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CHAPTER.l 

Brain Biochemistry and Behavior 

"Ever since physiology and psychology began to 
go on separate paths about ninety years ago, investi­
gator after investigator has discovered with excite­
ment what the other discipline had to offer. Such 
investigators have built a series of bridges from parts 
of the one discipline to parts of the other, without, 
however, uniting the two disciplines. Each bridge has 
pennitted the exchange of methods and findings of great 
power and wealth, thus inevitably influencing the 
developnent of theory in both disciplines." 

(Rosenzweig, Krech, & Bennett, 1961) 

1 

A restatement of this quotation might be simply that problems 

suggested from the data and theory of one discipline require data and 

theory from other disciplines for their adequate solution; both disci-

plines being altered by the exchange. The reductionistic philosophy of 

the physiological psychologist requires that behavior, mental events, 

psychic phenomena, or what have you, be reduced to events of a 

physiological nature, which in turn require explanations in tenns of 

anatomy, biochemistry, physics, molecular chemistry and perhaps even 

nuclear physics. The authors of the quotation cited above are apparently 

of this philosophy, being actively engaged in the delineation of 

anatomical and biochemical correlates of behavior. Ih this chitpter the 

results of a decade of their research and theorizing will be reviewed. 

Early statement of the research question and preliminary results 

In 1953 the group composed of David Krech, Mark R. Rosenzweig 

and Edward L. Bennett with assistance from graduate students and technicians 

addressed themselves to the problem of establishing relations between 

' measurable, overt behavior and brain biochemistry in the rat. They 

first selected as a behavioral measure the "hypotheses" fonned by rats 

in a solutionless problem consisting of a four-choice light-dark, right-
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left discrimination box (Krech Hypothesis Apparatus) in which both para-

meters were varied randomly~ neither providing a reliable cue as to the 

"correct" choice. Krechevsky (1935) had shown that rats in this situation 

will consistently make either visual (light-dark) or spatial (left-right) 

"hypotheses" to guide their choices and that lesions in either the visual 

or samesthetic cortices would alter such behavior in a predictable fashion. 

They chose as a suitable biochemical system in brain the choline 

'acetylase (ChA)-acetylcholine (ACh)-acetylcholinesterase (AChE) system. 

This choice was based upon the current theory that ACh was released from 

neural terminals into the sub-synaptic space where it reacted with post­

juctional receptors to change the permeability of the membrane. The 

change in membrane permeability led in turn .. to the establishment of an 

excitatory postsynaptic potential that contributed to the "spi~e" potential 

and its propagation down the next neuron. In other words ACh was considered 

a chemical transmitter at certain synapses. ChA is present as the last 

step in the synthesis of ACh1 and AChE is present.~~ presumably, to hydrolyse 

the liberated$) "free" ACh thus terminating the transmission process and 

preserving same sort of discreteness (c.f. Crossland» 1960~ for a review 

of ACh and other substances as transmitters in the central nervous system, 

and Koelle, 1962~ for a revised theory of the role of ACh and AChE in 

·this process) • 

Assuming such a role for ACh~ these workers reasoned that due to its 

pivotal role in maintaining continuity throughout a neural network, its 

levels in brain might be reflected on a gross behavioral level, namely in 

adaptive behaviors or more s:recifically in learning and memory. Rather 

than measuring ACh directly, which is technically diff.icult due to its 

lability, they chose to measure AChE which is relatively stable a:nd for 

which suitable instrumentation had recently been developed (Neilands 

· & Cannon.~~ 1955). 'They assumed» sjjpce there was a fairly high correlation 
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between the concentration of ACh and the activity of AChE throughout the 

brai~ that the latter would be an adequate index of the fonner. 

