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1 
Aims of the experiments. 
Literature pertaining to functional and 
methodological aspects of brain Cholinesterase activity. 

I. I. Aim of the experiments 

The general aim of the experiments reported in this thesis was to in

vestigate the variability of brain Cholinesterase activity. AChE is 

of paramount importance in the process of cholinergic transmission. 

Variation in AChE activity has often been taken to indicate variation 

in cholinergic synaptic activity. But, as discussed below, AChE is not 

restricted to cholinergic synapses and might have other, as yet un

known, functions. It seemed therefore worthwhile to study in more de

tail the variability in brain AChE activity before looking at possible 

relations with behaviour on the assumption that AChE activity reflects 

cholinergic activity. 

After some preliminary attempts it was decided not to differentiate 

between different isoenzymes. The reasons are explained in Section J.5. 

wherein it is concluded that the functional significance of the mul

tiple forms of AChE in nervous tissue is by no means clear. 
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Evidently, a neurochemical value measured in an individual can be 

considered as a phenotype. This phenotypicvalue is determined by the 

action of genetic and environmental factors. It is, therefore, of 

primary interest to investigate how important genetic influences are. 

Since the enzymes studied show quantitative rather than qualitative 

differences in their activities, a quantitative method was chosen for 

the study of the heritable variation in brain AChE and BuChE activi

ties. These experiments are reported in chapter 3. The quantitative-

genetic analysis used not only reveals the extent of the genetic de

termination of the variables in question, but it also gives an idea of 

what this genetic variation is like, in how far it consists of addi

tive genetic variation and whether directional dominance is present. 

Studies on environmental causes of variability in brain Cholinesterase 

activity are reported in Chapters 4 and 5. The experiments in Chapter 

4 are based on reports that different post-weaning housing conditions 

may lead to differences in behaviour as well as in AChE activity in 

the occipital (visual) cortex of rats. Such a situation of 'environ

mental enrichment' was chosen to study the influence of environmental 

factors on brain Cholinesterase activity. While usually most emphasis 

is laid on the physical aspects of the enrichment situation, we felt 

it appropriate to accentuate the non-physical, social aspects that 

might play a role as well. In general, the nutritional status during 

growth and development is considered to be a very important factor 

influencing the phenotypic expression of the genotypic value for a 

given characteristic in the adult. Therefore, in Chapter 5 the effect 

of undernutrition in early life is studied. Measurements were made on 

juvenile and adult rats to investigate the degrees of irreversibility 

of the effects. 

These experiments on genetic and environmental determinants of brain 

Cholinesterase levels are preceded by a chapter (Chapter 2) in which 

some methodological points are considered concerning the reliability 

of the measurement of the enzymes. Particular attention is given to 

the measurement of AChE; some results are presented on the effect of 

freezing samples before analysis and the effect of Triton X-100 on the 

measured activity of AChE. 
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The last chapter presents a summary of the results and some general 

reflections and conclusions. 

1.2. Definition of Cholinesterase s 

Cholinestevases are defined as hydrolases which hydrolyse choline es

ters at a higher rate than other esters, provided the measurements are 

made at optimum and controlled conditions; they are inhibited by low 

concentrations of physostigmine (10 M or less) and by organophospho

rous compounds. They are also much more sensitive quaternary ammonium 

salts than are other types of esterases (Augustinsson 1963, 1971a). 

This definition reflects the relative usefulness of two criteria: 

firstly, the substrate specificity is not absolute: other esters are 

hydrolysed (for example aromatic acetyl esters like phenyl-, nitro-

phenyl-, indoxyl- and naphtylace tate; thebe esters are sometimes used 

as substrates for histochemical or biochemical determination of cholin-

esterases). Secondly, the sensitivity to inhibitors is a most useful 

characteristic to differentiate between different types of esterases. 

Carboxylesterases (EC 3.1.1.1.) are insensitive to low concentrations 

of physostigmine but are inhibited, like cholinesterases, by organo

phosphorous compounds. Arylesterases (EC 3.1.1.2.) are insensitive to 

both physostigmine and organophosphorous compounds. Carboxylesterases 

and arylesterases are present in various organs together with cholin

esterases. Even in the neuromuscular junction these esterases seem to 

be present; their topographical distribution is different from that of 

AChE (Csillik, 1975). The cholinesterases are divided into two groups: 

aaetylaholinesterase (EC 3.1.1.7., acetylcholine hydrolase, AChE), pre

ferentially hydrolysing acetylcholine and pseudocholinesi-erases (EC 

3.1.1.8., acylcholine acylhydrolase, pseudoChE) preferentially hydro

lysing higher esters of choline. The nomenclature of the latter group 

of enzymes is still a matter of controversy. The recommendation of the 

1964 Enzyme Commission to use the term Cholinesterase for all Cholin

esterase activity other than AChE -as proposed by Augustinsson and 

Nachmansohn (1949)- is not completely logical, since the term Cholin

esterase litterally covers all the choline ester splitting enzymes with

out further specification. Silver, therefore proposed to 



maintain the term pseudoChE, which was introduced in 1943 by Mendel 

and Rudney (Silver 1967, 1974). The pseudocholinesterases can be 

differentiated according to their substrate preferences into butyryl-

cholinesterase (BuChE), propionylcholinesterase and benzoylcholines-

terase. However, such terms have no implications as to the physiolo

gical substrates of these enzymes, because these are still unknown. 

In this thesis the proposal of Silver will be followed: pseudoCholin

esterase will be named BuChE if a butyrylester of choline is used to 

determine its activity. 

1.3. Cellular and subcellular distribution 

The Cholinesterase activity in nervous tissue consists mainly of AChE 

activity. In a homogenate of rat brain, for example, BuChE is respon

sible for less than 5% of the total ChE activity using ACh as sub

strate and less than 10% using acetylthiocholine (ATCh) as substrate 

(Bennett et al. 1964c own observation). Generally, AChE occurs in 

neurones whereas BuChE occurs in other elements, i.e. glia and ca

pillary endothelial cells. It must be pointed out, however, that the 

significance of the occurrence of both AChE and BuChE in nervous 

tissue is not that simple ami clear. 

Distribution of AChE. AChE occurs in all neurones which are cholinergic 

(i.e. which use ACh as transmitter) but cholinoceptive cells (i.e. 

which receive cholinergic nerve endings) do not always clearly con

tain AChE. In addition, neurons which are neither cholinergic nor 

cholinoceptive, can also be AChE-positive. In cholinergic cells al

ways appreciable staining of the rough endoplasmic reticulum (RER) 

is seen in histochemical demonstrations of AChE. The cell membrane 

of these cells also shows some AChE-positive sites. In the RER the 

enzyme seems to be located inside the cisternae. On the cell mem

brane AChE seems to be situated at the outside. The same applies to 

the axolemma of cholim-rgLc cells which always shows AChE activity 

on the outer surface (Lewis and Shute, 1966). The presynaptic mem

brane of a cholinergic ending and the postsynaptic membrane of the 

cholinoceptive cell both contain AChE on the outside. Cholinoceptive 
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cells which are themselves noncholinergic might show either strong, 

weak or no AChE staining at all in the PER. For example, cholinocep-

tive, non-cholinergic cells in the hippocampal formation show varia

ble results as found by Shute and Lewis (1966): the RER in the pyra

midal cells is only weakly stained, while in the dentate granule 

cells the RER remains completely unst;iined. AChE is also present on 

dendrites. Most of the AChE activity found appears to be presynaptic. 

The hippocampal interneurons or basketcells sometimes show positive 

RER although they are neither cholinergic nor cholinoceptive and their 

endings on the pyramidal perikarya are devoid of AChE. These qualita

tive histochemical findings have been confirmed and extended by 

Storm-Mathisen (1970, 1972) and Storm-Mathisen and Fonnum (1972) 

through quantitative histochemical methods, i.e. microbiochemical de

termination of AChE on dissected hippocampal layers. These findings 

and many others (for review Silver, 1974) make clear that cholinergic 

cells always contain AChE, but that the reverse is not true: AChE also 

occurs in other neurons. It is difficult to understand what function 

AChE fulfills in cells which are neither cholinergic nor cholinoceptive. 

Subcellar fractionation studies confirm the histochemical findings. 

AChE is recovered mostly somewhat less from the crude mitochondrial 

('Р
2
') than the microsomal ('Рз') fraction. In the Pi-fraction it 

appears to be bound to synaptosomes (isolated nerve endings). Micro

somes derive from the endoplasmic reticulum and accordingly microsomal 

AChE is the equivalent of the AChE enclosed in the cisternae of the 

RER. The relative distribution of AChE over the Pa and Рз fractions 

appear to be influenced by the proportion of nerve endings to nerve 

cells in the tissue sample used. Indeed, in the hippocampus AChE is 

predominantly associated with nerve endings (unpublished result; see 

also Storm-Mathisen and Fonnum, 1972). 

Distribution of BuChE. Considerable confusion exists about the occurren

ce of BuChE in nervous tissue. In white matter BuChE is localized in 

oligodendrocytes. For grey matter conflicting results have been repor

ted. Large species differences have been found. For example, Friede 

(1967) has found staining for BuChE in glial cells in the cortex and 
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most other regions of the rat brain. Using histochemical methods, 

Koelie (1954) also found BuChE in glial cells in rat brain. In humans 

and cats, however, no BuChE could be detected in glial cells (Roess-

mann and Friede, 1966). Koelie (1954) concluded that glial cells were 

mostly astrocytes, while Friede (1967) assumed that they were mostly 

oligodendrocytes. Silver (1974) warns against too firm conclusions 

based on histochemical evidence only; she notices that, in particular, 

Friede (1967) used experimental conditions unfavourable for precise 

localizations. She concludes that the main source of the biochemically 

measured BuChE activity in rat grey matter consists of capillaries 

which in histochemical experiments stain intensively. In cultures of 

rat brain and spinal cord BuChE-positive staining was found to vary 

from moderate to intense in glial cells (Hösli and Hösli, 1970; 

Hösli et al., 1975). BuChE is also present in particular groups of 

neurons. In general, cell groups, consisting of densely packed cells 

which are AChE-positive, contain also considerable amounts of BuChE. 

Examples are the anterodorsal nucleus of the thalamus, the interpedun

cular nucleus and the motor nuclei like the hypoglossal, oculomotor 

and the dorsal vagal motor nuclei (Lewis and Shute, 1967). Flumerfelt 

and Lewis (1975) studied chromatolytic changes together with those in 

the ChE activity following axotomy in the hypoglossal nucleus of the 

rat. BuChE appeared to be restricted to a distinct cluster of neurons 

which also contained AChE. The distribution of BuChE within these cells 

was identical to that of AChE except that it was absent from the den

drites. The acute response to axotomy was more pronounced and faster 

for BuChE than for AChE in the above-mentioned cluster of neurons. 

Moreover, the recovery of BuChE was very incomplete, while that of AChE 

was considerable. Finally, the pattern of change of AChE in the clus

ter of neurons containing both enzymes was different from that in cells 

containing only AChE in the same hypoglossal nucleus. Lewis et al. 

(1972) found similar effects in the dorsal motor nucleus of the vagus. 

1.4. Funational sigr.ificanae of AChE and BuChE 

It is firmly established that AChE plays an essential role in the 

transmission of impulses at cholinergic synapses in the nervous system 
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and at neuromuscular junctions. Inhibition of AChE results in over

activity of cholinergic transmission. It is, however, not clear 

whether AChE functions also outside the above-mentioned processes. 

Why is AChE present in non-innervated elements such as erythrocytes 

and platelets and why do species differ so much in this respect'' 

(Zajicek, 1957). A discussion of these problems is outside the scope 

of the present work (for review see Silver 1967, 1974). Considering 

the distribution of AChE in nervous tissues, we may conclude that AChE 

in nervous tissue is present in neurons only, physiological and pharma

cological evidence indicates that part of the AChE activity is direct

ly related to synaptic transmission. 

The significance of BuChE is more obscure than that of AChE. Specific 

inhibition of BuChE seems to have no detectable consequences for an 

organism. It is also uncertain what constitutes the natural substra-

te(s) for the enzyme. Several functions have been proposed for BuChE, 

none of them being satisfactory. Repeatedly a role in the regulation 

of membrane permeability has been proposed for both BuChE and AChE, 

but experimental evidence is lacking for this "long established legend 

with some possible truth" (Silver 1974, p. 372). Two other proposals 

are worth mentioning. One hypothesis states that BuChE acts as a safe

guard against accumulation of ACh. This hypothesis is based on the fin

ding that BuChE, unlike AChE, is not inhibited by high concentrations 

of ACh (see Section 1.5.). Hebb and Krnjevic (1962) orgimnally inferred 

this function for BuChE at peripheral cholinergic processes, but a simi

lar function has been suggested for BuChE present in central neurons 

(Shute and Lewis, 1963), The other hypothesis is very recently proposed 

by G.B Koelie and W.A Koelie (G.B Koelie et al., 1977; W.A. Koelie 

et al , 1977) The authors propose as a hypothesis that BuChE functions 

as a precursor of AChE. BuChE would exert inhibitory control on a pre

ceding rate-limiting step by means of feedback inhibition. This hypo

thesis, however, seems premature. It is based on experiments on cat 

autonomic ganglia where a large proportion of the total ChE activity 

consists of BuChE. 

The authors assert that they found three primary sets of observations: 

(1) inactivation of a large proportion of BuChE activity (80-90%) 
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índuces an increase in AChE activity after a time lag of 1-3 

days (G.B. Koelie et al., 1977); 

(2) protection of more than half of the BuChE activity from the 

action of sarin which inactivates both AChE and BuChE, results 

in a temporary increase in rates of regeneration of AChE acti

vity (W.A. Koelie et al., 1977); 

(3) persistent inactivation to about 2% of the normal level results 

in a decrease in rate of regeneration of AChE activity after 

sarin-induced inactivation of AChE and BuChE (G.B. Koelie et. 

al., 1977). 

Conclusions (2) and (3), however, are not supported by the data. With 

respect to conclusion (2), the increase in rate of regeneration of 

AChE after protection of BuChE is statistically not significant. 

(Apart from this, the statistical tests used -t-tests- do not seem to 

be very appropriate). It is, therefore, not proper to conclude that 

"a small but consistent increase is found". With respect to conclusion 

(3), the assumed decrease in rate of regeneration of AChE when BuChE 

is severely inactivated, is based on measurements made at one point 

of time. The control-injected group (soman only) from that particular 

experiment is fully comparable to another identically treated group 

used to test the effect of a less severe persistent inactivation of 

BuChE. Recalculation of the data using the means and standard devia

tion of the two 'control' groups combined, reveals that the decrease 

in AChE activity is no longer statistically significant for two of the 

three ganglia analysed. In other words, the seeming effect of severe 

inhibition of BuChE on the regeneration of the AChE activity is caused 

by the relatively high mean values in the 'control' group with respect 

to these two ganglia. 

In our opinion, therefore, the hypothesis is not well supported by the 

data. Even if true, it would have limited explanatory value: (1) no 

relation between AChE and BuChE was found for skeletal muscle in the 

same studies; (2) the hypothesis does not explain the function of 

BuChE in cells lacking AChE and (3) it does not explain the absence of 

BuChE in neurons containing large amounts of AChE. 
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Some епгутаіга ргорегігев of Ъгагп AChE and BuChE 

The enzymatic properties of AChE and BuChE have been reviewed in detail 

by several authors (see for ref. Augustmsson, 1971b and Silver, 1974). 

As the present study deals with mammalian brain cholmesterases, only 

studies on mammalian nervous tissue cholmesterases will be mentioned 

briefly. 

As mentioned in Section 1.2., AChE and BuChF are, by definition, 

different with respect to their substrate specificities which are, 

nevertheless, relative rather than absolute. 

Another remarkable feature is substrate inhibition which is shown by 

AChE but not by BuChE. The actual substrate concentration at which 

inhibition becomes apparent depends on the ionic strength of the me

dium. High ionic strength relieves the enzyme from substrate inhibi-
-3 

tion at about 10 M ACh, which will become apparent then only at 
-2 

about 10 M ACh (Mendel and Rudney, 1945). Interaction between ionic 

strength and quaternary nitrogen drugs has been found by Crone (1973) 

for rat brain AChE (cf. Changeux, 1966). This has been related to 

possible regulatory mechanisms; differences in molecular aggregation 

of the enzyme have been postulated to underly the effects of ionic 

strength on AChE activity (Crone, 1973). Substrate inhibition as well 

as the action of inhibitors has been related to the structure of the 

active centre of the cholmesterases. This centre consists of two 

different binding places, the 'anionic site' and the 'esteratic site'. 

The latter contains a serine residue. The active centre of carboxyl-

esterases (EC 3.1.1.1.) has also a serine residue and the siimlarities 

in enzyme mechanism together with the different substrate specificities 

between carboxyl- and cholmesterases as well as between cholmestera

ses of different species has led Augustmsson (1968) to the interesting 

theory that both cholmesterases and carboxylesterases have evolved 

from a common serine containing enzyme. The serine hydroxy1 group re

acts with an ester to form an intermediary acyl-enzyme complex, which 

subsequently reacts with an acylreceptor like water. It is this 'este

ratic' site in both enzymes which reacts with the organophosphorous 

compounds. During evolution the cholmesterases have -according to 

Augustmsson- acquired the second binding site, t h e ^ m o m c site'. 
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This enables the cholmesterases to bind preferentially cationic sub

strates, e g choline esters. This 'anionic site' is also responsible 

for the inhibition of the cholines tetases by cationic compounds like 

quaternary ammonium salts. Augustinsson has demonstrated that the 

pseudocholmesterases of the propionyltype show large species differ

ences m several respects like specificity for choline esters and 

sensitivity towards inhibitors, whereas the BuChE's of different spe

cies were similar in these respects. Augustinsson concludes that mu

tational changes have produced these differences, the BuChE's being 

the more specialized form of the pseudoChE's. The active centres of 

AChE and BuChE do in all probability not differ with respect to their 

'esteratic site' It seems that either their 'anionic site' itself 

is different (Augustinsson, 1966) or the surroundings of it are differ

ent (Kabachnik et al., 1970). It is clear that in AChE predominantly 

ionic, coulombic forces are active, whereas m BuChE 'Van der Waals' 

forces dominate at the 'anionic site' 

Apart from its two binding sites within the active centre, AChE proba

bly contains another binding place. This is postulated on the basis 

of allosteric effects of drugs acting on cholinergic receptors as ob

served by several authors. Most of them worked with electric eel AChE 

Changeux, 1966, Kitz et al , 1970) or squid ganglion AChE (Kato et al., 

1972) and experiments with mammalian AChE from erythrocytes (Wo-n-

bacher and Wolf, 1971; Crone, 1973) and brain (Crone, 1973) indicate 

that in these instances allosteric effects can be demonstrated also. 

It remains to be established whether allosterism really plays a role 

гг vivo. 

1.6. Isoerz-jm^i с f A"hE and BuChE 

Isoenzymes or -better- multiple molecular forms of AChE have been found 

in many tissues (for references see Chubb and Smith, 1975a, and Silver 

1974; for mammalian brain by Rieger and Vigny, 1976,
 a n

d Davis and 

Agranoff, 1968). However, the picture is far from clear In order to 

demonstrate multiple forms an enzyme has to be soluble or solubilized. 

The fact that most AChE is membrane-bound has led to the frequent use 
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of detergents to solubilize it. The solubilized enzyme requires the 

presence of the detergent during chromatography or gel-electrophoresis ; 

anomalous aggregation and/or dissociation is a common phenomenon 

occurring with AChE, especially after removal of the detergent (Crone, 

1973, Hollunger and Niklasson, 1973; Mcintosh and Plummer, 1973, 1976; 

Chang and Blume, 1976; Rieger and Vigny, 1976). A major improvement 

consisted of the introduction of affinity chromatography to purify the 

enzyme (Berman and Young, 1971; Chan et al., 1972b, Yamamura et al., 

1973; Wenthold et al., 1974; Chang and Blume, 1976). Still, discrepan

cies were found between the results of different analytical methods. 

Thus, Wenthold et al (1974) found four different forms of AChE but the 

two major ones, with estimated mol. weights of 150.000 and 320.000 

daltons, each produced the six forms found in the crude EDTA-sucrose 

extract after electrofocusing on Polyacrylamide gels. Different sub

cellular fractions gave different patterns on the electrofocusing gel. 

The soluble fraction (75.000 x 75 g min supernatant) for example, con

tained only one molecular form. Although these authors used the same 

extraction and purification technique for rat neocortex, as Chan et al. 

(1972b) had used for bovine caudate nucleus, the results differ in 

several respects. The AChE, partially purified by the affinity chroma

tography, was subjected to electrofocusing by both groups using slight

ly different methods; Chan et al. (1972b) found four different forms 

of AChE with isoelectric points ranging from pH 4.70 to pH 5.10. On the 

other hand, Wenthold et al. (1974) observed six different forms with 

isoelectric points ranging from pH 5.04 to pH 5.51. Both groups also 

used nearly identical Sephadex gel-filtration techniques and recovered 

4 different fractions from the crude extract; however, the estimated 

mol. weights differed somewhat. Moreover, Chan et al. (1972a) had pre

viously found only two fractions with 'medium' mol. weights when lonex-

change chromatography on DEAE-cellulose preceded molecular filtration. 

Three fractions were observed by them if partially purified AChE was 

subjected to gel filtration, the 'missing' fraction having the highest 

mol. weight. The authors supposed that it was lost during the ammonium 

sulphate precipitation preceding the affinity chromatography (Chan et 

al., 1972b). Wenthold et al. (1974) also subjected their extract to 

ammonium sulphate precipitation prior to affinity chromatography. 
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However, they were not able to subject their purified AChE to molecu

lar filtration because it became apparently unstable. Although no 

explanation is given, this might result from the rather low protein 

content of the gel eluant, since Chan et al. (1972b) reported that 

concentrating the enzyme solutions immediately after gel filtration 

resulted in an increased stability, necessary for further characteri

zation of the enzyme fractions. 

Yamamura et al. (1973) tested several differently denvatized Sepha-

rose gels and succeeded in a 1000-fold purification by a one-step 

chromatography of Triton solubilized, guinea pig brain AChE. No physi-

cochemical or enzymatic characterization of the purified AChE was re-

-4 
ported except its Km for acetylcholine (1.5

х
 10 M ) . 

Goodkin and Howard (1974) applied affinity chromatography to a synap

tosomal plasma membrane fraction from rat brain; the purification was 

110 to 150-fold and several bands were obtained after sodium dodecyl 

sulphate Polyacrylamide gel electrophoresis, indicating heterogeneity 

of the preparation. Chang and Blume (1976) used the affinity chromato

graphy technique of Yamamura et al. (1973) for a Triton extract of 

mouse neuroblastoma cells. The purification was 490-fold but the puri

fied AChE still showed heterogeneity upon Polyacrylamide gel electro

phoresis and sucrose gradient velocity sedimentation. 

Polyacrylamide gel electrophoresis of crude extracts from mammalian 

nervous tissue mostly yields 2 or 3 bands (Chan et al., 1972b; 

Vijayan and Brownson, 1974; Skangiel-Kramska and Niemierko, J975; 

Gisiger et al., 1975). Ten or more bands were found by Davis and 

Agranoff (1968; see also Davis, 1968) using different detergent ex

tractions from rat brain, but Vijayan and Brownson (1974) were unable 

to replicate their findings. Mcintosh and Plummer (J973) using gra

dient gel electrophoresis found depending on the method of extraction 

between 2 and 6 bands. Six différert bands on normal Polyacrylamide 

gels were detected by Chubb and Smith (1975a) u,ing ox splanchnic 

nerve together with adrenal medulla tissue, but only 2 bands from pure 

splanchnic nerve. Rabbit brain cytosol contained 3 bands with some ac

tivity not entering the gel (Chubb et al., 1976). Previously, regional 

differences were reported with cerebellum showing 2 and olfactory 

bulbs showing 4 bands after Polyacrylamide gel electrophoresis 



(Chubb et al., 1974). The electrophoretically different forms of AChE 

were further analysed by Chubb and Smith (1975a) using two fractions 

from splanchnic nerve and by Chang and Blume (1976) using four frac

tions from mouse neuroblastoma cells; they determined the relative mo

bilities of the fractions at various acrylamide concentrations. Vihile 

Chubb and Smith (1975a) found the two forms of AChE to differ only in 

electrical charge, Chang and Blume (1976) found the four forms of AChE 

to be different in size as well. These last authors found the same 

heterogeneity in multiple forms of AChE in neuroblastoma cells (i.e. 

homogeneous neuron-like clonal cells) as reported by others for brain 

tissue. Thus, this heterogeneity is probably not a result of the hete

rogeneity of cells from which the enzyme originates. It seems to be 

the result of the strong interactions which might occur between and 

within the several multiple forms of AChE as well as between them and 

the detergent, if used. 

After sucrose gradient velocity centrifugation of nervous tissue ex

tracts, two or three different forms of AChE have been found. In ske

letal muscles one more form has been found. 

Hall (1973) subjected Triton X-100 solubilized AChE from rat diaphragm 

muscle to velocity sedimentation on sucrose gradients and found three 

forms of AChE with apparent sedimentation coefficients of 4S, IOS and 

16S. These forms showed pratically similar buoyant density values 

after equilibrium sedimentation in a cesium chloride gradient; the 

three forms probably differ in shape and molecular weight. The 4S form 

was soluble or easily solubilized and the 16S form was specific for the 

end plate containing regions of the muscle. These observations have 

been replicated and extended by Rieger and co-workers. Rieger and 

Vigny (1976) working with rat brain found about 90% of the Triton-

solubilized AChE in the 10S form and the rest in the 4S form. In a 

saline extract without detergent the AChE consisted mostly of the 4S 

form. The 16S form was not found in brain. Molecular gel filtration 

also yielded only both forms, but interactions between both the 4S and 

the 10S forms with the detergent were indicated by different sedimen

tation and gel filtration behaviour of both forms in the presence or 

absence of Triton. The interaction was more pronounced in the case 
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of the IOS íorm; this indicates that the IOS form contained relative

ly more hydrophobic regions than the 4S forms. This is to be expected 

since the AS form is easily solubilized in salt solutions in contrast 

to the IOS forms. It was found that the ontogenetic postnatal increase 

in brain AChE content consisted only of the JOS form: at the time of 

birth the 4S form already had attained its adult level. The structural 

model which has been proposed by this group for the AChE isolated from 

the electric organ of the electric eel -a head containing one, two or 

three tetramers and a semirigid tail made of at least three intertwined 

filaments (Cartaud et al., 1975)- seciis not to be applicable to rat 

brain AChE on the basis of the hydrodynamic parameters measured. 

Hall (1973) found that the 16S form of AChE was specific for the end 

plate regions of striated muscles. In regions of muscles without end 

plates and in the phrenic nerve itself, no 16S AChE was detected. 

Vigny et al. (1976) confirmed these observations using various muscles 

of the rat. The 16S form of AChE was not detected in smooth muscles. 

In striated (sternocleidomastoïdian) muscles it disappeared upon de

nervation; after re-innervation it reappeared only in the region where 

the new contact between nerve and muscle was made. During re-innerva

tion as well as during normal ontogenetic development, the appearance 

of the 16S form preceded other events indicating the functional differ

entiation of the neuromuscular junction. It was subsequently found 

that the 16S form of AChE, although being in muscle a specific marker 

for the neuromuscular junction, is also present in the superior cer

vical ganglion of mice and rats ( Rieger et al., ]976). It does not 

occur, however, in mouse neuroblastoma cells which originate from a 

tumor of peripheral nervous tissue, possibly superior cervical gang

lion (Rieger et al., 1976). During storage of a crude homogenate spon

taneous degradation of the IOS and the 16S forms to the AS form occurs; 

after a few days the 16S AChE is no more detectable in a muscle homo

genate; in brain homogenates the degradation of IOS to AS is much slow

er: it takes several weeks. After isolation, hoewever, the forms are 

stable. 

Rieger and co-workers have not yet published an enzymat:'c characteri

zation of the three multiple forms of AChE. This would be particularly 

interesting in view of the fact that Hall (1973) reported that the AS 
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form exhibited no substrate inhibition although it was characterized 

like the other forms as true AChE. Hall (1973) did not find a differ

ent К for acetylcholine for the three forms. Chang and Blume (1976) 

m 

tried to determine whether there exists any relation between the mul

tiple forms of AChE observed by different analytical techniques. As 

mentioned before, they used neuroblastoma cells. After sucrose gra

dient velocity sedimentation of Triton solubilized AChE they found 

three forms, the two major ones 4S and 9.6S corresponding to the forms 

found by Rieger and Vigny (1976). In addition to these a small 6S form 

was found. In the cytosolfraction only the 4S form was recovered in 

accordance with the results of Rieger and Vigny (1976). In contrast 

to Hall (1973), Chang and Blume (1976) found the 4S foim as well as 

the other forms to be inhibited by higher substrate concentrations; 

on the other hand the К for the 9.6S form was about three times high-

m 

er than that for the 4S and 6S forms. On Polyacrylamide gel electro

phoresis they found four multiple forms, three of which accounted for 

96% of the total activity; these forms seemed to be related, possibly 

being the di-, tri- and tetrameric forms of the fourth. The estimated 

mol. weights of the multiple forms were 64.000, 116.000, 186.000 and 

284.000 daltons. The 4S form obtained after sucrose gradient centrifu-

gation, accounting for about 60-70% of the total recovered activity, 

appeared as the 116.000 MW on Polyacrylamide whereas the 9.6S form 

appeared as a mixture of the 186.000 MW and 284.000 MW forms in equal 

amounts. AChE, partially purified by affinity chromatography, contained, 

after gradient centrifugation, both the 4S and the 9.6S form in ratio 

of about 3:1, but after electrophoresis, only the 186.000 MW and 

284.000 MW forms were found in about equal amounts. The discrepancy 

between the results of the gradient centrifugation and those of the 

electrophoresis indicate that the different forms can be converted into 

each other by association and dissociation. Gel filtration on Sepha-

rose 6B of the 4S and 9.6S forms confirmed this conclusion: the 4S form 

gave rise to a heterogeneous elution pattern, dependent on the NaCl 

concentration with a minimal mol. weight of 120.000. 

The 9.6S form was eluted as a single peak with a mol. weight of 285.000 

огЗЗО.ООО in the presence or the absence of 0.5 M NaCl respectively. 

The smaller form resembles the larger one seen after electrophoresis; 
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the larger chromatographic form appears to be twice the size of the 

smaller electrophoretic form. A crude AChE extract was eluted also as 

a single peak (M 2)0.000 MW) from the Sepharose column in the pre

sence of 0.5 M NaCl. Thus both the 4S and 9.6S forms present in the 

crude AChE extract apparently interact strongly on the Sepharose co

lumn to give rise to only one form with intermediate mol. weight. 

Chang and Blume (1976) conclude that the 4S form exists predominantly 

as a monomeric form in sucrose, a dimeric form on Polyacrylamide and 

as larger polymeric forms on Sepharose. The 9.6S form exists as a 

trimeric form in sucrose, as a trimeric and tetrameric form on Poly

acrylamide and as either a tetrameric or a hexameric form on Sepharose. 

The partially purified AChE apparently contained both the 4S and the 

9.6S forms but the Sepharose elution pattern differed from that of 

the 4S, the 9.6S and the crude AChE extract. 

These complex results make clear that multiple types of dissociation 

and re-association occur between active AChE units and possibly in

volve also other proteins, even if the starting material consists of 

a homogeneous clone of neuron-like cells. 

Although there exists abundant literature about multiple forms of 

BuChE in human and animal serum (for réf.: see Goedde et al., ]967; 

Silver, 1974), practically nothing is known about the occurrence of 

them in brain tissue, probably due to the relatively low BuChE activity 

in brain. Bajgar and Zizkovsky (1971), Mcintosh and Plummer (.1973), 

and Vijayan and Brownson (1974) could detect only one band of BuChE 

after electrophoresis. The latter authors also tested rat serum: this 

contained three multiple forms of BuChE. 

In conclusion, it seems safe to assume that the multiple forms of AChE 

recovered after chromatography or electrophoresis do not represent 

different primary isoenzymes; they are probably derived from a single 

AChE precursor molecule. 

It remains to be established which multiple forms are artefacts -resul

ting from aggregation during the isolation procedure- and which forms 

are physiologically significant. There are a few instances in which a 

specific form of AChE correlates with a specific physiological condi

tion. This applies to the above mentioned end-plate specific form of 
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AChE in striated muscles. 

A second example is provided by Chubb et al. (1976). These authors 

found that the supernatant fraction of rabbit brain contained three 

electrophoretically different forms of AChE. Only one of them was de

tected in cerebrospinal fluid; its activity increased upon stimulation 

of peripheral sensory nerves. Some evidence was presented for the hy

pothesis that neurons in the brain in response to stimulation secreted 

the AChE into the cerebrospinal fluid. 

Most probably, AChE is synthesized as a soluble protein which is modi

fied upon integration into cellular membranes (cf. Rieger et al., 1976). 

It has been shown that the most rapid recovery of AChE activity after 

irreversible inhibition in brain tissue is found in the soluble frac

tion (Austin and James, 1970; Yaksh et al., 1975). This primary soluble 

AChE molecule has an estimated mol. weight of 60.000-80.000 daltons; 

its glycoprotein nature has been established by several authors (e.g. 

Wenthold et al., 1974; Rieger and Vigny, 1976). 





2 
Measurement of brain acetylcholinesterase 
and butyrylcholinesterase activities. 
The effect of Triton X-100. 

2.1. /Issai/ conditions and standard procedures 

We assayed both AChE and BuChE using a modification of the method 

described by Ellman et al. (1961). In this method acetylthiocholine 

(ATCh) and butyrylthiocholine (BuTCh) are used as substrates. In 

these esters the oxygen atom of the choline moiety is substituted by 

a sulfur atom (Fig. 1.1.). They are very suitable substrates for AChE, 

respectively BuChE. Brain AChE hydrolyzes BuTCh at a low but signifi

cant rate. On the other hand, brain BuChE splits ATCh somewhat faster 

than BuTCh. Therefore, the best differentiation between both enzymes 

is obtained by using these differential substrates in combination with 

differential specific inhibitors. The differential inhibitors most fre

quently used are BW28AC51 dibromide (BW) and ethopropazine hydrochlo

ride (EP); they respectively inhibit AChE and BuChE (see Fig. 1.2.). 

These inhibitors are specific and reversible; their effectiveness and 

optimal concentrations have been validated for use on rat brain homo-

genates by Bayliss and Todrick (1956), bennett et al. (1964c) and 

Klingman et al. (1968). Their recommendations have been followed. 

Bennett et al. (1964c) reported that rat brain AChE hydrolysed BuTCh 
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at about 1% of the rate of ATCh, whereas BuChE hydrolysed ATCh about 

257. more rapidly than BuTCh. In pilot experiments we found this figure 

to be 35-A0%. Such a higher value has also been reported by Klingman 

et al. (1968). In this respect the thiocholine esters differ from the 

choline esters: butyrylcholine is hydrolysed by BuChE more rapidly 

than acetylcholine. However, buTCh is still a better substrate than 

ATCh to use for determination of BuChE in brain, because small amounts 

of BuChE are present together with large amounts of AChE. 

The anticholinesterase BW is a specific, reversible, inhibitor of AChE, 

the inhibition being 95% or more at 10 M and higher concentrations 

(Klingman et al., 1968). At 5.86 χ 1 θ" M BW no inhibition of BuChE is 

apparent. According to Bayliss and Todrick (1956) 3 χ 10 M BW inhi

bits still only 2% of pseudoChE activity. EP is a less specific, re

versible, inhibitor of BuChE: at a concentration of 8 χ 10 M it inhi

bits pseudoChE for 95%, but AChE for 9% (Bayliss and Todrick, 1956). 

At 3 χ 10 M the inhibition of AChE was virtually absent, while pseu

doChE was still inhibited for 90%. Klingman et al. (1968) confirmed 

these findings using BuTCh and ATCh as substrates. They found pseudo

ChE to be nearly completely inhibited by EP at concentrations of 

3 χ 10 to 3 χ 10 M. Bennett et al. (1964c) tested the very closely 

related compound promethazine and found about 6% inhibition of brain 

AChE activity at 2.5 x 10 M, while inhibition of BuChE was at least 

70-80%. 

Since the inhibitors used are reversible inhibitors they have to be 

included in the preincubation assay mixture to ensure efficient inhi

bition. 

The method of Ellman et al. (1961) depends on the non-enzymatical reac

tion of thiocholine with DTNB (5:5-dithiobis-2-nitrobenzoate) to pro

duce the yellow anion of 5-thio-2-nitro-benzoate (Fig. 2.3), The rate 

of color production is measured at 412 nm. The reaction of thiocholine 

with DTNB is very rapid so that it is not rate limiting; the produc

tion of color depends solely on the production of thiocholine. DTNB 

does not influence the enzymatic activity in the concentration used. 
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f ig . 2.1 : The n a t u r a l chol ine e s t e r ace ty lchol ine ( 1 ) , and the 
th iochol ine d e r i v a t i v e s a c e t y l t h i o c h o l i n e (2) and 
b u t y r y l t h i o c h o l i n e ( 3 ) . 
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fi". 2.2 : Inhibitors used in the assay of AChE and BuChE. 

(1) : BW284C51 ; 1 :5-bis-(4-allyldimethylammoniumphenyl)-pentan-3-one-dibromide. 

(2) : ethopropazine-HCl ; 10-(2-diethylaminopropyl)-phenothiazine hydrochloride. 
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Reactions involved in the measurement of ChE according to Ellman et al. (1961). 

Enzymatic hydrolysis of the thiocholine ester results in the production of thio-

choline, which reacts non-enzymatically with DTNB to produce the coloured anion 

5-thio-2-nitrobenzoate (maximal absorption at 412 nm). 
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Reagents 

Phosphate buffer: 

Stock solutions of 0.4 M Naj HPO4 and O.à M NaHj PO4 were prepared in 

distilled deionized water. These stock solutions were diluted 4-fold 

and appropriate amounts were mixed to obtain the pH to be used. 

For example, to obtain pH 8.0, about 125 to 150 ml 0.1 M КаНгPO4 were 

added to 2 1 0.1 M NaiHPO4 until the pH was equal to 7.95 at room 

temperature (i.e. pH 8.0 at 37 C). The buffer was stored at 4°С and 

used for no longer than 4 weeks. 

Acetylthioaholine (ATCh) : 

270 Mg acetylthiocholine iodide were dissolved in 25.0 ml distilled 
-2 

deionized water to give a 3.72 χ 10 M solution. This solution was 

divided into portions which were kept frozen. Each portion was 

sufficient for a few days of experimentation. 

Butyrylthiooholine (BuTCh) : 

500 Mg butyrylthiocholine iodide were dissolved in 25.0 ml distilled 

-2 
deionized water to give a 6.0 χ 10 M solution. This solution was 

kept frozen in small portions like that of ATCh. 

5:5-Dithiobis-2-nitrobenzoate (DTNB): 

40 Mg DTNB and 15 mg NaHCXb were dissolved in 10.0 ml 0.1 M Na-phos-

phate buffer, pH 7.0. To 50 ml of this solution 0.5 ml of an inhibitor 

solution was added. 

BU284C51 (BW): 

-3 
A stock solution of 3.55 χ 10 M BW was made by dissolving 20.J mg BW 

in 10.0 ml distilled deionized water. From this solution 0.5 ml was 

added to 50 ml DTNB solution and the resulting DTNB-BW solution was 

used for the BuChE assay. If kept frozen this solution was stable for 

several weeks. 
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Ethopropazine (EP): 

Since EP is difficult to dissolve in water, it was dissolved first in 

absolute ethanol: 65.9 mg EP in 3.0 ml ethanol. Seven ml distilled 

deionized water were added and after complete dissolution of EP the 

volume was brought exactly to 10.0 ml. From this solution 0.5 ml was 

added to 50 ml DTNB solution and the resulting DTNB-EP solution was 

used for the assay of AChE. 

