaptic cleft and its removal by diffusion is 

limited by repetitive binding to NRs 12. As a consequence, muscles cannot sustain high-

frequency stimulation and tetanic muscle contraction fails 13. This junction was used as 

a model of cholinergic synapse and it is commonly accepted that the role of AChE in the 

brain, as at NMJ, is to rapidly terminate the cholinergic transmission.  

However, there are substantial differences between the nature of ACh transmsission at 

NMJ and in the brain, that might place different demands on ACh hydrolysis in the brain 

compared to NMJ. Several lines of evidence indicate that the synaptic transmission of ACh in 

the brain is rather rare and a substantial portion of ACh operates in the so-called volume 

transmission mode. While the synaptic transmission is fast and occurs within the borders of 

synapses, the volume transmission is slower; assumes the escape of neurotransmitter from 
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synaptic cleft to activate non-synaptic receptors or the release of neurotransmitter at sites not 

forming the synapses 14. Moreover, the persistent presence of an ambient ACh level that 

undergoes physiological changes has been proposed 15. In such situation, the spatial and 

temporal demands on ACh hydrolysis by AChE are only poorly understood.  

The inhibition of AChE is generally lethal and AChE KO mice have severe 

impairments. Among many features, AChE KO mice are smaller, have persistent tremor, 

abnormal gait and die from epileptic seizures. As the AChE is absent in the whole organism it 

has remained a question which phenotypical signs of AChE KO mice result from the absence 

of AChE in muscles, vegetative nervous system, brain or other tissues.  

AChE is encoded by a single gene, but possesses remarkable polymorphism in its 

molecular forms. One of the origins of such diversity is different anchoring of AChE on the 

cell surface. While at NMJ the prevalent form of functional AChE are tetramers anchored in 

the basal lamina of NMJ by ColQ, in the brain AChE is tethered to the plasma membrane of 

neurons by PRiMA 16,17. This intriguing difference in the way of attachment of CHE in the 

brain and muscles, has allowed for generation of mouse model with more selective lack of 

AChE than the general absence as in AChE KO mice. In PRiMA KO mice, in which the 

domain of PRiMA required to associate AChE was knocked out, AChE and BChE activity is 

virtually absent in CNS, but largely intact in other tissues. Interestingly, PRiMA KO mice do 

not show any obvious abnormalities in their phenotype 18. This is in striking contrast to what 

has been deduced from the phenotype of AChE KO mice or toxicological studies. 

Hypothesis and aims 

AChE KO mice, in which AChE is absent in all tissues, have immediately apparent 

handicaps and suffer from the absence of AChE. Unexpectedly, PRiMA KO mice which lack 

the principal form of AChE and BChE in the CNS are indistinguishable from WT mice. The 

obvious difference between the phenotype of AChE KO and PRiMA KO mice thus might 

suggest that the severe handicaps of AChE KO mice mainly result from the absence of AChE 

outside the CNS and/or the central cholinergic sytem in PRiMA KO mice is less affected than 

in AChE KO mice. 

The aim of the thesis is to explore the behavioral and biochemical consequences of the 

absence of PRiMA in PRiMA KO mice. 
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Materials and methods 

Mice 

Experiments were performed on four strains of mice: WT, mice nullizygous for 

PRiMA (PRiMA KO), mice nullizygous for ColQ (ColQ KO), mice nullizygous for AChE 

exons 5 and 6 (AChE delE5+6). In AChE delE5+6 mice, AChE cannot interact with ColQ 

and PRiMA. Genotypes were determined by PCR before and after the experiments. The mice 

used for experiments were two to six months old, except for developmental studies, for which 

we used mice of various ages (embryonal day 18.5, just after the birth, 9-, 30-, 120-, and 425-

day-old). The genetic background of the mice used was a mixture equivalent to that for an F3 

mating of B6D2 strain. 