Using 11hypothesis" formation as a behavioral measure and AChE as 

a biochemical measurev they proposed that rats with relatively higher 

AChE in the visual ~ortex would manifest visual 11hypotheses11 whereas rats 

with relatively higher AChE in the samesthetic cortex would show 

predominantly spatial1~hypotheses~The results indicated that animals 

with spatial 11hypotheses~had higher AChE activity thrOUghOut the dorsal 

cortex than animals with visual 9ghypotheses16 (Krech,!) Rosenzweig» Bennett, 

and Krueckel~ 195~). Although the specific hypothesis was shown experi-

mentally to be incorrect~ the results were extremely encouraging from 

the standpoint of establishing a relation between brain biochemistry 

and behavior" 

Ir9ividual and genetic differeEces in behavior and brain biochemistry 

Since most animals selected the lighted alley on their first 

trials in the Krech Hypothesis Apparatus.~> the assumption was made that 

visual cues;were dominant and that in a solutionless problem8 a shift to 

a spatial 19hypothesis'~represented a more adaptive response than main­

taining the more obvious visual "hypothesis o,. Such an explanation was 

consistent with the biochemical results and allowed the hypothesis 

that animals with greater cortical AChE activity were more adaptive and 

hence better learners (Rosenzweig» Krech & Bennett.~> 1958). An empirical 

test of this hypothesis was available by measuring the cortical AChE 

in descendants of two strains of rats selectively bred for maze-behavior 

by Tryon (1940»1942) and since maintained without further selection 

pressure in the Berkeley colony. During the seventh generation of 

selection.~> Krechevsky (1933) had found that t~e "maze-bright" strain 

tended to vary their hypotheses more and showed more spatial hypotheses 
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than the "maze-dull" rats who tended to stay with the more dominant visual 

cues. It was found that descendants of the ''maze-bright" strain and 

descendants of the "maze-dull" strain,· named respectively S1 and s3 to 

distinguish them fran the original lines from i'l'hich they may have changed 

considerably, did indeed differ in brain AChE. The s1 strain had about 

10 percent more cerebral AChE activity per unit weight than the s3 . . . ~ 

strain (Rosenzweig, et aL ~ 1958). In additidn they found a .statistically 

significant increase in AChE activity as one progresses from the posterior, 

visual cortex through the middle, ~anesthetic cortex to the anterior, 

motor cortex. 

The differences between strains and cortical regions were ·immedta te ly 

criticizedby biochemists and physiologists as being biologically 

unimportant. Tower (1958) enumerated several criticisms that, in spite of 

numerous demonstrations to the contrary, have plagued this line of research 

until the present: (1) "the changes are close to, or within the probable 

limits of, error of sampling and analysis"; (2) "the method of measure­

ment does not apparently take account of 'the type of cholinesterase"; 

(3) "cholinesterase in brain is apparently far in excess of requirements"; 

and (4) "the activity of the acetylcholi~e system is correlated with 

species brain size and probably with neuron density and/or size (p. 356)." 

Answers to these criticisms have come partly from the Berkeley 

laboratories and partly from recourse to other experiments. First, it 

has been shown repeatedly that the techniques are reliable within 

~ 1•2 percent on duplicate runs of the same tissue sample and that the 

differences noted are ·consistent fran experiment to experiment. 

Second, cholinesterase (ChE, often called pseudo-cholinesterase1) 

lc.f. Standard nomenclature recammenqed by the Commission on Enzymes of 

the International Union of Biochemistry (1961). 

·~ 
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accounts for less than 5 percent of the activity in rat-brain measured by 

this technique (Bennett li Rosenzweig, Krech, Karlsson, Dye & Ohlander, 

1958; Bennett, Krech &.Rosenzweigp 1963). 

Third 9 it is not at all apparent that AChE exists at functional sites 

in the central nervous system in excess. While it is true that at peri-

pheral junctions a large reductibn (up to 20 percent of normal) in AChE 

can be sustained without decrement in transmission (Bullock~ Grundfest, 

Nachmansohn & Rothenberg» 1947)_. there is no evidence that the reduction 

occurred at functional sites (c.f. Koelle» 1962) or whether such a 

reduction would be as ineffective in the central nervous system. 