Composition of reaation mixture 

For measurement of AChE: 

2.70 ml Na-phosphate buffer (0.1 M, final pH 8.0); 

0.20 ml enzyme suspension; 

0.05 ml DTNB-EP solution. Final concentrations: 

1.67 χ 10 M DTNB and 3.12 χ 10~ M EP; 

0.05 ml ATCh solution. Final concentration: 

-A 
6.2 χ 10 M ATCh. 

For measurement of BuChE: 

2.70 ml Na-phosphate buffer (0.1 M, final pH 8.0); 

0.20 ml enzyme suspension; 

0.05 ml DTNB-BW solution. Final concentrations: 

-4 -7 

1.67 χ 10 M DTNB and 5.86 χ 10 M BW; 
-3 

0.05 ml BuTCh solution. Final concentration: 10 M BuTCh. 

Pvoaedure 

Routinely, AChE was assayed on a spectrophotometer (Zeiss PMQ-1I) 

equipped with an automatic cell positioner and a 6-position-cell 

compartment thermostated at 37.0°С by a recirculating waterbath. The 

absorbance was measured at 412 nm. 

BuChE was for practical reasons usually assayed on a filterphoto-

meter (Vitatron MPS) with a 410 nm interference filter. The photometer 

was equipped with a photomultiplier as detector and a 6-position-cuvette 

changer thermostated at 37.0°С by a recirculating waterbath. 
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The reaction mixture was premcubated without substrate (ATCh or BuTCh) 

at З ° С for 10 m m . in glass cuvettes (Hellma, 10 mm). The reaction 

was started by the addition of the substrate. The absorbance was 

measured and recorded during 10 to 12 m m . 

The enzyme suspension was substituted by buffer in blanks; they were 

run in order to correct for the spontaneous non-enzymatic hydrolysis 

of substrate (about 5-10% of the experimental values for AChE and up 

to 40% for BuChE). Production of thiol groups by factors other than 

Cholinesterase activity and spontaneous hydrolysis of substrate, was 

not measurable 

The enzyme activities were calculated from the increase in absorbance 

during the linear portion of the process. For the production of 

5-thio-2-nitrobenzoate a molar extinction coefficient of 1 36 χ IO
4 

was used (Ellman, 1959). 

РгоЬегп Iptermnation 

Protein was determined according to Lowry et al. (1961) Bovine serum 

albumin served as protein standard. Absorbance was measured in a photo

meter with a 500 nm interference filter. All samples were assayed 

m triplo. 

Chermaa Is 

Acetylthiocholine iodide and butyrylthiocholine iodide were obtained 

from Baker. DTNB was obtained from Serva. BW284C5] dibromide, after it 

was no longer commercially available, was provided by Wellcome Re

search Laboratories, Wellcome Reagents Ltd., Beckenham Ken
1
, United 

Kingdom. Fthopropazine hydrochloride, Parsidol , was provided by the 

Warner-Lambert Research Institute, Morris Plains, New Yersey, U.S Α., 

research affiliate of Warner-Chilcott Laboratories. Triton X-100 was 

obtained from British Drug Houses and bovine serum albumin from Poviet 

Producten (Amsterdam). Buffer salts, sucrose and other standard labo

ratory chemicals were always of p.a. analytical grade quality and ob

tained either from Merck or Baker. 
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2.2. Enzyme kinetics: pH-dependenry 

To test the pH-dependency of brain AChE and BuChE, adult male albino 

WU (SPF63Cpb) rats were sacrificed after anaesthesia with ether or 

chloroform. Whole brains were used. Since phosphate buffer does not 

cover the whole range from pH 7 to pH 9, a 0.05 M Tris-HCl buffer was 

selected on the basis of recommendations by Ellman et al. (1961) and 

Augustinsson (1971a). A stock solution of 0.2 M Tris (2A.2 g/1) was 

prepared, which was brought to the desired pH at 37 С by addition of 

0.2N HCl and diluted to a 0.05 M solution. 

For AChE (n=8) a 6% homogenate was made in distilled deionized water; 

this homogenate was diluted 12-fold with Tris-HCl buffer of the de

sired pH. For BuChE (n=8) a 10% homogenate was made similarly; this 

was diluted 3-fold with Tris-HCl buffer of the desired pH. 

The results are shown in Figs. 2.4 and 2.5. Both enzymes display 

maximal activity at pH 8.4. In the case of BuChE, the variability in

creases considerably at pH 8.4 and higher. The very high value found 

at pH 9.0 does not fit in the general picture; no explanation can be 

given for this finding. 

The relative error, as expressed by the coefficient of variation, is 

minimal at pH 8.0 for both enzymes. For this reason it was decided to 

measure both enzymes at pH 8.0, Another reason for choosing this pH 

value follows from the finding that the spontaneous hydrolysis of 

both substrates increases considerably at higher pH values, as shown 

in Fig. 2.6. 

The pH values at which maximal activity was found, agree well with 

those reported in the literature. For AChE mostly a value of 8.25 

(8.0-8.5) is reported (Cohen and Oosterbaan, 1963; Silver, 1974) al

though sometimes lower values are found, even if the same substrate 

is used (Várela, 1973). For BuChE, a maximum activity has been found 

at pH 8.0 (Bennett et al., 1964c). 

Simultaneous measurement of AChE in 0.1 M Na-phosphate buffer, pH 8.0, 

and in 0.05 M Tris-HCl buffer, pH 8.0, revealed that the AChE activity 

measured in the latter buffer was about 20% less than the corresponding 

value in the phosphate buffer. This difference can be ascribed to the 

activating effect of the sodium ions in the phosphate buffer. Activa

tion of AChE activity by sodium, potassium and magnesium ions was 
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Fig 2 4 Brain AChE activity as a function of он 

Means + S ί Μ (η=8) are shown For further details 

see text 
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Fig 2 5 Brain DuChE activity as a function of pH 

Means + S Ε M (n-8) are shown For further details 

see text 
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Fig. 2.6 Rate of spontaneous hydrolysis of ATCh ( Θ — Θ ) 

and BuTCh (•¥ *) as a function of pH. 

Each point represents the mean of 8 determinations. 

The increase in absorbance is represented by its slope. 
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reported by Maheshuari et al. (1971); maximal activation was found by 

either 0.11 M NaCl + 0.01 M KCl or 0.05 M MgCl. In experiments not 

further reported, we tested the effect of adding 0.05 M MgCl or 0.11 

M NaCl + 0.01 M KCl to the Tris-HCl buffer. The AChE activity increased 

to the level found using phosphate buffer. Addition of extra salt to 

the phosphate buffer had no effect on the AChE activity. It was conclu

ded that activation of AChE by the relevant cations was already maxi

mal in the Na-phosphate buffer. 

The spontaneous hydrolysis of ATCh and BuTCh was higher in Tris-HCl 

than in phosphate buffer. 

In conclusion, these findings favour the use of 0.1 M Na-phosphate 

buffer, pH 8.0, and it has therefore been incorporated in the standard 

procedure. 

2.3. Enzyme kinetics: enzyme-substrate affinities 

As a further characterization of the enzymes studied the apparent 

affinity of the enzymes for their substrates were determined. A mea

sure for this affinity is the Michaelis constant or К which is de

in 

fined as the concentration of substrate that yields half the maximal 

reaction velocity (denoted by V ). The biological relevance of К 

max m 

values lies in the fact that the psychological substrate concentra

tions are almost always of the same order of magnitude as the К 

values (Hochachka and Somero, 1973). At such non-saturating substrate 

concentrations slight changes in enzyme-substrate affinity can lead 

to large changes in catalytic rate which in fact are often realized 

by modulators affecting regulatory enzymes. A discussion of these 

matters is beyond the scope of this thesis; it might be mentioned 

only that there exists evidence that under certain conditions AChE 

behaves like an allosteric, regulatory enzyme. 

With respect to AChE, К values have been assessed in relation with 

m 

the effect of Triton X-100; this is reported in Section 2.4.4.2. The 

values were found to be 6.7 to 7.4 χ 10 M ATCh. 

To determine the К values of BuChE, five different BuTCh concentra-
m
 -3 -3 

tions were used, ranging from 0.2 χ 10 M to 5 χ 10 M. Six male, 



». 1 χ 10 

[BüTCh] 
Fig 2 7 Lineweaver-Burk plot for brain BuChE 
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ТМБ rats, 2-3 months old, were used. Whole brain, without cerebellum 

and olfactory bulbs, was used to make a 10% homogenate in phosphate 

buffer; this was diluted 2- or 3-fold for the BuChE assay, which was 

performed in the usual way. 

A Lineweaver-Burk plot of the mean values is shown in Fig. 2.7. 

Using linear regression analysis on a Monroe 1930 calculator, a К 

-3 . -10
 m 

value of 1,1 χ 10 M was found, while the V was 7.31 χ 10 moles 
max 

BuTCh hydrolysed per min per mg brain. The К value compares reason-

-3
 ш

 . -.-
ably well with the value of 0.6 χ 10 M found by Bajgar and Zizkovsk£ 

(1971). 

When comparing the К values of AChE and BuChE, it is clear that they 

differ about one order of magnitude, assuming that the К value of 
m 

BuChE does not change if BuTCh is replaced by ATCh, which has in fact 

been found by Bajgar and Zizkovsky (1971). This confirms previously 

reported results, using ACh as substrate (for ref. see Silver, 1974). 

l.k. The effect of Triton X-100 on brain AChE activity 

2.4.1. Introduction 

Since AChE is mainly membrane-bound in the nervous system, many attempts 

have been undertaken to solubilize the enzyme as a first and necessary 

step for further purification and characterization of the molecular 

properties of the enzyme. Many reagents have been used to release AChE 

from the membrane: these include organic solvents, snake venoms, 

lipases, bacterial proteases and detergents (see for example Jackson 

and Aprison, 1966a, and Chan et al., 1972). The effect on non-ionic 

detergents, in particular Triton X-100, has been studied in more detail. 

Jackson and Aprison (1966b) studied the effect of a series of commer

cially available detergents on the solubilization of AChE from frozen 

rabbit brain and calf caudate nucleus. They found that non-ionic de

tergents, like Triton increased the AChE activity apart from solubili-

zing it, because activation was found at a low concentration of Triton 

which did not solubilize the enzyme. This could not be replicated by 

Crone (1971): he reported that activation was always associated with 
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solubilization of AChE; it depended on the Triton to protein ratio 

rather than the Triton concentration per se. However, this was only 

critical at the lower range of Triton concentrations used when solu

bilization of the enzyme was incomplete. Activation was constant over 

a wide range of the Triton to protein ratio (2-100 mg Triton/mg pro

tein) at 'complete' solubilization of AChE. (Solubilized AChE was 

defined as the AChE activity present in the 20.000 χ 60 g min. super

natant). Similarly, we could not detect a dissociation between acti

vation and solubilization of rat brain AChE by Triton: both effects 

-4 
became measurable at a final concentration of about 10 Ζ Triton X-100 

(Thuijls and Raaijmakers, unpublished report). 

Ho and Ellman (1969) found nearly all of the AChE in a high-speed 

supernatant (24.000 χ 60 g min.) after the addition of 0.5% Triton 

to a particulate fraction of rat brain. Still more than 85% of the 

AChE activity were recovered in the supernatant after ultra-centri-

fugation (100.000 χ g min.) which indicates that the AChE molecules 

are no longer particle-bound after the Triton treatment. These authors 

did not study the activation of AChE by Triton, since their objective 

was further purification of the enzyme. The same applies to other 

studies, involving the use of Triton to solubilize brain AChE 

(Kremzner et al., 1967; Davis and Agranoff, 1968; Yamamura et al., 

1973; Mcintosh and Plummer, 1973 and 1976; Dawson and Crone, 1974; 

Vijayan and Brownson, 1974 and 1975). The only other report about the 

activating effect of Triton on brain AChE is that of Srinivasan et al. 

(1972). The specific AChE activity was measured in supernatant and 

precipitate after ultracentrifugation (100.000 χ g min.) of a homo-

genate treated with Triton. Different concentrations of Triton 

(0.2-5%) resulted in an increase in the supernatant AChE activity while 

that of the precipitate remained virtually constant. The authors con

cluded that Triton not only solubilized the enzyme but also directly 

activated its catalytic activity. Methodological difficulties, how

ever, make their conclusion problematic (see Section 2.4.4). 

Our experiments were undertaken (1) to try to increase the reliability 

of the AChE measurement by determining which factors cause the variable 

results regarding the effect of Triton on the activity of AChE and (2) 

to test the hypothesis that Triton activates AChE apart from solubili-

zing it (Srinivasan et al., 1972). 
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2.4.2. The effect of Triton on AChE: strain and age influences 

2.4.2.1. Experiment J 

Procedure. In a first experiment, whole brains without olfactory bulbs 

and cerebellum were used. Two and three month old male rats belonging 

to the TMB and TMD strains (see Chapter 4) were used. After weaning 

they had been housed two or three together in an automated animal 

care system (UNO, Zevenaar, The Netherlands) with cages measuring 

31x26x19 cm. 

The animals were sacrificed under light ether anaesthesia and the 

brains were rapidly excised, frozen in liquid nitrogen and stored at 

-74°С in tightly closed vials until analysis. Brains were weighed in 

the homogenization tube and a 2% homogenate was made in 0.1 M Na-phos-

phate buffer, pH 7.95. Temperature was kept at 0-4°С. AChE was deter

mined on triplicate samples as usual. To three other samples of the 

ν . 

homogenate an equal volume of 1.0 Ζ ( /ν) Triton in the buffer solution 

was added. This mixture was shaken for 5 minutes in an ice bath and 

centrifugated at 17.000 χ 15 g min. (Servali RC-2B, 2°С). On the re

sulting supernatants AChE was also determined. 

Results and discussion. The results are summarized in Table 2.1. 

AChE 

homogenate Triton supernatant 

107.1 ± 3.2 129.1 ± 1.8 

118.7 ± 1.8 131.2 ± 1.7 

100.2 ± 4.1 119.9 ± 2.9 

113.3 + 1.2 127.3 ± 1 .4 

Table 2. I: Effect of Triton on AChE: strain and age influences. 

Values shown are means and standard errors. In brackets
 | n 

number of animals used. AChE activity is expressed as 10 

mol ATCh hydrolysed per min per mg tissue. 

s t r a i n 

TMB ( 9) 

(10) 

TMD ( 9) 

( 7) 

age 
(weeks) 

8 

12 

8 

12 
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Analysis of variance revealed that the strains differed significantly 

with respect to AChE activity in the homogenate (F=4.39, df 1,31, 

ρ < .05) as well as in the supernatant of the Triton treated homogenate 

(F=9.72, df 1,31, ρ < .005). The increase with age was also signifi

cant for both homogenate (F=17.64, df 1,31, ρ < .0005) and Triton su

pernatant AChE values (F=5.07, df 1,31, ρ = .03). The Triton induced 

activation of AChE was significantly lower in the older animals: 

11 vs 21% (F=8.06, df 1,31, ρ < .01). The two strains did not differ 

as to this activation. 

As far as the effect of Triton on AChE concerns, the expected solubi

lization and activation were found in agreement with the results of 

Ho and Ellman (1969) and Crone (1971). Moreover, our results indica

ted that age of the animals might be important for the degree of acti

vation . 

2.4.2.2. Experiment 2 

Procedure. A replication of the above-mentioned experiment was per

formed. The only difference between both experiments concerns the 

post-weaning housing condition. The rats were now kept in Makrolon 

cages (38x27x15 cm), two or three together. 

Results and discussion. The results are shown in Table 2.2. 

Triton supernatant 

174.6 ± 1.7 

162.5 ± 4.2 

161.0 ± 1.5 

148.3 ± 2.8 

Table 2.2:Effect of Triton on AChE: strain and age influences, 

replication. 

For legends see Table 1.1. 

strain 

TMB (10) 

(10) 

TMD (10) 

(10) 

age 
(weeks) 

8 

12 

8 

12 

AChE 

homogenate 

139.9 + 4.1 

146.3 ± 4.4 

132.9 ± 3.4 

127.7 ± 4.1 
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A clear stram difference is again found for AChE activity in the homo-

genate (F=I0.24, df 1,36, ρ < .005) as well as in the Triton superna

tant (F=25.04, df 1,36, ρ < .0001). With increasing age the activity 

decreases; this decrease is significant only for the Triton superna

tant AChE values (F=19.93, df 1,36, ρ < .0001) but not for those of 

the homogenate (F=0.02). The Triton induced activation is again 10% 

less in the older rats (F=6.72, df 1,36, ρ < .01). 

The main findings of the first experiment are replicated: strains 

differ in AChE activity and ages differ m Triton induced activation 

of AChE. The values for AChE in experiment 2 are in the range found 

usually for rat brain; the lower values in experiment 1 might be 

caused by the housing condition This automated housing condition 

has been found to have effects also on body weight and emotional re

activity, especially for TMD rats (unpublished results). 

2.4.2.3. Лде-dependenay of the Trzton bnduoed a іг аЬгоп of Ъгагп 

гедгопаі AChE aativ ty. Postnatal development of Ъгагп 

regional BuChE activity. 

Introduction. The preceding experiments suggested that age might be 

an important variable determining the degree of the Triton induced 

activation of AChE activity. Therefore, this experiment was unaer-

taken to study this age-dependency in more detail. Because regional 

differences and possibly also sex differences, m maturation occur 

in the brain (see Chapter 5), analyses were done on three brain re

gions in animals from both sexes This experiment served also to des

cribe the postnatal development of BuChE activity, in addition to that 

of AChE*. 

Age differences between juvenile and adult rats in bram regional 

AChE and BuChE activity are reported in Chapter 5. 
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Materials and methods. Random bred albino WU (SPF 63 Cpb) rats 

(cf. Loosli, 1975) of both sexes were used, 124 in total. One day af

ter birth, the litters were reduced to eight sucklings, mostly four 

of each sex. They were weaned at 28 days. At least three different 

litters contributed to each age group in order to minimize litter in

fluences. The 16-week-kroup consisted of males only. The animals were 

decapitated unanaesthetized. The head was immediately immersed in 

liquid nitrogen for 3-6 sec to cool the brain rapidly. The brain was 

dissected in an open refrigerated showcase (5-10 C). The brain samples 

were: (1) cerebellum without paraflocculi, (2) cortex, without olfac

tory bulbs, but including the ventral cortex, and (3) the remaining 

brain, called subcortex. The samples were weighed in preweighed pieces 

of aluminium foil, frozen in liquid nitrogen and stored at -74 С in 

closed vials until analysis. 

Standard procedures were used as described in Section 2.1. Triton-

activated AChE was measured in the (17.000 χ 15 g min) supernatant. 

AChE and BuChE are expressed as specific activity per mg weight. 

Results and discussion. The results and statistical analyses are 

summarized in Figs. 2.8-2.10 and Tables 2.3 and 2.4. The data for the 

sexes have been combined, unless a significant sex effect was found in 

the analysis. 

Development of AChE activity. At first sight, no differences in pattern 

of development of AChE are evident, whether determined one way or the 

other (see Fig. 2.8). In both cases age differences are as a matter 

of course very significant statistically, sex differences are absent, 

except for an interaction between age and sex for cerebe
1
 lar AChE 

(see Table 2.3). This interaction results from a difference between 

males and females at one age, 8 weeks. In the three regions AChE acti

vity increases to a maximum after which it decreases. The regions 

differ with respect to the maximum: it occurs at 6 weeks for the cor

tex, 8 weeks for the subcortex and 3-4 weeks for the cerebellum. 

Differences between the data for the two AChE assays become apparent 

in the ratio measure of the Triton induced activation of AChE. In all 

three brain regions over-all significant differences between the age 

groups are found (see Table 2.3 and Fig. 2.9). In order to determine 
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whether specific age-groups were responsible for this general effect 

of age, pairwise comparisons of the means, combined for both sexes 

were performed, using Scheffé contrasts according to Kirk (1968). 

AChE, hom 1 

2 

3 

activation 

BuChE 

Table 2.3: 

1 

2 

3 

1 

2 

3 

0: 

Age 
(df 8, 107) 

81.9 ++ 

94.9 ++ 

75.7 ++ 

AChE, TX 1 118 ++ 

2 245 ++ 

3 97 ++ 

2.94 * 

4.67 ++ 

5.04 ++ 

65.3 ++ 

43.3 ++ 

34.8 ++ 

Sex 
(df 1, 107) 

0.01 

0.20 

1.39 

0.10 

0.40 

2.86 

0.19 

0.94 

0.39 

1 .63 

3.50 

1 .32 

Age: «Sex interaction 
(df 7, 107) 

0.83 

1.43 

3.89 + 

1.23 

1.39 

3.04 » 

0.58 

0.70 

1.57 

0.85 

0.21 

1.16 

Ontogenetic pattern of AChE, Triton-induced activation 
of AChE, and BuChE in three brain regions. Results of 
the analysis of variance. 
The F-ratio's from the analyses of variance are shown. 
df indicates the degrees of freedom. Level of statis
tical significance is indicated by: *p<.01; +p<.001; 
++p<.0001. The brain regions are indicated by figures: 
I, cerebral cortex; 2, subcortex; 3, cerebellum. 
AChE, hom: AChE activity in untreated homogenate. 
AChE, TX : AChE activity in Triton treated homogenate. 
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CORTEX 

Ages 

2 

3 

k 

6 

8 

10 

12 

16 

8 10 12 16 

SUBCORTEX 

Ages 

2 

3 

k 

6 

8 

10 

12 

16 

8 10 12 16 

CEREBELLUM 

Ages 

2 

3 

h 

6 

8 

10 

12 

16 

1 

» 

t 

t 

2 

t 

t 

» 

* 

• 

t 

3 

* 

t 

t 

8 10 12 16 

Table 2.4 Post-hoc comparisons (Scheffé contrasts) for the 
mean values for the Triton-induced activation of 
AChE. Data of both sexes have been combined. 
Symbols : t ρ < .05 ; » ρ < .01 

Ages are given in weeks. 



aae ( weeks ) 

Fig. 2.3а Postnatal develooment of AChE activity in cortex ( Θ ) and subcortex ( Δ ) . 

Data for males and females combined. Solid lines: untreated homooenate; 

dashed lines: Triton treated homooenate. /"ChE is expressed as 10" mol 

ATCh hydrolysed/min/ma tissus. 
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The postnatal develooment of AChE activity in the cerebellum 

Means * S t b' are shown for males, untreated ( Ί and Τ η ton 

treated (*) homooenate, and females, untreated ( ) and Triton 

treated ( Δ ) homoqenaro AChE is expressed as ID' 

hydrolysed/min/mq tissje 

-1U rrol ATCh 

Γ> 2 0 

Fig 2 9 Postnatal development of Tr i ton X-100 induced a c t i v a t i o n of AChE 

in cortex ( * ), subcortex ( π ) and cerebellum [ 0 ) 

Means + S Ε M are shown 
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The results shown in Table 2.4, reveal that, as to cortex and subcor

tex, primarily the 2 and 3 week groups differ from the others, while 

for the cerebellum the 2 and 8 week values differ significantly from 

most others. The highest values for the activation are found in the 

subcortex, which also contains the highest concentration of AChE. 

The particular difference between the ages of 8 and 12 weeks, found 

in the previous experiments, is not replicated here. The general ten

dency, however, is similar: a larger activation at the younger ages. 

The failure to replicate exactly the previous findings might be caused 

by the difference in strain of rats used. Differences in brain samples 

are not likely to be important, since combination of the values for 

cortex and subcortex, while resulting in a value directly comparable 

to that of the previous experiment, give the same picture as the brain 

parts separately. 

It is not clear, what causes the age differences in activation of AChE. 

In view of the fact that Crone (1971) reported the ratio between Tri

ton and protein to be important, the final protein concentration in 

the cuvette after the Triton treatment was calculated. This varied at 

the most 3.7-fold, due mainly to the low values for protein in the 

1-week group; the ratio was essentially the same for all other age 

groups. Since Crone (1971) found the activation to be constant over 

a relatively wide range of protein to Triton ratio's, the age differ

ences in activation of AChE are probably not related to the small 

variations in protein concentration. But, instead of protein, lipid 

might be important. 

According to Davison (1968) myelin synthesis is most active in rat 

brain at 2-3 weeks; this period coincides with the maximal activation 

of AChE by Triton. Further, myelin is concentrated mostly in the sub

cortex sample, which contains the corpus callosum as well as other 

heavily myelinated structures; the largest activation is found in the 

subcortex too. But the coincidence of maximal activation of AChE with 

maximal synthesis, instead of content of myelin remains difficult to 

explain. Perhaps it is not the synthesis of myelin that matters, Lut 

the formation of synapses, which is maximal at the same time (Aghaja-

nian and Bloom, 1967). 
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DeveZopment of BuChE activity. BuChE activity increases in the three 

brain regions until about 8 weeks; from then on it remains more or less 

at the same level (cerebellum and cortex) or decreases slightly (sub

cortex) . Regional differences in level of BuChE are present from the 

first week on, The subcortex having the highest and the cortex the 

lowest level of activity. 

Protein concentration. No regional differences exist for protein con

centration. Age differences are clear: values increase from 7-8% to 

about 13% (6 weeks) at which value they stabilize. 

2.4.3. The effect of Triton on brain AChE: interaction with 

freezing of tissue 

Membrane disrupting procedures 

Since varying degrees of activation of AChE by Triton have been repor

ted ranging from no activation (Fiszer and DeRobertis, 1967) to 360% 

(Harwood and Hawthorne, 1969), it was decided to investigate some ex

perimental conditions in more detail. 

treatment N percentage increase 
of AChE activity 

ether 7 3 

chloroform 8 8 

N2 alone 8 2 

ultrasonic désintégration 5 5 

Triton X-100 8 19 

Table 2.5: Effect of different treatments on AChE. 
N refers to number of samples used. 
For further details, see text. 
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Firstly, the effect of different membrane-disrupting procedures was 

studied. For this purpose, homogenates of frozen rat cortex samples 

were treated with ether, chloroform or ultrasonic waves. Ether treat

ment consisted of adding 0.1 ml ether to 1.0 ml homogenate; after 1 

minute of shaking, N2 was bubbled through for 2 min to remove the 

ether. Chloroform treatment was identical, except that instead of 

shaking, the samples were gently inverted to prevent inactivation of 

AChE. Ultrasonic treatment was performed using a Braunsonic desinte

grator at maximal output for 5 min while the test tube was cooled in 

melting ice. The effect of N2-treatment alone was also studied. The 

results are shown in Table 2.5. 

Not one treatment resulted in an activation comparable to that by 

Triton. Only chloroform seemed to activate AChE; however, in further 

tests this effect was not substantiated. The action of the other mem

brane-disrupted treatments did not lead to the effect observed after 

Triton treatment. Since in other preliminary experiments, using fresh 

tissue homogenates, much lower values for Triton activation were 

found, the effect of freezing the tissue or the homogenate before the 

Triton treatment was investigated. 

Freezing of intact tissue 

Six male mice of the C57B1/6 strain, about A weeks old, were anaesthe

tized slightly with ether and sacrificed. After removal of the cere

bellum, the brain was divided into two halves which were wrapped in 

aluminium foil and weighed. One half was frozen in liquid nitrogen, 

the other was freshly homogenized in phosphate buffer. The frozen part 

was kept about an hour at -20 С and subsequently homogenized. AChE was 

determined on the homogenates both without and with Triton, The Triton 

treated homogenate was not centrifuged. 

The results are shown in Table 2.6. They clearly show that by freezing 

the tissue the AChE activity is decreased about 10%. The occluded ac

tivity is released by treatment with Triton. 

Statistical analysis using a i-test for dependent observations reveals 

that the decrease in AChE activity after freezing of the tissue is sig

nificant (t= 6.18, df 5, ρ<.002)^υΐ after Triton treatment the differ

ence in degree of activation between fresh and frozen tissue was of 
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course very significant (t= 15.02, df 5, p<.0001). This Triton-induced 

activation of AChE is only about a third in the homogenates of fresh 

tissue compared to that of frozen tissue,but it is, nevertheless, sig

nificant (t= 5.30, df 5, p<.005). 

fresh tissue frozen tissue 

AChE without Triton 182 ± 2.6 164 ± 3.1 

AChE with Triton 193 ± 1.9 198 ± 1.8 

degree of activation 6.3 ± 4.3 21 ± 2.0 

Table 2.6: The interaction between freezing of the tissue and 
Triton treatment of the homogenate on AChE activity. 
Means and S.E.M. (n=6) are shown. AChE is expressed as 10 
mol ATCh hydrolysed per min per mg tissue. 

10 

Freezing of homogenates compared to freezing of intact tissue 

Male mice, about 10 weeks old, were used. They were anaesthetized 

slightly with chloroform and their brains were processed as described 

above. Portions of the homogenates of both fresh and frozen brain 

halves were frozen and kept overnight at -30°C; the next day the 

effect of the Triton treatment was determined on these frozen homo

genates to investigate whether freezing of a homogenate has a compa

rable effect to freezing of the tissue. 

Results. The results are shown in Table 2.7. Freezing of a homogenate 

has virtually no effect. The difference in degree of Triton induced 

activation between fresh and frozen tissue is similar whether deter

mined on fresh or frozen homogenates (p<.0001; t-values 8.24, respec

tively 7.25, df 8). The small increase in AChE activity of fresh homo

genate of fresh tissue after Triton treatment was statistically sig

nificant (t= 2.54, df 8, p<.04), as found in the previous experiment. 

The AChE activity does not change upon freezing of the homogenate 

except for that of fresh tissue determined without Triton, where the 
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Fig 2 11 Postnatal development of protein concentration in cortex (*) 

subcortex (D) and cerebellum ( ) Protein concentration is 

expressed as mo protein per mo brain sample 
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ili increase is just significant (t= 2.33, df 8, p<.05). 

AChE without Triton 

AChE with Triton 

degree of activation 

AChE without Triton 

AChE with Triton 

degree of activation 

fresh tissue frozen tissue 

fresh homogenate 

175 ± 1.5 

184 + 1.8 

5.3 ± 0.6 

156 ± 2.0 

181 ± 1.4 

16 + 1 .4 

frozen homogenate 

179 ± 2.0 155 ± 2.0 

186 ±1.8 178 ± 2.3 

3.9 ± 0.9 14 ± 1.2 

Table 2.7: The effect of freezing tissue and homogenate on AChE 

activation and the effect of Triton. 

Means and S.E.M. (n=9) are shown. AChE is expressed as 10 

mol ATCh hydrolysed per min per mg tissue, 

10 

Conclusions 

From the above mentioned results it can be concluded that freezing 

brain tissue before homogenization is an important factor determining 

the degree of activation of AChE by Triton, This is due to a decrease 

in apparent AChE activity in the homogenate of frozen brain tissue. 

In the presence of Triton a very small difference or no difference at 

all is found between fresh and frozen tissue, In a homogenate of fresh 

tissue Triton still shows a significant activation of AChE of 5 to 6%. 

Freezing the homogenate does not influence the AChE activity much, al

though it might lead to a small increase in case of the homogenate of 

fresh tissue. 

Beesly and Kerkut (1974) observed a decrease in AChE activity as a 

function of time between homogenization and determination of AChE for 

homogenates of insect nervous tissue; after treatment with 0.1Я deoxy-

cholate this effect disappeared. We have never observed such a decrease. 

This discrepancy might be related to differences between insect and 

mammalian nervous tissue; such differences have been found with res

pect to molecular structure and kinetic properties of AChE by Hellen

brand and Krupka (1970). 
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The age differences in Triton induced activation of AChE, reported in 

the previous section, cannot be ascribed to the effect of freezing. 

It might be that freezing interacts with some other, still unknown 

factor. 

Because the duration of storage at -74 С varied between 3 and 14 weeks, 

the correlation between duration of storage and activation of AChE 

was calculated, but no correlation was found (r<.20). This means that 

duration of storage of samples at -74 С does not influence the Triton 

induced activation. Samples can be stored for several months without 

effect on their AChE or BuChE activity, as was found in some tests 

not further reported. 

2.4.4. The effect of Triton on soluble and partiole-bound AChE 

2.4.4.1. Introduction 

In the foregoing experiments it has been established that the activa

ting effect of Triton on AChE depends to a large degree on the fact 

whether the tissue sample had been frozen. This does not, however, 

exclude the possibility that Triton activates AChE by enhancing its 

activity apart from solubilizing it, as suggested by Jackson and 

Aprison (1966b)and Srinivasan et al. (1972). In preliminary experi

ments we were unable to find a dissociation between solubilization 

and activation of AChE, using different concentrations of Triton 

(Thuijls and Raaijmakers, unpublished report). 

Srinivasan et al. (1972) based their conclusion that Triton activated 

AChE apart from solubilizing it, on the finding that, if a homogenate 

was treated with different Triton concentrations, the AChE activity 

increased in the supernatant, but remained constant in the precipitate 

after ultra-centrifugation. They expressed AChE per mg protein in the 

fraction; AChE and total protein could well be solubilized differen

tially, which might explain the findings. Moreover -as can be calcu

lated from their data- the total protein of the homogenate increased 

as a function of increasing Triton concentrations; perhaps no correc

tion was made for the interference of Triton with the Lowry protein 

assay. 
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Contradictory to their conclusion is their finding that Triton, if 

it is added directly to the assay mixture, does not activate AChE, 

solubilized or not. A possible clue to this finding might be that fro

zen and fresh brain samples were used, and it is not always clear 

which one is used. 

To investigate further the possibility that Triton activates AChE in

dependently from solubilizing it, two experiments were performed. In 

the first one a soluble AChE fraction was compared to other particle 

containing fractions made from a homogenate of frozen brain samples 

to establish whether activation by Triton was related to the particle-

bound state of AChE. 

In the second experiment it was investigated whether Triton -having 

no activating effect on soluble AChE- changes the apparent affinity 

of AChE for the substrate. Soluble AChE was compared to total homo

genate AChE. Fresh tissue was used now because it was not necessary 

to maximize the activation. In both experiments Triton was added di

rectly to the assay mixture; preliminary tests had revealed no differ

ence between the two ways of Triton treatment. 

2.4.4.2. The effect of Triton on soluble and particle-bound 

fractions of AChE 

Materials and methods. Five, one year old, male albino WU (SPF 63 Cpb) 

rats were used. Cortex samples which had been stored at -74 С were 

homogenized in 0.32 M sucrose at a tissue concentration of 100 mg/ml 

(10Z homogenates). Part of the homogenates was centrifuged at 

100.000x60 g min (International В 60 ultracentrifuge, A-237 rotor) 

and another portion at 48.000x60 g min (Servali RC-2B, SS-34 rotor). 

AChE was measured on the homogenate and supernatant and precipitate 

of both centrifugations. Triton was added directly to the reaction 

mixture. Protein was measured in all fractions. 

Results and discussion. In Table 2.8 the results are summarized. Clear

ly, activation of AChE by Triton is found in all fractions except the 

ultraspeed supernatant which contains only soluble AChE. The high

speed supernatant shows a small but significant activation; this is 
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probably due to the particle-bound AChE which sediments at the higher 

centrifugal force. This strongly suggests that the activating effect 

of Triton depends on the particle-bound state of the AChE molecules. 

Skangiel-Kramska and Niemierko (1975), working with peripheral ner

vous tissue also found that Triton did not increase the activity of 

soluble AChE although it had an activating effect on the crude homo-

genate. 

fraction AChE/mg weight Triton induced activation 

without Triton 7, activation t-value(df=4) 

homogenate 96.2 ± 6.9 10.6 ± 1.2 13.64 *** 

supernatant, ultraspeed 21.7 ± 1.7 1.5+1.2 1.32 

precipitate, ultraspeed 70.2 ± 4.7 8.2 + 1.1 5.62 ** 

supernatant, high-speed 31.0 ± 3.1 3.0 + 0.7 5.19 * 

precipitate, high-speed 60.6 ±3.1 10.1 + 1.0 П.38 *** 

Table 2.8: The effect of Triton on AChE from subcellular fractions. 

Means and S.E.M. (n=5) are shown, AChE activity is 

given as 10 moles ATCh hydrolysed per min per mg 

tissue. Statistical significance is indicated by as

terisks :*p<.01, **p<.005; ***p<.0005. 

2.4.4.3. The effect of Triton on apparent substrate affinity 

of soluble AChE compared with total homogenate AChE 

Materials and methods. Nine, female albino WU (SPF 63 Cpb) rats, between 

6 and 8 months old, were used. From fresh whole brain, without cere

bellum and olfactory bulbs, a 10% homogenate was made in 0.32 M sucro

se. Part of this homogenate was centrifuged at 100.000x60 g min (Inter

national B-60 ultra-centrifuge, A-237 rotor). All preparations were 

performed at a temperature of 0-4 C. 

The homogenate and the supernatant were used to assay respectively to

tal homogenate AChE and soluble AChE activity. With the precipitate no 

reliable measurements could be made due to non-linearity of the enzyme 
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activity especially at lower substrate concentrations. 

Dilutions of homogenate and supernatant were made with 0.1 M sodium 

phosphate buffer pH 8.0 and AChE was assayed as usual. Six different 

-4 -4 

ATCh concentrations were used, ranging from 0.5x10 M to 5x10 M. 

AChE activity was determined from the initial increases in optical 

density. Triton was added to the reacticn mixture as in the previous 

experiment. 

Results and dtsausston. Double-reciprocal Lineweaver-Burk plots were 

made and the apparent К and V calculai d using the linear re
in max 

gression analysis on a Monroe 1930 calculator Fig. 2.13 shows the 

results. Each point is the average value for 9 (homogenate) or 8 

(supernatant) rats. T-tests (for dependent observations) were used to 

evaluate the results statistically. Triton enhanced V by 8% in the 
J
 max

 J 

homogenate (t= 2.57, df 8, p<.05). The К -value of the homogenate is 

not altered by the treatment with Triton. V of the supernatant AChE 

' max 

activity is decreased 6.5% by Triton (t= 4.92, df 7, p<.002), whereas 
the К -values of Triton treated and untreated soluble AChE do not 

m 

differ significantly. 

The differences in К -values between homogenate and supernatant AChE 
m 

were statistically insignificant for untreated as well as for Triton 

treated samples. The fact that Triton did not change the apparent 

К -values but affected only the V -value makes it likely that Triton 

m max ' 

has no direct activating effect on brain AChE activity and that the 

activation by Triton is a result of its surface active property, prob

ably by releasing occluded AChE activity In contrast, Guillon and 

Massoulil (1976) reported that Triton increased the К of soluble 

m 

AChE from goldfish brain No data are given with respect to the V 
β
 b r

 m a x 

Possibly, species differences between rats and goldfish are important 

in this respect. 

The results also corroborate some earlier findings. Firstly, the degree 

of activation of AChE by Triton in a homogenate of fresh brain is re

latively small but significant. Secondly, soluble AChE is not activated 

by Triton; on the contrary, in this experiment soluble AChE is inhibi

ted by Triton whereas no effect of Triton was found in the previous 

experiment This difference might be due to the lower protein content 
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of the supernatant of freshly homogenized brain resulting in a high

er Triton to protein ratio. In the previous experiment frozen samples 

were used and about 30% of the total protein content of the homogenate 

was recovered in the supernatant (100.000x60 g min). In this experi

ment fresh brains were used and about 20% of the total protein was 

recovered as soluble protein. 

The К -values found agree with those reported in the literature using 
m
 , -4 

ATCh as substrate: Bajgar and Parizek (1973) found а К of 0.87x10 M 

-4
 m 

for bovine striatal AChE and 0.7x10 M for rabbit brain. A slightly 

higher К -value has been reported for Triton solubilized rat brain 
Ш
 -4 

AChE: 1.02x10 M by Ho and Ellman (1969). Using erythrocytes as the 
-4 

source of AChE К -values of 1.25-1.8x10 M have been found using a 
m 

crude homogenate (Ellman et al., 1961) or Triton solubilized AChE 

(Sbafai and Cortner, 1971; Ciliv and Özand, 1972). Chubb and Smith 

(1975a)studied soluble and membrane-bound AChE from bovine splanchnic 

nerve trunks. Filtered homogenates were centrifuged (100.000x60 g min) 

and the supernatant and pellet used as a source of soluble, respective

ly membrane-bound, AChE. The same К was found for both types of AChE, 
J . m

 J 

—4 
i.e. 0.76x10 M. The results compare well to ours since soluble AChE 
is not different from membrane-bound AChE in its К -value, which it-

m 

self is fairly equal to the values reported here. 