Behavioral tests 

Behavioral tests were performed over a period of 25 days: open-field tests for 2 days, 

gait examination (CatWalk), 3 days without testing, rotarod and suspension wire tests for 3 

days, spatial navigation in the Morris water maze (MWM) for 10 days, the probe trial in 

MWM on 11th day and visible-platform acquisition training in MWM for 5 days. 

High-affinity choline uptake and choline acetyltransferase assay 

We measured rates of ChT-specific uptake of [3H]-choline into synaptosomes prepared 

from freshly dissected striatum, cortex and hippocampus. We assessed ChAT activity by 

radiochemical procedure in which we used unlabeled choline and a mixture of tritium-labeled 

and unlabeled acetyl-CoA as substrates.  

Acetlycholinesterase and butyrylcholinesterase activity 

We determined activity of ChE by Ellman’s colorimetric method modified for a 96-

well microtiter plate reader. We used selective inhibitors to distinguish AChE and BChE 

activity. 

Radioligand binding assays in membrane preparation 

We determined the binding properties of MR in membrane preparations prepared from 

striatum, cortex and hippocampus of PRiMA KO and WT mice by saturation binding 

experiments with [3H]-QNB which labels all MR subtypes. 
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Autoradiography 

Each autoradiographic procedure consisted of preincubation to remove endogenous 

ligands, incubation of tissue sections in incubation medium comprising the particular 

radioligand (MR - [3H]-QNB, [3H]-NMS; M2 - [3H]-AFDX384; M1 - [3H]-pirenzepine; β2 

subunit of NRs - [125I]-epibatidine; α7 NRs - [125I]-α-bungarotoxin; D1 dopaminergic receptors 

- [3H]-SCH23390; D2 dopaminergic receptors - [125I]-iodosulpride; VAChT - [3H]-vesamicol; 

ChT - [3H]-hemicholinium-3; kainate receptors - [3H]-kainate; NMDA receptors - [3H]-CGP-

39653; AMPA receptors - [3H]-AMPA; GABAA receptors - [3H]-muscimol) and from 

washing tissue sections to remove unbound radioligand from tissue. Non-specific binding was 

assessed in the presence of excess of particular unlabeled ligand. We used direct 

autoradiography in case of [125I]-labeled ligands and indirect autoradiography in case of [3H]-

labeled ligands. Densitometric analysis was done with PC based analytical software. 

Pharmacological studies 

We measured behavioral responses to drug application (donepezil, atropine, 

oxotremorine, scopolamine) with a telemetry system. The transponders were implanted in the 

peritoneal cavity of mice under anesthesia. Mice were allowed to recover from surgery for 

one week before their use in experiments. Temperature and activity measurements were 

acquired directly from the transponders by receivers connected in series and to a single port of 

a PC. 

Statistical analysis 

Most of the data from behavioral tests were not normally distributed (checked with the 

Kolmogorov-Smirnov test). We used Mann-Whitney tests for comparisons of PRiMA KO and 

WT mice. To assess the change of parameters between two measurements in one group of 

mice we used the Wilcoxon matched pairs test. In all cases, p<0.05 was considered to indicate 

statistical significance. For developmental studies, the statistical differences among groups 

were determined by two-way analysis of variance (ANOVA): for multiple comparisons an 

adjusted t-test modified SNK (Student-Newman-Keuls) correction was used. Otherwise, we 

used Student’s t test and significance was defined as p<0.05. Values are expressed as 

means±SEM. 
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Results 

Nearly unchanged behavioral phenotype of PRiMA KO mice 

There were no significant differences in spontaneous locomotor activity at the 

exploratory and habituated phases in the open-field test, in the ability to acquire motor skills 

in rotarod and hanging wire test and in spatial navigation and learning in MWM between 

PRiMA KO and WT mice. Gait of PRiMA KO mice is largely intact, albeit slight differences 

can be observed when detailed analysis is applied. However, PRiMA KO mice showed 

significantly reduced motor skill performance in rotarod and hanging wire test (Fig. 1). 

Fig. 1. Reduced motor skill performance, but intact motor skill learning in PRiMA KO mice. 