While Freedrtlan, Willis)) and Himwich (1949) reported no overt signs of 

toxicity after a 50 percent reduction in cerebral AChE, their behavioral 

measures were admittedly very crude. Sawyer (1955) found that almost 
( 

any reduction in AChE was accanpanied by sane decrement. in the swimming 

responsiveness of amblystama. 

Fourth» the s3 strain has a larger brain than the .s1 strain (Bennett 

~ al. lJ 1958) suggesting that size of brain alone is not responsible 

for the observed difference in AChE activity per gram tissue between 

the strains. Further» preliminary data indicate that the s3 strain 

has a denser network of neurons and glia in the cortex than the S1 

· strain (Diamond., personal cormnunication). 

Returning to the question of age and strain differences~ Be.nnett et ~· 

(1958) published a report of extensive comparisons of the s1 and S3 

strains ort AChE activity and brain weight from 28 to 527 days of age. 

The cortical AChE values for both strains rise sharply until about 

60 days .ll and then continue upward more gently~ reaching a broad peak 

at about 100 days and declining slowly thereafter. In the subcortex 

AChE rises fairly rapidly to a sharp peak at about 80 days and declines 

thereafter. Total brain weight increases continuously in a negatively 
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acceierated fashion. The s1 strain had higher AChE per unit weigpt than the 

s3 strain at all points and for both cortical ~ subcortical values. On 

the other hand the S3 .strain had a heavier brain so that if total AChE 

activity is considered, the S3 strain actually has more en~yme present due 

·to its larger mass. 

Two arguments might be raised against these results suggesting that 

higher AChE is associated with better learning. First, it may be that there 

is no generality in the behav~oral measure (i.e.P if the s1 animals 

retained their superiority on the 17·-unit T-maze for which. their ancestors 

had been selectively bredD they may be inferior to the s3 animals on 

other tasks). Second, the difference :Ln AChE may be only one of a number 

of biochemical and-physiological variables that could conceivably also 

account for·the-behavioral differences. 

In order to test the generality of the behavioral superiority and . . . 

to determine whether it still existed, animals from the two strains were 

canpared on their performance in three mazes under food deprived conditions -

the Lashley III maze, the Dashiell checkerboard maze, and the Hebb-Williams 

maze. The s1 strain was superior in all respects to the s3 strain, thus 

showing some generality in the behavioral differences (Rosenzweig~~., 

195'3). To be sure, the s1 strain is not always superior to the s3 strain 

on all tasks, as was shown by Searle (1949), but the exceptions are rare. 

To determine whether the two strains differed generally in brain 

enzymes and/or metabolic rates, the glycolytic enzyme lactic dehydrogenase 

(IDH) was measured (Bermett; Krech, Rosenzweig, Karlsson, Dye & Ohlander, 

1958) • Although regional and age differences in IDH activity were 

noted, the pattern did not follow that of AChE,and.there was no difference 

between the S1 and S3 strains. Later (Bennett, Rosenzweig, Krech, Ohlander 

· and Morimoto» 1961) it was also shown that percent protein does not 

differentiate the two strains. 
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It now became important to find out whether the observed strain 

differences in brain AChE and maze performance were causally related or 

merely fortuitous. Two experiments were performed, both utilizing genetic 

principles. First» if the two variables were causally related, a negative 
\ 

correlation ought to be observed between error scores and brain AChE 

in crosses of the two strains. Instead, small positive correlations were 

found. Second~ Roderick (1960) selectively bred two pairs of strains 

from different foundation stocks for cortical AChE. In both instances 

he was able to select a high (RDH and RCH) and a low (RDL and RCL) strain. 

Again, on the basis of the proposed behavior-AChE relation, animals of 

the high AChE lines should show superior maze performance. However, "in 

only one of
1
the six comparisons was there any indication that this prediction 

heldD and this difference was negligible and statistically insignificant. 