Soluble AChE constitutes about 7% of the total AChE content. This is 

in accord with the value of 6% found by Hollunger and Niklassen (J973) 

using calf caudate nucleus homogenized in 0.067 M Na-phosphate buffer. 

They reported also a value of 7% for rat brain homogenized in albumin 

containing Krebs Ringer solution. 

In summary the experiments on the effect of Triton on AChE have shown 

that: 

1 . freezing of the tissue before homogenization leads to an increased 

occlusion of AChE activity in the homogenate which causes the major 

part of the activation of AChE by Triton in such a homogenate; 

2. Triton does not alter the К but only the V of AChE in the homo-

m max 

genate or a particle containing fraction of it. This means that no 

conformational changes of the active center are involved but rather 

that 'more of the same' is exposed; 
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3. age differences exist in activation which cannot be explained by 

the freezing or storage of the samples; maximal activation is found 

in brains of rats of 3-4 weeks old. 



Genetic analysis of acetylcholinesterase 
and butyrylcholinesterase activities 
in whole brain and cortex in mice. 

3.1. Scope 

Since the differences in AChE and BuChE activity in brain homoge-

nates are quantitative rather than qualitative, appropriate, i.e. 

quantitative methods have to be used to analyse the genetic causes 

of variation. Continuous variation cannot be analysed by simple 

Mendelian techniques. These are only applicable to variables show

ing discontinuous variation, that is variables existing in a few 

distinct forms. Frequencies of occurrence of these forms in cross

breeding experiments are used to calculate segregation ratio's 

which form the basis for the genetic analysis. 

Continuous variation is supposed to be caused by multiple factors, 

both genetic and environmental. Many genes are involved, all having 

a small comparable effect. Such genes have been called polygenes 

(Mather, 19A3). Polygenes -unlike genes in the normal Mendelian 

situation i.e. 'major genes'- cannot be traced individually because 

their effects are interchangeable and dependent on each other's 

effects. For the genetic analysis of polygenically determined cha

racters, so called biometrical methods which make use of statistical 
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measures such as mean, variance and covariance have been developed. 

The basic assumption of a biometrical model is that multiple fac

tors govern the phenotype The total phenotypic variation is con

sidered to be the sum of the variation caused by individual factors. 

Partitioning the total variance into variance caused by different 

factors is accomplished by analysis of variance. It is not a coin

cidence that the analysis of variance has been developed about 

1920 by R.A. Fisher, the brilliant geneticist engaged in the ana

lysis of continuous variation. The biometrical model and the model 

of the analysis of variance are n fact two sides of the same coin. 

It was only about 1950 that, on the basis of the work of Fisher, 

biometrical genetic methods have been developed, mainly by Mather 

and his colleagues 

In a biometrical model the total phenotypic variance is divided 

into two mam parts· one caused by a genetic component, the other 

by an environmental component. Both components can be further sub

divided. 

The genetic corponent is partitioned into three parts additive 

variation, dominance deviation and epistatic interaction 

Additive variation is caused by differences in breeding value of 

the genotypes. The breeding value of a genotype is directly propor

tional to the sum of the effects its genes will have within a given 

population m terms of causing its progeny to deviate from the po

pulation mean, As a result of interaction between alleles and in

teraction between non-allclic genes, the breeding value is only 

part of the genotypic value, the remainder of which consists of 

dominance deviation and epistatic interaction. Dominance deviation 

from the midparental value is a result of intra-locular interaction 

between alleles of the same gene, mterlocular interaction between 

genes of different loci is called epistatic interaction or epis-

tasis. 

Additive variation may be 'used' by selection and inbreeding, its 

effect will then become 'fixed' as the variation of inbred or selec

ted strains. Variation due to dominance deviation is not 'fixable' 

because it results from the interaction between different alleles. 

Variation due to ep.stasis is only partly 'fixable' namely as far 
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as epistasis consists of interaction between homozygous genes. 

Inbreeding for a sufficient number of generations results in 

homozygous individuals. At every locus one allele is fixed in the 

inbred strain, the other(s) havirg been lost. The chance for a 

given allele to become fixed depends on its frequency of occurrence 

in the population. Different alleles may become fixed in different 

inbred strains derived from the same population. It may, therefore, 

be assumed that in a representative number of inbred strains, the 

proportion of strains carrying a certain allele, is representative 

for the frequency of occurrence of the allele in the original po

pulation. For a given variable, the variation in breeding value 

among inbred strains may be considered to represent that of the 

original population; it is approximated by the variation between 

a sufficient number of inbred strains. 

The dominance deviation found after crossbreeding (sufficient) 

inbred strains is likewise representative for the dominance devia

tion present in the original population. 

The diallel method of analysis: general considerations 

A biometrical design which makes use of a sample of inbred strains 

to determine the different components of variation for a given 

variable in the population from which the inbred strains are de

rived, consists of the so-called diallel cross. A complete diallel 

cross comprises all n
2
 possible matings between У inbred strains. 

The resulting genotypes may be entered in a diallel table, as is 

done in Figure 3.1. The inbred strains are found on the main dia

gonal; the off-diagonal cells contain the Fi hybrid genotypes; 

reciprocal crosses are present at positions symmetrical with res

pect to the main diagonal. An essential advantage of the diallel 

cross design consists of having to breed just the parental inbred 

strains and their Fi generation without other generations like Fi 

and backcrosses. 

The use of several instead of only two inbred strains is another 

advantage over the main othe- biometrical design, the classical 

Mendelian cross. 
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In so far as the number of inbred strains in the diallel cross are 

representative for the population, the results may be generalized 

to the whole population. A similar generalization is improper in 

the саче of a Mendelian cross. 

The diallel cross model is based on a number of assumptions 

The assumptions with respect to the relevant genes are according 

to Hayman (1954a) that: 

(1) the organisms are diploid; 

(2) no genetic differences exist between reciprocal crosses; 

(3) epistatic interaction is absent, 

(4) multiple allelism does not occur, 

(5) inbred strains are homozygous at all loci, 

(6) genes are distributed independently among strains 

These assumptions are not all equally important. The most impor

tant one is (3): the absence of epistatic interaction. Whether 

the data meet this requirement is tested m the joint regression 

analysis (see below, scaling tests). 

Assumption (1) is ro problem if mammals are used. 

Assumption (2) may not hold for males of reciprocal hybrid cresses 

in case of X-chromosomal linkage (see below), the consequence of 

such a difference between reciprocals is that the genetic varia

tion is underestimated in males and the maternal effects overes

timated. 

The assumption on multiple allelism (4) also constitutes no major 

problem. This is not so say that multiple allelism does not occur 

frequently but it has a major effect probably on the estimation 

of the number ot genes only In the experiments reported here, 

no such estimations were calculated. Assumption (5) underlies near

ly all work with inbred strains and is not specific to the diallel 

cross. 

Assumption (6) refers to Mendel's Law of Independent Segregation. 
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Analysis of vai'-ianae of the diallel cross 

The analysis of the diallel crosses reported here has been devel

oped by Hayman (1954a and b). Four sources of variation are recog

nized :r Hayman's analysis of variance: the a, b, с and d items. 

The a item tests for significance of the variation in additive 

effects. The test is based upon the variation of the so-called 

parental array means. A parental array comprises all crosses which 

have at least one parent in common, i.e. an inbred strain with all 

the hybrids derived from it. It can be divided into a maternal 

and a paternal array. A maternal array consists of all crosses 

having the same mother; in Figure 3.1 they are represented by the 

rows, the paternal arrays by the columns. The second component, 

the b item tests for dominance variation. This test is based upon 

the variance among the sums of reciprocal cells which remains af

ter subtraction of the variance between parental arrays. In the 

analysis of Hayman this component is further partitioned into 

three sub-items. The first, bi , tests for directional dominance; 

this test is based on the mean deviation of the Fi hybrids from 

the parental mean. Directional dominance is present if dominance 

is directed towards one extreme phenotype: all or at least most 

dominant alleles are working in the same direction having either 

an increasing or a decreasing effect. The b
2
 -item tests whether 

the mean dominance deviation of the hybrids from their mid-parental 

values within each array differs over arrays; such a difference 

will be found if some parents carry dominant alleles for consider

ably more genes than others, that is, if the dominant alleles are 

distributed unequally among the inbred strains. The ¿>э -item tests 

the residual dominance variance resulting from unique deviations 

of Fi hybrids from the mean of their parents. Significance of this 

item may result from epistatic interaction. The a and d items both 

test for differences between reciprocal crosses. The test on the 

о item is based on the variation of the mean differences between 

maternal and paternal arrays. This component results from the ac

tion of the maternal environment including a variety of possible 

maternal influences: cytoplasmic extrachromosomal factors in the 
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ovum, differences in nutrients and other factors of the foetal 

and postnatal environment and, particularly in mammals, differ

ences in maternal care, 

The d item comprises any residual variance between reciprocal 

crosses after subtraction of the variance explained by the л item. 

The ci item is essentially an interaction term caused by unsystema

tic or unique differences between reciprocals. It may be signifi

cant if a maternal, inbred, genotype responds differently to the 

different hybrid genotypes of the young. 

In general, the a and b items are comparable to the 'general com

bining ability' and the 'specific combining ability' respectively 

(cf. Falconer, 1967) . 

Differences between reciprocal crosses are related to the different 

maternal genotypes; hence the с and a items are labeled maternal 

effects. In the analytic design developed by Hayman (1954b) each 

source of variation is tested against its interaction with ran

domized blocks or replications. The variance within genotypes is 

estimated by the variance between blocks. Consecutive litters are 

taken as the consecutive blocks because litters of the same geno

type may be considered as random replications. Thus the first bred 

litters of all crosses constitute the first block, the second 

bred litters the second block and so on. The variance between 

litter means is used as an estimate of the variance within geno

types and as an appropriate error source. 

As mentioned above, each source of variation is tested against its 

interaction with blocks. The number of degrees of freedom of this 

error term is of course dependent on the number of blocks i.e. on 

the number of litters bred for each genotype and on the number of 

inbred strains used. For the test of bi the number of degrees of 

freedom of this error term is solely dependent on the number of 

blocks, namely (blocks -1). This leads to only one by one degrees 

of freedom in both the first and the third diallel cross reported 

here, since only two litters were bred in these cases. This was 

judged to be a highly unsatisfactory situation. However, the sta

tistical decision can be based on a broader error-term, the pooled 
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error-variance. The various effect*block interactions may be 

pooled if they are homogeneous. The degrees of freedom for the 

respective items in the three experiments are shown in Table 3.1, 

Item Effect Block interaction DC-1 DC-2 DC-3 

(b-l)(n-l) 

|n(b-l)(n-l) 

b-1 

(b-l)(n-l) 

Mb-l)(n-3) 

(b-l)(n-l) 

J(n-l)(n-2) J(b-l)(n-l)(n-2) 

a 

b 

b, 

b
2 

b, 

с 

d 

pooled 

block 

interact. 

n-1 

Jn(n-n 

1 

n-1 

in(n-3) 

n-1 

i(n-l)( 

4,4 

10,10 

4,4 

5,5 

4,4 

6,6 

24 

M 

4,8 

10,20 

1,2 

4,8 

5,10 

4,8 

6,12 

48 

1,2 

3,3 

6,6 

3,3 

2,2 

3,3 

3,3 

15 

ι,ι 

(b-l)(n
2
-l) 

Sex 1 b-1 

Table 3.1 Degrees of freedom for the respective effects and 

error-terms in Hayman's analysis of variance. 

Symbols η and b refer to number of strains and num

ber of blocks respectively. For other symbols see 

text. 

The homogeneity of error-terms was tested by performing the 

slippage test of Doornbos (De Jonge, 1964, p.664) on the mean 

squares of the error-terms. 

Although the animals within each cross do have the same genotype 

for all autosomal genes, they do differ in sex. If sex-linked 

genes determine in part the phenotype of the characteristic, this 

may give rise to sex-related differences. Therefore, sex differences 

were analysed for all variables. 

On the differences between the mean values of male and female 

littermates a Hayman's analysis of variance was performed. The re

sults are shown in the tables аь items S, S*a, S*b and S*o. Since 

the S*d interaction term is difficult to interprete no attention 

will be paid to that item. Both data sets (for males and females) 
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were analysed also separately. X-chromosomal linkage of relevant 

genes may become apparent as a sex difference in systematic ma

ternal effects, that is in an interaction between sex and item 

'c'. The Fi hybrid males of reciprocal crosses differ: being hetero-

gametic (XY) they receive the X-chromosome from different maternal 

strains. For females no such difference between reciprocal crosses 

exists. 

The proportion of the total variance due to each item in the ana

lysis of variance is calculated and presented in the tables. Thus 

for each component the statistical significance and the relative 

magnitude of its effects are computed. 

Scaling test 

The degree of dominance and even its occurrence or its direction 

may depend on the scale on which the characteristic is measured. 

Hence, the choice of the measuring scale determines whether domi

nance will be detected or not. It is not very appropriate to use 

a scale on a priori arguments. The scale should be such that the 

data fit the assumptions of the model. 

The main assumption to be met with is the absence of epistatic 

interactions. If they play a significant role, either a more com

plex model including these interaction components should be used, 

or the interactions should be minimalized by scale transformations; 

the former is unsolvable in a diallel cross design and for the 

latter no satisfying solution has been found. For a classical Men-

delian cross,involving besides two parent strains also Fi Fj and 

backcross generations, scaling tests are available. These tests 

are based upon the expected relationships between the generation 

means. Such a test is not available for the diallel cross model. 

An equivalent, albeit less powerful test, is provided by calcula

tion of the expected relationship between two second degree statis

tics: the variance (V ) within a parental array r and the covari-

ance (W ) of the members of the same array r with the non-recurring 

parent (Jinks' analysis, cf. Mather and Jinks, 1971). Epistatic 

interactions are assumed to be absent if the (W -V ) differences 
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Dartial dominance 

complete dominance 

overdonn nance 

FIG. 3.2 The W , V graph (after Hayman 1954 a). 
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are the same for all arrays. The constancy of (W -V ) differences, 

i.e. the absence of epistatis, can be tested in two ways. Firstly, 

the (W -V ) differences may be tested for constancy against their 

variation over blocks. Secondly, a regression analysis is done for 

the W values on the V values for all litters. 
r r 

The last mentioned test is called the jObnt гедгеззгог aralysib. 

In the regression analysis an analysis of variance is carried out 

to establish whether a linear regression equation is sufficient 

to describe the variation. Epistasis is assumed to be absent if 

the slope of this regression line is unity, in accordance with the 

(W -V ) constancy. On the regression line the strains are ordered 

according to the amount of dominant alleles they carry. This order 

of dominance is calculated by the sums (W +V ) . Strams having 

the smaller sum (l\ +V ) are represented on the lower end of the 

line and carry relatively more dominant alleles. Interpretation 

of a V W graph is only appropriate on the condition that: 

(1) dominance is detected in Hayman's analysis, 

(2) a significant part of the variation is explained by the linear 

regression of W on V , 
r r 

(3) the differences (W -V ) are constant, 

(4) the slope of the V W regression line does not deviate from uni 

r r 

The intercept of the regression line with the Y-axis is a measure 

of the degree of dominance (Fig. 3.2). Dominance is considered to 

be complete if the intercept is zero; heterosis or partial domi

nance are considered to be present if the intercept is negative 

or positive respectively. When all points cluster dominance is 

taken to be absent. The significance of the deviation from zero of 

the intercept is determined by means of a t-test 

The situation with respect to the scaling test is unsatisfactory 

because the joint regression analysis can only detect the inade

quacy of the scale. For the classical cross design it is possible 

to search systematically for a better scale for example by a test 

developed in our laboratory (cf. Van der Staay and Van Attekum-

Hendriks, 1978) 

An extensive description of the model is given by Mather and Jinks 

(1971) and a discussion of the methods used in the diallel analyses 

by Kerbusch (1974) . 
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Introduation to the tables and figures 

Tables 3.2-3.10 show the results of the statistical analyses; 

Hayman's analysis of variance and the variance-covariance (V ,W ) 

analysis according to Jinks. 

Under the heading 'item' the components of variance are shown: 

additive variance (a), dominance deviations (b), maternal effects 

(o) and random reciprocal differences (d). The dominance component 

is subdivided into directional dominance (bi), unequal gene dis

tribution (Ъг) and random dominance deviations (Ьз). The main 

effect of sex is shown (item Sex) as well as its interaction with 

items a(S*a), b(S*b) and o(S#o). 

As to these sources of variation, for each dependent variable the 

variance ratio (F) is shown as well as the percentage (%) of the 

total variance explained by the respective item. Since the variance 

of these components may have been tested against different error 

components with an associated different number of degrees of free

dom, this is indicated by the subscript to the F: F indicates that 

the pooled interaction has been used, F . indicates that pooling 

was not proper and that each item is tested against its own inter

action with replicate blocks. 

The remaining items refer to the analysis of the V ,W relation. 

W -V designates the F-ratio of the analysis of variance for test-
r r 

ing the constancy of the (W -V ) differences. 

t joint regr. refers to the t-value which tests whether a signifi

cant part of the variation is explained by the regression of W on 

V . If not so, no further data on the V W graph are given, because 

interpretation of them is not proper. In case enough variance is 

explained by the regression line of W on V , the slope is presen

ted together with its standard deviation (slope). The t-value for 

the test of deviation from unity (t-slope) is given; t-interoept 

refers to the statistical test for the deviation from zero of the 

intercept of the joint regression line. The last two items in the 

tables present the order in which the frequency of dominant genes 

(dominance) and the mean values {means) are distributed among the 

parental inbred strains. In both cases the order is increasing, 

i.e. from low- to high-scoring strains. 
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The mean values are shown in Figures 3.3 - 3.2A. 

Each figure shows Che hybrid crosses on the horizontal axis, and 

for each the values of both parents are shown, as well as both 

reciprocal hybrid crosses. The scores are indicated by the follow

ing symbols: (•*) : first mentioned parent (Pi), (·) second mentioned 

parent (Рз ) , (о) Fi hybrid cross, Pi being the mother, (O) Fi reci

procal hybrid cross, Pj being the mother. The parental values are 

connected by a solid line, indicating the rang between them and 

it can be seen immediately how the hybrids score relative to their 

parents. For example, if directional dominance for high scores is 

present, most hybrids show values as high as or higher than their 

high-scoring parent (eg brain weight, Fig. 3.A). Maternal effects 

are indicated by the different positions of the reciprocal crosses. 

Crosses between low- and high-scoring parental strains are especi

ally interesting to detect whether the maternal genctypes have sys

tematic effects. Maternal buffering exists if high-scoring mothers 

lower the score of the hybrids and at the same time low-scoring 

mothers increase their offspring's score. The reverse systematic 

trend in reciprocal differences is a 'positive' effect a high-

scoring mother increases the score of the offspring while the low-

scoring mother decreases it. 

The mean values are expressed as follows, body Uetght in grams, 

Ъгагп пегдкЬ in milligrams, total AChE and total BuChF activity 
_Q 

in 10 moles substrate (ATCh and BuTCh respectively) hydrolysed 

—9 

per m m , AChE/mg protein and BuChE/mg protein in 10 moles sub

strate hydrolysed per min per mg protein and AChF/mg veigl·t (in 

diallel-1 only) in 10 moles substrate hydrolysed per min per 

mg weight. 

DC-1, DC-2 and DC-3 refer to the first, second and third diallel 

cross experiment respectively. 
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Expenments 

3 . 3 . 1 . Genetta analysts of whole-hratr AChE, bram ъегдкЬ 

and body weight гп тгсе 

3.3.1.1. Introduation 

The purpose of Che fust diallel cross experiment (DC-1) was to 

investigate which genetic structure underlies the variability in 

whole-brain AChE in male and female mice. 

Differences in brain AChE activity between inbred strains of mice 

have been found repeatedly (cf Pryor et al.,1966, Tunnicliff et 

al., 1973). Such strain differences are indicative of substantial 

additive genetic effects. 

In rats, strain differences in brain AChE activity have been re

ported by Bennett et al. (1958), a difference between the TMB and 

TMD selection strains was reported in the preceding chapter 

(Section 2 4.2) . 

The rapid response to selection for rat brain cortical AChb acti

vity (cf. Roderick, 1960) suggests that in rats also substantial 

additive genetic variation for brain AChE activity is present. 

Body weight and brain weight were measured to compare their gene

tic structures with that of brain AChE activity. 

These experiments have been performed in close cooperation 

with Joh.M.L Kerbusch whose help with statistical analyses 

and animal breeding has been indispensable. 
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3.3.1.2. Matertals and methods 

ßmmals. Five inbred strains of mice were used to produce a 

5x5 diallel cross (see Fig. 3.1). These strains were: C3H/StZ, 

СЗН/HeJ, BALB/c, CBA/Rij and C57B1/6J/Rij (for strain designation: 

Staats, 1972). The history of the strains has already been des

cribed in detail (Kerbusch et al., 1972). The breeding animals 

were provided by the Central Animal Laboratory of the University 

of Nijmegen. 

From each of the 25 crosses two litters were produced. In total 

253 mice were used: 131 females and 122 males. They were weaned 

three weeks after birth and housed individually in large 

(38x27x15 cm) Makrolon cages. Standard food pellets (Hope Farms) 

and tap water were available ad ІгЪ. The cages were maintained 

at 25 С in an airconditioned room at a day-night cycle with light 

on from 08.00 hr till 20.00 hr. Most of the mice (233) participa

ted in a behavioural study when they were about 4 weeks old (see 

Kerbusch et al., 1972; Kerbusch, 1974). The animals were further 

left undisturbed until they were used in the present study. 

Expertmental procédures. At an age of 80 (+1) days body weight 

was determined and after light ether anaesthesia the mice were 

decapitated between 09.00 and 13.00 hr. The whole brain -without 

olfactory bulbs- was rapidly removed and frozen in liquid nitro

gen. The brains were stored in tightly closed vials at -74°С for 

7-12 months until analysis. Bram weight was determined after de

frosting. Brains were homogenized in 10 ml of the usual phosphate 

buffer. AChE was determined in the usual way (see Section 2.2), 

but without using Triton. 

Four variables have been analysed: body weight, brain weight and 

total and specific AChE activity. 

3.3.1.3. Res-tits ard dzs(usstor 

The results are shown in Tables 3.2 -3.4 and Figures 3.3 - 3.6. 
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Body weight (Fig. 3.3). Males are considerably (about 25%) 

heavier than females. Additive genetic variation (a) is present; 

it accounts for about a quarter of the total variation. The sig

nificant interaction Sxfc indicates that the sexes differ with res

pect to dominance effects; in males the b item is larger than in 

females, but it fails to reach significance in the separate analy

ses. This absence of significant dominance effects corresponds 

with the failure of the linear regression of W on V in explain

ing enough variation. Maternal effects are statistically signifi

cant (c); they generally influence the offspring's body weight 

'positively': high-scoring mothers (like СЗН/HeJ and CBA/Rij) in

crease the score of their offspring while the reverse is true 

for low-scoring mothers (like BALB/c). 

Brain weight (Fig. 3.A). Females have on the average heavier brains 

than males but the difference is not statistically significant 

(.05 < ρ < .10). 

No further sex differences are present. Additive genetic effects 

as well as dominance deviations are significant. Dominance is 

mostly directional dominance for heavy brains, the mean parental 

values being 421 and 435 and those for the hybrids being 448 and 

456 for males and females respectively. 

Although dominance is detected by Hayman's analysis, the joint 

regression of W on V does not explain enough variation, except 

for the data of the males. In that case the slope of the regression 

line does not deviate significantly from unity nor the intercept 

from zero, suggesting that dominance is complete and epistatic 

interaction absent. The order of dominance roughly parallels that 

of the mean values in the inbred strains which indicates that the 

dominant alleles mostly have an increasing effect on brain weight, 

a finding which corroborates the directional dominance for high 

scores in Hayman's analysis. 

The maternal genotypes act like a buffer system: females of the 

high scoring strains СЗН/StZ and BALB/c influence the brain weight 

of their offspring negatively, while the reverse is true for the 

low-scoring strains (item •-) . 
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item 

a 

b 

b, 

b
2 

t3 

с 

d 

Sex 

Sxa 

Sxb 

Sxc 

W -V 
г г 

t,joint regr. 

t,slope 

slope 

tjintercept 

dominance 

means 

body wei 

F
bl 

9.92* 

1.98 

0.28 

3.08 

3. 16 

4.13* 

0.57 

243.06* 

4.14 

3.45* 

3.25 

0.79 

0.44 

-

-

-

-

B5ZCH 

-ght 

% 

26 

20 

; 

6 

13 

33 

2 

brain wei 

F 
Ρ 

17.74*** 

9.56*** 

62.40*** 

0.93 

5.89** 

14.72*** 

2.21 

49.94 

0.37 

1.69 

2.16 

0.17 

2.17 

-

-

-

C5BZH 

C5HBZ 

.ght 

Ζ 

27 

36 

24 

1 

11 

22 

5 

AChE total 

F 
Ρ 

24.36*** 

1.61 

1.88 

1.40 

1 .72 

4.06* 

1.68 

236.71* 

1 .82 

1.65 

1.01 

1 .40 

7.36*** 

0.83 

1.13±0. 

0.83 

-

C5ZBH 

% 

59 

10 

1 

3 

5 

10 

6 

15 

AChE/mg brain 

F 
Ρ 

8.66*** 

4.71** 

30.85*** 

0.70 

2.68* 

3.05* 

0.69 

3.41 

2.52 

1.56 

0.93 

0.54 

5.17** 

1.55 

0.77±0.15 

0.90 

HBCZ5 

5CZBH 

% 

28 

39 

25 

¿J 

11 

10 

3 

Table 3.2: F-ratio's and percentages explained variance 
in Hayman's analysis of variance and the joint 
regression analysis. 
Diallel-1, data for both sexes combined. For 
further explanation see Section 3.2. 
The level of significance is indicated as 
follows : 

* ** ^ *** 
p<.05; ρ < .01 ; p<.001. 
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body weight brain weight AChE total AChE/mg brain 

item 

a 

b 

bi 

Ьз 

с 

d 

bl 

9.02* 

1.07 

0.01 

0.97 

2.99 

10.81* 

3.28 

bl 

18 

10 

0 

4 

6 

A5 

10 

13.18 

6.43* 

35.67* 

0.82 

5.07* 

13.69* 

2.50* 

25 

31 

1? 

2 

12 

26 

7 

21.78 

2.60* 

8.51 

2.30 

1.66 

3.77* 

2.51* 

52 

16 

5 

6 

5 

9 

9 

13.23 

4.49* 

56.26 

0.42 

9.03* 

6.46* 

1.26 

26 

41 

24 

3 

13 

η 

5 

W -V 
r r 

t,joint regr. 

t.slope 

slope 

t,intercept 

dominance 

means 

0.42 

1.19 

5CHZB 

5BZCH 

0.09 

1.82 

BZC5H 

C5HZB 

2.15 

5.30 

2.66 

0.67+0. 

0.06 

HBC5Z 

5CZBH 

0.71 

4.57 

3.40* 

0.57+0.13 

1.78 

HCBZ5 

5ZBCH 

Table 3.3: F-ratio's and percentages explained variance in 

Hayman's analysis of variance and joint 

regression analysis. 

Diallel-l, female data. For further expla

nation, see Section 3.2. 

The level of significance is indicated 

as follows: 

* ** **» 
ρ < .05; ρ < .01 ; ρ < .001. 



-TA-

body weight brain weight AChE total AChE/mg brain 

a 

b 

bj 

b
2 

Ьз 

с 

d 

W -V 
r r 

t,joint regr. 

t.slopp 

slope 

t,intercept 

dominance 

means 

6.44 

2.12 

1.97 

1 .63 

2.54 

9.28*** 

0.78 

1 .02 

1.05 

-

-

-

-

B5CZH 

23 

19 

2 

6 

11 

33 

4 

13.94 

8.19
1 

56.92' 

1.25 

3.99
! 

7.80' 

1 .00 

0.82 

6.48
! 

1 .12 

0.85: 

1 .66 

C5BZ1 

C5HB; 

28 

41 

29 

2 

10 

16 

3 

4.1J 

1 .51 

0.03 

1 .02 

2.20 

1.58 

0.71 

1.17 

1.77 

25 

23 

0 

6 

17 

10 

6 

2.96 

2.06 

8.64** 

0.60 

1.90 

1.93 

0.39 

0.56 

2.29 

18 

31 

13 

4 

14 

12 

4 

C5BZH Z5CBH 

Table 3.4: F-ratio's and percentages explained variance in 

Hayman's analysis of variance and joint 

regression analysis. 

Diallel-1, male data. For further expla

nation, see Section 3.2. 

The level of significance is indicated as 

follows : 
* . „,_ ** „ *** 
ρ < .05; ρ < .01 ; ρ < .001. 
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fig.3.3b body weight, males DC-1 
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fig. 3.4b brain weight, males DC-1 
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fig.3.5a AChE total activity, females DC-1 
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fig.3.6a AChE/mgr brain, females DC-1 
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fig. 3 5b AChE total activity, males DC-1 
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fig.3.6b AChE/mgr brain, males DC-1 
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Total AChE aetivity (Fig. 3.5). Sexes differ in total AChE activity: 

females show higher mean values than males, especially in the in

bred strains (mean values of inbred strains 682 and 655 for females 

and males respectively; corresponding figures for hybrids are 658 

and 653). No interaction between sex and the other sources of va

riation is present, yet different results are obtained from sepa

rate analyses for the sexes. 

For females (cf. Table 3.3) all four items in the analysis of va

riance are statistically significant. More than half of the total 

variance is due to additive effects (item a). Directional dominance 

for low values is present, but it accounts for merely 57, of the 

variance. 

For males no item except a is statistically significant (cf. Table 

3.4); the additive effects cover in males only half as much vari

ance as in females. This smaller additive variation and lack of 

effect for the other items (b, a and d) can be explained by the 

large error variance in males (36%) compared to females (14%). 

The joint regression analysis can be interpreted only for females, 

since no dominance is detected for males or the combined data. 

For females, the linear regression of W on V explains a signifi

cant part of the variation in W and V values. The slope devia-

г r 

ting from unity suggests epistatic interaction. 

Specific AChE activity per mg brain (Fig. 3.6). No sex differences 

are found. Hayman's analysis gives results similar to those for 

brain weight. 

Additive genetic variation covers 28% of the variance of the com

bined data; dominance deviation, accounting for 39% of the variance, 

consists largely of directional dominance for low scores as is evi

dent from Fig. 3.6. The joint regression analysis suggests that do

minance is complete (intercept=0) and that epistasis is absent be

cause the slope does not deviate from unity. The significance of 

the Ъъ -item, on the other hand, indicates some irregular dominance 

deviations, possibly caused by epistatic effects. In the analysis 

of the females such epistatic interaction is suggested by the Ьэ -

item in Hayman's analysis and by the deviating slope in the joint 

regression analysis. 
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Generally, for males less statistically significant results are 

found for the same reason as mentioned for total AChE activity, 

i.e. a large error component. 

The orders of dominance and mean values among the inbred parent 

strains for females and combined data set are reversed indicating 

that dominant alleles have a decreasing effect, in accordance with 

the directional dominance for low scores. 

Systematic maternal effects (item o) account for about 10% of the 

variance; the mean values (Fig. 3.6) indicate that C57B1/6J/Rij 

females lower the score of their offspring, while СЗН/StZ mothers 

produce the opposite effect (except for the ZxH cross). 

In conclusion, additive genetic variation is found for AChE (both 

total and specific activity) as expected on the basis of known 

strain differences (cf. Pryor et al., 1966; Tunnicliff et al., 

1973). 

Directional dominance is found for high brain weight and low 

AChE/mg brain values. 

For body weight no dominance is found. Systematic maternal influ

ences (item c) are found for all variables; they have a buffering 

effect on brain weights. 

Sex differences in mean values are found for body weight and total 

AChE activity; sex differences in genetic structure are present 

for body weight and, possibly, for AChE (item Sxfo). 

3.3.2. Genetic analysis of uhole-Lrair. AChE and of brain weight 

3.3.2.1. Introduation 

In the preceding experiment AChE was measured without treating the 

homogenate with Triton. Consequently, not the total AChE activity 

has been measured, part of it having been occluded in the homogenate 

(see Section 2.4). 

A preliminary analysis of part of the results has been published 

in Kerbusch (19741. 



-81-

The purpose of the present experiment was, therefore, to analyse 

the genetic influences on whole-brain AChE activated by treatment 

with Triton. Furthermore, it was intended to analyse whole-brain 

BuChE activity. 

In order to determine the stability of the genetic estimates, 

brain weight was measured in the same way as in the preceding 

experiment. 

3.3.2.2. Materials and methods 

Animals. The same inbred strains of mice were used to produce a 

5x5 diallel cross (see Fig. 3.1 and Section 3.3.1.2). From each 

of the 25 crosses 3 litters were obtained. In total 375 mice were 

used: 189 females and 186 males. At 3 weeks of age they were 

weaned and subsequently housed under the same conditions as in 

the preceding experiment. 

At 60 days the mice were tested behaviourally during A days, they 

were further left undisturbed. 

Experimental procedures. At 72 (±2) days of age the mice were sa

crificed and their brains removed and frozen, using the same pro

cedure as in the preceding experiment; the samples were stored at 

-74 С between 3 and 15 months, The brains were weighed and homo

genized as described in Section 3.3.1.2. For the determination 

of AChE, 3 samples of each homogenate were treated with 0,5% Tri

ton as described in Section 2.4.2.1. 

BuChE and protein were assayed in the standard way as described in 

Section 2.1. 

The specific activities of AChE and BuChE were calculated per mg 

protein. Six variables were analysed: (1) brain weight, (2) total 

AChE activity, (3) specific AChE activity, (4) total BuChE acti

vity, (5) specific BuChE activity and (6) AChE/BuChE ratio. 
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a 

b 

b, 

b, 

bj 

с 

d 

Sex 

S*a 

S«b 

Ŝ c 

W -V 
г г 

t,joint regr. 

с,slope 

slope 

t,intercept 

dominance 

means 

brain weight 

F
bl 

141.78*" 

20. 7 0 ' " 

1293.8,"* 

5.27* 

5.62* 

3 7 . 3 7 * " 

9 . 7 . * " 

38.53* 

6.99*" 

4.7A*** 

0.20 

0.90 

1 .61 

-

-

-
C5HBZ 

C5HBZ 

Table 3.5: 

% 

47 

29 

b 

О 

13 

6 

AChF total 

F 
Ρ 

100.56*** 

18.27*" 

*** 
100.74 

14.76*" 

4 . 5 8 " 

4.88** 

3.04* 

0.27 

4 . 4 8 " 

4 . 2 4 * " 

0.28 

0.38 

8.82*" 

1.38 

0.87+0.10 

0.43 

5BCZH 

5CBHZ 

% 

60 

27 
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9 

,1 

3 

3 

Л(hE/mg 

I 

Ρ 

36.26*" 

3.37** 

0.83 

5 . 3 4 " 

2.30** 

3 . 9 5 " 

1.67 

18.17* 

3.66* 

4 . 8 7 * " 

0.22 

0.60 

7.62"* 

0.84 

1 .12*0. 

0.64 

HB5CZ 

5BZCH 

F-ratio's and percentages explained 

proto] 

15 

in 

7, 

57 

13 

0 

9 

S 

6 

4 

variance in 

RiiChE total 

1 
Ρ 

105.24*" 

4.71*" 

13.99*" 

6.39*" 

1.51 

3.44* 

3 . 4 6 " 

2.92 

·* 
4.55 

1 .03 

1.67 

1.56 

8.28*** 

1.71 

1.26+0.15 

1 .27 

ZCH5B 

HC5BZ 

% 
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. j 
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4 

BuChE/mg 

Fbl 

166.76*" 

2.11 

0.19 

2.73 

3.33* 

2.14 

3.48* 

0.08 

4.31** 

1 .21 

1 .62 

0.51 
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3.59** 

1.23Ό. 

4.53*" 
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protein 

06 
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AChF/BuChE 

F 
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3 . 3 2 " 
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2. 35 
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0.21 

13.73*** 

0.41 

1.03'0.08 

2.40*(+) 
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7 

72 

9 

/ 

3 

4 

Hayman's апаіузіч of vananee and joint regression ana lysis. 

Diallcl-2, data for both sexes combined. For further explana

tion, see Section 3.2. The level of significance is indicated 

as fol lows : 

.05; ρ < .01; .00 i 
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fig.3.7a brain weight, females DC-2 
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fig.3.7b brain weight, males DC-2 
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fig.3.9a AChE/mg protein, females DC-2 
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fig.3.9b AChE/mg protein, males DC-2 
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f i g . 3.11a BuChE/mg prote in, females DC-2 
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fig. 3.11b BuChE/mg protein, males OC-2 
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3.3.2.3. Results 

The results of the statistical analyses are given in Tables 3.5 -

3.7 and the mean values are shown in Figures 3.7 - 3.12. 

Brain weight (Fig. 3.7). Sexes differ in mean values, females 

having heavier brains. They also differ with respect to additive 

and dominance effects as the significant Sxa and Sxfc interactions 

indicate. These differences, however, are not clear upon inspec

tion of the separate analyses which show identical results for 

both sexes. Additive genetic variation accounts for about 45% of 

the total variation. Dominance deviations account for over 25% of 

the total variation. Most of them consist of directional dominance 

for heavy brains with mean parental values of 416 and 423 and mean 

hybrid values of 436 and 443 for males and females respectively. 

Both systematic (c) and random (d) maternal effects are present. 

All four sources of variation are highly significant for both data 

sets. The joint regression analyses reveal differences between the 

sexes possibly related to the obtained S*b interaction. 

Enough variation in W and V is explained by the regression line 

for females and for males. In the latter case the slope of the 

regression line deviates significantly from unity. 

In both sexes the sequences of the inbred strains with respect to 

mean values and amount of dominant genes are the same; this indi

cates that dominance is directed toward high values, in accordance 

with the findings from Hayman's analysis. 

Inspection of the maternal effects on the means (cf. Fig. 3.7a 

and b) indicates that the maternal environment acts like a buffer. 

Mothers of the high-scoring strains СЗН/StZ and BALB/c influence 

the brain weight of their offspring negatively while the reverse 

is true for the low-scoring strains CBA and C3H/HeJ. 

Total AChE activity per brain (Fig. 3.8). Males and females have 

equal amounts of AChE, but differ with respect to the genetic 

structure, as indicated by significant 'Sxa' and 'Sxb' interactions. 

The separate analyses show that in both sexes additive genetic 
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variation as well as dominance deviations are present. Ihe pattern 

of the dominance deviations is, however, clearly different. In fe

males, the situation seems to be simple as Hayman's analysis shows 

only directional dominance to be statistically significant accoun

ting for more than half of the total dominance variation. As has 

been found for brain weight, dominance is directed towards high 

values, mean values for inbred and hybrid genotypes being 712 and 

731 respectively, ihe slope of the joint regression line deviates 

from unity which means that epistatic interactions complicate the 

picture. 

In males, dominance is more pronounced accounting for 30% of the 

variation as compared with 13% in females. Half of the dominance 

variation in the male data results from directional dominante for 

high values
-
 nean values for inbred and hybrid genotypes are 699 

and 737. But the bz and fci items are also found to be significant. 

The joint regression analysis for males does nel detect irregula

rities and the data seem to fit the model, but in Hayman's analysis 

the Ъъ iter- indicates that some interaction is present. The bi i-

tem -unequal distribution of relevant dominant genes between the in-

brea strains- may be explained by the fact that the C57Bl/6/J/Rij 

strain carries relatively few dominant genes; this can be seen 

from the V W graph where the strains are quite evenly distributed 

on the regression line except for the C57Bl/6/J/Rij stram, the 

position of which is exceptionally 'high' (Fig. 3.13). Thus this 

C57B1/6/J/R1J stram carries the last amount of dominant genes 

and has the lowest mean value. 