Lack of ontogenic increase of AChE activity in the brain of PRiMA KO mice 

From the day of birth, AChE activity was significantly higher in WT than in PRiMA 

KO mice in which the activity remained unchanged from embryonal day18.5 (E18.5) till 

postnatal day 425 (P425) (Fig. 2). 

 

Fig. 2. Ontogenic development of AChE and 

BChE activity in the brain of PRiMA KO and 

WT mice.  

Abbreviations: E18.5, embryonal day 18.5; P0, 

postnatal day 0; P9, postnatal day 9; P30, 

postnatal day 30; P120, postnatal day 120; 

P425, postnatal day 425. Three mice of each 

genotype were analysed.  ***p<0.001, 

significant difference between PRiMA KO and WT mice. #p<0.05, ##p<0.01, ###p<0.001 

significantly different from previous day of development. 

9 
 



Increased ACh levels in striatum of PRiMA KO and AChE del E5+6 mice 

 

Fig. 3. In vivo microdialysis revealed that the 

striatal ACh levels are 200-300 times increased in 

PRiMA KO and AChE del E5+6 mice in 

comparison to WT mice. 

 

 

 

 

 

 

Altered muscarinic receptors in PRiMA KO and AChE del E5+6 mice 

Consistent with the direct radioligand binding studies with [3H]-QNB, 

autoradiographic densities of specific binding of [3H]-QNB (Fig. 4), [3H]-NMS, [3H]-

AFDX384 and [3H]-pirenzepine in coronal brain sections from PRiMA KO mice were 

significantly reduced when compared to WT mice. The reductions of the relative densities of 

MR in brains of AChE delE5+6 mice were comparable to the decreased densities of MR in 

brains of PRiMA KO mice. The reduced density of MR in PRiMA KO mice is also suggested 

from altered responses of PRiMA KO mice to atropine and scopolamine, the non-selective 

MR antagonists, and to oxotremorine and pilocarpine, the non-selective MR agonists. In 

addition, we found that the ontogenic increase of MR density in brains of  PRiMA KO mice 

was similar to WT mice, albeit the reduction of the density of MR in the brains of PRiMA KO 

mice began to be obvious at postnatal day 9 (Fig. 5). 

 

Fig. 4. Illustrative autoradiograms of 

[3H]-QNB binding in coronal brain 

sections in PRiMA KO, AChE delE5+6 

and WT mice.  

 

10 
 



Fig. 5. Ontogenic development of the 

total density of MR in the brain of 

PRiMA KO and WT mice. 

Abbreviations: E18.5, embryonal day 

18.5 (n=9); P0, postnatal day 0 (n=9); 

P9, postnatal day 9 (n=8); P30, 

postnatal day 30 (n=5); P120, 

postnatal day 120 (n=3); P425, 

postnatal day 425 (n=4). The number 

of mice in each group and for each 

genotype is indicated in the parentheses. ns, not significant. ***p<0.001, significant 

difference between PRiMA KO and WT mice. #p<0.05, ##p<0.01, ###p<0.001 significantly 

different from previous day of development. 

Slight changes to nicotic receptors in PRiMA KO mice 

The relative autoradiographic densities of β2 and α7 NR subunits in the brains of 

PRiMA KO mice were slightly altered. NRs at the motoneuron-Renshaw cell synapse in 

PRiMA KO mice are functional and mediate the fast synaptic responses. 

Lack of changes in presynaptic cholinergic markers and noncholinergic 

receptors in the brain of PRiMA KO mice 

There were no significant differences in the high-affinity Ch uptake, autoradiograhic 

densities of specific bindings of [3H]-hemicholinium-3 and [3H]-vesamicol, activity of ChAT 

and autoradiographic densities of noncholinergic receptors between PRiMA KO and WT mice 

in any brain region analyzed. 
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PRiMA KO mice are sensitive to donepezil-induced hypothermia 

 

 
Fig. 6. Donepezil-induced hypothermic 

responses in mice strains with deficits in 

AChE activity. 