On the other hand~ in four cases the low-ChE strain made fewer:cerrors 

than the high-ChE strain" (Rosenzweig, Krech, & Bennett, 1960 ~ p. 485). 

To explain what appeared to be a paradoxj the assumption that AChE 

is an index of ACh concentration was carefully reconsidered. If it were 

assumed instead that ACh is independent of. AChE and under separate 

genetic control~ the results would be consistent. The crossing of high 

and low strains would result in a random assortment of ACh and AChE 

so that in a group of o:Cfspring~ animals having high AChE would tend to 

have a mean level of ACh and perhaps a lower synaptic transmission ,eff-

iciency due to the too-rapid destruction of ACh. On the other hand, a group 

having· low AChE would also t~nd to have a mean level of ACh and thus 11 

perhaps~ a higher synaptic transmission efficiency. Similar reasoning 

was suggested to explain the results of the selection experiment. To 

test this new hypothesis ACh was measured in whole brains of animals from 

the six strains; s1-s3, RDH-RDL~ RCH-RCL. The prediction that the S1 
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strain would have higher levels of ACh than the s
3 

strain and that the other 

two pairs of strains would have almost equal levels of ACh was verified 

(Bennett, Crossland, Krech,& Rosenzweig» 1960). 

Two further experiments to test this revised hjpothesis have been 

undertake-h._" :_First, a selection program f <r animals having high and low 

ACh is underway. Due to induction effects thes·e animals should also 

exhibit high and low AChE respectively and, if the hypothesis is 

correct, high and low maze performance respectively. 

Second, a selection program similar to that of Tryon's selection 

for maze-bright and maze~ull rats was completed by Olson using 

errors on the Lashley III maze as the criterion for selecting high 

and low strains. In addition brain ACh and AChE were measured in each 

generation to see whether the biochemical variables segregated with 

the behavioral response. While a behavioral response was readily obtained, 

there was no separation of the lines on either ACh or AChE in the pre­
dicted direction. 

It is premature to reject this hypothesis on the basis of the 

study by Olson alone. Clearly, his procedure has resulted in different 

strains biochemically than those of Tryon. But there are also quite 

evident behavioral differences apart from errors made on the Lashley 

III maze. The s1 and s3 strains are relatiVely tame whereas precaution~ 

are necessary in handling the Olson strains. Further 11 nothing is known 

about the generality of the superiority shown by the Olson bright -line, 

and it may be quite specific. Just as likely, however .. the biochemical 

events underlying learning are not unitary and involve a number of 

systems. 

Effects of experience on AChE 

Ha.ving demonstrated that there ar~ individual and strain differences 

in brain AChE activity that can be related to certain measures of 

., 
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adaptive behavior~ the possibility of measurable biochemical changes as 

a result of learning was investigated. While the common belief was that 

changes in the central nervous system must occur during learning, demon­

stration of any such changes had not been reported. Several studies 

in the literature hinted at the possibility that changes in ACh and AChE 

might be found if the mechanisms underlying learning were involved with 

this system. 

First, Boell~ Greenfield and Shen (1955) reported that removal of 

one optic vesicle from frog larvae produced a decrease in AChE activity 

in the contralateral lobe. This deficiency was primarily restricted to 

regions with dense synaptic networks, and succinoxidase, an enzyme not 

specifically involved in neural transmission» was not affected. Second, 

Sperti & Sperti (1959) found that unilateral transection of the cerebellar 

peduncles in the rat led to a significant drop in AChE activity of the 

cerebellar cortex~ the drop being greater on the side ipsilateral to the 

cut than on the contralateral side. Third, higher AChE activity was found 

in certain hypothalamic nuclei of lactating rats or rats on a high 

salt diet than control animals (Pepler & Pearse» 1957). Fourth~ Burkhalter, 

Jones & Featherstone (1957) found. that addition of ACh to a chick lung 

Preparation increased the AChE activity » a phenomenon known as enzyme 

induction. 