In females, however, the situation is different. The mean value of 

the CBA stram is lower than that of the C57B1/6 stram and epis-

tasis is present (see Fig. 3.13). As can be seen from Fig. 3.8, 

variation in total AChE activity is larger in males than in females. 

Speaxfzc AChE aottinty (Fig. 3.9). The specific AChF activity re

flects much of what has been said for total AChE activity and 

brain weight. I'ales show higher activities than females. Additive 

genetic variation is significant, covering 36-52% of the total 

variation. A sex-difference in additive variation exists, but it is 
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less pronounced than for weight or total AChE. Probably, part of 

the sex-difference in additivity is similar for weight and total 

AChE. 

In dominance variation the sexes differ also, as indicated by the 

significant fîxb interaction. 

Considering males and females apart, it appears that in females 

dominance is more pronounced covering 20% of the variation, while 

for males the respective figure is 13%. 

Directional dominance for low values is present for both males 

and females but not for the combined data sets; it accounts for 

only a few percent of the total variation. 

The joint regression analysis reveals no irregularities for either 

sex indicating that scale and model used are adequate. 

Total BuChE activity per brain (Fig. 3.10). As can be seen firom 

Fig. 3.10 the СЗН/StZ strain differs from the other strain« not 

only by its much higher value, but also by the mean value of its 

hybrids: they are intermedia te, while the hybrid crosses between 

the other, low-scoring, strains show (directional) dominance for 

high scores. These differences in mean values are reflected in 

the results of the analyses of variance. Additive genetic varia

tion (item a) is considerable, amounting to 77% of the total va

riation for the combined data sets. The separate sexes show simi

lar mean values, but the genetic structures differ. 

In females additive effects cover a larger part of the variance 

than in males. 

Dominance effects are not present in females; in males they account 

for 11% of the total variance. The effect of directional dominance 

is statistically significant, but small; with respect to males 

and the combined data sets, most of the dominance effects consist 

of unequal distribution of dominant alleles among the inbred strains 

(item bi ). This reflects the fact that the СЗН/StZ strain although 

having exceptionally high scores -for which directional dominance 

exists in general- is very recessive. 

In spite of the differences in dominance effects between males and 

females, a Sxb interaction is not present, 
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The joint regression analysis shows irregularities to be absent 

except in females in which case interpretation is hampered by the 

absence of dominance effects. 

Maternal effects (item e) are small, but statistically significant 

in the combined data plus the data for males. The same applies to 

random reciprocal differences (item d) for the combined data. 

Spécifia BuChE activity per mg protein (Fig. 3.11). Males and fe

males show similar mean values, the general picture of which is very 

similar to that for total BuChE. Additive effects are even greater 

than for total BuChE covering 84,76 and 64% of the total variance 

in the data for respectively both sexes, for males and for females; 

the sex difference in additive genetic variation is statistically 

significant (Sxa). General dominance effects (b) are absent; in 

males dominant alleles are unequally distributed (Ьз). 

It is interesting that maternal effects (c) are present in males but 

absent in females; this is precisely the kind of sex difference 

that results from X-chromosomal linkage of relevant genes. The pro

portion of variance explained by item с in males is only 67% and 

a Sxc interaction is not found; concluding that X-chromosomal link

age exists, would therefore be premature. Interpretation of the 

joint regression analysis can only be tentative due to the absence 

of general dominance effects. The deviating slope of the regression 

line for the combined data sets compares favourably with the pre

sence of random dominance deviations (Ьз) in Hayman's analysis; 

both results are indicative for epistatic interactions. 

For both the combined data and those for males, the intercept of 

the regression line is positive, suggesting partial dominance. 

AChE/BuChL· ratio (Fig. 3.12). Analysis of the combined data sets 

indicates the presence of a large additive genetic component (a). 

General dominance deviation (b) is present accounting for 9% of 

the variance; both directional dominance (fei ) for low values and 

unpni.pl distribution of dominant alleles (Ьг ) are statistically 

significant but account for just a few percent of the variance 

(2 and 4% respectively). Sexes differ in dominance effects as 
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indicated by the Sxb item, but the separate analyses for each sex 

give no indication about the nature of this sex difference, domi

nance being absent in either sex. 

Maternal effects (c) and random reciprocal differences (d) are 

found in males but not in females; the Sxe item, however, is not 

significant and both items (<? and d) are significant in the analy

sis of the data of the sexes combined. 

The joint regression analysis can be interpreted with respect to 

the combined data sets only as the Hayman analyses did not reveal 

dominance effects for the separate data sets. The slope of the 

regression line does not deviate from unity but the intercept is 

positive; this suggests that epistasis is absent and that dominance 

is partial. 

3.3.2.A. Discussion 

-1- The results for brain weight should give information about the 

reliability of genetic estimates obtained from a diallel cross 

study. 

Comparing the results of this experiment with those of the pre

vious one, we may conclude that they generally agree well. 

The averaged difference in mean values between both diallel 

crosses is less than 5%. The inbred strains show the same or

der of mean value in both experiments. The genetic analysis is 

similar on the whole: additive variation, directional dominance 

and maternal effects are important sources of variation. Mater

nal effects are of a bufferirg kind. Differences are small: 

additive effects explain about 20% more variance in the se

cond diallel cross, maternal effects about 10% less. 

In conclusion, the genetic estimates гірреаг to be consistent: 

the replicability of the diallel method seems to be good. 

-2- The results for AChE from both diallel crosses differ somewhat. 

The mean values are higher in the present experiment as expec

ted on the basis of the activating effect of Triton. The gene

tic architecture, however, differs also. In the first experi

ment (DC-l), the sexes differ for total AChL' activity in 
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mean values but no Sxa or Sxb interactions are present; in 

DC-2 the reverse is found, i.e. no main sex effect but signi

ficant Sxa and Sxfc interactions. The analysis for males and 

that for both sexes combined, differ between the two experi

ments with respect to dominance effect; these are absent in 

the first but substantial in the second diallel cross. 

The separate analyses for females seem to be similar as far 

as concerns the proportions of variance explained by each item; 

the directional dominance, however, is dissimilar in its ac

tion: toward low values in the first experiment but toward 

high values in the second one. 

The results for the spécifia ACht activity cannot be compared 

directly, because the activity is expressed per mg protein in 

the present experiment and per mg brain weight in the previous 

one. Apart from this, the main difference between the experi

ments, is that in DC-2 dominance effects are more important 

than additine effects, while in DC-] the reverse is true. 

The results for AChE of the present experiment (DC-2) should 

be considered to be the more reliable for two reasons: 

(1) The Triton treatment-exposing all occluded AChE activity-

increases the reliability of the determination. 

(2) The diallel cross is more extensive: three litters instead 

of two have been used and the total number of animals used 

is accordingly larger. 

Most interesting are the results for BuChC. An explanation for 

the exceptional mean values of the СЗН/StZ strain and its hy

brids may be the involvement of a major gene displaying partial 

dominance; the СЗН/StZ strain carries the increaser allele and 

the other strains the decreaser allele in homozygous condition. 

Apart from this major gene, polygenes for BuChE display direc

tional dominance becoming apparent in the crosses between the 

strains other than СЗН/StZ because these crosses are, like the 

parental inbred strains, homozygous for the decreaser allele 

of the major gene. 

According to this hypothesis, the partial dominance suggested 

in the joint regression analysis for the specific BuChE activity 
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must be ascribed to large impact of the major gene on the total 

variation. 

-4- The AChE/BuChE ratio possibly reflects a neuron/glia ratio 

(cf. Section 1.3). The results for the ratio are to a high de

gree similar to those for BuChE. This may indicate that the 

variation in glial cell activity exceeds that of neurons. 

3.3.3. Genetic analysis of cortical AChE and BuChh, 

regional brain weight and body weight 

3 . 3 . 3 . 1 . Introduction 

In the previous experiments the genetic structure for body weight, 

whole-brain weight and whole-brain AChE activities was established. 

As a matter of fact, the heterogeneity in structure and function 

of the brain requires a regional analysis. Accordingly, the purpose 

of the present experiment was to perform a genetic analysis of 

AChE and BuChE in a specific region of the brain. Cortex was cho

sen because of its plasticity in response to environmental fac

tors (see Chapter A). AChE was measured on the untreated homogenate 

as well as on the Triton-treated homogenate to test whether this 

difference in assay condition has any effect on the outcome of 

the genetic analysis in view of the different results found in 

DC-1 and DC-2. 

Weight was analysed with respect to three brain regions, to inves

tigate whether the regions would display different genetic struc

tures . 

3.3.3.2. Materials and methods 

Animals. In this experiment four inbred strain-, of mice -C3H/StZ, 

СЗН/HeJ, BALB/c and C57B1/6J/Rij- were used in a 4x4 diallel cross. 

Two litters were bred within each genotype. Special breeding diffi

culties were encountered in case of the 'B*5' cross. In total 164 

animals were used, 82 of each sex. They wore weaned at an age of 
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three weeks and kept individually in small Makroion cages 

(18x12x13 cm). This time, Sol Speedy Dry, an absorbant, was used 

as bedding material instead of sawdust. Housing condition was 

otherwise identical to that in the previous experiments. Most 

animals, 119 in total, wre run in a behavioural study for two 

days at an age of 33 days (see Kerbusch, 1974). Thereafter they 

were left undisturbed. 

Fxperimental proceduves. fit three months of age the mice were 

weighed and decapitated under light ether anaesthesia. The brain 

was dissected in the cold (2-6 C) into three parts: cortex ^neo

cortex + pyriform cortex), cerebellum and remaining subcortical 

brain. The brain samples were immediately wrapped in pieces of 

preweighed aluminium foil and weighed. The cortical samples were 

frozen in liquid nitrogen and stored at -74 С in closed glass 

vials for 1-3 months until analysis. 

Homogenization was done as described before (see Section 2.1). 

AChE was measured in two ways: both without Triton X-100 (see 

Section 2.1) and after Triton X-100 treatment as described in 

Section 2.4.1 (AChE-TX). Determination of protein and BuChE acti

vity was carried out as usual (see Section 2.1). 

3.3.3.3. Res sits 

The results are shown in Figs. 3.14 -3.24 and Tables 3.8 - 3.10. 

Body weight (Fig. 3.14). No additive variation is detected. General 

dominance effects (item h) and directional dominance (fci ) for high 

values are significant in females but not in males. This corrobo

rates the significant S^b interaction. The joint regression line 

does not explain enough variation for the pooled data, or for those 

of the femaler, alone. Interpretation of these regression lines thus 

is not justified. Males are considerably heavier than females, hut 

the mean difference does not reach the .05 level of significance. 

Maternal effects are large. The high-scoring maternal СЗН/HeJ geno

type tends to increase the offspring's score, while the low-scoring 
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The level of significance is indicated as follows: * : ρ < .05 ; ** : ρ < .01 ; * · * : ρ < .001 

AChE-TX refers to AChE activity of Triton treated homogenate. 
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Table 3.9: F-ratio's and percentages explained variance in 

Hayman's analysis of variance and joint regression analysis. 

Піа11е1-3, female data. For furtner explanation, see Section 3.2. 

The level of significance is indicated as follows: * : ρ < .05 ; «» : ρ < .01 ; *** : ρ < .001 

(-) indicates that the intercept is negative. AChE-TX refers to AChE activity m Triton 

treated homogenate. 
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Table 3.10: F-ratio's and percentages explained variance in 

Hayman's analysis of variance and joint regression analysis. 

Diallel-3, male data. For further explanation, see Section 3.2. 

The level of significance is indicated as follows: * : ρ < .05 ; ** : ρ < .01 ; ·** : ρ < .001 

(-) indicates that the intercept is negative. AChE-TX refers to AChE activity of Triton 

treated homogenate.
 l
 : difference in (W -V ) between blocks is significant, see text. 
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C57B1/6J/RÌJ mothers tend to have the reverse effect. 

Total brain weight (Fig. 3.15). Females have significantly heavier 

brains than males. 

In females additive genetic varicition is significant but consti

tutes 13% only of the total variation. For males, additive effects 

cover 54%. Dominance effects are significant in both sexes, direc

tional dominance for high brain weight being the most important 

component. The proportion of the variation nue to dominance varies 

between the sexes. In females it constitutes 62%, in males 30% of 

the total vai 'ation. The joint regression line in the V W analy-
r r 

sis just fails to reach the .05 level of significance (t= 2.52; 

df= 5, p< .06) with respect to the amount of variance in the fe

male data explained by it. The significant deviation of the slope 

of the regression line from unity suggests epistatic interaction 

and the resemblance between the rank order for dominance and for 

mean values in the inbred strains, suggests that dominance is di

rected towards heavy brains, as was found also in Hayman's analy

sis of variance. 

Maternal effects which are significant in the females, consist of 

maternal buffering in the high-scoring СЗН/StZ and the low-sco

ring СЗН/HeJ strains. However, the low-scoring C57B1/6J/RÌJ 

mothers have the reverse (i.e. negative) effect on their female 

offspring's score. 

Weight of the cerebellum (Fig. 3.16). There is a small but signi

ficant sex difference: the cerebellum is slightly heavier in fe

males of the hybrid genotypes (3%), but not in females of the in

bred strains. Additive genetic variation is small and significant 

in males only. Dominance variation constitutes a large pi nportion 

of the total variation: 79% in females and 74% in males. Direc

tional dominance for high cerfbellar weight is by far the most 

important source of dominance variation. In males, strain differen

ces inamount of dominant genes (¿2) and residual dominance effects 

(Ьз) are also significant; in females only the last item (Ьз). 
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Systematic maternal influences (item e) are significant for males 

only. Residual random reciprocal differences (d) are significant 

for females. The maternal environment has the opposite effect of 

buffering on cerebellar weight. The values for the Fi crosses 

having the high-scoring mother are nearly always higher than those 

of the reciprocal crosses. The picture of the V , W analysis is г t- r r 

in general the same for both sexes, but the joint regression line 

does not explain enough variation in the female data. Considering 

the male data, the slope of the regression line deviates from uni

ty which reinforces the idea of epistatic interaction given by 

the significant Ъъ item in the Hayman analysis. The sequences of 

strains for amount of dominant genes and for mean values are iden

tical which suggests that dominance is directed towards heavy 

cerebella, corroborating the results of Hayman's analysis. 

Subcortical weight (Fig. 3.17). Additive genetic variation is more 

substantial than found for cerebellar weight, but again to a differ

ent extent in both sexes. In accordance with the significance of 

the 5*a intei-action it represents in females only 14%, in males 

44% of the variation, but it is statistically significant in both 

cases. The reverse is true with respect to dominance variation: 

it is highly significant in the female brain, explaining 57% of 

the variation but only 16% for males, where it is not statisti

cally significant. However, directional dominance for high scores 

is significant. Reciprocal differences are mostly unsystematic 

(item d) in both sexes. Analysis of the V , W relation indicates 

r r 

epistatic interaction in the female data, the slope of the re

gression line being different from unity. This is compatible with 

the significance of the Ьзitem in the Hayman analysis. 

Directional dominance for high values is indicated also by the se

quences of dominance and mean values in the inbred strains. 

Cortbx weight (Fig. 3.18). Sex differences are not statistically 

significant. In both sexes additive variation is present. In males 

it is the most important source of variation (42%); in females 

dominance effects are more important. In the analysis of the male 



-109-

data no other items reach the .05 level of significance. This is 

partly due to the fact that no pooling of error terms is allowed 

and each effect is tested against its own interaction wil h blocks. 

For females dominance effects and maternal influences are signi

ficant; males show the ;.ame trend. The joint regression analysis 

for females indicates heterosis, since the intercept is signifi

cantly negative. For both the combined data and those for males 

alone, the regression line does not explain a significant part of 

the variation. 

Total AChE activity (Fig. 3.19 and 3.20). Total AChE activity does 

not differ between sexes, whether determined after Triton-treat

ment or not. The AChE activity measured after Triton-treatment is 

increased about 15-20%, as might be expected on the basis of the 

experiments described in Section 2.4. However, Hayman's analysis 

of variance yields roughly similar results in both cases. 

Substantial additive genetic variction (a) is present, but domi

nance (¿>) is not or only marginally detected in the separate ana

lyses for each sex. If present, dominance consists of strain differ

ences in amount of dominance (bi), while directional dominance is 

completely absent. Maternal effects, covering about 20% of the 

variation, are statistically significant for Triton-treated AChE, 

maternal buffering is indicated, since the high-scoring C3H/StZ 

mothers lower their offspring's scores, while the low-scoring 

BALB/c mothers enhance them. 

In the absence of dominance it is not appropriate to interprete 

the joint regression analysis. For total AChE activity (withoul 

Triton-treatment) in males dominance is detected in Hayman's analy

sis of variance, but the blocks are not homogeneous (a test routin

ely performed in the joint regression analysis, but not reported); 

this indicates genotype-environment interactions, the absence of 

which is an assumption of the diallel cross method. 
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Speaific AChE activity (Figs. 3.21 and 3.22). Sex differences are 

not significant statistically, but males tend to have higher va

lues. If we compare the results of the two different assay methods 

for specific AChE activity, it appears that additive genetic va

riation is somewhat more pronounced for the Triton-treated AChE. 

General dominance effects (b) are not detected. Thus, although 

dominance and especially directional dominance for high scores is 

present for weight of the cortex, it is not found for the specific 

AChE activity. Maternal effects (o) are substantial; systematic 

tendencies are the same as those found for total AChE activity, 

namely maternal buffering especially by the extreme-scoring strains 

СЗН/StZ and BALB/c. The results of the analyses on the data of 

each of both sexes separately reflect those described for the com

bined data sets; only minor differences are present. The joint re

gression analysis does not explain sufficient variation in W and 

V , except for AChE/mg protein in males in which case no irregula

rities are suggested. Maternal effects (c) seem more important in 

males (41%) than in females (18%) for AChE/mg protein but the 

Sxc item is not statistically significant. 

BuChE total covtiaal activity (Fig. 3.23). No differences between 

males and females are apparent. The analysis of the combined data 

sets shows that dominance effects constitute a major source of 

variation. Most part of the variation stems from directional domi

nance for high values. However, the Ъ\ item is not significant if 

tested against its own block-interaction with only one by one de

grees of freedom. The joint regression line indicates that epista-

sis is absent and dominance complete. The sequences of the inbred 

strains with respect to proportion of dominant alleles and mean 

value are identical suggesting again directional dominance for 

high values. Maternal effects (c) are substantial, but no buffering 

by the maternal genotype is apparent. The low-scoring strains 

СЗН/HeJ and BALB/c show opposite effects, the first having a de

creasing and the latter an increasing effect. No consistent mater

nal effects are found in the high-scoring strains СЗН/StZ and 

C57B1/6J/RÌJ. 
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If we analyse the data for each sex separately, several differen

ces become apparent. Additive genetic variation is significant 

for females but not males. The reverse is true for the variation 

due to dominance effects. For females reciprocal differences are 

more systematic (c); for males reciprocal differences are random 

(d). 

Specific BuChE activity (Fig. 3.24). The specific BuChE activity 

shows the same picture as total BuChE activity. Sex differences 

in mean values are not significant, but the F-ratio's for the 

Sx<2 and Sxb interactions suggest some sex differences in genetic 

structure. The separate analyses indicate the nature of these 

differences. Additive genetic variation is more substantial for 

females than for males, while the reverse holds for dominance 

effects. Dominance is directed towards high values but the biitem 

is significant only if it is tested against the pooled block inter

actions (as is the case in males). The Ъз item, which indicates 

irregularities in dominance effects, is significant in males. 

Maternal effects (c) are more pronounced in females than in males 

although the Sxc item is not statistically significant. 

The V W relationship also reflects the differences between males 
r r 

and females. For males, the differences (W -V ) are not constant 

r r 

indicating epistatic interaction. For females, the differences 

(W -V ) are constant but the regression line does not explain a 

significant part of the variation in W and V , corresponding to 

the absence of significant dominance effects in Hayman's analysis. 

In conclusion, directional dominance for high values of spe

cific BuChE activity in the cortex, is present but irregularities 

complicate the picture, apparently more for males than for females. 

The results of the analyses for the ratio between AChE and BuChE 

are identical to those for BuChE; they are therefore not reprodu

ced. 
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3.3.3.4. Discussion 

Body weight. The results can be compared to those found in the 

first diallel study. With respect to mean values the СЗН/HeJ and 

BALB/c strains differ, the СЗН/HeJ strain having a lower and the 

BALB/c strain having a higher value in the present experiment. 

The Fi genotypes generally show higher values (6-9%) in this stu

dy, with exceptional increases of 16 and 18% for respectively fe

males and males of the 'BxS' crosb. The last-mentioned difference 

could well be related to the breeding difficulties in the present 

experiment with respect to this particular cross and may in that 

case indicate the influence of parity of the mother on this variable. 

The first-mentioned general finding -higher values in the present 

experiment- may be attributed to the smaller size of the housing 

cages possibly resulting in a decrease in locomotor activity. 

With respect to the genetic structure for body weight, different 

results were obtained in both experiments. Additive variation, but 

no dominance effects were found in the first diallel study, while 

in the present study, the reverse is found. In both experiments 

the Sx¿> interaction is significant, but it is dissimilar. In the 

first experiment, males showed more dominance effects than females 

while the reverse is true in the present study. 

Moreover, in the first experiment -unlike the present one- there is 

no indication of directional dominance. Maternal effects are very 

large in both experiments. In both too, high-scoring mothers tend 

to increase the body weight of their offspring, while low-scoring 

mothers have the opposite effect. Thus in both experiments mater

nal effects cause more resemblance between mother and offspring. 

These differences in genetic structure found in DC-1 and DC-3 for 

body weight cannot be ascribed to a single cause. As discussed be

fore in Section 3.3.2.4 it is unlikely that such differences are 

due to unreliability of the method. It is more likely that differ

ences in environmental variables -like seasonal variability, differ

ences in rearing and housing conditions- play a role. The consis

tent finding of large reciprocal differences accounting for over 

a third of the total variation in both studies stresses the fact 
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that this variable is very sensitive to environmental variation. 

Further, the results lead to the conclusion that such environmental 

factors condition the overt genetic structure; in other words, 

genetic influences on body weight differ depending on the environ

mental conditions. This conclusion is consistent with the findings 

of Henderson (1973) who showed that more additive variation but 

less dominance effects are present for body weight of mice reared 

in standard cages compared to mice reared in enriched cages. 

Total brain weight. The results for total brain weight compare 

well with those of the previous diallel studies as to mean values. 

Genetic influences are strong accounting for 70-80% of the total 

variation. The proportions of variance attributable to respectively 

additive variation and dominance deviations differ somewhat in the 

three experiments, but both genetic influences are present. Direc

tional dominance consistently constitutes the greater part of the 

dominance deviations. 

Sexes differ both in mean values and in the proportions of variance 

due to additive variation or dominance effects, but the '5xa' and 

'Sxb' interactions are not statistically significant in the present 

experiment, possibly related to the smaller size of the diallel 

cross. 

In contrast to the previous studies maternal effects are only found 

for females; again they are found to buffer genetic influences. 

Maternal buffering is most reliable in the high-scoring C3H/StZ 

and BALB/c and the low-scoring CBA/Rij strains. The C57B1/6J/Rij 

strain does not show buffering except in the first study. The 

СЗН/HeJ strain also shows variable results. In the first study 

it is rather high-scoring but does not exhibit buffering in the 

'HxC' and 'Hx5' crosses (except for the 'ЯхС' males); in the other 

experiments the СЗН/HeJ strain is low-scoring but the females pro

vide a maternal environment which increases the score of their off

spring. 

The separate analysis for the three brain regions reveal important 

differences between them. The genetic structure for cortical and 

subcortical weight is approximately equal to that found for 
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total brain weight. The genetic influences on weight of the cere

bellum are extremely strong accounting for 84% of the total varia

tion; they consist almost exclusively of dominance directed toward 

high values. This may indicate that a heavy (or large) cerebellum 

is a fitness character in the mouse. This will be discussed in the 

next section. 

Total AChF асіг гЬу in the cortex differs in its genetic structure 

from that in whole brain mainly in two aspects: directional domi

nance and maternal effects. Directional dominance is absent and 

maternal effects -buffering the genetic influences- are more pro

nounced. A similar difference as was found for total AChE activity 

exists for зресг/гс AChh ас г ъЬу between whole brain and cortex. 

Directional dominance is absent in cortex while it is small but 

statistically significant in whole brain. On the other hand, mater

nal buffering is present in cortex but not in whole brain. The 

large additive genetic variation found for cortical AChE specific 

activity corresponds well with the fast response on selection for 

high or low cortical AChE specific activity in the rat reported by 

Roderick (1960). 

The results for BuChL activity in the cortex -whether expressed as 

total or specific activity- differ clearly from those for whole 

brain BuChE activity. The special position for the СЗН/StZ strain 

and its hybrid crosses found in the preceding experiment for whole 

brain BuChE, is not manifest for cortical BuChE. The СЗН/StZ strain 

is still the highest-scoring strain but its hybrids -like the others-

give evidence of directional dominance toward high values. The ma

jor gene action which was postulated to be present for whole
-
brain 

BuChE, must therefore be localized in another brain part. The gene

tic structure for BuChE varies considerably between whole brain 

and cortex. For whole-brain BuChE about 80% of the total variation 

is due to additive genetic variation, dominance and maternal effects 

accounting for only a small fraction of the variation. On the other 

hand, for cortical BuChE about a third of the variation is explained 

by each of the three sources (items a, b and c), dominance being 

mostly directional. 



3.3.Α. Conoluszons 

-1- Summary of results 

The experiments presented in this chapter were performed in order 

to investigate the genetic structure underlying brain AChE and 

BuChE activities in mice, and to compare then to the genetic struc

ture for brain weight and body weight in mice. 

Genetic influences on AChE and BuChE speazfza асіг гігее гп whole 

Ъгагп are strong and cover 70-80% of the variation, most of them 

consist of additive genetic variation explaining 607, of the total 

variation in AChE and 84% in BuChE Variation due to dominance 

-but not directional dominance- is present for AChE accounting 

for 13% of the total variation, but it is absent for BuChE. 

Environmental influences -represented by reciprocal differences-

are weak accounting for not more than 10% of the variation. 

Thus, the enzyme activities in whole brain are largely genetically 

determined. 

The picture for aorttaal AChE and BuChE spec if го acttvittes is 

different from that of whole brain: environmental influences 

account for a third of the total variation, At least another third 

of the variation in activity of both enzymes is due to additive 

genetic variation. As to AChE, directional dominance is absent 

just as for AChE activity in whole brain but it is probably present 

for BuChE and directed to high values. 

Genetic influenced on whole-brazn wetght are as strong as on the 

enzyme activities. Directional dominance is pronounced, accounting 

for about a quarter to more than a third of the total variation. 

Different estimates of environmental influences have been found: 

in the first two studies they account for about 20% of the variation 

but in the third study they are not present Differences in the 

preparation of the samples or in age of the mice probably are not 

the cause of this discrepancy. The smaller size of the third diallel 

cross may play a role since the 'missing' CBA/Rij strain contributes 

to the reciprocal differences in the first two studies, particular

ly m the 'BxC' cross. Another possibility is that the housing 
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condition affects the expression of the maternal influences. 

Such an effect on the expression of directional dominance for 

brain weight was found by Henderson (1973). 

Weight should be compared with total activity rather than with 

specific enzyme activities. Doing so, total AChE appears to be 

more similar to brain weight than total BuChE (DC-2) . For both 

enzymes reciprocal differences are present but account for a few 

percent only of the total variation. Dominance effects are also 

weaker for the total enzyme activities than for brain weight, but 

additive genetic variation is larger, especially in case of BuChE. 

The genetic influences on body weight are less than on brain 

weight or on AChE and BuChE activities. They cover 40-50% of the 

total variation. In the first study additive effects are more pro

nounced than dominance effects but the reverse is true in the 

third study. Reciprocal differences however, consistently account 

for a third of the total variation. 

In both studies, high-scoring mothers tend to increase their off

spring's body weight, while low-scoring mothers have the opposite 

effect. Thus maternal influences increase the resemblance between 

mother and offspring. This reflects the fact that growth rate and 

final body weight depend considerably on litter conditions such 

as litter size and amount of milk available from the lactating 

mother. Large mothers provide more milk -and thus better nutri

tion- than small mothers. This affects the growth rate of the suck

lings, an influence that may persist after weaning (see Chapter 5). 

In short, the degree of genetic determination increases and 

the degree of environmental determination decreases in the order 

body weight, whole-brain weight, whole-brain AChE activity and 

whole-brain BuChE activity. 

The degree of environmental determination for cortical AChE and 

BuChE is as high as that for body weight. This indicates that the 

preweaning environment is important for the development of the cor

tical AChE and BuChE activities as much as or even more than for 

the development of cortical weight (or size). 
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-2- h'oolutt'onary implications 

The genetic architecture for a character may provide some insight 

into the evolutionary significance of that character. There exists 

general agreement on the relationship between gene action and na

tural selection (eg. Bréese and Mather, 1960; Broadhurst and Jinks, 

1974; Falconer, 1967; Mather, 1973; Mayr, 1963). 

The main point is that different kinds of selection result in 

different genetic architectures. Generally, three kinds of selec

tion are recognized which are distinguished by the position of 

their optimum phenotype relative to the mean population phenotype: 

stabilizing, directional and disruptive selection (cf. Schmalhau

sen, 1949; Mather, 1973). Stabilizing selection occurs if the op

timal phenotype closely approximates the average phenotype of the 

population. Selection will not result in a change in the mean ex

pression of the character but the variation will be reduced in the 

population, since the extreme phenotypes will be at a disadvan

tage. 

Directional selection occurs if the optimal phenotype does not 

coincide with the mean population phenotype, but deviates towards 

one of the extremes. Phenotypes and hence the associated genotypes 

deviating from the population mean in the direction of the optimum 

will be favoured; consequently, selection will change the mean ex

pression of the character in the population. Disruptive selection 

occurs if there are two (or more) optimal phenotypes; selection 

will lead to dimorphism (or polymorphism). As argued by Broadhurst 

and Jinks (1974), the existence of two sexes is the most common 

and perhaps most striking example of a dimorphism. If a character 

shows a large additive component of variation, it has been subjec

ted to stabilizing selection. If directional dominance is also 

present for such a character it will be of an ambidirectional kind 

thereby acting also in the direction of the population mean. Domi

nant, increasing genes will tend to disappear unless they are 

closely linked to dominant decreasing genes. The additive genetic 

variation will be relatively large. On the other hand, if the do

minance component is large and unidirectional, selection has been 

directed tov'ards an extreme phenotypical value 
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for the character in question. In such a case dominant alleles 

favouring one extreme of the range of phenotypes will remain in 

the population; the dominant alleles favouring the other, disad

vantageous extreme phenotype, will vanish out of the population. 

Epistatic interaction will be absent normally, but if present 

it will have the same directional effect, thereby reinforcing the 

expression of the extreme phenotype. In general, any character 

closely related to fitness shows a large dominance component re

lative to the additive component of variation. The selection 

which has been acting on such a character has 'used' most of the 

additive variation to change the mean expression of the character 

(Mather, 1973; Broadhurst and Jinks, 1974). 

Considering our own results in the perspective of these evolutio

nary considerations, we may conclude the following: 

1) Weight (or size) of the cerebellum has been subjected to direc

tional selection. It can be considered to be a fitness-charac

ter because the genetic variation is largely due to directional 

dominance. 

2) Specific AChE and BuChE activities in whole brain show no di

rectional dominance component, but a large additive component; 

accordingly, a history of stabilizing selection must be assumed 

for these variables. 

3) A directional dominance component is clearly present for weight 

of whole-brain, cortex and subcortex, whole-brain total AChE 

activity and probably, cortical BuChE (total and specific acti

vity). In all instances, additive genetic influences are at 

least as strong as the directional dominance effects. Selection 

may therefore have been directional to a certain extent only, 

a stabilizing component being present also. The optimal pheno

type, although deviating from the original population mean, is 

not the most extreme phenotype. In other words, the population 

mean phenotype after having reached the optimal value, has been 

stabilized at this optimum by selection. 

4) With respect to body weight no conclusion can reasonably be 

drawn. In the first diallel study, dominance has not been detec

ted; in the third study the genetic variation consists almost 

completely of dominance effects. 
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The last-mentioned findings are illustrative of a restriction on 

the general validity of the estimates of the genetic components 

and, consequently, also of the evolutionary interpretation given. 

In theory, animals should be raised under conditions comparable 

to the natural habitat of the original population, since it is for 

Chat population and those environmental conditions of the species 

that inferences are made concerning the adaptive significance of 

the character in question. Evidently, the laboratory housing ren

dition differs widely from the natural habitat of mice (and rats). 

As argued by Henderson (1973), this problem becomes particularly 

important if environmental influences on the variable being stu

died, are strong. This is precisely what has been found for body 

weight, environmental effects accounting for a third of the total 

variation. But the same applies to the cortical AChE and BuChE ac

tivities and, to a lesser extent, to brain weight. 

Neurochemical variables have been analysed with biometrical tech

niques -to our knowledge- in two other instances: production of 

gamma-amino butyric acid in the cortex of rats (Fulker and Rick, 

1973), and the catecholamine biosynthetic enzyme tyrosine hydroxy-

lasf in mouse brain (Kessler et al., 1972). In the latter study, 

however, a small diallel cross based on only three inbred strains 

of mice was used. Because in such a small diallel it is impossible 

to use Hayman's analysis, the authors used the less detailed, 

alternative method of Griffing (1956). In both instances the varia

ble studied appeared to be controlled mainly by additive genetic 

influences, as has been found in this study for whole-brain AChE 

and BuChE and cortical AChE activity. The pattern for cortical 

BuChE activity on the other hand seems to be rather special since 

a large proportion of the variation is due to dominance effects. 

-3- Maternal influences 

In case systematic maternal effects were present, the direction of 

the effects was assessed by inspection of the differences between 

the reciprocal mean values. This may give additional information 

about strain differences in maternal influences. In that way, 
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buffering maternal effects have been found for whole-brain weight 

in all three experiments and for AChE activity (total or specific) 

in the cortex. Maternal influences resulting in a greater resem

blance between mother and offspring -the reverse from buffering-

have been found for body weight and cerebellum weight. 

Treiman et al. (1970) reported maternal buffering for the corti

costeroid response to stress in a 2x2 diallel cross between the 

C57B1/10J and DBA/2 strains of mice. Fulker (1970) reanalysed the 

behavioural results of two other small 2x2 diallel crosses. The 

three studies in question, indicate that the maternal effects coun

teract the additive effects. The authors assume that maternal 

buffering is compatible with an intermediate optimum phenotypic 

expression for the variable under study. For such a variable no 

directional dominance will be found and additive variation will 

be the most important source of genetic variation. Directional do

minance is, however, very important with respect to brain weight 

and we must conclude that buffering by the maternal environment 

can also counteract the effect of directional dominance. 

-4- Scaling tests 

Some remarks may be made with respect to the use of second-degree 

statistics in the joint regression analysis. A thorough examina

tion of the validity and reliability of these statistics as scaling 

tests lies outside the scope of this thesis and its author. They are 

discussed and recommended by Mather and Jinks (1971) and Jinks and 

Broadhurst (1974). 

The results of the experiments described in this chapter lead to 

some practical conclusions. In a relatively small diallel cross 

like the third one the scaling tests are based on rather few values. 

This probably limits the sensitivity of the tests. 

The insensitivity of these statistics is indicated also by the 

following example concerning the interpretation of the V (W graph. 

In eight instances, heterosis is clearly present in DC-3, namely 

for body weight, cerebellar weight and cortical weight and total 

BuChE activity, all four variables in both sexes. The mean scores 
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of the reciprocal hybrids nearly always exceed those of the parent 

strains (cf. Figs. 3.14, 3.16, 3,18 and 3.23). Heterosis is, how

ever, detected in only two instances by the V ,W relation: male 

body weight and male total BuChE activity in the cortex. In the 

< ther six instances, the V ,W graph does not explain enough va

riation or the intercept is not significantly negative (or both). 

On the other hand, the effect is very systematic especially m 

case of the weight of the cerebellum. Apparently, the difference 

between inbred and hybrid scores (9%) is too small to be detected 

in a diallel cross of this size (the corresponding figure for BuChE 

is 48%). 

In a classical Mendelian breeding design, the scaling tests are 

more robust being based on the means found in the respective gene

rations, i.e. on first-degree statistics. 

To establish the most appropriate measuring scale for a given va

riable, a Mendelian design is to be preferred to a diallel cross. 

The latter design, however, is more useful for analysis of the 

nature of dominance effects and for analysis of maternal influen

ces . 

A sensible strategy would consist of the following stages: 

(1) a preliminary screening of a fairly large number of inbred 

strains, (2) a Mendelian cross between two extreme scoring strains, 

(3) a diallel cross between a number of re¡resentative strains. 

Strain differences observed in stage (!) give an idea of thi addi

tive genetic variation. The appropriate measuring scale is provided 

by the data from the Mendelian cross (2). Moreover, remaining epis-

tatic interaction can he assessed and separated into several compo

nents (see Mather and Jinks, 1971). The diallel cross analysis 

-using the scale indicated at stage (2)- yields detailed informa

tion on the existence of directional dominance and maternal influ

ences On the whole, the results can be generalized more reliably 

in a diallel cross de _gn because several instead of only two in

bred strains are used. 
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-5- Pzonetrzcal genetta reïhcds ".ì tools in ike 'i^jZysi's 

of the relationship ЬеШееп bvair wd bei-л)'<ov? 

In the area of brain and behaviour research one frequently encoun

ters stud'es reporting correlations between a behavioural variable 

on the one hand and a physiological or neurochemical variable on 

the other hand. Such correlations are often taken to be valid evi

dence for a causal relationship between both variables. The exis

tence of some limitations -as well as possibilities- of this kind 

of work is not always recognized. (1) Correlations between mean 

values of genetically heterogeneous groups have a restricted value. 

Different genotypes must be treated individually since genetic 

effects on the variables to be correlated may be different in the 

genotypes. The advantage of using mean values consists of the de

crease in I'rror of the estimated correlation coefficient. Geneti

cally homogeneous groups, like inbred strains and Fi hybrids, .ire 

a satisfactory solution to this problem. If, however, the two kinds 

of variables are determined in different animals, the environmen

tal conditions should be the same because of possible genotype-

environment interactions. It should be pointed out, however, that 

the number of genotypes used and not the number of individuals, 

determines the number of observations upon which the correlation 

is based. As an example we may take the report by Mandel et al., 

(1974). These authors studied the activity of AChE and choline 

acetyltransferase in several brain regions in three inbred strains 

of mice and their Fi hybrids. A correlation was found between the 

activity of choline acetyltransferase in the temporal cortex (one 

of the brain regions studied) and 'learning ability'. The behaviou

ral experiments, however, were performed by others in a different 

country (Oliverio et al., 1972). Therefore, the possibility of geno

type-environment interactions biasing the correlation is not ex

cluded. But apart from this problem, the correlation is based only 

on six observations (i.e. six genotypes) and, therefore, has limited 

value. The authors, however, conclude that the data indicate a 

relationship between the cholinergic system in the temporal cortex 

and learning ability. Such a conclusion is obviously premature. 
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(2) The nature of the correlation observed in g
ene
t

lca
l.ly homo

geneous groups can be analysed further using гпаг гаиаів from se

gregating generations, like Fj and backcrosses in a Mendelian 

breeding design. It the two variables segregate, ι e no longer 

correlate, this may be taken as evidence that the correlation in 

the non-segregating generations was based on independent genetic 

factors; a causal relation between loth variables does not exist 

If the correlation is maintained in the individuals of the segre

gating generations, either pleiotropic effects of the same genes 

determine both variables or the correlation is due to linkage of 

different genes Recombination resulting from crossing-over may, 

in principle, indicate whether linkage is involved, but large num

bers of individuals may have to be bred to detect the recombina

tion, this sets a practical limit when using mammals On the other 

hand, closely linked genes often are related to each other, linkage 

having evolved by selection of the combination of characters be

longing to the respective genes This may lead to the evolution 

of a 'super-gene' defined by Darlington and Mather already in 1949 

as 'a group of genes acting as a mechanical unit in particular 

allelic combinations' (cited by Ford, 1965, ρ 18) From a functio

nal point of view there is not much difference between co-adapted 

characters controlled by a super-gene and characters controlled 

by pleiotropic effects of a single gene: in both cases the resul

ting correlation between the characters is meaningful and not 

accidental. 