(a) At a dose 2 mg/kg, donepezil-induced 

hypothermic responses in PRiMA KO 

mice are comparable to that seen in WT 

mice. At the same dose of donepezil, 

ColQ KO mice showed faster recovery 

from hypothermia and AChE del E5+6 

were significantly resistant to donepezil-

induced hypothermia. (b) At a dose 10 

mg/kg,  donepezil triggered similar 

hypothermia in PRiMA KO and WT 

mice. By contrast, in ColQ KO and AChE del E5+6 mice donepezil had no effect on core 

body temperature. 

Discussion 

PRiMA KO mice, AChE KO mice and AChE delE5+6 mice have exceptionally high 

levels of ambient extracellular ACh in the brain. In all these mutants the excess of ACh is 

accompanied by similar reduction of MR density. Despite these similarities, PRiMA KO mice 

lack obvious impairments and are indistinguishable from WT mice, whereas both AChE KO 

and AChE delE5+6 mice are easily identified by their smaller size, poor locomotor activity, 

high levels of fatigability and tremor 19–21. Notably only AChE KO mice develop seizures in 

response to very slight changes to their environment 18,21. PRiMA KO mice have a normal 

respiratory function 19, whereas AChE KO mice display several respiratory abnormalities 

similar to those observed after the administration of AChE inhibitors 22. AChE KO mice show 

abnormal posture and gait 21. By contrast, PRiMA KO mice do not possess any marked 

impairment in gait. The muscle weakness in AChE KO and AChE delE5+6 mice precludes 

the testing of these mice strains in classical behavioural tests such as open-field and MWM. 

However, recent data demonstrate that the functional cholinergic signaling plays an important 

role in the spontaneous locomotion and spatial reference learning 23. In spite of excess of ACh 
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in the brain of PRiMA KO mice, the spatial reference learning and spontaneous locomotion in 

PRiMA KO mice are not altered.  

AChE delE5+6 mice are less strongly affected than AChE KO mice, but nonetheless 

have a clear pathologic phenotype 18–20. BChE, the other cholinesterase, moderates the ACh 

level in AChE KO mouse brain 24 and may contribute to the survival mechanism in AChE KO 

mice. However, the respiration of AChE KO mice is blocked by a BChE inhibitor bambuterol 

that does not cross the blood brain barrier 22, suggesting a toxic effect at the periphery but not 

in CNS. In PRiMA KO mice, histological staining of BChE activity at light microscopic level 

indicate that BChE is trapped inside glial cells 18. The strong support for the absence of BChE 

at its active sites is provided by our preliminary results of microdialysis. As opposed to AChE 

KO mice, perfusion of recording sites with BChE inhibitor does not change ACh levels 

(Mohr, unpublished observations).   

The normal levels of ColQ-linked AChE at the NMJ in PRiMA KO mice may account 

for some of their differences from AChE KO and AChE delE5+6 mice, including, in 

particular, the lower levels of motor activity of AChE KO mice. However, the presence of 

AChE in muscle cannot account for the milder CNS defects or the marked effects of 

donepezil on core body temperature in PRiMA KO mice. PRiMA KO mice must therefore 

have a source of AChE other than the NMJ. The two most plausible and non-exclusive 

hypotheses are the presence of residual AChE activity in the CNS and a contribution of the 

autonomic nervous system AChE.  

ACh levels in PRiMA KO mice remain responsive to AChE inhibitors, thus we cannot 

exclude that a small amount of residual AChE in PRiMA KO mouse CNS (Mohr, 

unpublished observations) has a disproportionately large effect, accounting for the absence in 

PRiMA KO mice of an increase in ChT density 25 and the low number of dopamine receptors 

in AChE KO mice 26. Further investigation of these aspects is required. Nevertheless, the most 

plausible explanation for the differences between PRiMA KO mice on the one hand, and 

AChE KO mice and AChE del5+6 mice on the other, is that ColQ-anchored AChE is present 

not only at the NMJ, but also in the cholinergic synapses of the autonomic nervous system 
27,28. This hypothesis is supported by the effects of donepezil on PRiMA KO mice, which 

cannot be explained by residual central AChE. First, the residual activity of AChE appears to 

be the same in PRiMA KO mice and AChE del E5+6 mice (Mohr, unpublished observations). 