With these considerations in mind Rosenzweig, Krech & Bennett (1951) 

proposed that training involves increased neural transmission ·with 

an increased release of ACh which might be expected to induce a compen­

satory increase in AChE. An initial test of this hypothesis involved 

animals run in an umweg apparatus ( Krechevsky, 1938) . 

compared with untrained littermate controls. The trained animals had 

significantly higher cortical and subcortical AChE activity than their 

untrained littermates. A control experiment was conducted to test 
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whether the effects could be accounted for by differential handling, 

and it resulted in a negative answer. Since the animals trained on the umweg 

apparatus had' been kept at 75 percent of their body weight, a second control 

experiment w&s conducted, to test the effect of this variable on AChE 
,'• 

activity.~ 'tf was' found that anima'is fed only once a day for 23 days and 

kept at 7~ 'i>~rcent of their body weight showed a loss df about 4 percent 

of their brain weight and a small, insignificant rise in cortical AChE 

activity compared to normal controls. The subcortex' showed no change in 

AChE activity~ · 

To avoid the complicating effects of underfeeding a new experimental 
. was 

procedure was devised. One animal of a littermate pair/assigned at weaning 

(about· 25 days) to an experimental group (Eilvironnental COmplexity and 

Training; ECT) and the other animal served as his control (Social 

Control; SC). The ECT condition consisted of housing 10 animals in a 

large, wire cage which had wooden "toys" that were changed daily' and 

allowing theni to explore in small groups the Hebb.;..Williams apparatus 

(with a different pattern of barriers each day) for 30 minutes daily. 

In addition they were given training in the Lashley III maze, the 

·Dashiell maze and the Krech HYpothesis Apparatus with a small glucose 

tablet as an 'incentive. Food and water were available ad lib. The SC 
' --

condition consisted of housing three animals per cage under standard 

colony conditions. They received glucose tablets whenever their 

littermates did. After 80 days all animals were sacrificed far bioche~ 

ical analysis under cede numbers 'that did not reveal their group 

identity. 

The results showed a significant increase in AChE activity per 

unit weight in the sanesthetic cortex and the subcortex in the ECT 

grouP, as compared to the sc group; the vi-sual cortex·also showed a 

rise in AChE per unit weight~ but was not statistically significant 

(Rosenzweig et al., 1961). 
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Later in 1959 the results of four additional groups were reported 

using s1 females, .s3 males, RDH males» and RDL males (Krech» Rosenzweig, 

Bennett & Longueill~ 1959). In these exper~ents the control ~ls 

(Isolated Controls; IC) were kept one to a cage in ·'solitary confinement' 

in an effort to maximize the effect on AChE activity. The IC animals 

were housed in special cages constructed of sheet metal. Only the 

front allowed visual access and it faced a blank wall. No visual 

contact between.~ls was permitted and handling was kept to a min~um. 

The results again showed a significant rise in subcortical AChE, but 

the ECT animals actually had lower cortical-AChE activity per unit 

weigh~ than their IC littermates! Percent protein was also measured 

in this experiment, but it did not change. 

This rather puzzling result was replicated with a total of 177 

animals from six strains comparing the ECT, SC and IC conditions 

(Krech, Rosenzweig & Bennett, 1960). In all strains the cortical AChE 

activity per unit weight was lower in the ECT animals than in the IC 

animals whereas the reverse was true for the subcortex. The SC condition 

resulted in AChE activity per unit weight intermediate between the ECT 

and IC conditions. When the ratio of cortical AChE activity to subcortical 

AChE activity was taken as an index 5 there was a negative monotonic 

relation between amount of stimulation and this index. To control for 

the possible effects of differential locomotor activity an experiment 

was conducted in which experimental S1 animals had access to an activity 

wheel attached to their cages whereas control animals were prevented 

from entering the wheels. No significant differences i~ AChE activity 

were noted between animals in these two conditions. 