For polygenically controlled characters -as well as for characters 

controlled by major genes- this implies that the degree of genetic 

correlation, ι e between the genetic components of variation, 

nust be high in segregating generations if a common underlying 

genetic factor is assumed to exist 

Only few such concomittant genetic analyses of neurochemical (or 

other physiological) and behavioural variables have been performed 

Rick et al., (1971) and Fulker and Rick (1973), using the diallel 

cross method, related the production of gamma-amino butyric acid 

in the cortex to an 'activity-learning dimension' in rats 
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Simílarly, a preliminary analysis done in our laboratory suggests 

that performance of an escape response in mice is related geneti

cally to whole-brain BuChE activity (Kerbusch, 197A). 
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4 
Effects of post-weaning experience 
on regional brain acetylcholinesterase 
and butyrylcholinesterase activities in the rat. 

4.1. Survey of the literature 

Relation between learning ability and cortical AChE 

For the last two decades a multidisciplinary research group at the 

University of California in Berkeley (Bennett, Diamond, Krech, Rosen-

zweig and coworkers) has been working on the effects of different 

rearing conditions on behaviour and brain morphology and biochemistry 

in rats. Originally, the group focused on possible relations between 

adaptive behaviour or learning ability and cortical cholinergic trans

mission. On inferential arguments AChE activity was considered to be 

an index of cholinergic transmission activity. Rats differing in 

'hypothesis behaviour' with respect to an unsolvable problem in a 

fourchoice discrimination box (the Krech Hypothesis Apparatus) were 

found to differ also in cortical AChE activity. Animals showing a pre

ference for spatial hypotheses, i.e. using spatial cues in trying 

to solve the unsolvable maze problem, had a higher specific AChE ac

tivity in the visual and somesthetic areas of the cortex than animals 

having a preference for visual hypotheses (Krech et al., 1954). 
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Confronted with this type of maze problem rats initially prefer visual 

hypotheses. Animals that subsequently use spatial hypotheses if the 

visual hypotheses prove to be incorrect, are considered to be more 

adaptive than animals that go on using visual hypotheses. 

Further experiments investigated this relation in two strains of rats 

selected for maze learning ability in a multiple T-maze: the Tryon 

Maze Brigt-̂  (TMB, also named Si) and the Tryon Maze Dull (TMD, also 

named S3) strains. Strain differences were as expected: the 'bright' 

rats (TMB), which previously had been shown to prefer spatial cues 

in the Krech Hypothesis Apparatus, had a higher cortical AChE activity 

than the 'dull' rats (TMD), which preferentially used visual cue:-.. 

Since between-strain correlations might well be purely fortuitous, 

new lines of rats were selected for high and low cortical AChE activi

ty starting from two heterogeneous foundation stocks (Roderick, 1960). 

In both instances the high and low AChE lines differed, after seven 

generations, by more than 20% in cortical AChE activity with practi

cally no overlap between the strains. However, when tested behaviour-

ally no systematic relation between learning ability and cortical AChE 

activity was found. This apparent contradiction was solved when cor

tical acetylcholine was measured and a correlation between learning 

ability and the ratio of ACh to AChE was found. It was hypothesized 

that learning ability was related to the levels of both ACh and AChE 

and that these levels were genetically independent (Rosenzweig et al., 

I960), Two tests of this revised hypothesis have been undertaken: 

a selection program on high and low cortical ACh levels and a selfc-

tion program on maze-learning ability using a different maze than the 

multiple-unit-T maze used by Tryon in selecting the TMB and TMD strains. 

The first selection, mentioned by Rosenzweig et al., (1960) and by 

Pryor (1964) apparently failed since results have never been published. 

The second selection was performed by Olson using errors in a Lashley 

III maze as the selection criterion. From each selection generation 

brain ACh and AChE were measured, but although the strains readily 

segregated on the behavioural criterion no difference in ACh and AChE 

was found bi-tween the lines (Pryor, 1964, 1968). 
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Effects of ехреггепае and Ь агпгпд: bast' ге'Гі.гд aondxtions 

Having demonstrated that at least in some instances individual and 

strain differences in brain AChE activity existed (Bennett et al., 

1958) that might be related to 'adaptive behaviour' the Berkeley 

researchers went on to investigate the question whether learning 

could result in measurable biochemical changes. 

Krech et al (1960) hypothesized that training and general stimulation 

would involve increased synaptic transmission, resulting in an in

creased turnover of ACh which in its turn would be expected to lead 

to a compensatory rise m AChE through substrate induction. In this 

way, complex experience and training might leac to an increased AChE 

activity. 

This was tested by examining the cerebral effects of different rear

ing conditions. Rats from two or three conditions were compared in 

several experiments. Rats in the ЕСТ (Environmental Complexity and 

Training) condition were kept from weaning in groups of 12 in a large 

cage (70χ70
χ
Α6 cm); the cage was provided daily with six or more 

objects ('toys') taken from a standard pool of 25 objects. Each day 

the animals were placed for 30 minutes in a Hebb-Williams ma7e where 

the pattern of barriers was changed daily. Sometimes, the rats also 

received one or two trials a day in various standardized mazes for 

sugar pellet reward. Later free exploration and training were omitted 

and accordingly the designation EC was used instead of ЕСТ. In the im

poverished condition (1С) , rats were isolated in standard cages which 

were placed in a quiet room Sometimes, a third condition was used, the 

standard laboratory condition (SC), in which rats were housed in stand

ard cages in groups of three. The SC cages were kept usually in the 

same room as the EC cages. 

Krech et al. (1960) found a decrease in specific AChE activity in the 

cortex and an increase in the subcortex of FCT rats (which had received 

environmental stimulation and training during 80 days after weaning) 

compared to 1С rats. In a subsequent report (Rosenzweig et al., 1962) 

the effects on AChE were replicattd and it was found that weight of 

the cortical samples had increased more than toc ¡1 AChE activity resul

ting in the observed decrease in specific AChF activity. These effects 

were most pronounced in the occipital cortex. The increase in subcortial 
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AChE activity was analysed further and it was found that separate re

gions in the subcortex all showed the same increase in AChE activity. 

The relation between learning performance and AChE activity was in

vestigated by Krech et al., (1962) in animals which had been 30 days 

in either the EC or the 1С condition after weaning. Thev were tested 

in a series of reversal-discrimination problems in the Krech hypothe

sis apparatus after which their brains were analysed for AChE and 

weight differences. It was found that the correlation between the cor-

tical-subcortical specific AChE ratio and the mean number of errors 

per reversal problem was +0,81 for tie ГС group and +0.53 for the 

1С group; for the cortical-subcortical weight ratio the respective 

correlations were -0.77 and -0.15. It was concluded that: 'it is clear 

from the correlational analysis that for animals raised in an enriched 

environment during infancy there is a substantial and stable ratio be

tween performance measures on the reversal discrimination problem and 

those morphological and biochemical measures of the rat's brain which 

are most affected by the enriched environment'. It should be mentioned 

however, that these correlations were based on 15 animals per group 

only. Later research revealed that the brain and behaviour parameters 

varied independently (Bennett et al., 1970). 

heuroanatoniaal effects 

The cortical ЕС-IC differences in weight were confirmed by anatomical 

depth measurements of cortical thickness (Bennett et al., 1964a;Diamond 

et al., 196A). The largest effect was found again in the occipital cor

tex. In addition to the increase in cortical depth in the EC animals 

compared with 1С littermates, increases were found for the ratio of 

glial cells to neurons (Diamond et al., 1966), cell body size and nu

clear size of neurons (Diamond, 1967), for the higher-order dendritic 

branching of the basal dendrites of pyramidal neurons (Greenough and 

Volkmar, 1973; Volkmar and Greenough, 1972) and for the density of 

synaptic spines on these basal dendrites (Globus et al., 1973). 

Changes in length of the brain were found by Altman et al (1968) and 

Walsh et al. (1971). An increase in total brain weight in EC animals 

has been reported by Teller et al. (1975), Ferchmin et al. (1970), 

Cummins et al. (1973) for rats and by Collins (1970), DeFeudis (1974) 
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and Henderson (1973) for mice, but such an effect was not reported 

by the Berkeley group. 

At the electron-microscopic level individual type-1 synapses (i.e. 

asymmetrical axodendritic junctions) in the neuropil of layer 3 of 

the occipital cortex were examined by M^llgaard et al. (1971). Sur

prisingly large differences were found; the synapses were 52% larger 

and their frequency was decreased by one-third. These findings could 

not be replicated and subsequent research revealed much smaller differ

ences: 5 and 8% respectively (Diamond et al., 1975). These figures are 

more in accord with those of West and Greenough (1972) who studied 

type-1 synapses in layers I, 4 and 6 of the occipital cortex and found 

an increase of 10-14% in synaptic size in layers 1 and 4. 

Neurochermcal effect 

The best studied neurochemical variable is AChE. It was found repeated

ly that the specific AChE activity per unit weight or protein decreased 

in the cortex -especially the occipital cortex- of EC rats. 

Initially, it was reported that total AChE activity increased, although 

less than brain weight. But more recent experiments did not show an 

ЕС-IC effect on total AChE (Rosenzweig et al., 1972a). 

BuChE has been studied less frequently. In several experiments an in

crease in specific BuChE activity was found in the cortex of EC(T) rats 

compared to 1С littermates with respect to the occipital cortex; how

ever, the ЕС-IC difference found in the initial experiments was twice 

as large as that found in later experiments (7.3 versus 3.2%). In all 

these experiments an 80-day period of differential experience was used; 

after a 30-day period the ЕС-IC difference in specific BuChE activity 

was smaller and not very reliable except in young rats having experien

ced the differential treatment shortly after weaning (Rosenzweig et al., 

1972a). 

Other constituents of the cholinergic system which have been analysed 

are choline acetyl transferase activity and ACh content. The first one 

was found to vary parallel to AChE i.e. to decrease (expressed as spe

cific activity) in cortex of EC rats. The <tter -ACh content- was only 

measured on whole brain and no effects of differential rearing were 

found (Rosenzweig et al., 1972a). 
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Two other constituents of the cholinergic system -ACh-receptors and 

choline uptake- have not yet been analysed. Turnover of ACh has also 

not been measured, the techniques being available only recently. 

With respect to other transmitter systems, the serotonergic system has 

been studied by Pryor (1964) and Geller et al. (1965). The latter au

thors used whole-brain preparations and the former cortical samples but 

no effects were found in either case on serotonin concentrations or the 

activity of the synthesizing enzyme 5-hydroxytryptophan-decarboxylase. 

Geller et al. (1965) also analysed dopamine and noradrenaline concentra

tions, but no ЕС-IC effects were found. 

ЕС-IC effects on some other chemical variables were found to parallel 

the effect on cortical weight: among these are total hexokinase activity, 

total protein content and dry weight (Bennett et al., 1964a,1969). No 

changes in DNA content of the cortical samples were found. One would 

expect however a small increase of 3-4% in the occipital cortex on the 

basis of (1) a 14% increase in glial cells and (2) a neuron to glial 

ratio of 2.6 and 3.0 in the occipital cortex of EC(T) and 1С rats res

pectively (Diamond et al., 1966). 

Changes in total RNA content of the occipital cortex (and somesthetic 

cortex) also appeared to reflect weight changes. 

No changes in RNA/mg weight were found. The RNA-DNA ratio was 6% higher 

in EC than in 1С rats (Rosenzweig et al., 1972a). 

It was assumed that the increase in the RNA/DNA ratio reflected an in

crease in metabolic activity in the EC rats. 

Bennett (1976) commented that "the methods available for the analysis 

of brain nucleic acids in the midsixties were either inaccurate or la

borious (or both)". Using a new and more reliable method Bennett (1976) 

found a consistently greater RNA/DNA ratio in occipital cortex (and to

tal cortex) of EC rats after 4-125 days of enriched rearing. 

Ferchmin et al. (1970) had shown before that 4 days of differential 

rearing were sufficient to reveal changes in total brain RNA content. 

These changes in nucleic acids have been interpreted to represent 

changes in general metabolic activity in the brain. From a functional 

point of view, however, it is more important to know whether environmen

tal conditions influence the genomic activity of the brain cells differ

entially. Are the RNA molecules from brain cells qualitatively different 
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in EC and 1С animals
7
 Until recently, this question could not be answered. 

The usual technique to detect such differences -RNA-DNA competitive hy

bridization on filters- is not sensitive enough unless the 'unique' DNA 

sequences have been separated from the 'repetitive' sequences. Mushynski 

et al., (1973) -using a preparation containing both unique and repetitive 

DNA sequences- were unsuccesful in detectirg differences in hybridiza

tion between EC and 1С rats. Uphouse and Bonner (1975) and very rcrently 

Grouse et al., (1978) found that the hybridization of RNA to unique DNA 

from total brain was greater in EC than in 1С rats, while no difference 

was found for liver RNA. These r< suits indicate that the diversity of 

gene transcription products is greater in EC animals, possibly leading 

to a greater diversity m messenger RNA and protein synthesis, ^uch qua

litative differences in protein can in principle be analysed by Poly

acrylamide gel electrophoresis but this has not yet been reported 

Levitan et al. (1972) reported differences in leucine incorporation in 

protein from regional brain subcellular fractions of EC and SC rats.They 

found a higher level of incorporation in nuclear protein of subcortical 

brain regions in EC animals while in cortical synaptosomal fractions 

a higher incorporation rate was found in SC rats, a rather unexpected 

finding in view of all other indications of increased metabolic activi

ty m the cortex of EC animals. 

Effects on body we%ghb 

Consistently, 1С animals are heavier than then EC lit termates. Taking 

the SC condition as a baseline the differences between the groups 

appear to be time-dependent. In 80-day experiments starting at weaning, 

the Berkeley investigators found that by the end of the first week the 

1С rats were already heavier than the SC and EC rats. Between 3 and 6 

weeks of differential rearing the SC rats have body weights intermediary 

between 1С and EC values. After about 6 weeks the SC animals gain less 

weight and become the lightest of the three groups. This effect has been 

ascribed to a limiting effect of the SC-cage possibly being too small 

for optimal growth of 3 rats of 250 g or more (Rosenzweig et al. 1972a). 

It seems likely that the effects on brain weight and body weight are 

unrelated. In EC rats brain weight increases, while body weight decreas

es. Henderson (1970) found increases in brain weight and body weight of 
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EC mice, but the increase could be attributed to different causes. Size 

of the foodhopper was responsible for differences in body weight, but 

the enriched housing condition for differences in brain weight. 

Further aharaoterization of aonditions leading to ЕС-IC effects 

The effects of differential rearing conditions on brain weight and, to 

a lesser degree, on AChE and BuChE activities have been replicated re

peatedly -particularly with respect to the occipital cortex- (see Rosen-

zweig et al., 1972a) and the conditions leading to these changes were 

further characterized. Handling and differential locomotor activity did 

not produce the ЕС-IC effects (Krech et al., 1966; Rosenzweig et al., 

1968); neither did stress (Riege and Morimoto,1970). It was shown that 

a period of 30 days of differential experience was sufficient, although 

the effect on BuChE -at least in older animals- was less consistent 

(Rosenzweig et al., 1972a). Exposure for only 2 hours a day to the en

riched environment of the EC animals was found to induce changes as 

large as after continuous exposure (Rosenzweig et al., 1968). Visual 

experience was shown not to be necessary (Rosenzweig et al., 1969) and 

the effects of isolation on the pineal organ, which is responsive to 

the light-dark cycle and environmental conditions of light, were not 

related to the cerebral changes induced by environmental complexity 

(Quay et al., 1969). Hormonal mediation of the ЕС-IC effects via pitui

tary hormones (like growth hormone, ACTH, thyrotropin and gonadotropins) 

was excluded since in hypophysectomized rats the usual ЕС-IC differences 

were found (Rosenzweig et al., 1972c). Social stimulation was shown not 

to be necessary because isolated rats exposed individually to an enrich

ed environment also exhibited the cerebral effects if compared to their 

isolated, unexposed littermates. However, unless the rat's interaction 

with the environment was facilitated either by exposure during the dark 

period of the light-dark cycle -when the rat is most active- or by in

jecting the rat with a stimulant drug, the differences were small (Ro

senzweig and Bennett, 1972). 

Ferchmin et al.(1975) placed rats in small cages that were put inside the 

EC-cages containing the usual objects and EC rats. These Observer rats' 

resembled their 1С- rather than EC-littermates with respect to the cere

bral measures. The authors concluded that direct 'active' contact with 
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the EC environment was necessary to induce the EC effects. Formal train

ing in various learning tasks had no effect (Bennett et al., 1972). Re

cently, Greenough (1976) reported some preliminary evidence that train

ing has an effect on higher-order branching of dendrites of pyramidal 

neurons in the occipital cortex. 

La Torre (1968) and Rosenzweig and Bennett (1969) showed that the typi

cal ЕС-IC differences were not confined to rats but were also found in 

mice and gerbils. The brain changes have also been shown to be indepen

dent of age; no 'critical period' was apparent (Rosenzweig et al., 1964; 

Bennett et al., 1970, Riege, 1971). However, Riege (H71) found the 

differences in AChE and BuChE to be significant in one-year-old rats in 

the occipital cortex only; the effects developed more slowly than in 

young rats. 

Interpretation of ЕС-IC effects 

The Berkeley group slightly changed the interpretation of their results 

over the years. The original hypothesis on the relation between maze-

problem solving ability and cortical AChE, was abandoned rather early. 

In their 1964 Science paper, Bennett et al. (1964a)state: "We wish to 

make clear that finding these changes in the brain consequent upon ex

perience does not prove that thay have anything to do with storage of 

memory. The demonstration of such changes merely helps to establish 

the fact that the brain is responsive to environmental pressure -a fact 

demanded by the physiological theories of learning and memory". The 

authors interprete the changes in AChE and BuChE as indicative for 

changes in synaptic connections and glial cells respectively. Subse

quent anatomical research gave evidence for an increased proliferation 

of glial cells in EC animals (14%) which might account for the 10% in

crease in total BuChE activity (Diamond et al., 1966). Bennett et al. 

(1964a)suggested that a 5% increase in total AChE activity might repre

sent a 20% increase in the number of synapses. In a more recent review 

Rosenzweig et al. (1972a) stated: "Whereas in 1964 we supposed that all 

of the cerebral effects we measured might be reflecting only different 

aspects of the same syndrome of changes, it now appears that various 

measures follow their own time courses and may eventually be shown to 

represent independent types of change". This conclusion refers to the 

fact that the change in BuChE was found to develop slower than that 



-145-

in AChE and weight. Moreover, it appeared that the ЕС-IC differences 

in brain weight and AChE were primarily due to enrichment but the 

differences in BuChE to isolation. This was concluded from experi

ments in which a standard laboratory control group (SC) was added to 

the EC and 1С groups. 

Another difficulty concerns the relation between the increases in 

glial cells and BuChE activity. Rosenzweig et al. (1972a) express some 

reservation as to the use of BuChE as an index of glial number. As al

ready mentioned in Section 1.1., the endothelial cells of the capilla

ries are rich in BuChE in the rat brain. An increase in volume of these 

cells might well be expected in EC rats, as a consequence of the in

creases in volume and metabolic activity of the other cells. Direct 

anatomical observations revealed that in the cortex of ЕСТ rats the 

mean diameter of the capillaries is increased, which corresponds to a 

decrease in density of small capillaries and an increase in larger 

vessels. These results indicate that all vessels increase in size due 

to environmental enrichment. Consequently an increase in BuChE may be 

expected. 

Replications and extensions of the anatomical effects on synaptic 

measures have been reported by a number of independent laboratories 

(Altman et al., 1968; Holloway, 1966; Volkmar and Greenough, 1972; 

Walsh et al., 1969, 1971). Brain weight changes have also been 

found repeatedly (Collins, 1970; Cummins et al., 1973; DeFeudis, 1974; 

Henderson, 1973). Replication of the biochemical findings, especially 

AChE and BuChE changes, have been scarce and inconclusive (Geller et al., 

1965; Brown, 1971; Brown and King, 1971; Singh et al., 1967, 1970; Maki, 

1971; Kuenzle and Knüsel, 1974). 

Regional brain differences 

In subcortical brain regions practically no ЕС-IC effects have been 

found. In the cortex the largest effects have been found in the occipi

tal region. 

Rosenzweig et al. (1969) have investigated whether the processing of 

visual information -which is localized more or less in the occipital 

cortex- has any relation to its special responsiveness to environmental 
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rearing conditions. The answer is essentially no. It was found that 

vision is not necessary for the effects to develop (see below). The 

largest ЕС-IC effects with respect to weight, cortical thickness 

(Diamond et al., 1972) and AChE (Rosenzweig et al., 1969) have been 

found in the occipital cortex. 

As mentioned above, in old rats ЕС-IC effects were found only in the 

occipital cortex (Riege, 1971). 

All these results indicate that the occipital cortex is the brain 

region most sensitive to differential rearing, for reasons unknown. 

* 
Expenments 

Three experiments are reported in this chapter. In general, they were 

aimed at evaluating the effect of social and inanimate stimulation on 

the AChE and BuChE activity and weight of the occipital cortex. Seve

ral factors have been excluded as significant causes of the EC-IC 

effects. Among these are differential handling, locomotion, stress, 

visual stimulation and rate of maturation (Rosenzweig et al., J 972a). 

At least two factors remain: social stimulation and stimulation by 

the inanimate environment. 

At the time these experiments were planned it had been reported that 

social stimulation equal to that occurring in the EC condition, w?r 

not sufficient to bring about the usual ЕС-IC effects (Rosenzweig and 

Bennett, 1972). It had not yet been investigated, however, whether more 

complex social stimulation might result in changes in cerebral measures 

similar to those found in EC rats. 

In other words, the question is whether social stimulation only serves 

to intensify the contacts of the EC rats with the inanimate environ

ment -as supposed by Rosenzweig and Bennett (1972)- or whether it may 

have effects on its own. The second experiment was specifically de

signed to answer this question. 

& 
Experiments 1 and 2 have been performed in close cooperation with 

G. van Woerden who designed exp.2. Preliminary results have been 

presented at the first European Neurosciences Meeting in Munich, 

1975 (Van Woerden and Raaijmakers, 1975). 
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In the first experiment rearing conditions, similar to those used by 

the Berkeley group, were used. The specific purpose of this experi

ment was to see whether we could replicate the main ЕС-IC effects on 

the occipital cortex e.g. an increase in weight and a decrease in 

specific AChE activity. 

The seaor.d experiment was done to investigate the effects of differ

ences in social stimulation. Twelve isolated rats were compared to 

littermates being housed in a bare EC cage in groups of 12 rats, ei

ther the same 12 rats everyday, or in a daily changing group of 12 

rats . 

The third experiment was performed to test whether spatial complexity 

and object enrichment do result in changes in cerebral measures in 

socially housed rats and whether the effect of spatial complexity 

differs from that of object enrichment. 

Apart from the occipital cortex which was analysed in all three ex

periments, other brain samples have been analysed in the first and 

last experiment for various reasons explained in the respective sec

tions . 

4.2.1. Effects of environmental enrichment and isolation on weight 

and Cholinesterase activity of the occipital cortex, ^ipno-

campus and striatum 

4.2.1.1. Introduction 

The rearing conditions in this experiment formed essentially a repli

cation of the standard 1С, SC and EC Berkeley conditions. The aim of 

this experiment was to ascertain whether the ЕС-IC effects on the 

occipital cortex could be replicated by us. 

Two other brain regions were analysed: the hippocampus and thp stri

atum. Both contain well-defined cholinergic systems. The hippocampus 

receives its cholinergic input from the medial septal area; this 

septo-hippocampal system is important for the regulation of various 

behavioural processes (cf. Douglas, 1975). The striatum contains 

cholinergic interneurons which form an essential link between the 

nigrostriatal dopaminergic input and the output of the striatum. 
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The ACtiE activity was determined both on untreated and Triton-

treated homogenste samples, since the former assay is more compara

ble to the method used in Berkeley, while the latter has been 

shown to be more reliable (cf. Section 2.4). 

4.2.1.2. Materials and methods 

Animals and rearing conditions. Twelve sets of three littermate male 

TMB rats were used. They were weaned at an age oí 4 weeks, earmarked 

and each littermate-set distributed to three groups semi-randomly. 

Care was taken to insure similar body weights in the three groups. 

The three groups were then assigned to the three conditions: EC, SC 

and 1С. The EC condition consisted of a large cage (75x75x80 cm) 

with solid metal walls except the frontwall which was made of pers

pex, and the top which consisted of wire mesh. To one wall a metal 

platform (75x11 cm) was attached; a ladder connected floor and plat

form. Below the platform water and standard food pellets could be 

obtained through holes in the wall. Twelve animals were housed con

tinuously in this cage which was provided each day with a changing 

set of 5 or 6 objects (running wheels, small cages, grids, tubes, 

bridges, blocks of wood etc.). 

The SC condition consisted of large Makrolon cages (57x35x20 cm) in 

which three animals were housed together. The SC cages were kept in 

the same room as the EC cages. In the 1С condition, the rats were 

housed individually in standard Makrolon cages (38x27x15 cm) which 

were kept in a separate quiet room. 

Bedding material consisted of sterilized saw dust. Standard rat food 

and tap water were always provided ad libitum. The day/night cycle 

was reversed: light was on from 21.30 hrs until 09.30 hrs. The rooms 

were airconditioned, and temperature-controlled (20 C). All animals 

were handled weekly for weighing and cage-cleaning purposes. 

After having remained for 40 days in their respective conditions the 

rats were rehoused individually and sacrificed within three days. 
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Fig. 4.1. Schematic drawinq (modified after Rosenzweiq et al. , 1972b) of the location of the cortical 

samples dissected with the use of a calibrated plastic T-square. A; dissection as performed 

by the Berkeley aroup; B: dissection as performed in the first and second exoeriment (section 

4.2.1. and 4.2.2.); C: dissection as performed in the third experiment (section 4.2.3.). 

ι 
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Expevimental procedures. The rats were weighed immediately before 

being decapitated unanaesthetized. Dissection was done by an experi

menter being unaware of the experimental condition of the subject. 

The severed head was kept about 5 sec in liquid nitrogen to cool the 

brain. Further preparation was done in the cold (ca. 6 C). The skin 

and dorsal skull were removed and with the aid of a plastic T-square 

transverse as well as lateral incisions were made as indicated in 

Fig. 4.1 and the occipital cortex was dissected. The remaining neo

cortex and the corpus callosum were removed and the hippocampus was 

dissected free. The striatum was dissected free from capsula inter

na, septal area and ventral cortex; any adhering white matter was 

removed. The brain regions were immediately wrapped in pre-weighed 

pieces of aluminium foil, weighed and frozen in liquid nitrogen. 

They were stored in closed vials at -74 С until analysis. 

Homogenization was performed as usual (see Section 2.1). AChE, BuChE 

and protein were measured on the untreated homogenate as described in 

Section 2.1. AChE was also determined on the Triton treated homogenate 

(see Section 2.4.2). 

4.2.1.3. Results and disavssion 

For all variables, mean values for the three groups and F-ratio's 

from the analyses of variance are shown in Table 4.1. 

The analyses of variance reveal significant differences between the 

three groups with respect to weight of the occipital cortex, AChE-

TX/mg protein in the occipital cortex and body weight. In order to 

find out which groups differ significantly from each other as to these 

three variables, a post-hos analysis was performed on the mean values 

using the Scheffé contrast method (Kirk, 1968). Table 4.2 shows the re

sults. It appears that both the ЕС-IC difference (12.6%) and the FC-SC 

difference (9.1%) in weight of occipital cortex are significant. With 

respect to AChE-TX/mg protein in the occipital cortex a similar result 

is found: both the ЕС-IC difference (-7.3%) and the EC-SC difference 

(-4.5%) are significant. These results suggest that the differences in 

weight and AChE activity are due to enrichment rather than to isolation. 
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MEANS 1 SEM F-ratio 

EC SC 1С (df 2.22) 

OCCIPITAL CORTEX 

Weight 

AChE/mg protein 

AChE-TX/mg protein 

AChE total act. 

AChE-TX total act. 

BuChE/mg protein 

BuChE total act. 

86.6 ± 

45.7 ± 

53.0 ± 

496 ± 

574 ± 

2.53 ± 

27.3 ± 

3.0 

1 .1 

1 . 1 

24 

25 

. 11 

1.6 

79.4 ± 

46.8 ± 

55.5 ± 

455 ± 

538 ± 

2.53 ± 

24.4 ± 

2.2 

1.1 

1 .2 

21 

20 

.28 

2.5 

76.9 ± 

47.8 ± 

57.2 ± 

454 ± 

544 ± 

2.63 ± 

25.1 ± 

2.9 

1.4 

1 .1 

21 

23 

.23 

2.9 

6.66 « 

0.97 

10.28 ** 

1 .94 

1 .70 

0.07 

0.43 

HIPPOCAMPUS 

Weight 94.2 

AChE/mg protein 90.2 

AChE-TX/mg protein 103.7 

AChE total act. 1040 

AChE-TX total act. 1200 

BuChE/mg protein 1.85 

BuChE total act. 22.3 

1.7 

1.3 

1.5 

25 

34 

.38 

4.7 

95.8 ± 

89.1 ± 

101 .1 ± 

1050 ± 

1190 ± 

1.76 ± 

20.8 ± 

2.0 

1 .5 

1.5 

21 

31 

.37 

4.4 

96.1 ± 

88.1 ± 

104.4 ± 

1030 ± 

1220 ± 

1.62 ± 

20.0 + 

1 .8 

1.1 

1.6 

30 

31 

.43 

5.3 

0.30 

0.55 

3.26 

0.09 

0.53 
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STRIATUM 

Weight 

AChE/mg protein 

AChE-TX/mg protein 

AChE total act. 

AChE-TX total act. 

BuChE/mg protein 

BuChE total act. 

BODY WEIGHT 

178.1 ± 

297 ± 

351 ± 

6900 ± 

8120 ± 

3.78 ± 

87.5 ± 

263 ± 

2.9 

5.2 

7.2 

160 

130 

.14 

2.9 

3.7 

181.5 ± 3.6 

306 ± 8.6 

351 ±10.1 

7260 ± 220 

8350 ± 250 

3.84 ± .18 
91.3 ± 4.5 

291 ± 5.1 

173.0 t 
297 ± 

357 + 

6740 ± 

8150 ± 

3.72 ± 

84.4 ± 

307 ± 

4.6 

8.2 

4.3 

180 

200 

.11 

2.2 

5.0 

1 

0 

0 

1 

0 

0 

1 

47 

.77 

.43 

.40 

.85 

.43 

.30 

.78 

.91 ** 

Table 4.1: Effects of environmental enrichment and isolation. 

Brain weight is expressed in mg, body weight in g and 

AChE and BuChE in nanomoles substrate hydrolysed per min. 

AChE-TX refers to AChE of Triton treated homogenate. 
1
 : .05 < ρ < .06 

2
 : F-ratio not calculated due to missing scores, see text. 

Significance of F-ratio's is indicated by asterisks: 

* ρ < .005 ; ** ρ < .001 
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critical 

difference 

value 

occipital cortex 

body weight 11 .8 

pair-wise comparisons 

ЕС-IC EC-SC SC-IC 

weight 

AChE-TX/mg protein 

7.25 

24.8 

9.7 
42 

7.2 
25 

2.5 
17 

44 28 16 

Table 4.2 Results of the post-hoc analysis of mean values (Scheffé 
contrasts). Differences between two means exceeding the 
critical difference value indicate that the two means 
are significantly different ( ρ < .05). 

Source of 

variation 

Occipital cortex 
Environments 

Litters 

Interaction 

Hippocampus 
Environments 

Litters 

Interaction 

Striatum 
Environments 

Litters 

Interaction 

AChE/mg protein AChE-TX/mg protein 

df Mean square F-ratio Mean square F-ratio 

2 
11 
22 

2 
11 
22 

2 
1 1 

22 

1349 

2585 

1392 

1296 

1600 

2357 

31308 

55145 

73501 

0.97 

0.55 

0.43 

5583 

3510 

543 

3589 

6382 

1102 

16717 

124566 

41446 

10.28 

3.26 

0.40 

Tpble 4.3: Comparison of the complete results of the analyses of 

variance for untreated and Triton X-100 treated AChE 

activity per mg protein. 
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Enrichment enhances weight of the occipital cortex, but lowers the 

specific AChE activity. The post-hoc analysis of the body weight data 

indicates that the three groups differ significantly from each other: 

the EC-SC difference (-9.6%), the IC-SC difference (5.5%) and the 

ЕС-IC difference(I5.5%) are significant. This means that both isola

tion and enrichment have an effect on body weight: 1С rats are 

heavier, but EC rats lighter than their SC littermates. 

The rearing conditions seem to have no effect on the hippocampus or 

the striatum, except perhaps for the specific AChE activity (AChE-

TX/mg protein) in the hippocampus (.05<p<.06). Inspection of the 

mean values reveals that the SC group differs from the other two, 

suggesting that both enrichment and isolation lead to a small in

crease (2.6%, resp. 3.3%). AChE has been determined both on the un

treated and the Triton treated homogenate to see whether it would 

make any difference, Bennett and coworkers always use untreated homo-

genates of frozen samples and the experiments reported in Section 

2.4 have shown that under these conditions part of the AChE activity 

remains occluded. The results are rather unexpected: an ЕС-IC effect 

is found only for AChE-TX/mg protein and not if AChE is determined 

the way it is done usually in Berkeley. 

At first sight it seems that the usual decrease in AChE specific ac

tivity could not be replicated, but a close inspection of the results 

of the analysis of variance indicates that this is caused by a larger 

error variance for the assay without Triton. 

Triton treatment results in error reducticn. This can be seen in 

Table 4.3 in which the various mean squares from the analysis of va

riance are compared, The error component -consisting of the variance 

due to interaction between Environments and Litters- is lower for the 

Triton treated homogenates of all three brain samples. The variance 

resulting from the differential environments, on the contrary, is 

higher except for the striatum. The differences in mean squares act 

synergistically on the F-ratio, since this consists of the mean square 

for the factor Environment' divided by the mean square for the error 

component. 

This suggests that treatment of the homogenate with Triton reduces the 

experimental error in the AChE values. This is ш accord with the find

ings reported in Section 2.4. 
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It is interesting to realize how much of the total variance observed 

is due to differences between litters. Although the effect of the 

factor Litter cannot be tested reliably, the proportion of the total 

variance due to litlt-r differences can be calculated from the respec

tive sums of squares. For example, with respect to AChE-TX/mg protein 

of the occipital cortex (cf. Table 4.3) the total sum of squares 

equals 61.7, while that for Litters equals 38.6. In other words, 62% 

of the total variance for this variable is due to differences between 

litters ' 

Differences in BuChE activity between the EC, SC and 1С groups are 

not found. Due to temporary technical problems hippocampal BuChE acti

vity could be measured in 8 triplet only. No analysis of variance is 

performed because of the missing scores, but the mean values do not 

indicate a difference between the groups. 

The results for body weight and the occipital cortex corroborate those 

of the Berkeley experiments (cf. Rosenzweig et al., 1972a). Body weight 

is decreased by enrichment and increased by isolation after a 40-day 

period of differential rearing. Enrichment specifically increases 

weight of the occipital cortex while it leads to a decrease in speci

fic AChE activity. The absence of an effect on the specific BuChE acti

vity also confirms earlier findings, since differences have been found 

only in 80-days experiments. Although quite similar, this experiment 

is not an exact replication of the standard Berkeley design. Our sample 

of occipital cortex is larger, including also the medial part of it 

(see Fig. 4.1). In our opinion the boundaries of the sample are defined 

rather arbitrarily in the Berkeley experiments; this did lead to a 

larger variability in preliminary experiments. For the same reason 

-reduction in variability- the lateral boundary has been altered in the 

last experiment to be reported (see Section 4.2.3). 
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4.2.2. Effects of social enrichment ar.d isolation on weight 

and Cholinesterase activity of the occipital cortex. 

4.2.2.1. Introduction 

In the previous experiment it was shown that the usual effect of 

differential rearing on body weight and weight and AChE activity of 

the occipital cortex could be demonstrated using our procedures. 

The Berkeley group investigated the role of social stimulation in 

causing the usual ЕС-IC effects: their conclusion was that social 

stimulation only served to activate the rats and 'prime' their con

tacts with the 'inanimate' environment (Rosenzweig, 197)). The 

effect of social stimulation in excess of that received by the EC 

rats has not yet been studied. 

The purpose of the present experiment was to investigate whether 

enhanced social stimulation would lead to similar effects on the 

occipital cortex and on body weight as the EC condition. Enhanced 

social stimulation was provided by a daily changing group composition. 

In a second group littermate rats lived in fixed groups. A third 

group consisted of isolated rats. This condition was used to compare 

the effects of isolation with those of enhanced social stimulation. 

4.2.2.2. Materials and rethods 

Animals ar.d ¿'earing 'cndiiiors. Thirteen sets of littermate triplets 

of male TMB rats were used. They were taken randomly from a total of 

36 triplets that were run simultaneously in these conditions. The 

other animals were used in behavioural experiments (Van Woerden, to 

be published). After weaning (25 days) littermates were distributed 

semi-randomly, as before, between three conditions: in the isolation 

¿Criaitier il^,the rats were housed individually in standard Hakrolon 

cages (38x27*15 cm) and kept in a separate quiet room. In the fixed 

social group ecnditiori (ГЬС) , 12 rats were kept together in a bare 

cage identical to the EC cage defcribed in Section 4.2.1.2. No objects 

were present in the cage. In the soc'al ^rr'a^ed condition (SEC), 

four groups of 12 rats -36 experimental and 12 additional rats- were 

housed in the same bare EC cages as were the FSC rats, but daily the 
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composition of the groups was changed by exchanging rats among the 

four cages. 

Ezpertmen^al fi сoeauve. After having lived in their respective condi

tion for 30 days, all rats were rehoused individually in standard 

Makrolon cages and sacrificed within 3 days. One animal was lost. 

The occipital cortex was prepared as described in Section A 2.1.2 

(cf. Fig 4.1). 

Weighing and storage of the samples was done as described before. 

Of the occipital cortex, protein content and AChE and BuChL· activi

ties were determined AChE was assayed after treatment of the homo-

genate with Triton X-100 as described in Section 2.4.4. 

The data have been analysed by analysis of variance, making use of 

a planned orthogonal contrast (or hierarchical) design (Kirk, 1968) 

Such a hierarchical design was judged to be appropriate since the 

FSC and SEC conditions differ from the 1С condition not just in 

amount of social stimulation; its total absence may be seen as a 

separate factor unrelated to the other factor, social stimulation 

Therefore, m the analysis of variance two contrasts (i.e. compari

sons) are tested which correspond to the following two questions. 

1 . In which respect does isolation lead to different values for 

cerebral measures and body weight when compared to social 

housing
 , 

2. Does enhancement of social stimulation have an effect on 

cerebral measures or body weight
 , 

To answer the first question, the 1С group has been compared with 

both other groups combined. Comparison I 1С vs (FSC+SEC) 

To answer the second question, the SEC group has been compared with 

the FSC group. Comparison II: SFC vs 1С 

Litters have been introduced as a factor in the analysis to reduce 

the error variance; no further attention has been paid to it. 

If no significant effect is found in Comparison I, two possibilities 

exist either no difference exists between the groups or the FSC and 

the SFC groups differ both from the 1С group but m opposite direc

tions If the latter happens to be the case, it will become apparent 

in Comparison II. 
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4.2.2.3. Results and discussion 

The results are summarized in Table 4.4. 

The two questions formulated in the preceding section correspond to 

the two comparisons in the analysis of variance. The first question 

concerns the difference between isolated and socially reared animals 

(Comparison I). 