Second, the effects of donepezil are much larger in PRiMA KO mice than those observed in 

AChE del E5+6 mice and ColQ KO mice. We thus propose that the major targets of donepezil 
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in PRiMA KO mice are the cholinergic synapses of the PNS and, more generally, that the 

persistence of AChE at these synapses may at least partially account for the mild phenotype of 

PRiMA KO mice.  

The hypothesis that deserves intense investigation concerns the demands on ACh 

hydrolysis by AChE especially when one has to consider a compelling evidence suggesting 

the volume transmission mode of ACh. The concept of the volume transmission mode of ACh 

is supported by several lines of evidence. This includes the often very low synaptic incidence 

of cholinergic boutons 29–31, spatial relationship of cholinergic receptors and ACh release sites 
32–34 and the electrophysiologial data 35,36. The morphological distribution of AChE in the 

brain is also different from NMJ, a classical model of cholinergic synapse. While at NMJ, 

AChE is mainly associated with postsynaptic surface 11, in the brain, the majority of AChE is 

found presynaptically at cholinergic varicosities, along the axons and at cell bodies of 

cholinergic neurons 18,37. Taken together, these differences suggest that the demands on ACh 

hydrolysis by AChE might differ from those at NMJ. 

What is then the role of ACh breakdown by AChE in the brain if not rapid termination 

of cholinergic the signaling as at NMJ? Several possibilities for AChE function in the brain 

has been tentatively suggested 15,38,39.  

Descarries has assumed that the immediate driving force of ACh elimination whether 

released from varicosities with or without synaptic speacilisation is diffusion 38. The 

suggested role of AChE is to take the control over ACh in the subsequent phase when ACh is 

spreading in the extracellular space, thus preventing its build-up in local neuronal 

environment and keeping its ambient concentration within physiological limits, the ambient 

level of ACh, rather then completely eliminate it 15,38.  

Another feature of the cholinergic system in the brain that has to be taken in to account 

when considering the role of AChE, is the ultrastructural localisation of ACh receptors. MR 

as well as NRs often show locations not closely associated with ACh release sites, suggesting 

that ACh has to travel longer distances to reach them 34,40. Then how can ACh activate them, 

when there is AChE in the way? One can assume that only ACh releases large enough to pass 

through AChE barrier can be successful to activate the remote receptors 39. With respect to 

such hypothesis, the role of AChE would be the control of the strenght of cholinergic signals, 

i.e how far and how much of ACh will be allowed to diffuses in the extracellular space. The 

strong support for such role of AChE, at least in some instances, has emerged from recent 

findings demonstrating that the synchrony of firing in a population of cholinergic neurons or 

the tetanic stimulation of cholinergic axonal terminals is required to generate cholinergic 
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responses 36,41. With respect to such hypothesis, a small amount of residual AChE in the brain 

of PRiMA KO mice (Mohr, unpublished observations) able to drive ACh concentration 

gradients and adaptation of MR, which have lower EC50 for ACh 42,43 than NRs 44,45 could be 

highly effective in maintaining the proper brain functions in PRiMA KO mice.   

Conclusions 

In this thesis we show that the lack of AChE in CNS when PRiMA and AChE cannot 

interact (PRiMA KO and AChE del E5+6 mice) causes similar excess of ACh and reduction 

in MR density in the brain. However, the phenotype and the sensitivity to donepezil - a 

specific AChE inhibitor - is different in PRiMA KO and AChE del E5+6 mice. While PRiMA 

KO mice are indistinguishable from WT mice for their behaviour and sensitivity to an ACHE 

inhibitor, AChE del E5+6 mice are resistant to AChE inhibition and their behaviour is 

severely altered. Consequently,  the previously observed phenotype of AChE KO mice seems 

to result from the lack of AChE primarily in the periphery and not in the brain.  
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