Effects of environment on cortical weight 

Clearly, there was a measurable effect of the ECT-SC-IC procedures 
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on AChE activity» but the cortical effect/not in the predicted direction, 

while the subcortical effect was. In a report published the follow­
ing year 
(Rosenzweig,- Krech, Bennetts& Diamond» 1960) these results were again 

replicated and a further analysis of the data was made that illuminated 

the earlier unexpected resultso The expre:;;sion of AChE activity as moles 

ACh x lOlQ hy~olysed per minute per milligram of tis;me (specific 

activity) did not reveal any changes that might also occur in tissue 

weight due to the procedures. When the separate components of this ratio, 

moles. ACh x roB hydrolysed per minute (total activity) and wet weight 

of tissue; were scrutinized separately it became apparent that both 

were' changing somewhat independently of each o~er. AChE total a·ctivity' 

did :l;ndeed increase in both.the·cortex and the subcortex in ECT animals 

compared to· SC or IC animals, just as pact been predicted. Remarkably, 

howeverj the wet weight of the cortical sections also wasc higher in 
. . . ' 

ECT than IC animals and by a greater percentage than . the increase in 

activity. Accordingly AChE spec:if.Jc activity was lower in 

the cortex of ECT than IC·littenna.tes. The subcortex showed little if 

any weight changeD and hence the increase in AChE total activity in 

ECT animals was also apparent when expressed as AChE specif'ic activity 

for this section. 

Previous experiments were reanalysed in terms of total activity and 

tissue weight and the results were quite similar in all respects. 

Subsequent experiments,have.also confirmed these find:ings(Krech, 

Rosenzweig, & Bermett9 1963; Zolman and Morimoto,. 1962).. . 

The unexpected finding of a morphological change as a consequence 

of environmental complexity and training .was, perhaps, more intriguing 

than the predicted finding of a biochemical change. The cUITent dogma 

would not lead to predictions of such anatomical changes whereas some 

sort of biochemical change could be assumed to occur, the problem being 
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to find and measure it. 

Experiments utilizing ~tanical techniques were conducted in an 

effort to elucidate these morphological changes. The depths of cortical 

sections in ECT and IC animals were measured, whereupon it was found that 

ECT animals had .thicker cortices than IC animals,and that the percent 

difference corresponded quite closely to the weight difference (Diamond, 

Krech & Rosenzweig» in press). The increase in depth was greater in the 

visual cortex than in the sanesthetic cortex as was true also of the 

weight difference. Further histological analysis revealed that there 

were less neurons, glia and capillaries per microscopic field in the ECT 

animals, indicating a greater amount of intercellular and intervascular 

substance~ and the ECT animals had more large blood vessels and fewer 

small ones than the IC animals. The possibility that dendrite branching 

might account for the change was proposed and is in the process of 

being investigated. 

Effects of experience on learning 

Other investigators (e-.g. Bingham & Griffiths, 1952; Forg~ys & 

Forgays. 1952; Hymovitch, 1952) had shown that training and opportunities 

for experience can produce changes in learning capacity. In the exper­

iments comparing biochemical and morphological changes as a function of 

the amount of developmental stimulation from weaning to maturity, it 

was assumed that at least part of the observed change was due to an 

increased involvement of neural and biochemical elements involved in 

learning. However, it was· necessary to demonstrate such superiority in 

performance of ECT animals over IC animals. To do this littermate s1 

male rats were placed in either an EC condition (same as ECT except 

without the formal training) or the IC condition far 30 days beginning 

at weaning. At the end of this period, the two groups were tested in a 
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series of reversal-discrirnination problems in the Krech Hypothesis Apparatus. 

No difference was evident between the two groups on the· initial light­

correct problem, but on successive reversals the EC group showed a marked 

superiority·over the IC group. 