Such differences are found for weight of the occipital cortex, 

AChE/mg protein and body weight. No differences are found for BuChE. 

Weight of the occipital cortex is lower in 1С rats, while AChE spe

cific activity is higher (6,8% in both cases). Body weight values 

are also higher in 1С rats (8.6%). 

Thus the isolated rats differ from their socially reared littermates 

in the same variables for which an ЕС-IC effect was found in the 

previous experiment. 

The second question to be answered is: does enhanced social stimula

tion above the level in the FSC condition have any effect? The ans

wer simply is no. In no instance is the SEC-FSC difference -i.e. 

Comparison II- significant. These results clearly suggest that en

hanced social stimulation per se does not have an effect on the occi

pital cortex or body weight. Differences only exist between isolated 

and socially reared rats. This conclusion, however, can only be ten

tative. The FSC condition may constitute already some enrichment re

lative to the standard housing condition (SC). This hypothesis is 

supported by two findings. Firstly, the effects on weight and AChE 

activity of the occipital cortex were found to be essentially enrich

ment effects in the previous experiment, in accordance with the 

Berkeley results. Since the FSC and SEC rats do not differ with res

pect to these variables while both groups do differ from the 1С 

group in the same way as a usual EC group does, it is likely that 

the FSC and SEC rats are comparable to EC rats rather than to SC rats. 

Further support for this hypothesis comes from recent experi

ments in which rats of the TMB strain from a rearing condition com

parable to our FSC group, were found to have brain weight values in

termediate to those for EC and 1С animals (Rosenzweig and Bennett, 

1976). The earlier results -upon which our design was based- had 



MEANS + SEM Analysis of Variance 

I II 

SEC FSC 1С (df 1,23) (df 1,23) 

Occipital cortex 

Weight 81.6 ± 2.4 79.3 ± 1.4 

AChE/mg protein 56.1 ± 1.4 57.6 ± 1.0 

AChE total act. 556 ± 21 538 ± 14 

BuChE/mg protein 2.69 ± 0.08 2.74 ± 0.11 

BuChE total act. 26.7 ± 1.2 25.6 ± 1.0 

Body weight 222 ± 6 . 8 225 ± 5 . 7 

Table 4.4: Effects of social enrichment and isolation. Brain weight is expressed in mg, body 
weight in g, AChE and BuChE in nanomoles substrate hydrolysed per min. From the 
analyses of variance the F-ratio's for the two comparisons (I and II) are shown. 
Level of significance is indicated by asterisk

r
. : * ρ < .05 ; ** ρ < .01 

7 5 . 0 

6 0 . 7 

546 

2 .79 

24 .2 

243 

+ 

± 

+ 

+ 

+ 

± 

2.4 

1.6 

20 

0.11 

1 .4 

5.9 

4 .87 « 

8.62 * * 

1.12 

0.72 

1.90 

13.44 * * 

0 . 5 7 

0 .64 

0 .61 

0 .56 

0 . 3 0 

0 . 2 3 
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indicated that group rearing in a FSC condition did not have any 

effects relative to a SC condition (Rosenzweig, 197J ; Rosenzweig 

et al., 1972a). 

In these experiments inbred Fischer rats were used and Rosenzweig 

and Bennett (1976) concluded that strain differences between 

Fischer and TMB rats in sensitivity to enrichment were responsible 

for the discrepant results. Another factor, however, may have been 

overlooked. A littermate design was not used for the Fischer inbred 

rats, because such a design is assumed to be necessary only to con

trol for genetic differences between litters. But differences between 

litters may exist in inbred strains as well resulting from differen

ces in maternal influences. The between-litter variation may be 

quite large and obscure differences between treatments by increas

ing the error component of variance. Significant litter effects in 

inbred strains have, in fact, been found in a recent experiment in 

our laboratory (Van der Staay and Van Attekum-Hendriks, 1978). 

Another remark should be made regarding our experimental design. 

To be fully comparable to their littermates, the EC rats should have 

been housed singly in the same, large cages as the FSC and SEC rats. 

This was impossible for practical reasons. As a consequence, the 

differences between 1С and FSC rats cannot be ascribed to differences 

in social condition alone, since the 1С rats had less opportunity for 

locomotor experience and they possibly suffered also from some senso

ry deprivation unrelated to social condition. It has been shown, on 

the other hand, that these two factors do not play a significant role 

in the usual ЕС-IC effects (cf. Rosenzweig et al., 1972a). 

In conclusion, our results do not support the hypothesis that varia

tions in social stimulation in socially reared rats have effects on 

occipital cortex or body weight. 

Isolated rats differ from their socially reared littermates with res

pect to body weight, and weight and AChE/mg protein of the occipital 

cortex. These effects cannot be ascribed to social isolation specifi

cally, they resemble the usual ЕС-IC effects. 

Apparently, inanimate,physical aspects of the EC condition, are mainly 

responsible for the enrichment effects. 
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4.2.3. Effects of differential inanimate stimulation on 

regional brain weight and Cholinesterase activity. 

4.2.3.1. Introduction 

The previous experiment established that enrichment of social stimu

lation was ineffective in altering weight, AChE or BuChE activity 

of the occipital cortex. The conclusion was drawn that inanimate sti

mulation was the main factor causing the usual enrichment effects. 

The next question then arises: which aspect of the physical environ

ment contributes primarily to these effects? It has been shown before 

that visual stimulation is not necessary (Rosenzweig et al., 1969). 

Further, visual enrichment seems to have no reliable effects (cf. 

Maki, 1971). The purpose of the present experiment was to compare 

spatial enrichment with object enrichment. The dimensions of the ex

perimental cages were changed to make the conditions more comparable. 

The rats were exposed to their respective condition for 2 hours 

per day, since it has been demonstrated that such a limited period 

of differential experience has the same effects as a continuous 24h 

exposure (Rosenzweig et al., 1968). 

The brain has been dissected into seven parts. In addition to the 

occipital cortex three other cortical regions, the cerebellum, the 

pons-medulla and rest of the brain have been analysed. The aim was to 

get information about possible regional differences in effects of 

rearing conditions on AChE and BuChE. 

4.2.3.2. Materials and methods 

Animals and rearing conditions. Littermate TMB rats, bred in our la

boratory were weaned at four weeks of age. 

They were then earmarked and subsequently littermates were semi-ran-

domly distributed among three groups, with the only restriction that 

body weights were equally distributed. The groups were randomly 

assigned to the experimental conditions. 
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Each of the three conditions consisted of two groups of 12 rats. Each 

group was put in its respective experimental cage for 2 hours per day 

(from 12.15-14,15 hrs); the remaining 22 hours they were housed three 

to a standard Makrolon cage (38x27x15 cm). The four triplets in stand

ard cages within each group varied each day, thus providing all groups 

with equal social stimulation. 

Home cages and experimental cages were kept in the same room with con

trolled temperature (20°C) and light/dark cycle (light from 08.00 until 

20.00 hrs). The experimental cages were put on the floor and illumina

tion varied between 85 and 120 lux. The Makrolon cages were put on 

racks. 

Treatments leasted for Д0 days and within 3 days thereafter the rats 

were sacrificed. Ten littermate sets were used in this experiment; 

the others were used in behavioural tests not reported here. 

In the Control Condition (C) rats were exposed to a bare open field 

measuring 100x100x27.5 cm. It was made of chipboard lined with mano-

lite (waterproof hardboard). The open field was covered with a trans

parant plexiglass plate with ventilation pores (diameter 1 cm). 

The Barrier Enriohed Condition (B) consisted of the same open field 

but now containing a daily changing pattern of barriers, thus being 

enriched in spatial complexity. The barriers consisted of manolite 

plates (19.5x27.5 cm) which could be inserted into grooves that di

vided the floor into 25 equal parts. 

The Object Enriched Condition (0) also consisted of the same basic 

open field but now provided with a daily changing set of objects. 

Five 'large' and eight 'small' objects were chosen from a pool of 13, 

respectively 18 different objects. Among the 'large' objects were 

running wheels, small metal cages, pipes and grids; the 'small' ob

jects were blocks of wood and plastic of different colors, rings of 

metal and PVC, metal pins etc. 

Experimental procedures. Terminal body weight was determined just be

fore decapitation. Brain dissection was done by an experimenter igno

rant of the rearing condition of the rats. The severed head was imme

diately cooled in liquid nitrogen and further preparation was 
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performed m an open refrigerated showcage (4-10 С). 

Dissection of the occipital cortex differed somewhat from that ir the 

previous experiments. A larger sample was taken which was dissected 

laterally at the rhinal fissure, since this fissure separates neo

cortex from paleocortex (see Fig. 4 1). The rhinal fissure was also 

used to separate the other two dorsal cortical samples (medial and 

frontal cortex) from the ventral cortical sample which included py-

riform and entorhinal cortex, amygdala and olfactory bulbs. The re

maining bram sample consisted of corpus callosum, striatum, hippo

campus and septal region and diencephalon and mesencephalon. 

Weighing
 a n

d storage of the brair samples was done as in the previous 

experiments. 

All brain samples were homogenized in the usual Na-phosphate buffer. 

AChE was assayed on the Triton supernatant and BuChE and protein on 

the homogenate as usually. All analyses were performed г trivio. 

The data were analysed statistically to provide an answer to the 

following two questions: 

1. Does inanimate stimulation, in general, have systematic effects 

in socially reared rats
7 

2 Do spatial and object enrichment have different effect, i.e. does 

differential inanimate stimulation have different effects
9 

To this purpose, analyses of variance have been performed according 

to a S-factorial hierarchical design. The first factor tests the 

differences between the control condition (C) and the combined sti

mulated groups (B and 0); this is called Comparison I 

The second factor is nested under the first one and tests the differ

ences between spatial and object enrichment, for which purpose the 

В and 0 groups are compared; this is called Comparison II. 

The third factor, Litters, being introduced merely to reduce the error 

component, is not analysed. 

Comparisons 1 and II of the analysis of variance correspond to ques

tions 1 and 2 respectively. 
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¿1.2.3.3. Results 

The following variables have been analysed: weight, AChE total acti

vity, AChE/mg protein, BuChE total activity and BuChE/mg protein for 

each brain region, and body weight. 

The results are presented in Table 4.5. 

As mentioned in the previous section, the two orthogonal comparisons 

in the analysis give an answer to the questions: 

(1) Does inanimate stimulation, in general have systematic effects in 

socially reared rats? 

(2) Does differential inanimate stimulation have different effects? 

An insignificant F-ratio for comparison I can indicate two things: 

either there exists no reliable difference between the C-and the 

(B and 0)-rats or the В and O-rats differ in opposite directions from 

the C-rats. In the latter case, comparison II will show a significant 

F-ratio. Therefore, interpretation of the results can only be given 

by considering both comparisons. 

Comparison I. 

Weight differences are found for occipital and medial cortex and pons-

medulla. The stimulated rats (B and 0) exhibit lower cortical weight 

values (5%) but higher values for weight of the pons-medulla (8%). 

Total AChE activity is decreased in general in the stimulated groups 

with respect to occipital, medial and ventral cortex (7-, 10- and 9% 

resp.). 

AChE/mg protein is affected by the stimulation in general only in the 

frontal cortex showing an average increase of 23%. 

Both total ana specific BuChE activity are increased in the stimula

ted groups in the pons-m. dulia (19- and 15% resp.); otherwise no sta

tistically significant differences are found although the increase in 

BuChE/mg protein in the frontal cortex (25%) is nearly significant 

(p<.06). 

In two brain regions no significant effects are found: the cerebellum 

and rest of brain. 
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^omparison II. 

Statistically significant differences between both stimulated groups 

are found with respect to weight of the occipital cortex which is 

about 4% less in the object-stimulated rats. Total AChE activity is 

never significantly different in both groups, the specific AChE ac

tivity per mg protein only in case of the pons-medulla, the O-rats 

having a higher activity (8%) than the B-rats. Differences between 

B-and O-littermates are found for total BuChE activity in the occi

pital cortex -O-rats having 15% less than B-rats-, in the pons-

medulla -O-rats having 12% less than B-rats- and in rest of brain 

-O-rats having now 10% more than their B-littermates. 

BuChE/mg protein in occipital cortex and in ventral cortex differs 

between both conditions: the O-rats show higher values for the occi

pital cortex (20%) but lower values for the ventral cortex (9%). 

Comparison II does not yield positive results for medial and frontal 

cortex, and for cerebellum. 

Among the three groups, differences in body weight are not found. 

In general, the inanimate stimulation produces a decrease in corti

cal weights but an increase in weight of the pons-medulla sample , 

the specific AChE activity per mg protein in the frontal cortex and 

the specific BuChE activity in the pons-medulla. Both experimental 

conditions have different effects primarily on BuChE activity in 

occipital cortex (total + specific activity), ventral cortex (spe

cific activity) and rest of brain (total activity). A different 

effect on AChE is found only once: for AChE specific activity in 

pons-medulla. 

Comparison I and II yield both significant results twice: for weight 

of occipital cortex and for total BuChE activity in pons-medulla. 

In the former case the C-0 difference is larger than the C-B differ

ence, in the latter case the reverse is true. 
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5420 ± 
138.5 ± 
74.9 ± 
2.12 ± 

8.9 
59 
2.6 
2.3 
0.05 

4.10 
9.54 «* 
0.94 
2.22 
1.04 

0.21 
0.35 
0.34 
2.74 
5.70 * 

,18 
,18 
,18 
,18 
,18 1 

ON 
LP 
1 



CEREBELLUM 

Weight 

AChE total act. 

AChE/mg protein 

BuChE total act. 

BuChE/mg protein 

230.9 ± 

986 ± 

30.9 ± 

68.7 ± 

2.15 ± 

3.1 

35 

1 .1 

3.2 

0.11 

228.5 ± 

929 ± 

29.9 ± 

69.1 ± 

2.18 ± 

4.9 

42 

1.2 

3.1 

0.11 

228.6 ± 

997 ± 

31.3 ± 

69.2 ± 

2.17 ± 

4.3 

24 

1.0 

4.4 

0.14 

0.32 

0.46 

0.29 

0.02 

0.03 

0.00 

2.22 

2.03 

0.01 

0.00 

PONS-MEDULLA 

Weight 

AChE total act. 

AChE/mg protein 

BuChE total act. 

BuChE/mg protein 

133.6 ± 

2014 ± 

107 ± 

60.1 ± 

3.16 ± 

4.7 

8 

1.9 

3.8 

0.10 

146.1 ± 

2081 ± 

104 ± 

75.9 ± 

3.79 ± 

5.5 

12 

3.3 

4.1 

0.08 

143.4 ± 

2133 ± 

112 ± 

66.8 ± 

3.49 ± 

4.8 

8 

20 

5.0 

0.17 

5.39 * 

0.88 

0.25 

9.41 ** 

12.44 ** 

0.24 

0.21 

5.45 « 

4.59 » 

3.59 

1,18 

1,18 

1,18 

1,18 

1 ,18 

REST OF BRAIN 

Weight 

AChE total act. 

AChE/ng protein 

BuChE total act. 

BuChE/mg protein 

500.3 ± 

11220 ± 

178 ± 

234 ± 

3.72 ± 

7.5 

38 

2.2 

4.8 

0.07 

491.2 ± 

11650 ± 

187 ± 

220 ± 

3.53 ± 

9.0 

41 

6.8 

8.0 

0.20 

502.1 

11790 

184 

249 

3.88 

+ 

+ 

+ 

+ 

+ 

8.0 

50 

2.2 

8.5 

0.12 

0.17 

1 .97 

1 .97 

0.00 

0.00 

1 .16 

0.10 

0.19 

7.71 ** 

2.67 

1,18 

1,18 

1,18 

1,18 

1,18 

BODY WEIGHT 291 7.0 300 5.7 290 9. 1 0.31 1 .67 1 ,18 

Table 4.5: Effects of differential inanimate stimulation. 

Brain weight is expressed in mg, body weight in g and AChE and BuChE in nanomoles substrate 

hydrolysed per min. I and II refer to the F-ratio's for Comparison I and II resp. in the 

analysis of variance, df are the degrees of freedom. 

Significance of F-ratio's is indicated by asterisks : * ρ < .05 ; ** ρ < .01 
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4.2.3.4. Discussion 

In the present experiment it was investigated whether exposure of 

socially reared rats to environmental stimulation would produce 

effects on weight, AChE or BuChE activity in seven different brain 

regions. Two conditions were used for environmental stimulation. 

The control rats were exposed to an empty cage; both groups of 

experimental animals were expused to a similar cage enriched by 

spatial complexity or by objects. Spatial complexity was realized 

by a daily varying pattern of barriers which transformed the empty 

cage of the C-condition into a spatially structured one, resembling 

the Hebb-Williams maze. The object-enrichment consisted of a daily 

changing set of objects. The rats were put each day for 2 hours in 

these conditions in groups of twelve during 40 days after weaning. 

The experimental treatments appear to have some effects in common 

and to differ with respect to other variables. The cerebellum is the 

only brain region where no effects are found. 

Most responsive to the experimental conditions are the occipital cor

tex and the pons-medulla. 

In the occipital cortex decreases in weight and total AChE are found 

in B- and 0-animals while the 0-animals show a decrease in weight 

and total and specific BuChE activity, compared to their B-littermates. 

These changes are different from the usual ЕС-IC effect on the occi

pital cortex as discussed before. This discrepancy may be due to se

veral factors. Possible, but not very likely, causes are (1) exposure 

during 2 hours instead of continuous exposure, (2) dissection of the 

tissue sample and (3) the absence of an 1С or SC condition. The first 

factor is unlikely to be of importance since Rosenzweig et al. (1968) 

showed that 2 hours per day differential treatment produced as large 

effects as after continuous exposure. The second factor-dissection 

of the occipital cortex is not a likely cause (a) because the anato

mical ЕС-IC effect on thickness is smaller on the more lateral parts 

of the cortex but not the reverse of those in the dorsal part (Diamond 

et al., 1972) and (b) because the reliability of the dissection was 

improved. This was, in fact, the reason for the change. In the previous 

two experiments the standard deviation amounts to 8- and 9% of the 
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mean value while it is less than 4% m this experiment. Instead of 

rather arbitrarily defined boundaries of the samples, the separa

tion between neocortex and paleocortex -the rhinal fissures- was 

used to delimit the tissue sample. 

The third factor -the absence of an 1С or SC condition- may have an 

influence on the size but not on the direction of the change. The 

most reasonable factor causing the discrepancy seems to be the sxze 

of the envzronment. 

Henderson (1970) reported that size of the cage, especially its 

height, was essential for the enrichment effect on brain weight in 

mice. Maybe, this 'vertical dimension', i.e. the opportunity to 

climb, is also essential for the usual enrichment effects in rats 

Object enrichment and spatial complexity both have similar decreas

ing effects on weight and AChE total activity of the occipital and 

medial cortex. A general increase is found in both 0- and B-rats 

for weight and BuChE total and specific activity of the pons-medulla, 

and remarkably large increases are found for both AChE and BuChE 

specific activities in the frontal cortex. The relatively small 

difference in stimulation between the B- and O-conditions leads to 

differences of more than 10% with respect to BuChE total activity 

in occipital cortex, pons-medulla and rest of brain, and BuChE spe

cific activity in the occipital cortex. Smaller, but still statis

tically significant effects are found for weight of occipital cor

tex, BuChE specific activity in the ventral cortex and AChE speci

fic activity in the pons-medulla. For most of these variables, the 

0-rats differ more than their B-littermates from the C-rats. 

This indicates that object enrichment is more effective than purely 

spatial enrichment. BuChE total activities in pons-medulla and rest 

of brain form an exception to the rule: in the former case the in

crease is much larger in B-rats than in 0-rats while in the latter 

case, the effect is equal but in reversed direction. 

This experiment suggests that structuring the environment by spatial 

complexity may be effective in inducing changes in regional brain 

weight an in AChE and BuChE activities. The different pattern of 

results -compared to the usual enrichment effects as found in the 

first experiment- suggests that the opportunity for climbing is an 

essential feature of the standard Berkeley EC condition. 
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4.2 A Conclusion 

The pioneering research of the Berkeley group, reviewed in the In

troduction, demonstrates that experience affects brain anatomy and 

biochemistry. In thi
1,
 respect their work is a milestone since it 

has reinstated the old forgotten debate on the plasticity of the brain. 

This plasticity is a prerequisite for every physiological theory of 

learning and memory. 

The Berkeley research has been criticized repeatedly (e.g. Karczmar, 

1969, Silver, 1974), the two main objections being aimed at the 

alleged relation between the behavioural and biochemical findings and 

at the possib e significance of small changes. The first objection 

is quite rightly made insofar as in the early publications rather 

simplistic hypotheses were proposed on the basis of mere correlations 

between a few measures of behaviour and AChE activity (cf. Krech et 

al , 1960). The often-cited paper of Krech et al.Q962) about the 

correlation between problem solving and AChE activity has very limited 

value чіпсе the correlations are based on only 15 animals within each 

group. Moreover, it is not clear what is the real significance of the 

measure consisting of the ratio between cortical and subcortical AChE. 

Further, the functional significance of AChE and BuChE is still part

ly unknown (see Chapter I). The second objection, about the possible 

statistical significance of small differences is not justified at all. 

The statistical significance of differences between groups depends 

largely on the consistency of the effects. Large differences are of 

course more likel\ to become significant and surely are more convin

cing to the sceptic. Since the effects are small, each replication 

will not show significant results, although differences have to be 

in the expected direction. 

Which aspects of the differential envnonmental conditions are res

ponsible for the observed effects, especially on AChE and BuChE
9 

This question has been posed repeatedly by the Berkeley group itself, 

but has attracted special interest also from other investigators. 

¿tress -notably isolation stress in the 1С condition-, has been pro

posed as a relevant factor by Geller and coworkers (Geller et al , 

1965, Geller, 1971). They found indications for adrenal activation 
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of some liver enzymes. However, the rather early weaning age of their 

rats (16-19 days) may be responsible for the observed effect. Further, 

whole-brain total AChE activity was also measured; it was increased 

in the EC animals compared to the 1С's but more than brain weight, a 

finding different from the Berkeley results No stress effects of 

isolation were observed in the Berkeley experiments (Rosenzweig et al , 

1970) nor did overt stress (shock or tumbling) experienced daily by 

rats have effects comparable to the ЕС-IC effects (Riege and Morimoto, 

1970). 

Visual stbmulatzon has been proposed repeatedly as an important fac

tor Singh et al. (1967, 1970) reported changes m cortical AChE ac

tivity as a result of extra-cage visual stimulation. Rats reared with 

these patterns showed an increase of 10% in specific AChE activity 

in the occipital cortex. These results contradict those of the Berkeley 

group and could not be replicated by one of the authors at the Berkeley 

laboratories (Maki, 1971) 

Brown (1971) and Brown and King (1971) also concluded that ν suai sti

mulation induced brain changes. However, their conclus on is based 

on theoretical arguments rather than actual observations of rats. 

They used an enrichment condition called 'Intense Visual Stimulation' 

which was supposed to provide visual stimulation, lut which actually 

for the rat was an object enriched environment. Several geometric 

regular and irregular forms made of metal were suspended from the 

roof and walls of cages containing a colony of 10 albino (' ) rats 

for 80 days Rats climb on and bite in these objects rather than sit 

and look at them, as has recently been observed by Bennett et al. 

(¡974) in a replication experiment. The values for AChE reported by 

Brown (1971) deviate considerably from those reported by others and 

doubt exists as to the reliability of her data 

Intermittent visual stimulation was found to be ineffective by Ro-

senzweig et al. (1969) These authors also found the usual, although 

less pronounced, ЕС-IC effects in blinded or dark-reared rats. 

Our experiments suggest that mere social enrichment is ineffective in 

producing changes in occipital cortex weight or AChE and BuChE acti

vity while spatial or object enrichment without the opportunity for 

climbing results in a different pattern of changes in the rat brain. 



Lasting effects of early undernutrition 
on regional brain acetylcholinesterase 
and butyrylcholinesterase activities in the rat. 

5.1, IntroduaLion 

Survpy of the literature 

In recent years a growing number of reports have appeared on the 

impact of undernutrition imposed during the foetal and early post

natal period on the development of brain. From these experiments 

it appears that, in contrast to the mature brain, the developing 

brain is rather sensitive to nutritional insufficiency. In adult 

animals even extreme starvation has little influence on the weight 

and chemical composition of the brain as has been shown for brain 

weight, DNA, RNA and protein content by Lehr & Gayet (1963) and 

Mandel et al., (1950) and for lipid composition by Dobbing (1968a) 

and Joel et al., (1974). Other tissues utilize their lipids and 

proteins as an energy source during starvation but the brain appa

rently is unable to do so. Organs like liver can reduce their num

ber of cells without an impairment of their function; the structure, 

which consists of only a few types of cells, is relatively simple. 

Muscle tissue responds to starvation not with a reduction in the 
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number of cells (nuclei) but with a reduction in the volume of the 

muscle cells (sarcoplasm), (Piatt et al., 1964). The brain, in 

principle, is able to alter the number of glial cells and the vo

lume of neurons, as discussed already in Chapter 4. The mature 

brain, however, does not reduce its number of glial cells or the 

volume of its neurons to any significant degree in response to 

starvation. Presumably the chemical structural composition of the 

brain is preserved to permit a proper functioning, even in the ul

timate stages of starvation. This immunity to starvation is stri

kingly contrasted with the extreme dependence of the adult brain 

on a continuous blood-bome supply of oxygen and glucose, depriva

tion of which for only a few minutes causes irreversible brain 

damage (cf. Bradford 1968). The very high metabolic rate of the 

brair can only be sustained by a continuous, large supply of exo

genous glucose and other nutrients. The immature brain -still grow

ing and not yet functioning properly- however, appears to be sen

sitive to nutritional deficiencies. 

Criticai periods during development. 

Critical periods during development of the nervous system have been 

proposed by several workers from various disciplines. Confusion, 

however, exists will· respect to the definition of the term 'criti

cal period'. It has been used most extensively in behavioural re

search to indicate particular periods during development of the 

organism when various aspects of its behaviour are particularly 

susceptible to modification. 

Critical periods have been most clearly demonstrated for the im

printing phenomenon. Immediately after hatching the young bird will 

follw any moving object, if it fullfils certain minimal require

ments. After a short period of time it is imprinted on this object 

and subsequently it will abstain from following other stimuli. 

In natural setting this process serves to create a bond between 

mother and young (see Hess 1959, Hinde 1966). King (1958) and 

Scott (1962) speculated that in mammals as well as in birds, so

cial and sexual behaviour are organized during 'a critical period' 

by environmental influences. After this period, behavioural res

ponses to social and particular environmen .il stimuli would be 
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more or less fixed. These theories about one or a few critical 

periods for behavioural development have been criticized on 

grounds that different sensitive periods may exist for the devel

opment of different aspects of behaviour, making generalized theo

ries about one general critical period useless (Schneirla and Ro

senblatt 1963, Hinde 1966, Rosenblatt 1971). 

A somewhat similar concept of critical periods during development 

is used in neuro-endocrinology. Certain hormones exert 'organi

zing' influences on the nervous system only during such critical 

periods; this 'organization' determines the later 'activating' 

effects of the same hormones (Ktetek, 1971). Androgens, for ex

ample, have been found to organize the male-specific differentia

tion of the brain. Absence of androgenic steroids during the cri

tical period induces the female brain pattern. After the criti

cal period, which in the rat occurs in the early postnatal phase, 

the brain no longer is susceptible to permanent hormonal modifi

cation. Although the organizing effect of androgenic steroids on 

the sexual differentiation of the brain and also of the external 

genitals is clearly established, it is still uncertain whether 

these steroids have a similar effect on the differentiation of 

sexual behaviour patterns. This has been postulated by Phoenix 

and co-workers (cf. Phoenix et al., J968), but Beach (1971) has 

opposed this concept strongly. 

In developmental neurochemistry Flexner (1955) introduced the term 

'critical period' in a quite different sense: a period during which 

several variables simultaneously show their highest rate of matu

ration. Flexner (1955) speculated that the differentiation of the 

immature neuroblast into thu mature nerve cell constitutes a cri

tical period during which a series of cytological, chemical and 

functional changes in a close temporal relationship take place 

(in rat cerebral cortex around the 10th day postnatally). Flexner 

evidently used the term 'critical period' in a purely descriptive 

way. It has also been used in this way by Greengard (1971) to des

cribe three periods in the development of rat liver and kidney 

when clusters of enzymes show rapid maturation, i.e. the late foe

tal, the neonatal and the late suckling cluster. 
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Davison and Dobbing (1968) suggested a general scheme consisting 

of four developmental stages in animals. One of these stages, the 

period of the brain 'growth spurt' is supposed to be a critical 

period. In the rat, this period comprises the second and third 

postnatal week. The authors rightly stress the fact that the term 

'critical period' is often misleading since different authors 

apply it to different events and since it is sometimes implied 

that developmental processes occurring simultaneously are caus

ally related. Moreover, changes may in fact not occur simultane

ously, but rather sequentially. In his vulnerable-period-hypothe

sis, Dobbing (1968b) further elaborates the concept of the brain 

growth spurt as a critical period. The hypothesis states that 

"if a developmental process can be restricted by any agency at 

the time of its fastest rate, not only will this delay the pro

cess, but will restrict its ultimate extent, even when the re

stricting influence is removed and the fullest possible rehabili

tation obtained" (Dobbing, 1968b, p.289). Hence Dobbing does not 

use the concept of critical periods in a purely descriptive way 

like Flexner did. Further, Dobbing implies that there exists a 

more than coincidental relation between the physical development 

of the brain and the behavioural development of the animal. Al

though during the last years he and his co-workers made a major 

effort to test the vulnerable-period-hypothesis for both brain 

and behaviour development (cf. Dobbing and Smart, 1974) the rela

tion between both kinds of variables studied is still far from 

clear. Dobbing (1968a and b) assumes that during the brain growth 

spurt undernutrition irreversibly affects the brain. 

According to Winick and Noble (1965, 1966) and also Altman et al. 

(1970), the critical periods during development of the brain coin

cide with the periods of cell division. The irreversible changes 

found in the brain of foodrehabilitated undernourished subjects, 

would be consequences of the reduced number of cells. The authors 

confirmed the findings of Enesco and Leblond (1962) on the pattern 

of cell growth in the rodent brain. In general, growth of the rat 

brain starts in utero with a period of cell divisions (hyperplasia) 

when most neurons are formed. This is followed by a period of 
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hypertrophy of neurons and hyperplasia of glial cells. This pe

riod comprises roughly the first two weeks of postnatal life. 

After this period growth consists of hypertrophy only: both 

glial cells and neurons increase in size and the very important 

myelination of axons is performed by glial cells at maximum 

speed. 

Winick et al. (1968) argue that growth retardation leads to irre

versible changes if imposed during the periods of hyperplasia. 

Deficits due to growth retardation during the periods of hyper

trophy would be reversible by subsequent nutritional rehabilita

tion. Dobbing (1968b), on the other hand, assumes that dendritic 

proliferation, synaptogenesis and outgrowth and myelination of 

axons are critical developmental processes as well. These pro

cesses continue after the first two weeks in the rat's postnatal 

life, myelination reaching a maximum around day 22 (Galli and 

Cecconi, 1967). Both Winick (1969) and Dobbing (1971b) stress that 

not only duration and severity of the food restriction, but also 

its timing is of primary importance. 

Effects of early undernutrition. 

It has been found that in the rat undernutrition during the pre

natal period leads to a reduction in brain DNA (Zamenhof et al. 

1968; Zeman and Stanbrough, 1969). Dietary deprivation during the 

suckling period also leads to a reduction in brain DNA and cell 

number (Culley and Lineberger, 1978; Guthrie and Brown, 1968; 

Howard and Granoff, 1968; Dobbing et al., 1971). However, the pre

cise effects on cell proliferation are not clear since cell num

ber appears much less reduced than rate of incorporation of la

belled thymidine into DNA (Patel et al., 1973). This may be due 

to a reduced rate of death of an excess of undifferentiated cells 

(Levi-Montalcini, 196Д). Lewis et al. (1975) found that the pro

gress through the cell cycle of the dividing cells of the cerebral 

subependymal layer and the cerebellar external granular layer was 

changed during undernutrition: at all times (i.e. 1,6, 12 and 21 

days postnatally) the DNA-synthesizing phase (S-phase) was markedly 

prolonged, whereas the Gl-phase was shortened. Total cell cycle 
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times were still unchanged at day 12, but prolonged at day 21. 

The increased length of the S-phase can explain partly the re

duced rate of DNA synthesis. Bass et al. (1970) found in the so

matosensory cortex a decreased migration of cells. The findings 

of Barnes and Altman (1973) support such a delayed migration, 

since they found some compensdtory increase in the number of 

granule cells in the absence of mitosis in the cerebellum of 

undernourished rats between the 20th and 30th postnatal day, this 

increase was not seen in well-fed animals. 

RNA-metabolism is affected as well. Winick et al (1972) report 

an increase m the incorporation of labelled orotic acid into 

the pool of RNA nucleotides, and into RNA itself, RNA content 

was decreased and the degradation of RNA w^s in<-ceased immedia

tely after postnatal undernutrition. According to these authors 

alkaline RNase signficantly regulates RNA metabolism and its ac

tivity was found to be related inversely to RNA content, which is 

decreased in the undernourished brain. Many changes in the meta

bolism of proteins and amino acids as well as in intermediary me

tabolism are found in young undernourished rats, but practically 

all of them disappear after nutritional rehabilitation. A notable 

exception constitutes the increased mitochondrial oxygen consump

tion which is still significant four weeks after weaning to an 

ad ІгЪ. good quality food (Yang et al., 1974). 

Lipid metabolism and especially myelmation have been studied fre

quently. Undernutrition reduces the synthesis of myelin lipids 

(Benton et al., 1966, Chase et al , 1967, Bobbing, 1968a) and mye

lin protein (Wiggins et al , 1976). The accumulation of cholesterol 

is also markedly affected (Dobbmg and Widdowson, 1965, Dobbmg, 

1968a). Myelmation seems to be affected irreversibly both in the 

central (Dobbmg, 1968a) and the peripheral nervous system (Sima, 

1974). 

The consequences of early undernutrition on endocrine activitifs 

have not been investigated very extensively Stephan et al , (1971) 

and Roeder and Chow (1973) found the pituitary gland to be irre

versibly reduced m weight after early malnutrition Roeder and 



Chow (1973) propose pituitary insufficiency as the m a m гаиье of 

a variety of effects. Both amount and concentration of growth hor

mone in the pituitary were found to be lowered in the undernou

rished animals; this may affect skeletal growth and DNA synthesis 

in various organs. It may also lead to an insulin deficiency, which 

would be compatible with several other effects found, namely im

paired fat cell formation and blood glucose tolerance. Shoemaker 

(1973), on the other hand, measured the release of corticosterone 

by the adrenals and he concluded that there was no pituitary in»-

sufficiency. He measured the plasma corticosterone levels after 

both ether stress and ACTH injection and found lower corticoste

rone levels in both cases in the undernourished animals. There

fore, he concluded that it was the adrenal cortex that was prima

rily deficient and not the pituitary. Adlard and Smart (1972) also 

found a decreased adrenocortical function m previously undernou

rished rats. 

Neurotransmitters and their related enzymes have been studied more 

frequently, mostly with the purpose of relating them to behavioural 

effects. As discussed below, the behdvioural effects of undernu

trition are not very clear, however. 

Shoemaker and Wurtman (1971, 1973) studied the metabolism of the 

catecholamines; in pre- and postnatally deprived rats they found 

reduced total amounts of dopamine and noradrenaline m whole-brain 

of 24 day old animals but increased concentrations expressed per 

unit weight. At the age of 3 months, however, -after nutritional 

rehabilitation- no differences in the levels of both catecholami

nes were found. 

Sereni et al., (1966) also measured noradrenaline concentrations 

in whole-brain of rats undernourished by the big-litter-technique 

(see below) but found no effect of the treatment at the age of 

35 days, although at younger ages the noradrenaline concentration 

was depressed. 

Shoemaker and Wurtman (1973) measured uptake of intracisternally 

injected labelled noradrenaline by the brain tissue. The initial 

uptake was taken as an index of tbt number of catecholammergic 
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neurons in the brain; no differences were found between control 

and underfed animals. 

Serotonine levels in whole-brain were measured by Sereni et al. 

(1966) and found not to be different from the age of 14 days on. 

Tricklebank and Adlard (1974) found the turnover of serotonine 

to be increased in the hippocampus of adult rats, undernourished 

pre- and postnatally. In other brain regions no differences were 

found. 

Adlard et al., (1972) found an increased activity per unit weight 

of glutamate decarboxylase, the aminobutyrate synthesizing enzyme, 

both in the cerebellum and forebrain of adult, previously under

nourished rats. 

Whole rat brain acetylcholine has been measured by Rajalakshmi 

et al. (1974). Postnatal undernutrition had no effect on ACh con

centration during the first 4 weeks of life, but more severe, 

prolonged post-weaning malnutrition resulted in a decrease in 

ACh concentration. However, the undernutrition technique used by 

these authors -the big-litter-design- is not very reliable and 

no nutritional rehabilitation was applied. 

Acetylcholinesterase has been studied by several authors. Whole-

brain specific AChE activity was found to be decreased during 

postnatal undernutrition (Sereni et al., 1966; Adlard and Dobbing 

1971a) but increased after a period of nutritional rehabilita

tion (Adlard and Dobbing, 1971b). An increased whole-brain AChE 

specific activity was also found by Im et al. (1971) in adult 

rats which had been undernourished postnatally during 7 weeks. 

Adlard and Dobbing (1972) found an increase in specific AChE ac

tivity in cerebrum, cerebellum and brainstem of 3 month old, pre

viously undernourished rats. 

Similarly, Im et al. (1973) found an increase in specific ChE ac

tivity in comparable brain regions in 6 month old, previously 

undernourished pigs. Adlard et al. (1974) divided the brain of 

12 week old female rats into cerebellum, striatum and residual 

brain. A 6 week postnatal undernutrition period resulted in an 

increase in specific AChE activity in the cerebellum and residual 
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brain, but not in the striatum. Prenatal undernutrition had no 

effect on AChE. 

Eckhert et al. (1976a) studied the effect of prenatal, postnatal 

and postweaning undernutrition in the rat. AChE and ChAt were de

termined in cerebellum, forebrain and brainstem (the latter inclu

ding also the striatum). Measurements were made at an age of 49 

days. Prenatal undernutrition led to a decrease in AChE/mg protein 

in the forebrain, but to an increase in the brainstem. Postnatal 

undernutrition had no effect on AChE/mg protein in the forebrain 

but in the brainstem AChE/mg protein was increased. The effect of 

postweaning undernutrition was generally similar to that of post

natal preweaning undernutrition. However, in the postweaning treat

ment acute and chronic effects of undernutrition were mixed since 

the rats were not nutritionally rehabilitated before being sacri

ficed. No effects were found with respect to the cerebellar AChE 

activity. 

Similar effects as on AChE activity were found for ChAt activity 

in the forebrain. In the brainstem, however, ChAt activity was 

always decreased. In the cerebellum ChAt activity was decreased 

after postnatal undernutrition, but increased after prenatal or 

postweaning undernutrition. 

Eckhert et al. (1976b) studied the development of the specific 

AChE and ChAt activities (per unit weight) in the brainstem. Un

fortunately, the size of the litters was apparently not kept con

stant. The specific AChE activity was found to be increased after 

4 weeks of postweaning nutritional rehabilitation, but not during 

the deprivation period. The specific ChAt activity was decreased, 

both during postnatal underfeeding and after the nutritional re

habilitation period. 

In an earlier publication (Eckhert et al., 1975) these authors 

studied the effect of daily handling during the postnatal under

nutrition treatment on whole-brain ChAt and AChE activity. It was 

found that the specific AChE activity (per unit weight or protein) 

was increased in undernourished rats; handled controls and handled 

undernourished rats did not differ. The authors concluded that 

"when both groups are handled the increase in acetylcholinesterase 
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activity in brain homogenates disappears". Inspection of the mean 

values, however, reveals that the situation is quite different: 

for AChE/g weight the values (means and S.E.M.) are: 8.82 ±.14 

for unhandled controls; 9.52 ±.46 for handled controls; 9.64 ±.18 

for unhandled underfed rats and 9.72 ±.23 for handled underfed 

rats. 

Thus the interaction between handling and undernutrition does not 

consist of a disappearance of the increase in AChE activity in 

undernourished rats; handling and undernutritition cause similar 

increases which are not additive. (Besides, use of analysis of 

variance instead of multiple t-tests would have been more appro

priate) . 

Experimental designs 

Essentially four designs have been used: 

(1) providing the mother with a restricted quantity of good-

quality food; 

(2) providing the mother with a low-protein diet ad lib; 

(3) providing the mother with an exceptionally large litter; 

(4) restricting feeding time in the suckling rats. 

Evidently, designs (3) and (4) cannot be used to establish prena

tal undernutrition. Furthermore, the undernourished sucklings are 

in both designs deprived considerably of maternal care; the re

sults are often variable (cf. Altman et al., 1971). 

The first two designs are frequently used. It is sometimes believed 

that the two techniques are qualitatively different, design (1) be

ing protein-calorie malnutrition or undernutrition and design 

(2) protein malnutrition. In their strictly nutritional aspects, 

however, these two techniques probably do not differ much. The 

effect of both protein-calorie undernutrition and protein malnu

trition on the lactating rat is to reduce the volume of the milk 

and not to change the composition of the milk. This was found al

ready in 1946 by Mueller and Cox and has been recently replicated 

by E. Carlson and S.A. Miller (personal communication to Shoemaker 

and Wurtman, 1973). 

With respect to the behavioural effects of undernutrition, non-

nutritional behavioural aspects are important; in this respect 



designs (1) and (2) probably differ. In both techniques, nater-

nal care covaries with undernutrition. Smart and Preece (1973) 

found that mothers receiving restricted amounts of food -i.e. 

design (l)
-
 spent less time with their young than controls. 

Massaro et al. (1974), on the other hand, found an increase in 

maternal care in dams receiving a low-protein diet. 

It has been emphasized by Plaut (1970) and Lynch (1976) that 

differences in social conditions between control and undernou

rished animals may have important consequences for their be

havioural development. 

When differences in maternal care are minimalized, many beha

vioural effects of the standard undernutrition treatments appear 

to be absent (Slob et al., 1973; Raaijmakers and Sennef, 1975; 

Howard et al., 1976). It seems probable that maternal care and 

other non-nutritional factors are more important than nutrition 

itself for the behavioural development of the sucklings. This 

conclusion has important consequences for brain and behaviour re 

search, this matter will be taken up again in the Discussion 

Aims of the present study 

The aims of the present study were: 

(1) to study in more detail the effect of early undernutrition 

on brain regional AChE and BuChE activity after a period of 

nutritional rehabilitation, 

(2) to compare the effects of pienatal, postnatal and combined ρ 

and postnatal undernutrition, 

(3) to determine whether the effects are really irreversible. 

5.2 '¿azenals and methods 

Breeding regimen. Sixty virgin, female random-bred Wistar rats 

(WU SPF 63 Cpb) were mated two to one male. Vaginal smears were 

taken daily to control for the presence of sperm. The day sperm 

was detected, was takrn to be the first day of gestation.Sperm-

positive females were put individually in a standard Makrolon 

cage (39*27x15 cm) with sterilized wood shavings as bedding ma

terial. 
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Nutritional regimens. Beginning at day 7 of gestation females 

were assigned to one or two conditions: in the prenatal undernu

trition condition (G") they received half the average amount of 

food (standard rat food, Hope Farms), consumed on the preceding 

day by the rats in the control condition (G ). One or two days 

after birth litters were reduced to 8 sucklings, at least one of 

them being a female. G and G" litters were assigned to either a 

postnatal control condition (L ) or undernutrition condition (L")· 

Postnatal undernutrition of the sucklings was realized by 

feeding the dams half the average amount of food consumed by the 

control rats. 

From day 22, all nests received food ad lib. 

Housing aonditions. During the suckling period, room temperature 

was kept at 27-29 С to prevent a serious fall in body temperature 

of the undernourished young when left alone by the (hungry) mother 

and still being unable to regulate their own body temperature. 

Rats were weaned at 32 days of age. Littermate males were housed 

pairwise in standard Makrolon cages at 20 С. 

Experimental procedures 

Four conditions were used: control ( G L ) ; prenatal undernutri

tion (G"L ); postnatal undernutrition (G L") and pre- and post

natal undernutrition (G"L"). In each condition, one or two males 

from 7 to 11 litters were sacrificed at the age of 8 weeks (ju

veniles) or of 8 months (adults). The number of subjects in each 

group was 10 (G L" and G"L" juveniles; G L" adults) or 11 (all 

other groups). 

Brains were dissected into seven parts as described in Section 

A.2.3.2. The brain samples were weighed in preweighed pieces of 

aluminium foil. They were frozen in liquid nitrogen and stored 

in closed vials at -7й°С until analysis. 

AChE was determined on the Triton supernatant as described in 

Section 2.4.1. Determination of BuChE and protein was carried out 

as usual (see Section 2.1). 



Statbstieal procedures 

Before analyzing the results tthe slippage-test of Poornbos 

(De Jonge, 1964, p.664) was used to test whether an extreme score 

was due to sampling ermr alone. If it was not, such 'outliers' 

were excluded. For this reason, the number of degrees of free

dom in the analysis of variance are sometimes less than the usual 

number. 

The statistical analysis should be aimed at answering the follow

ing four questions regarding the effect of early undernutrition 

after a period of nutritional rehabilitation: 

Questzon 1: Does a period of undernutrition in early life in gene

ral -i.e. irrespective of duration and timing of the period- alter 

brain regional AChE or BuChE activity, fresh weight or protein 

content, and body weight'' 

Questbon 2: Do relatively longer and shorter periods of undernu

trition have differential effects on the various parameters9 

Questzon 3. Do prenatal and postnatal undernutrition have differ

ential effects on the various parameters9 

Question 4: In how far are effects of early undernutrition still 

present in adult animals' 

In order to answer these question the following analyses have been 

performed 

(1) Analysis of variance using a hierarchical design on the data 

of the juvenile rats Three comparisons corresponding to the 

first three questions are made in this design: 

Comparison I the G L mean value is compared with the average 
_ + + 

of the G"L , G L and G"L" means 

Comparison II. the G"L" mean value is compared with the avera-
+ + 

ge of the G L and G L means. 

Comparison III: the G L mean value is compared with the G L" 

mean value. 

Comparison I, II and III correspond to Question 1, 2 and 3 

respectively. 

(2) The data for the adult animals are tested in exactly the same 

way, i.e. according to the same set of comparisons m the 



-184-

analysis of variance. Comparing this analysis with the former 

one will provide an answer to Question 4. 

(3) In order to be able to interprete fully the results of the pre

vious analyres, it is important to know whether there exists an 

age difference between juvenile and adult rats for a variable 

under study. For that reason the differences in mean values be

tween the juvenile and adult control ( G L ) groups were tested 

for statistical significance by t-tests. 

5.3. Results 

The r e s u l t s for the juveni le r a t s are shown in Table 5 . 1 . 

Question 1 

The first question wis formulated as follows: Does a period of un

dernutrition in early life alter regional biain AChE activity, BuChE 

activity, fresh weight or protein content or body weight m the rat 

in generel, i.e. irrespective of duration and timing of the period
9 

Comparison I of the analysis of variance corresponds to Question 1, 

in that the mean value for G L rats is compared to the average mean 
+ + 

value for G L , G L and G L rats. 

Вгагп weight is decreased in the undernourished animals for all brain 

regions except" the ventral cortex (for which an increase m the G"L 

group is present) 

Protein content, like bjain weight, is decreased m the undernourish

ed animals in all brain regions except the ventral cortex, in which 

case the decrease is nearly statistically significant (.05 < ρ < ,06) 

In the three experimental groups combined total AChE aetivi fy is de

creased on an average in medial cortex, cerebellum and rest of bram 

No general effect of undernutrition on total AChE is found in the 

For the purpose of convenience, a summary of all results 

is presented in Table 5.4. 



BRAIN REGION G L G L 

OCCIPITAL COPIE/ 
fresi weight 126.0 ± 1.7 115.2 ± 3.5 

protein content 17.5
 +
 .28 16.1

 +
 .62 

AChE total 794 ± 20 784 ± 29 

BuChE total 22.1 ± 1.1 22.8 ± 1.6 

AChE/mg protein 45.5 ± .9 49.0 ± 1.8 

BuChE/mg protein 1.26 ± .05 1.42 ± .09 

MEDIAL CORTEX 

fresh weight 143.1 + 2.1 139.9 ± 3.3 

protein content 19.2 ± .28 18.4 ± .38 

AChE total 1245 ± 37 1064 ± 31 

BuChE total 28.5 ± 1.0 20.2 ± 1.7 

AChE/mg protein 64.8 ± 1.6 57.9 ± 1.5 

BuChE/mg protein 1.49 ± .05 1.10 ± .09 

FRONTAL CORTEX 
fresh weight 206.1 ± 4.5 189.8 ± 3.8 

protein content 26.6 ± .70 24.5 ± .50 

AChE total 1194 ± 57 1369 ± 56 

BuChE total 27.5 ± 1 . 3 31.6 ± 1.5 

AChE/mg protein 45.0 ± 1.8 55.8 ± 1.9 

BuChE/mg piotein 1.03 ± .03 1.30 ± .07 

VENTRAL CORTEX 
fresh weight 308.4 ± 5.7 315.8 ± 7.3 

protein content 39.9 ± .69 40.2 ±1.05 

AChE total 5430 + 240 5560 ± 240 

BuChE total 54.8 ± 2.3 52.8 ± 1.8 

AChE/mg protein 136 ± 4.0 J 38 ± 3.6 

BuChE/mg protein 1.38 ± .06 1.31 ± .03 

± SEM 

G
+
L

_
 G~L' 

113.1 ± 

15.8 ± 

796 ± 

22.0 ± 

50.2 ± 

1 .39 ± 

2.5 
.37 

32 

1 .5 

1 .7 

.09 

99.2 ± 

12.6 ± 

662 ± 

18.3 ± 

52.5 ± 

1.44 ± 

2.6 
.50 

30 

1.3 

1.3 

.06 

133.8 ± 

18.3 ± 

1096 ± 

24.4 ± 

60.0 ± 

1 .34 ± 

3.0 
.37 

60 

.9 

3.2 

.05 

132.3 ± 

17.3 ± 

1056 ± 

26.5 ± 

61 .2 ± 

1 .53 ± 

2.2 

.28 

30 

.9 
2.0 

.04 

186.4 ± 

23.4 ± 

1433 ± 

29.9 ± 

60.1 ± 

1.26 ± 

2.4 

.50 

77 

1 .7 

2.7 

.0/ 

164.9 ± 

20.7 ± 

1347 ± 

38.8 ± 

65.1 ± 

1 .89 ± 

2.9 

.35 

63 

3.5 

3.0 
. 18 

293.2 ±10.7 

37.3 ±1.25 

5610 ± 280 

57.0 ± 2.5 

150 ± 4.7 

1.53 ± .05 

281.5 ± 

35.0 ±: 

4710 ± 

49.8 ± 

135 ± 

1.42 ± 

8. 1 

1 .16 

200 
2.7 

3.2 

.06 

ANALYSIS OF VARIANCE 

I II III df 

30.82 * 

23.86 " 

2.1 1 

.43 

8.96 ' 

3.78 

19.97 " 

33.78
 4 

13.39
 3 

5.73 ' 

2.37 

. 1 1 

.31 

.21 

.08 

.16 

.34 

.09 

1 ,37 

1 ,37 

1 ,37 

1 ,37 

1,37 

1 ,37 

6.19 ' 1.78 

10.53
 2
 5.90 ' 

14.92
 3
 .24 

12.89
 э
 8.10

 2 

4.80 ' .73 

5.17 ' 15.26
 э 

2.41 
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6.32 ' 
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 2 

1 ,38 

1 ,38 
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1,38 
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1,38 
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 2 
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.49 
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1 .64 
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1 .60 

3.86 

.24 

.39 
1 .27 
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5.28 ' 

8.54
 2 

8.45
 2 

3.13 

3.64 

.00 

3.92 

3.90 

.02 
1 .61 

4.80 ' 

10.06
 2 

1,38 

1,38 

1,38 

1 ,38 

1,38 

1,38 



CEREBELLUM 
fresh weight 

protein content 

AChE total 

BuChE total 

AChE/mg protein 

BuChE/mg protein 

PONS-MEDULLA 
fresh weight 

protein content 

AChE total 

BuChE total 

AChE/mg protein 

BuChE/mg protein 

REST OF BRAIN 
fresh weight 

protein content 

AChE total 

BuChE total 

AChE/mg protein 

BuChE/mg protein 

BODY WEIGHT 

218.9 

30.7 

1045 

51.1 

34.0 

1.66 

152.5 

21.2 

2100 

46.2 

99.2 

2.15 

445.2 

55.8 

10230 

158 
184 

2.82 

184.6 

± 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ • 

+ 

+ 

± 

+ 

+ 

2.3 
.40 
21 
3.7 
.7 
.11 

4.6 
.83 
79 
3.4 
1.0 
.1 1 

9.2 
1.28 

250 
9.3 
4.4 
.14 

4.0 

21 1 .0 

28.1 

978 
43.3 

34.8 

1.55 

135.9 

18.4 

1940 

48.4 

105.5 

2.60 

420.3 

52.8 

9340 

132 
177 

2.48 

181 .0 

+ 

± 
+ 

+ 

± 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

± 

+ 

+ 

± 

+ 

+ 

+ 

3.3 
.72 
49 
4.4 
1 .4 

.16 

4.4 
.61 
69 
3.4 
1.9 
.12 

10.1 

1 .51 

200 
7.2 
2.8 
.08 

6.7 

186.6 

25.2 

963 
45.4 

38.1 

1.80 

148.4 

18.7 

2190 

59.4 

117.7 

3.19 

395.6 

54.2 

9730 

119 
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2.17 

142.6 

+ 

+ 

+ 

+ 

+ 

+ 

± 

± 

+ 

± 

+ 

+ 

± 

+ 

+ 

+ 

+ 

± 

+ 

4.4 
.59 
46 
2.1 
1.3 
.07 

5.2 
.93 
99 
3.7 
2.4 
.12 

8.7 
1.18 

320 
5.2 
3.2 
.06 

3.7 

170.3 

25.9 
794 

47. 1 

31.1 

1.87 
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19.0 

2050 

50.5 
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2.63 

352.7 

44.9 

8920 
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199 

4.54 

126.6 

+ 

+ 

± 

± 

± 

+ 

± 

+ 

+ 

+ 

± 

+ 

+ 

+ 

+ 

±: 

+ 

+ 

+ 
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1.3 
24 
2.2 
1 .2 

.13 

4.4 
.83 
70 
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3.2 
.12 

6.6 
.73 
170 

26.2 
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.62 

2.2 

52, 
22. 
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2, 

6, 
7. 

2, 
20. 
24. 
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13 
10 

44 

.24 

.17 

.76 

.37 

.22 

.31 

.32 

.75 

.21 

.63 

.94 

.22 

.61 

.82 

.87 

.18 

.14 

.45 

.38 

4 

4 

1 

1 

2 

4 

4 

4 

3 

2 

4 

40. 

14 

13 
1 

2 

1 
3 

25 
31 
4 
18 
23 
31 

38 

.50 * 

.57 

.38
 3 

.44 

.00
 3 

.53 

.24 

.21 

.02 

.58 

.09 

.14 

.13 * 

.42
 4 

.28 ' 

.36
 3 

.13
 4 

.74
 4 

.38
 4 

22 
6 

3 
2, 

3 

4 
4 
15 
12 

3 

1 

35 

.86
 4 

.36 ' 

.07 

.20 

.86 

.07 

.63 

.04 

.67 ' 

.85 ' 

.07
 э 

.64
 3 

.88 

.61 

.33 

.37 

.18 

.45 

.34
 4 

1,38 

1,38 

1,38 

1,38 

1,38 

1,38 

1,38 

1,38 

1,38 

1,38 

1,38 

1 ,38 

1,38 

1,38 

1,38 

1,37 

1,38 

1,37 

1,38 

Table 5.1: Effects of early undernutrition on juvenile rats. 

Means i S.E.M, are presented as well as the results of the analyses of variance. Values 

are expressed as follows: brain weight and protein content in mg; AChE and BuChE activi

ties in nanomoles substrate hydrolysed per min.; and body weight in g. 1,11 and III refer 

to the F-ratio's for Comparisons I, II and III in the analysis of variance; df to the 

number of degrees of freedom. The level of statistical significance is indicated as 

follows : : Ρ .05; .01 ; .001 .0001 



BRAIN REGION 
+ + 

G L 

OC'II'LT A ̂  t'Omit X 
fresh weight 
protein content 
AChE total 
BuChE total 
ACliE/mg protein 
BuChE/mg protein 

MLDIAi, COEILX 
fresh weight 
protein content 
AChE total 
BuChE total 
AChE/mg protein 
BuChE/mg protein 

IRON TAL (O'-ÎTLX 
fresh weight 
protein content 
AChE total 
BuChE total 
AChE/mg protein 
BuChE/mg protein 

VEVTRAL CORTEX 
fresh weight 
protein content 
AChE total 
BuChE total 
AChE/mg protein 
BuChE/mg protein 

122.0 

15.5 

71 1 

22.4 

46.0 

1.46 

138.9 

18.4 

949 
30.8 

51 .6 

1 .67 

212.4 

28.4 

1680 

38.8 

59.4 

1.36 

341.1 

42.1 

4640 

60.9 

109 
1.45 

+ 

± 
+ 

+ 

+ 

+ 

+ 

+ 

4-

+ 

± 

+ 

+ 

+ 

+ 

± 
± 
+ 

± 

± 
± 
± 
± 
-f 

2.8 
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1 .6 

1 .0 

.1 1 
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22 
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1 .4 

.08 
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.95 
73 
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2.0 
.07 
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1 .3 

150 
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3.9 
.09 

1 15.8 

14.5 
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45.9 

1 .47 
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17.4 

918 
27.4 
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1.57 

198.5 

26.3 

1630 

37.2 

61.8 

1.42 

327.8 

41.5 
4480 

60.5 

108 
1 .45 

± SEM 

G+L~ G_L' 
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15.4 ± 
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.51 
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1 .3 

1.6 

.09 

205.4 ± 
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1800 ± 

38.0 ± 

65.7
 + 

1.40 ± 

4.9 

.75 

79 

2.4 

2.0 

.09 

190.0 ± 

24.4 ± 

1610 ± 

33.9 ± 
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1 .39 ± 

4.7 

.63 

53 

1.2 

1 .7 

.04 
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4490 ± 

60.5 ± 

1 14 ± 
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2.3 

3.3 

.07 
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4040 ± 

52.2 ± 

1 1 1 ± 
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6.4 

1 . 1 
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4.1 

2.4 
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ANALYSIS OF VARIANCE 

I II III df 
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CEREBELLUM 
fresh weight 261 .2 ± 4.4 
protein content 38.2 ± .77 
AChE total 1160 ± 31 
BuChE total 56.1 ± 3.2 
AChE/mg protein 30.4 ± .8 
BuChE/mg protein 1.47 ± .08 

242.8 ± 4.3 227.8 ± 6.8 
34.5 ± .72 32.1 ±1.04 
1009 ± 26 1000 ± 39 
53.0 ± 3.3 50.6 ± 2.3 
29.2 ± .6 31.2 ± .6 
1 .54 ± .11 1.59 ± .08 

ro\¡:-:£D¡jT LA 
fresh weight 211.8 ± 6.9 
protein content 32.6 ± 1.5 
AChE total 2720 ± 204 
BuChE total 41.9 ± 4.1 
AChE/mg protein 83.3 ± 3.6 
BuChE/mg protein 1.31 ± .14 

187.3 ± 5. 205.3 ± 5.3 
27.1 ± 1.0 30.6 ± 0.8 
2150 ± 80 2600 ± 14 
36.6 ± 4.8 56.0 ± 5.2 
79.4 ± 1.5 84.7 ± 3.0 
1.34± .18 1 .81 ± .13 

ULST OF BRAI¡\ 
fresh weight 587 ± 15 
protein content 83.3 ± 3.4 
AChE total 12380 ± 300 
BuChE total 203 ± 9 
AChE/mg protein 150 ± 4.1 
BuChE/mg protein 2.46 ± .11 

564 ± 15 523 ± 17 
77.6 ± 4.3 69.4 ± 4.2 
12370 ± 230 12150 ± 310 
193 ± 13 202 ± 14 
164 ± 8.3 180 ± 9.2 

2.52 ± .14 2.94 ± .16 

З О О У WEIGH:' 410 9.2 379 ±10.6 354 ±11.9 

Table 5.2: Effects of early undernutrition on adult 

See Table 5.1 for further explanation. 
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.72 
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1,39 
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1 .2 
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4.9 
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496 ± 
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1 1550 ± 

213 ± 

172 ± 

3.26 ± 

301 ± 

12 

1 .4 
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8.9 
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1 .35 

.00 
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 2 

31.00
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 2 

27.45
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occipital cortex 

medial cortex 

frontal cortex 

ventral cortex 

cerebellum 

pons-medulla 

rest of brain 

body weight 

weight 

1.23 

1.27 

0 . 8 5 

3 . 5 7 + 

8.59* 

7 . . 3 * 

8 .15* 

22 .32* 

(- 3) 

(- 3) 

(+ 3) 

(+11) 

( + 19) 

(+39) 

(+32) 

(+122) 

-pro, 

3 . 7 . + 

1.78 

1.54 

1.58 

8.63* 

6 .56* 

7 . 5 3 * 

tein 

(-11) 

(- 4) 

(+ 7) 

(+ 6) 

(+24) 

(+54) 

(+49) 

Acm 

2 . 6 6 * 

6 .92* 

5.29* 

2 . 6 7 * 

3 . 0 3 + 

2 . 8 4 + 

5.47* 

total 

(-11) 

(-24) 

(+41) 

(-15) 

( + 11) 

(+30) 

(+21) 

BuChE 

0 . 1 6 

1.07 

3 . 8 0 + 

1.30 

1.00 

0.82 

3 . 5 . + 

total 

(+ О 

(+ 8) 

(+41) 

(+11) 

(+10) 

(- 9) 

(+28) 

AChE 
/mg protein 

0 . 3 7 

6.16* 

5.27* 

1.95 

3 . 4 4 + 

4 . 2 2 * 

5 .59* 

(+ О 

(-20) 

(+32) 

(-20) 

(-11) 

(-16) 

(-19) 

BuChE 
/mg protein 

1.62 (+16) 

1.80 (+12) 

4 . 2 0 * (+32) 

1.41 (+ 5) 

1.36 (-11) 

4 . 8 3 * (-39) 

2 .04 (-13) 

Table 5.3: Age differences between juvenile and adult control (G+L+) rats. 

Values for the t-tests are shown. Level of statistical signifi

cance is indicated as follows: * : ρ < .05 ; t : ρ < .01 ; 

4
:
: ρ < . 0 0 1 ; * : ρ < .0001 . In brackets the percentages 

difference between mean values for adults and juveniles are shown. 
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ocher brain regions except the frontal cortex which shows an increase 

in total AChE activity. 

A general effect of undernutrition on total BuChE activity is found 

only in medial and frontal cortex consisting of a decrease and an 

increase respectively in total BuChE. 

AChb/mg protein is increased in general in the occipital cortex, 

frontal cortex and pons-medulla; it is decreased in the medial cor

tex; in the remaining three regions no general effect is found. 

The effect of early undernutrition on the spécifia BuChü a^tioiiy 

(per mg protein) is similar to that on AChE/mg protein, with the 

exception that the increase in occipital cortex borders on statis

tical significance (.05 < ρ < .06). 

Clearly,early undernutrition reduces weight and protein content of 

all brain regions. It has less effect on total AChE and BuChE 

which are even increased in the frontal cortex. The specific enzyme 

activities -AChE/mg protein and BuChE/ng protein- are increased in 

three brain regions (occipital cortex, frontal cortex and pons-

medulla), decreased in one region (medial cortex) and not affected 

in the remaining three regions. 

Question 2 

The second question concerns the differential effects of larger 

and shorter periods of undernutrition. It is mirrored by Compari

son II in the analysis of variance in which the mean value of the 

G~L" group for a given variable is contrasted to the average mean 
+ + 

value for the G L and G L groups combined. 

Brain weight is more reduced in the G"L" animals than in the G"L 

and G L" animals combined for all regions except medial cortex and 

pons-medulla. As to protein content the respective exceptions are 

cerebellum and pons-medulla. 

Total AChE activity is less in the G"L" group than in the G~L and 

G L" groups in all brain regions except medial cortex, frontal cor

tex and pons-nedulla. On the contrary, the total BuChE activity is 

higher in medial cortex, frontal cortex and rest of brain in G"L", 

_ + + 

compared to G L and G L rats. A lower total BuChE activity com

pared to G~L and G L" is found only in occipital cortex in the G"L" 
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group; in the ventral cortex a similar difference does not reach 

the .05 level of statistical significance (p= .09). 

Differential effects of long and short duration of the period of 

undernutrition on the spécifia AChE activity are found in frontal 

cortex, rest of brain and cerebellum; it is nearly statistically 

significant (p= .07) with respect to the ventral cortex. The effect 

consists of lower values for the two former brain regions but of 

higher values for the two latter ones in the G L animals. 

In the frontal cortex BuChE/mg protein is considerably more in

creased in the G L group than in the G L and G L groups (83% 

vs 22-26%). 

Although the general effect of undernutrition on the BuChE speci

fic activity in the medial cortex is a decrease, the G L group 
- + + -

exhibits a significantly higher value than the G L and G L groups 

combined. In the rest of brain the BuChE activity is slightly de

creased in the G L and G L groups, but greatly increased (61%) 

in the G L animals, which results in the highly significant F-ra-

tio for Comparison II. 

Question 3 

The third question is about differential effects of prenatal and 

postnatal undernutrition. 

With respect to brain weight these effects are statistically sig

nificant for cerebellum, and nearly significant (p= .07) for ven

tral cortex, pons-medulla and rest of brain. It is of interest 

that the value for pons-medulla is exceptional in that the G L 

animals are more affected than the G L animals. This point will 

be taken up again in the Discussion. 

A clear different effect on protein content is found only in the 

cerebellum; in the ventral cortex it is nearly statistically sig

nificant (.05 < ρ < .06). In both instances the G L mean value 

is the lower one. A difference between G L and G L in mean value 

for total AChE activity is found only in the pons-medulla, the 

G L value being lower than the G L value. With respect to total 

BuChE activity the mean values of the G L and G L group differ 
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for medial cortex and pons-medulla. In both cases the G L mean is 

the smaller one. When the G L and G L rats differ in specific AChE 

or BuChE activity, the G L value is always higher than that of 

the G L rats as found in ventral cortex and pons-medulla for both 

enzymes and in medial cortex for BuChE. 

Age differences between juvenile and adult rats 

The question of the irreversability of effects (Question 4) can be 

answered by comparing the results of the analysis of variance for 

adult rats with those for juvenile rats. Normal age differences will 

be considered first before discussing the effects of the nutritional 

treatments in adult animals. 

The results of the t-tests are summarized in Table 5.3. 

Body weight has more than doubled. 

Brain weight is increased except for three neocortical regions. The 

largest increases are present in pons-medulla (39%) and rest of brain 

(32%). 

Protein content is decreased in occipital cortex (-11%), unchanged in 

the other cortical samples, and increased in cerebellum, pons-medulla 

and rest of brain. 

The increase of protein content exceeds that in brain weight consi

derably in the two last-mentioned brain regions. 

Differences in total AChE activity are statistically significant for 

all brain regions. In the adult rats total AChE is decreased in occi

pital, medial and ventral cortex, and increased in the remaining 

brain regions. 

A¿,e differences in total BuChE activity are found in only two brain 

regions: frontal cortex and rest of brain. In both cases a consider

able increase is found. The proportional increase in total BuChE 

equals that in total AChE in the frontal cortex, both amounting to 

41%. 

AChE/mg protein is decreased in all brain regions except in occipi

tal and frontal cortex. In the latter a large increase is found. 

The decrease in the ventral cortex is not statistically significant 

(p= -07). 
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Mean values for BuChE/mg protein are higher in adult rats for all 

cortical regions; but a statistically significant difference is 

found for the frontal cortex only, A large and statistically sig

nificant decrease is found in the pons-medulla while the moderate 

decrease in rest of brain is nearly significant (,05 < ρ < ,06). 

Thus compared to juvenile rats, adults are much heavier, 

they also have heavier brains mainly because of increases in weight 

of the non-cortical regions. In these regions protein content is 

increased relatively more than weight. Total AChE activity is in

creased also in the subcortical brain regions while it is decreased 

in the cortical regions with the exception of the frontal corcex. 

Frontal cortex and rest of brain are the only regions exhibiting 

statistically significant changes in total BuChE activity. 

The specific AChE activity is decreased in most brain regions 

(except in the frontal cortex). The specific BuChE activity is in

creased in the frontal cortex and decreased in the pons-medulla 

and, nost probably, rest of brain. 

Çluestion 4 

Our fourth question was formulated as follows: To what extent are 

effects of early undernutrition still present in adult rats? 

This question can be answered by taking into regard the results 

from the analyses of variance performed on the data of the adult 

rats, as shown in Table 5.2. 

We shall discuss these results by comparing them with those for 

the juvenile rats. 

With respect to body weight, nearly identical results are found: 

the previously undernourished rats are smaller than the control 

rats (Comparison I); the G L rats are more affected than the G L 
+ — + -

and G L rats together (Comparison II). The G L rats however, 

are not statistically significantly smaller than the G L rats 

(Comparison III, p= .09). 

Inspection of the means indicates that the difference between G L 
- + , . + + 

and G L has increased in the adult rats, while that between G L 

and G L has decreased compared with the differences for the juve

nile rats. 
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With respect to regional brain weight, the differences found in the 

juvenile rats also essentially persist in the adult rats, A slight

ly different pattern of changes, However, is present for weight of 

medial and ventral cortex. In the juvenile rats medial cortical 
- + + - - -

weight is depressed in the combined G L , G L and G L groups, but 

no significant differences between these groups are present, i.e. 

Comparison I, but not II and III, results in a statistically signi

ficant F-ratio. The mean value for the G L rats is slightly higher 

(+2%) than the control value thus preventing Comparison I from be

coming significant. The G L and G L groups show a decrease which 

is more pronounced in the latter (9% vs 5%) thus resulting in sig

nificant F-ratio's for Comparisons II and III. 

As to weight of the ventral cortex, the adult G L rats no longer 

exhibit a higher mean value than the G L rats. Consequently the 

F-ratio for Comparison I is significant for the adult rats. 

The results for protein content resemble closely those for regio

nal brain weights. Again, effects of early undernutrition persist 

into adulthood for all brain regions. 

Differences in total AChE activity present in neocortical brain 

regions of juvenile rats have disappeared in the adult rats while 

those in the remaining four regions essentially persist. They 

have even become larger in cerebellum and pons-medulla. 

In three brain regions total BuChE activity remains altered in the 

adult rat by nutritional deprivation in early life: medial cortex, 

cerebellum and pons-medulla. In the medial cortex the total BuChE 

activity is depressed in all three experimental groups (Comparison 

I), but between these groups no further differences are present. 

Cerebellar total BuChE activity however, being depressed in 

the three groups combined (Comparison I) is significantly lower 
- - - + + -

in G L rats than in the G L and G L rats together. 

The relatively large increase in total BuChE activity found in the 

pons-medulla of the G L juvenile rats is still present in the 

adult G L rats. 

In adult rats changes in specific AChE activity are still found in 

two brain regions. A general increase in AChE/mg protein in 
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BRAIN juvenile rats 

REGION I II III AGE 
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Г 

Table 5.4. Summary of results. Brain regions are indicated as 

follows: 1 : occipital cortex; 2 : medial cortex; 3 : frontal cor

tex; 4 : ventral cortex; 5 : cerebellum; 6 : pons-medulla; 7 : rest 

of brain. I, II and III refer to Comparison I, II and III in the 

analysis of variance. In Comparison I the mean of (G~L
+
 + G

+
L

_
 + 

G~L
-
) is contrasted with the mean of G

+
L

+ {i.e. the effect of under

nutrition); in Comparison II the mean of (G~L
+
 + G

+
L~) with the 

mean of G
_
L

- (i.e. the effect of a short vs. a long period of under

nutrition); and in Comparison III the mean of G
+
L~ with G~L

+
. Signi

ficant lower values of the first mentioned means are given by •! ; 

higher by t. 
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Table 5.4 continuation. 
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previously undernourished rats is present in frontal cortex and rest 

of brain (Comparison I). 

This increase is less pronounced in the frontal cortex for the adult 

rats than for the juveniles (4 to 11% vs 24 to 45% respectively) 

while the reverse is true with respect to the rest of brain (9 to 

20% vs -3 to -8% respectively). All other effects on AChE/mg protein 

present at the age of 8 weeks are no longer detected at the adult 

age. 

Alterations in specific BuChE activity are found in the subcortical 

brain regions: pons-medulla and rest of brain. With respect to the 

latter, significant results are found for each of the three compari

sons. Thus the specific BuChE activity is increased in all three 

groups; it is increased more in the G L group (33%) than in the 

other two and it is also decreased more in the G L rats (20%) than 

in G~L+ rats (2%). 

The pattern of alterations of BuChE/mg protein in pons-medulla is 

similar to that found in juvenile rats: higher values for G L than 

for G L and G L animals (increase of 38,27 and 2% respectively). 

The F-ratio for Comparison I, however, is not statistically signi

ficant at the .05 level (p < .10) unlike that for Comparison III. 

5.4. Discussion 

Various techniques of undernourishing foetal or suckling rats have 

been mentioned in the Introduction. We chose our technique mainly 

on two grounds: (1) the technique has been shown by Altman et al. 

(1971) to produce particularly relaible and consistent results and, 

(2) it is easily realized. It should be recognized, however, than 

an unequivocal interpretation of the results of this technique is 

not simple. 

Firstly, the designations 'prenatal undernutrition' and 'postnatal 

undernutrition' are relative and do not refer to strictly circum

scribed periods. 

This is so, because the prenatal undernutrition of the G L animals 

continues after birth during a few days probably; the previous 
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starvation of the G L dams will initially lower the production 

of milk. The postnatal undernutrition, on the other hand, will not 

immediately lead to a decrease in the production of milk in the 

G L dams; consequently, growth retardation starts only after a 

few days in the G L rats. 

Secondly, at least postnatal undernutrition is confounded with 

altered maternal care. Therefore, changes found in postnatally un

dernourished rats, may result from undernutrition or altered ma

ternal care or both factors. The fact that undernutrition is most

ly confounded with altered maternal care is particularly important 

in brain-and-behaviour research. As mentioned in the Introduction, 

many behavioural changes in undernourished animals seem to be pri

marily caused by the alteration in maternal care. Often, beha

vioural changes are ascribed to neonatal nutritional insufficien

cy and concomittant physiological or neurochemical changes are ta

ken to underlie the behavioural changes. For example, Eckhert et 

al, (1976a) argue that possible differem es in subcellular distri

bution of synaptosomes make it difficult "to identify neuroche

mical changes that correlate with altered behaviour in malnou

rished animals". Characterization of purification methods is 

thought to be necessary "in order to establish mechanisms for the 

mental changes that accompany malnutrition". But the problems ari

sing from covariation of maternal care with nutritional status are 

not mentioned. Typically, in this publication and others methodo

logical aspects are evaluated only with respect to the neurochemi

cal procedures, but not the behavioural ones. 

There exists, however, a possibility to separate the effects of 

undernutrition and maternal care. It should be remembered that 

hungry mothers receiving restricted amounfs of high-quality food 

spend less time with their young than control mothers (Snart and 

Preece, 1973), while mothers receiving low-protein food ad lib., 

on the contrary, spend more time with their young (Massaro et al., 

1974). 

If timing, severity, and duration of the growth retardation could 

be kept equal for sucklings from both experimental designs, then 

equal amountsof nutritional insufficiency would be combined with 
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different amounts of maternal care. Changes shared by both kinds 

of undernourished rads compared to controls, would result prima

rily from differences in nutrition; different changes in both kinds 

of undernourished rats, on the other hand, would be caused by 

differences in maternal care. Such an experimental design would 

be of help in establishing (1) to what extent behavioural changes 

result from undernutrition and (2) whether behavioural changes 

correlate with neurochemical changes, resulting from either under

nutrition or altered maternal care. 

The results of our study clearly indicate that body weight is irre

versibly reduced by nutritional deprivation in early life as re

ported by others (for example Barnes et al., 1968; Dobbing et al., 

1971). 
+ + 

Interestingly, the difference in body weight between the G L and 

G L animals is practically absent in juvenile rats but more pro

nounced in the adult ones. This could well be related to a deficit 

in the adipose tissue, since in older animals most of the weight 

gain is due to fat (Spray and Widdowson, 1950). Possibly prenatal 

undernutrition in the rat results in an irreversible deficit in the 

adult number of fat cells. This deficit will manifest itself as 

soon as body weight gain depends primarily on weight gain of the 

adipose tissue. Postnatal undernutrition irreversibly reduces both 

the amount of fat cells and the amount of fat per cell (Hollenberg 

and Vost, 1970; Knittle and Hirsch, 1968). Williams et al. (1974) 

observed a completi· 'catch-up' of skeletal growth, but not of body 

weight in rats undernourished as sucklings and they too suggest 

that the adipose tissue is responsible for the weight deficit. 

Changes in regional brain fresh weight and protein content are 

essentially irreversible. A decrease in weight and protein content 

is found in practically all brain regions, both in juveniles and 

adults. With respect to these variables, prenatal undernutrition 

has its largest effect on the pons-medulla but postnatal undernu

trition on the cerebellum. This is consistent with the fact that in 

the rat the latter structure develops predominantly after birth 
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and the former before birth (Fish and Wimck, 1969). Combined 

prenatal and postnatal undernutrition nearly always leads to a 

larger deficit in weight and protein content than either prenatal 

or postnatal undernutrition alone as evidenced bv the significance 

of most F-ratio's for Comparison II in the analyses of variance 

This difference persists into adulthood, 

Clear differences in fresh weight and protein content between pre-

natally and postnatally underfed animals are seen consistentTy for 

three brain parts, cerebellum, pons-medulla and rest of brain. 

The pon·--, redulla is only slightly affected by postnatal undernutri

tion, whereas the other two brain parts are affected much more by 

the postnatal food restriction. This is consistent with the above-

mentioned regional differences in maturation. Rest of brain -a 

rather large brain sample consisting of several different brain 

regions like the hippocampus, thalamus, corpus striatum and corpus 

callosum- also matures apparently relatively late. It should be 

mentioned that the differential sensitjvitv of the pons-medulla 

to pre- and postnatal undernutrition is not apparent for protein 

content but only for fresh weight, Thus either water or lipid con

tent or both are decreased preferentially, since these two sub

stances together with protein content determine fresh weight 

largely. 

Total AChE activity in the various brain parts is less affected by 

the nutritional deprivation than weight or protein content. This 

results in general in an increase in specific AChE activity m 

the deprived groups, mostly in the order of 5-10% 

When comparing the juvenile to the adult rats, it appears that 

significant increases in specific AChE activity are still found m 

the frontal cortex and the rest of brain. Since the latter sample 

contains the bulk of the brain AChE activity, these results agree 

with those reported by Adlard and Dobbmg (1971b) for the total 

bram AChE in A-month-old previously undernourished rats The 

general trend toward a diminution of tht diffidences in specific 

AChE activity in older animals as evidenced by our data, has also 

been found by these authors since they reported that changes were 

no more apparent at 44 weeks of age in rats food restricted until 

http://difftrenr.es
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12 weeks of age (Adlard et al , 1972). 

The interpretation of the increased specific AChE activity as 

given by Adlard and Dobbing (1971b) and Im et al. (1973), namely 

a relative sparing of AChE-rich structures like nerve endings, 

should perhaps be reformulated. Our data indicate that these in

creases seem to result not of a relative sparing of AChE-rich 

structures buth rather of a large deficit in myelin. It is con

ceivable that myelin recovers very slowly, thus diminishing the 

differences in specific AChE activity. 

Apart from the bulk of brain AChE, the rest of brain also contains 

the bulk of brain myelin Indirect support for the view that mye

lin is preferentially affected comes from the observation of Ad

lard et al, (1974) that the corpus striatum -particularly rich in 

AChE- shovs no effect of early undernutrition. 

Moreover, the specific ChAt activity which may be considered an 

index for cholinergic nerve endings did not show the same pattern 

of changes as AChE, in the brain stem the two enzymes changed in 

opposite directions (Eckhert et al., 1976a and b). 

If BuChE is considered to be an index for glial mass, then changes 

in its activity should relate to changes in glia The most obvious 

result of this exper rent is the fact that in the adult animal 

effects of early undernutrition on BuChE are only apparent in rest 

of brain and pons-medulla. These are precisely the areas contain

ing the highest amounts of myelin. Myelin is synthesized in Oligo

dendroglia which also contain BuChE. 

If the activity of these cells is still increased in previously 

undernourished rats at the age of 8 months, then we might expect 

an increase in the specific BuChE activity also In rest of brain 

such an effect is very conspicuous in all three experimental 

groups, it is less clear for BuChE/mg protein in the pons-medulla 

In the most severely undernourished animals ( G L ) the total 

BuChE activity in the rest of brain is unchanged, whereas total 

AChL activity, protein content and fresh weight are all depressed. 

This might indicate a compensatory increase in activit) of glial 

cells. The same applies to the ропь-medulla for the postnatally 

deprived groups: a decrease in total AChE, protein and weight, 
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but no change (G L ) or an increase (G L ) in total BuChE. In the 

juvenile rats total BuChE is also less affected than fresh weight 

and protein. 

In the frontal cortex of all groups, the rest of brain of the 

G L group and the pons-medulla of the G L and G L groups, the 

BuChE/mg protein even increased. Thus after a period of nutritio

nal rehabilitation BuChE activity seems to increase preferentially. 

BuChE and AChE have been measured by Sobotka et al. (1974) in brain 

stem, cerebellum and cerebrum of 3-week-old underfed rats. Their 

results, however, must be questioned seriously since the regional 

differences in these enzynes are unusually small and the ratio 

between both is very different compared with that normally found: 

instead of being only a small fraction of the activity of AChE, m 

their experiment BuChE always shows an activity higher than that 

of AChE ' 

The findings of Eckhert et al. (1976a and b) have been mentioned 

in the Introduction. The reported decrease in specific activity 

of AChE in their forebrain sample after prenatal undernutrition 

is at variance with our data since we found essentially no effects 

of prenatal undernutrition in our cortical samples. 

In severa] respects this experiment extends previous findings: 

(1) brain is divided into seven instead of the usual three regions; 

(2) measurements have been taken after a period of nutritional reha

bilitation in juvenile and adult rats; 

(3) not only AChE but also BuChE has been measured. 

As a result several interesting conclusions can be drawn: 

(1) in juveniles regional differences in response to undernutrition 

exist with respect to both AChE and BuChE. The medial cortex 

in particular appears to differ from the other cortical regions. 

(2) Changes in specific BuChE activity are found in several brain 

regions of juvenile rats; these changes persist into adulthood 

in the pons-medulla and rest of brain. 

(3) Long-lasting, iireversible increases in specific AChE activity 

are found in frontal cortex and rest of brain. 
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(4) A differential sensitivity to prenatal and postnatal under

nutrition is clearly present in cerebellum and pons-medulla, 

both in juvenile and adult rats. Cerebellar weight and pro

tein content but not AChE and BuChE activity, are affected 

by postnatal undernutrition preferentially, while the pons-

medulla is preferentially affected by prenatal undernutrition 

with respect to BuChE and AChE activity, but less with res

pect to weight and protein content. 

This differential sensitivity correlates with the different 

pattern of maturation of both brain regions. In adult rat;. 

the medial cortex is preferentially affected by prenatal un

dernutrition, particularly with respect to weight and protein 

content. Ihis suggests that the medial cortex, in contrast to 

the other cortical regions, is an early-maturing brain region. 

(5) Our results suggest that the effects of early undernutrition 

on brain AChE and liuChE activity should not be interpreted 

in terms of a preferential sparing of cholinergic nerve end

ings, but rather in terms of a preferential deficit in the 

formation of myelin. 
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General conelusions and summary 

The experiments reported in this thesis were performed to study 

sources of variation in Cholinesterase activity in brains of mice 

and rats. 

In Chapter 1 the state of affairs regarding occurrence and function 

of AChE and BuChE is shortly reviewed. Special attention has been 

paid to the problem whether multiple forms of AChE exist. It was 

concluded, mainly on the basis of the work of Rieger and co-workers, 

that in mammalian brain two forms exist: one is soluble or weakly 

membrane-bound (ES-form), the other is firmly membrane-bound (HS-

form). It is likely that the HS-form develops from the ES-form. 

Most ( >90%) of the AChE activity consists of the HS-form in a homo-

genate of brain of animals after weaning. 

The various multiple forms found after for example electrophoresis 

of a detergent-treated homogenate, must be considered to be arte

facts originating from the interaction of the detergent and AChE 

molecules or AChE-containing membrane fragments. It is not clear 

whether the ES- and HS-forms of AChE have specific functions. In stri

ated muscle a third form of AChE is found, the occurrence of which 

correlates precisely with the occurrence of functional end-plates 

in muscles. No multiple forms of BuChE have been detected in brain 

tissue. 

These considerations lead to the conclusion that it is not very use

ful to try to differentiate between multiple forms for AChE and BuChE 

activities in brain tissue. 

In Chapter 2 this problem has been taken up again in so far as has 

been investigated whether differences exist between the ES-form and 

the HS-form of AChE in a homogenate in К -value for ATCh. The К -
0
 m m 

value was determined in the presence and absence of Triton X-100. No 

difference in К -value was found in accordance with the literature. 
m 

If brain tissue has been frozen before being homogenized, its 

AChE activity is decreased compared to a homogenate of fresh material. 
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The experiments reported in Section 2.4.3 show that treatment of the 

homogenate with Triton X-100 (0.5% final concentration) nullifies 

the decrease m AChE activity resulting from the freezing and that 

the treatment increases the reliability of the assay The inter

action between Triton-treatment and freezing of the tissue, possi

bly explain the findings of Srmivasan et al (1972), who wrongly 

conclude that Triton has a direct activating effect on the enzyme-

independent of its AChE-solubilizing action. The decrease in vari

ance of the AChE activity after treatment of the homogenate with 

Triton X-100, as mentioned in Section 4.2.1 (cf. Table 4.3), supports 

the conclusion that treatment with Triton X-100 increases the reli

ability of the AChE assay 

There appears to be an age-dependent variation in Triton X-100 in

duced activation of the AChE activity in homogenates of frozen brain 

tissue for which no satisfactory explanation can be given. 

In (hapten ·> the genetic influences on the AChF and BuChE activities 

in brain have been analysed in detail. A quantitative-genetic, bio-

metrical method has been used since the enzyme activities exhibit 

a continuous distribution. Three dial lel-cross experiments have been 

performed with mice, m the first experiment (DC-1) the AChE activi

ty (without Triton-treatment) has been determined on whole-brain, 

in the second experiment (DC-2) both the AChE activity (after Inton 

treatment) and the BuChE activity have been assayed in whole-brain, 

and in the third experiment (DC-3) the AChE activity (both without 

and after Tri ton-treatment) and the BuChE activity have been deter

mined in the neocortex Body and brain weights have been analysed 

also 

The results show that the variation in specific AChE and BuChE acti

vities in whole-brain is largely genetically determined. The gene

tic influences on the BuChE activity consist of additive-genetic 

effects onlv For the AChE activity, apart from the additive-genetic 

effects, dominance deviation is present which is partly directed to

ward low values. Environmental influences on both en7vme activities 

in whole-brain are detected, but they are relativel> ъеік. 
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The genetic architecture for the specific activities of both en

zymes in the neocortex, differs clearly from those for whole-bram 

as mentioned above. For BuChE/mg protein, in contrast to AChE/mg 

protein, dominance deviation -mainly consisting of directional do

minance- is present. In both instances the environmental influences 

are considerable, determining about one third of the variance. 

These regional differences in genetic architecture for brain weight 

indicate that it is not very wise to perform a genetic analysis on 

whole-brain, since the existing regional differences will disappear 

by averaging. 

Although the total AChE and BuChE activities arc to τ large extent 

determined by the weight of the brain sample, clear differences in 

genetic architecture have been found indicating that weight and to

tal AChE and BuChE activities are independent to a certain extent. 

Thus, for whole-brain weight directional dominance clearly exists 

and likewise, the environmental influences -the so-called maternal 

influences- are more pronounced for weight than for the total en

zyme activities. Moreover, these maternal influences appear to 

buffer the genetic influences for brain weight but not for the total 

enzyme activities. Furthermore, the total AChE and BuChE activities 

in whole-brain are not clearly different in the two sexes, while for 

females consistently higher brain weight values are found than for 

males. Body weight appears to be less genetically determined than 

brain weight or AChE and BuChE activities. Although the impact of 

additive-gene tic and dominance effects varies between the two ex

periments (DC-1 and DC-3), in both one-third of the variance for 

body weight is accounted for by maternal influences. These maternal 

influences increase the similarity between mother and offspring, 

a systematic effect opposite to 'buffering'. 

Particularly the results for body weight accentuate the fact that 

environmental factors like housing conditions etc. have an influ

ence on the genetic architecture that is found. These results nicely 

show that the genetic factors and the environmental factors arc not 

independent. 

The genetic influences on the weight of the cerebellum are clearly 

different from those on the weight of the cortex or the subcortex 
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they nearly totally consist of dominance directed to high values. 

According to the existing theory on the relation between the gene

tic architecture for a character and natural selection this indi

cates that a large (or heavy) cerebellum is a fitness-character in 

mice. According to the same theory, selection would have been most

ly stabilizing for the AChE and BuChE activities in whole-brain and 

in the cortex. It has been emphasized, however, that such evolutio

nary implications are only valid if the environmental influences on 

the laboratory mice are comparable to those on mice in their natural 

habitat. This is particularly so in the case of variables influenced 

considerably by environmental factors. The results for the BuChE 

activity in whole-brain indicate the presence of a major gene de

termining a significant part of the variation in BuChE activity. 

The effect of this major gene is not found for the BuChE activity 

in the cortex, so that it must be localized in another brain region. 

The environmental influences which were discussed above, that 

is the maternal effects, relate to the early period before weaning; in 

in Chapter 4, however, the influence of post-weaning rearing condi

tions is discussed. 

The finding of the so-called Berkeley group, that isolation-reared 

(1С) rats differ from rats raised in a stimulus enriched environ

ment (EC) in AChE activity and weight of the occipital cortex, was 

replicated (cf. Section 4.2.1). No effect was found for the rearing 

conditions on the BuChE activity in the occipital cortex. Similar 

negative results were found for weight and the AChE and BuChE acti

vities in the hippocampus and the striatum, two structures being 

analysed also because they contain a clear cholinergic system. 

In a second experiment (Section A.2.2) it was investigated whether 

special enrichment consisting of social stimulation could lead to 

changes in weight and AChE and BuChE activities of the occipital 

cortex, comparable to those caused by the EC-condition. The results 

show that social stimulation per se has no effect. This leads to a 

conclusion similar to that of the Berkeley group, that apparently 

the physical aspects of the EC-condition account for the effects on 

the occipital cortex, and that the role of social stimulation is of 

minor importance. 
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In a third experiment (Section 4.2.3) it was attempted to investi

gate which one of two aspects of the physical environment is the 

more important: the spatial aspect of a situation, or the fact that 

the rat encounters objects in a situation. Apart from the occipital 

cortex, six other brain regions were analysed. The pattern of chang

es found in the occipital cortex of both experimental groups differs 

much from the usual pattern in EC-rats. The most likely explanation 

is the different size of the enrichment cages. The most obvious 

difference consists of the opportunity to climb. 

Setting aside the problem that the conditions used do not compare 

directly to the standard EC-condition, the experiment shows that 

the post-weaning rearing conditions change the AChE and BuChE acti

vities in various brain regions. Both environmental conditions 

(spatial enrichment and object enrichment) appear to have similar 

effects on the specific AChE activity in the frontal cortex (in

crease), the total AChE activity in the occipital, medial and ven

tral cortex (decrease), the specific BuChE activity in the frontal 

cortex and pons-medulla (increase) and the total BuChE activity in 

the last-mentioned brain region (increase). The large increases in 

AChE and BuChE specific activities in the frontal cortex are caused 

by a large decrease in protein content. Weight of occipital and me

dial cortex are on the average decreased in rats from both condi

tions. Spatial enrichment and object enrichment, appear to have 

differential effects particularly on BuChE: BuChE total activity 

in the occipital cortex, pons-medulla and rest of brain, and BuChE 

specific activity in the occipital and ventral cortex. The specific 

AChE activity in the pons-medulla is also differentially influenced-

The three experiments lead to the following conclusions: 

(1) the post-weaning rearing condition influences the AChE and BuChE 

activities in Drain regions of the rat; 

(2) the social aspects of the rearing condition are less important 

than the physical aspects; enrichment of social stimulation 

per se has no effect on the occipital cortex. 

(3) The pattern of changes in the occipital cortex depends on the 

sort of enriched environment used; especially the possibility 

to climb seems to be very important. 
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(A) Not only the occipital cortex of the rat is sensitive to the 

rearing conditions, but changes in AChE and BuChE activities 

may occur in other brain regions, particularly the pons-medulla; 

(5) the BuChE activity in basal brain regions like ventral cortex, 

pons-medulla and rest of brain, appears to be modifiable by en

vironmental influences in particular. 

In Chapter 5 it is investigated whether undernutrition during the 

foetal and/or suckling period leads to changes in weight, protein 

content and AChE and BuChE activities in seven brain regions of ju

venile and adult rats which had been given ad lib. food after wean

ing. Rats from three conditions of undernutrition -prenatal ( G L ) , 

postnatal ( G L ) and combined pre- and postnatal ( G L ) undernutri

tion- were compared with control ( G L ) rats. 

In juvenile rats (2 month old) the early undernutrition appears to 

have many effects. For practically all brain regions, weight and 

protein content are decreased and more so in the G L rats than in 

the G L or G L animals. These decreases in weight and protein con

tent are often not clearly reflected by decreases in total AChE or 

BuChE activities. In the most severely deprived group (G L ) a de

crease in total AChE activity is found in all brain regions, except 

the frontal cortex. The total BuChE activity, however, is decreased 

only in the occipital and medial cortex. In the frontal cortex the 

total AChE and BuChE activities are even increased. 

The changes in specific AChE and BuChE activities depend on both 

brain region and period of undernourishment; both increases and de

creases in specific enzyme activities have been found. 

Changes essentially irreversible because they are still present in 

adult rats, are found for all measured variables. Persistent effects 

of early undernutrition appear to be increases with respect to the 

specific AChE and BuChE activities and decreases with respect to the 

other variables. Prenatal and postnatal undernutrition have persis

tent differential effects on the specific BuChE activity in the 

pons-medulla and rest of brain, and on weight and protein content of 

the medial cortex, cerebellum and pons-medulla. These differential 

effects are consistent with the fact that the cerebellum develops 
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primarily postnatally and che pons-medulla prenatally in the rat. 

On the analogy of this, it is concluded that the medial cortex de

velops largely prenatally. 

The AChE and BuChE activities m the frontal cortex are strikingly 

modified by early undernutrition. A similar result has been found 

for environmental complexity (Chapter 4). This may result from the 

relatively long period during which the frontal cortex matures: 

for example, it is known that the dopaminergic transmission m the 

frontal cortex becomes functional lately Possibly, the large effects 

on the AChE and BuChE activities in the frontal cortex, relate to 

the special function of the frontal cortex in adaptive behaviour. 

The results for BuChE, above all, lead to the conclusion that 

the changes in AChE resulting from early undernutrition should not 

be interpreted in terms of a preferential sparing of cholinergic 

nerve endings, but rather as a deficit in myelin. 

Through all experiments the original motive runs like a continuous 

thread: the problem of the possible relationship between changes in 

behaviour and in neurochemical variables 

Correlating behavioural with neurochemical variables is a tricky 

business. Attention has been paid to this problem several times 

(Chapters 3,4 and 5). The main conclusions are: 

1. Correlations between mean values for groups consisting of gene

tically heterogeneous individuals have a limited value. 

2. Group-means are useful for genetically homogeneous groups like 

inbred strains and Fi generations. The advantage of using mean 

values is that the correlation coefficient can be determined more 

accurately. One should realize, however, that the reliability of 

the correlation coefficient is determined by the number of geno

types and not the number of individuals used. 

3. Fortuitous correlations between neurochemical and behavioural 

variables are excluded only if the correlation remains high in 

individuals from a segregating generation like the Fi 

4. Genetic correlations between variables are a strong indication 

for a genetic relationship between them 
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Algemene konklusies en samenvatting 

Het onderzoek waarvan in dit proefschrift verslag gedaan wordt, heeft 

betrekking op de bronnen van variatie in Cholinesterase aktiviteit in 

hersenen van muizen en ratten. 

In Hoofdstuk 1 is in het kort de stand van zaken weergegeven voor 

wat betreft voorkomen en funktie van AChE en BuChE. 

Speciaal is aandacht besteed aan het probleem in hoeverre er multi

pele molekulaire vormen van AChE voorkomen. De konklusie, voorname

lijk op basis van het werk van Rieger en coworkers luidt, dat er in 

zoogdicrhersenen twee vormen voorkomen: de ene niet of in geringe 

mate aan membranen gebonden (ES-vorm) en de ander in sterke mate aan 

membranen gebonden (HS-vorm). Waarschijnlijk ontstaat de HS-vorm uit 

de ES-vorm. Het merendeel ( > 90%) van de AChE aktiviteit in een 

homogenaat bij dieren na de zoogperiode bestaat uit de HS-vorm. De 

multipele vormen welke gevonden worden na bijv. elektroforese van 

een met detergens behandeld homogenaat moeten beschouwd worden als 

artefakten welke ontstaan door interaktie van detergens met AChE 

molekulen of AChE bevattende membraanfragmenten. Het is niet duidelijk 

of de ES-vorm en HS-vorir, van AChE specifieke funkties vervullen. 

In dwarsgestreept spierweefsel is nog een derde vorm van AChE gevon

den, waarvan het voorkomen nauwkeurig gekorreleerd is met het voor

komen van funktionele eindplaatjes in zenuw-spierverbindingen. Van 

BuChE zijn in hersenweefsel geen multipele vormen gevonden. 

Deze overwegingen leiden tot de konklusie dat het niet zinvol lijkt 

te trachten te differentiëren tussen multipele vormen van AChE en 

BuChE aktiviteit in hersenweefsel. 

In Hoofdstuk 2 is nog nader op dit probleem ingegaan in zoverre als 

bekeken is of de ES-vorm en de HS-vorm in een homogenaat verschillen 

in К -waarde voor ATCh. De К -waarde werd bepaald zowel in aan- als 
m m 

afwezigheid van Triton X-100. Er werd geen verschil in К -waarde ge

vonden, hetgeen in overeenstemming is met de literatuurgegevens. 

Als hersenweefsel ingevroren is, voordat het gehomogeniseerd wordt, 

dan is de AChE aktiviteit lager dan in een homogenaat van vers mate-
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riaal. 

De experimenten vermeld in Sektie 2.4.3 tonen aan dat behandeling 

van het homogenaat met Triton X-100 (0.5Z eindkoncentratie) de ver

laging in AChE aktiviteit ten gevolge van het invriezen teniet doet 

en de betrouwbaarheid van de bepaling vergroot. Deze interaktie tus

sen Triton-behandeling en invriezen van het weefsel kan een verkla

ring zijn voor de resultaten van Snnivasan et al. (1972) die ten 

onrechte konkluderen dat Triton -onafhankelijk van zijn AChE-oplos-

sende werking- een direkte aktivering van het en¿ym veroorzaakt. 

De vermindering in vanantie voor de AChF aktiviteit na behandeling 

van het homogenaat met Triton X-I00 zoals vermeld in Sektie 4.2.1 

(cf. Tabel 4.3) ondersteunt de konklusie dat behandeling met Triton 

X-100 de betrouwbaarheid van de AChE-bepaling vergroot. 

Er blijkt een van de leeftijd afhankelijkevanatie in aktivering 

door Triton X-100 van de AChE aktiviteit in homogenaten van inge

vroren hersenweefsel voor te komen, waarvoor geen afdoende verkla

ring gegeven kan worden. 

In Hoofdstuk 3 zijn de genetische invloeden op de AChE en BuChE ak

tiviteit in hersenen nader onderzocht. Hiervoor is een kwantitatief-

genetische, biometrische methode gebruikt omdat de enzymaktiviteiten 

een kontinue verdeling vertonen. Drie diallel-cross-expenmenten 

zijn uitgevoerd met muizen: in het eerste experiment (DC-1) is de 

AChE aktiviteit (zonder Triton behandeling) m het totale brein be

paald, in het tweede experiment (DC-2) is zowel de AChE aktiviteit 

(na Triton behandeling) alsook de BuChE aktiviteit bepaald in het 

totale brein en in het derde experiment (DC-3) is de AChE aktiviteit 

(met en zonder Triton behandeling) en de BuChE aktiviteit bepaald 

in de neocortex. Daarnaast zijn ook lichaamsgewicht en hersengewicht 

bepaald. 

De resultaten tonen aan dat de variatie in specifieke AChE en BuChE 

aktiviteit in het totale brein grotendeels genetisch bepaald is. De 

genetische invloed op de BuChE aktiviteit bestaat geheel uit additief-

genetische effekten. Voor de AChE aktiviteit is naast additief-gene

tische effekten ook dominantie-deviatie aantoonbaar, welke gedeelte

lijk gericht is op lage waarden. Omgevingsinvloeden op de beide 
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enzymaktiviteiten in hele hersenen zijn aantoonbaar maar relatief 

zwak. 

De genetische architektuur voor de specifieke aktiviteit van de beide 

enzymen in de neocortex verschilt duidelijk van de boven vermelde: 

voor BuChE/mg eiwit, in tegenstelling tot AChE/mg eiwit, is dominan-

tie-deviatie -voornamelijk gerichte dominantie- aantoonbaar. In bei

de gevallen zijn omgevingsinvloeden aanzienlijk en bepalen zij ca. 

éénderde van de variantie. 

De regionale verschillen in genetische architektuur voor hersenge-

wicht wijzen erop dat het niet verstandig is de genetische analyse 

op hele hersenen uit te voeren, omdat juist daardoor de regionale 

verschillen 'uitgemiddeld ' worden. Ofschoon de totale AChE en BuChE 

aktiviteiten in een stukje hersenweefsel in hoge mate bepaald worden 

door het gewicht van dat stukje, zijn er duidelijke verschillen in 

genetische architektuur gevonden welke erop duiden dat er een zekere 

onafhankelijkheid bestaat tussen gewicht en totale AChE en BuChE 

aktiviteiten. Zo blijkt er voor wat betreft het gewicht van hele her

senen een duidelijke, gerichte dominantie te bestaan en ook blijken 

de omgevingsinvloeden -de zgn.moeder invloeden- veel sterker voor ge

wicht dan voor de totale enzym aktiviteiten. Bovendien vertonen de

ze moederinvloeden het verschijnsel van 'bufferen' van genetische 

invloeden wel voor hersengewicht, maar niet voor de totale enzym-

aktiviteiten. Zo blijkt er ook geen duidelijk verschil in totale 

AChE en BuChE aktiviteit in hele hersenen tussen mannetjes en vrouw

tjes te bestaan, terwijl vrouwtjes wel konsistent zwaardere hersen

en hebben dan mannetjes. Lichaamsgewicht blijkt in mindere mate ge

netisch bepaald dan hersengewicht of de aktiviteit van AChE of BuChE. 

Hoewel het aandeel van zowel additief-genetische als dominantie ef-

fekten variabel is in de twee experimenten (DC-1 en DC-3), wordt in 

beide gevallen éénderde van de variantie voor lichaamsgewicht ver

klaard door moederinvloeden. Deze moederinvloeden vergroten de ge

lijkenis tussen moeder en nakomelingen, een systematisch effekt dat 

tegengesteld is aan 'bufferen'. 

Met name de gegevens voor lichaamsgewicht accentueren het feit dat 

omgevingsfaktoren als huisvesting ed. van invloed zijn op de gene-
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tische archicektuur die gevonden wordt. Ze vormen een fraai voorbeeld 

van het feit dat genetische faktoren en omgevingsfaktoren niet onaf

hankelijk van elkaar bestaan. 

De genetische invloeden op het gewicht van het cerebellum blijken 

duidelijk anders dan die op het gewicht van cortex of subcortex: ze 

bestaan praktisch geheel uit dominantie gericht op hoge waarden. Vol

gens de bestaande theorie over de relatie tussen genetische architek-

tuur voor een eigenschap en de natuurlijke selektie, zou dit bete

kenen dat een zwaar (of groot) cerebellum een fitness-eigenschap 

voor muizen is. Volgens dezelfde theorie zou er een voornamelijk 

stabiliserende selektie bestaan hebben voor de AChE en BuChE aktivi-

teiten in de hele hersenen en in de cortex. Benadrukt is echter dat 

dergelijke evolutionaire implikaties alleen gelden wanneer de omge

vingsinvloeden op de laboratorium-muizen vergelijkbaar zijn met die 

op muizen in hun natuurlijke habitat. Dit geldt met name voor vari

abelen waarop omgevingsfaktoren een belangrijke invloed kunnen uit

oefenen. 

De resultaten voor de BuChE aktiviteit in hele hersenen wijzen op 

het voorkomen van een 'major gene' dat in belangrijke mate de vari-

antie in BuChE aktiviteit bepaalt. Het effekt van dit major gene 

wordt niet gevonden voor de BuChE aktiviteit in de cortex, zodat het 

gelokaliseerd moet worden in een ander hersendeel. 

Hebben de omgevingsinvloeden waarvan sprake was, de moedereffekten, 

betrekking op de vroege periode voor het spenen, in ¡looj'dstla Ί wordt 

daarentegen nader ingegaan op de invloed van de opgroei-omgeving na 

het spenen. Het literatuurgegeven van de zgn. Berkeley groep, dat 

geïsoleerd opgegroeide (1С) ratten verschillen van ratten opgegroeid 

in een stimulus-verrijkte omgeving (EC) in AChE aktiviteit en gewicht 

van de occipitale cortex, werd gerepliceerd (cf. Sektie 4.2.1). Er 

werd geen effekt van de opgroeikondities gevonden op de BuChE aktivi

teit in de occipitale cortex. Een negatief resultaat werd ook gevon

den voor gewicht en de AChE en BuChE aktiviteiten in de hippocampus 

en het striatum, twee strukturen welke eveneens geanalyseerd werden 

omdat ze duidelijk cholinerge systemen bevatten. 

In een tweede experiment (Sektie 4.2.2) werd onderzocht in hoeverre 
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speciale verrijking in de vorm van sociale stimulatie kan leiden tot 

gelijke veranderingen in gewicht en AChE en BuChE aktiviteit van de 

occipitale cortex als de EC-konditie veroorzaakt. 

Uit de resultaten blijkt dat sociale stimulatie per se geen effekt 

heeft. Daaruit volgt dat -in overeens temming met de konklusies van 

de Berkeley groep- kennelijk de fysische aspekten van de EC-omgeving 

verantwoordelijk zijn voor de effekten op de occipitale cortex, en 

dat de rol van sociale stimulatie van ondergeschikt belang is 

In een derde experiment (Sektie 4.2.3) is gepoogd te onderzoeken 

welke van de twee aspekten van de fysische omgeving het meest be

langrijk is: het ruimtelijk aspekt van een situatie of het feit dat 

de rat daarin Objekten aantreft 

Naast de occipitale cortex werden nog zes andere hersendelen geana

lyseerd Het patroon van veranderingen dat gevonden wordt in de 

occipitale cortex bij beide experimentele groepen wijkt sterk af 

van het gebruikelijke patroon in ЕС-ratten. De meest waarschijnlijke 

verklaring hiervoor is het afwijkende formaat van de enrichment-

kooien. Het meest opvallende verschil is dat de ratten al of niet 

kunnen klimmen. 

Afgezien van het probleem dat de gebruikte kondities niet direkt 

vergelijkbaar zijn met de standaard EC-kondities blijkt toch uit het 

experiment dat de opgroeikonditie na het spenen van invloed zijn op 

de AChE en BuChE aktiviteit in verschillende hersendelen. De twee 

omgevingskondities blijken gelijksoortige effekten te hebben op de 

specifieke AChE aktiviteit m de frontale cortex (toename), de totale 

AChE aktiviteit in occipitale, mediale en ventrale cortex (afname), 

de specifieke BuChE aktiviteit in de frontale cortex en pons-medulla 

(toename) alsook de totale BuChE aktiviteit in het laatste hersen

deel (toename). De sterke toename in AChE en BuChE specifieke akti-

viteiten m de frontale cortex zijn een gevolg van een sterke afname 

in eiwitgehalte. 

De gewichten van occipitale en mediale cortex zijn gemiddeld lager 

bij ratten uit beide kondities. 

Ruimtelijke verrijking en objekt verrijking van de omgeving blijken 

differentiële effekten te hebben op vooral BuChE: BuChE totale aktivi

teit in occipitale cortex, pons-medulla en rest of bram en BuChE 
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specifieke aktiviteit in occipitale en ventrale cortex. Ook de spe

cifieke AChE aktiviteit in de pons-medulla wordt op verschillende 

wijze beïnvloed. 

De drie experimenten leiden tot de volgende konklusies: 

(1) de opgroeikonditie na het spenen is van invloed op de AChE en 

BuChE aktiviteit in delen van de hersenen van de rat; 

(2) de sociale aspekten zijn van minder belang dan de fysische as-

pekten van de opgroeikonditie; verrijking van sociale stimula

tie op zich heeft geen effekt op de occipitale cortex; 

(3) het patroon van veranderingen in de occipitale cortex is afhan

kelijk van de aard van de verrijkte omgeving; met name de mogelijk

heid tot klimmen lijkt van belang; 

(4) niet alleen de occipitale cortex van de rat is gevoelig voor de 

opgroeikondities; ook in andere hersendelen, zoals met name de 

pons-medulla, kunnen veranderingen in AChE en BuChE aktiviteit 

optreden; 

(5) vooral de BuChE aktiviteit in basale hersenstrukturen zoals ven

trale cortex, pons-medulla en 'rest of brain' blijkt modificeer-

baar door omgevingsinvloeden. 

In HoofüHti'k ί> is nagegaan in hoeverre ondervoeding tijdens de pre

natale periode en/of de zoogperiode, leidt tot veranderingen in ge

wicht, eiwitgehalte en AChE en BuChE aktiviteit in zeven hersendelen 

van juveniele en adulte ratten welke na het spenen over ad lib voed

sel beschikten. Ratten uit drie ondervoedingskondities -prenatale 

( G L ) , postnatale ( G L ) en gekombineerde pre- en postnatale ( G L ) 

ondervoeding- werden met kontrole ( G L ) ratten vergeleken. 

In de juveniele ratten (leeftijd 2 maanden) blijkt de vroege onder

voeding veel effekten te hebben. In praktisch alle hersendelen zijn 

gewicht en eiwitgehalte afgenomen en is de afname sterker in de G L 

ratten dan in de G L of G L dieren. Lang niet in alle hersendelen 

gaat deze afname in gewicht en eiwitgehalte gepaard met afname in to

tale AChE of BuChE aktiviteit. In de zwaarst gedepriveerde groep 

( G L ) is in alle hersendelen, op de frontale cortex na, een afname 

in totale AChE aktiviteit te zien. Niet zo echter in totale BuChE 

aktiviteit welke slechts in occipitale en mediale cortex verlaagd is. 
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In de frontale cortex zijn de totale AChE en BuChE aktiviteiten zelfs 

toegenomen. 

De veranderingen in specifieke AChE en BuChE aktiviteiten zijn zowel 

afhankelijk van hersendeel als van de periode van ondervoeding; zowel 

verhogingen als verlagingen in enzymaktiviteit zijn gevonden. 

Veranderingen die in essentie irreversibel zijn omdat ze ook nog in 

adulte ratten gevonden worden, blijken voor alle gemeten variabelen 

voor te komen. Persistente effekten van vroege ondervoeding blijken 

voor wat betreft de specifieke AChE en BuChE aktiviteiten verhoging

en te zijn en voor wat betreft de overige variabelen verlagingen. 

Prenatale en postnatale ondervoeding hebben differentiële blij

vende effekten op de specifieke BuChE aktiviteit in pons-medulla 

en 'rest of brain' en op gewicht en eiwitgehalte van mediale cortex, 

cerebellum en pons-medulla. Deze differentiële effekten zijn in 

overeenstemming met het gegeven dat het cerebellum zich postnataal 

en de pons-medulla zich prenataal in de ontogenie ontwikkelen. Naar 

analogie hiervan is gekonkludeerd dat de mediale cortex zich groten

deels prenataal ontwikkelt. 

Het is opvallend dat de AChE en BuChE aktiviteiten in de frontale 

cortex zeer modificeerbaar zijn door vroege ondervoeding. Een soort

gelijk resultaat is gevonden voor omgevingskomplexiteit {Hoofdstuk 4). 

Dit kan een gevolg zijn van een relatief langdurige rijpingsperiode 

van de frontale cortex: het is bekend dat bijv. de dopaminerge trans

missie in de frontale cortex pas laat funktioneel wordt. 

Misschien ook hangen de sterke effekten op de AChE en BuChE aktivi

teiten in de frontale cortex samen met de speciale funktie van de 

frontale cortex in adaptief gedrag. 

Het zijn vooral de resultaten welke voor BuChE gevonden zijn, die er 

toe leiden de veranderingen in AChE ten gevolge van vroege onder

voeding niet zozeer te interpreteren als een preferentieel sparen 

van cholinerge zenuwuiteinden, maar eerder in termen van een deficit 

in mycline. 

Als een rode draad loopt door alle onderzoek de aanvankelijke aan

leiding ervoor: het probleem van de mogelijke samenhang tussen ver

anderingen in gedrag en in neurochemische variabelen. Het korreleren 
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van gedragsmatige en neurochemische variabelen is een hachelijke 

zaak. Op verschillende plaatsen (¡loofasi tkker* S, •i > / i) is hier 

aandacht aan besteed. 

üe belangrijkste konklusies zijn: 

1. Korrelaties tussen gemiddelden van groepen genetisch heterogene 

individuen hebben beperkte waarde. 

2. Groepsgemiddelden kunnen wel gebruikt worden voor genetisch ho

mogene groepen als inteeltstammen en Fi-generaties. Het voordcel 

hiervan is dat door het middelen de korrelatiekoëfficient nauw

keuriger bepaald kan worden. Men dient zich wel te realiseren dat 

de betrouwbaarheid van de korrelatiekoëfficient bepaald wordt 

door het aantal genotypen en niet door het aantal individuen. 

3. Toevallige korrelaties tussen neurochemische en gedragsmatige 

variabelen worden pas uitgesloten wanneer de korrelatie hoog 

blijft in individuen van een segregerende generatie als de lr2 . 

4. Genetische korrelaties tussen variabelen vormen een sterke aan

wijzing voor een genetische samenhang. 
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S T E L L I N G E N . 

1. De toename in specifieke AChE aktiviteit in verschillende herben-

de1 en ten gevolge van vroege ondervoeding moet níet zozeer geïnter

preteerd worden als een preferentieel sparen van cholinerge eindi-

gingen zoals Adlard en Dobbing (197!) en lm et al. (1973) doen, 

als wel in termen van een deficit in myéline. 

: dlard, B.P.F, en Dobbing, J. (1971). Brain Res., 30, 198-199. 
lm, H.S. et al. (19??). Brain Res., Ь2, 461-46k. 
Dit proefschrift. 

2. Bij de huismuis (Mus musoulac) kan een groot cerebellum beschouwd 

worden als een nauw aan 'fitness' gerelateerd kenmerk. 

Dit [ roefcahrift. 

3. In het homogenaat bereid uit ingevroren hersenweefsel treedt een 

schijnbaar verlies aan AChE aktiviteit op, dat opgeheven kan wor

den door behandeling met Triton X-100. 

Dit proefschrift. 

4. De konklusie van Srinivasan et al. (1972) dat Triton X-100 onaf

hankelijk van zijn detergenswerking AChE aktiveert, is onjuist. 

Srinivasan, R. et al. (197?). Biochim. Biophyr. /cta, 284., 

349-354. 
Dit proefschrift. 

5. Bij onderzoek naar Cholinesterase aktiviteit in hersenen r-rdt 

BuChE ten opzichte van AChE ten onrechte stiefmoederlijk behandeld. 

6. Voor experimenten waarbij proefdieren noodzakelijk zijn, kan het 

benodigde aantal dieren op een eenvoudige en verantwoorde wijze 

gereduceerd worden door middels een 'split-litter design' gebruik 

te maken van verschillen tussen nesten. 



7. Experimenteel geïnduceerde veranderingen in het gedrag van ratten 

geven onder bepaalde omstandigheden aanleiding tot een meetbare 

verandering in de 'high-affinity' choline opname aktiviteit in de 

hippocampus. 

Raaijmakers, W.G.M. (1978). Neurosci. Lett. Suppl., 1, 0 86. 

8. De foto's die Schiller (1949) kenmerkend noemt voor de opeenvol

gende fasen in het manipuleren van een chimpansee met twee inschuif

bare stokken, tonen duidelijk aan dat het toepassen van kracht- en 

precisiegrepen steeds funktioneler wordt. 

Schiller, P.H. (1949). In: Instiìictive Behavior, Schiller, C.H. 
(ed.), Γ.βω York (Int. Urdo. Prees Ікс), 19S7,

 t
'f 264-Σ87. 

9. Het is onverantwoord om in het kader van het biologie onderwijs op 

middelbare scholen leerlingen hun eigen karyogram te laten maken. 

Praktikum 'Your chromosomes'. In: Saint Lawrence, P. et al. 
(1974). The Experimental Geneticist, />. Introductory Labora
tory Manual, San Francisco (Freeman). 

10. De hypothese van Koelie et al. (1977) dat BuChE in autonome ganglia 

funktioneert als precursor van AChE, berust op onvolledige gegevens. 

Koelie, G.B. et al. (1977). J. Neurochem., 26, 313-119. 

11. Het motto van Lucebert 'Invloeden uit het verleden blijven door

werken' geldt in ieder geval voor de invloed van vroege ondervoeding 

op de AChE en BuChE aktiviteiten in enige hersendelen bij de rat. 

Dit proefschrift. 

12. Het is op zijn minst verwarrend om een gen te definiëren als eenheid 

van selektie, zoals Dawkins (1976) propageert. 

Dawkins, R. (1976). The Selfish Gene, :.ew York (Oxford Univ. 
Press). 



13. Het werken als bioloog in een psychologische setting heeft in ieder 

geval als voo-deel dat de bioloog de statistische technieken leert 

kennen die nodig zijn voor de verwe king van 7ijn gegevens. 

14. Sir Ronald Fisher verdient nog steeds een standbeeld. 

Kerbusah, J.M.L. (1974). Drssertatre K.^. „jmcgert, ^-i-elLiri 1?. 

15. In meerdere opzichten lijken dissertaties op dichtbundels: het 

betreft meestal een eenmalige, kleine oplage; de meeste lezers 

zijn recensenten c.q. opponenten en de auteur is meestal zeer 

verknocht aan zijn produkt. 

і^"-епсг, ύ o^erber 197d / . 3 . ' . L r^CSt ï o. 