Additionally j it was found that the correlation between the cortical/ 

subcortical weight ratio and the mean number of errors per reversal 

problem was -.77 for the EC group but only -.15 for the IC group; for 

spe6ific AChE the respective correlations were .81 and .53. "It is c.lear 

fran this correlational analysis that for animals raised in an enriched 

environment:., during infancy there is a substantial and stable relation 

between performance measures on the reversal discrimination problem and 

those morphological and biochemical measures of the rat is brain which are 

most affected by the enriched environment" (Krech, Rosenzweig & 

Bennett, 1962). 

A 'critical period' for the effects of environmental stimulation? 

Two questions arose once the effects of an 80 program of enriched 

environment versus an impoverished environment on brain biochemistry 

. and morphology had been established. First .a how much stimulation 

(or deprivation) was necessary to produce measurable effects? Second, 

did it matter when during the course of an animal's life the extra 

stimulation,(or deprivation) was given? 

Both questions were partially answered in an eXPeriment investigating 

the effects of a 30 day training period. Zolman and Morimoto (1962) found 

that this shortened period of training was sufficient to produce signifi­

cant increases in cortical weight of the ECT group compared to the IC 

group, but no significant differences were found in A01E total activity, 

although the means were in the expected direction in most comparisons. 

If the ECT animals were placed in isolation for 30 days after previously 

.,., 
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having been exposed to the enriched environment for 30 days beginning 

at weaningt> the differences tended to-dissipateo 

While animals exposed to the enriched environment fran weaning 

showed the typical decrease in cortical specific AChE and increase in 

subcortical specific AChE,. animals who began training at 55 days showed 

an increase in subcortical specific AChE onlyo 

Reduction of the training period to 14~ 7 and 3 days resulted in 

smaller increases in cortical weight of ECT animals compared to IC 

littermates 2 but even at the shorter period the increase was statistically 

signiflcant if all three periods were cambined, AChE total activity was 

not significantly affected by these shorter periods of exposure (Zo~, 

To further test whether the effects of ECT versus IC depend 

critically on the age at which the animals are exposedj adult rats were 

tested (Rosenzweig,~~ Krech & Bennett~ 1963)o Animals were assigned to 

the respective conditions at 105 days of age, the usual age of sacrifice 

in the earlier experimentso Rats of 105 days can be considered adult 

since they mature se~ually at about 70 days and growth of the brain~ 

which never stops completely in the rat~ has fallen to a low rate 

before 100 dayso 

The differential experience afforded these adult rats by the 80 

day ECT-SC-IC program resulted in biochemical changes as large or 

larger than seen in the younger animalso Thus~ there did not appear 

to be a ucritical periodv for altering either brain weight or AChE 

activity fran the age of weaning ono 

Investigation of.the period prior to weaning has not been made 

with respect to effects of ECT or ICo However~ the effects of uhandling' 

from days two through day. tenll post partum,!l on animals of the s3 

strain indicated a moderate increase in cortical weight and a large 
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(10.6 percent) increase in subcortical weight in the exper~ental group 

(infants removed from the home cage, and placed for five minutes in a 

metal pan partly filled with shavings, an:i then returned to the home 

cage). Total AChE also increased in the sensory cortex and subcortex, but 

not in the remaining dorsal cortex (Tapp & Markowitz, 1963). 

<", 

'. 1--- ·~· •. ' 

Effects/S'f::."experience on· blinded animals 

·Since one of the envirornnenta1 variables that is clearly different 

in the ECT and. IC conditions is the amount ofvisual stimulation provided, 

and since tissue samples from the visual cortex showed the greatest 

effects of these conditions in terms of both wet weight and AChE total 

activity, this modality was investigated further in an effort to delineate 

the relevant factors. 

Experiments were performed with littermate triplets and quadruplets 

(Krech, Rosenzweig & Bennett, 1963). Animals were assigned to one of 

four conditions: Sighted-ECT; Blind-ECT;.Sighted-IC; Blind-IC. Animals 

in the blind groups were enucleated under ether anaesthesia at weaning 

just prior to being placed in the experimental conditions. 

The results showed the usual effects of the EcT-IC conditions 

on both the blinded and sighted animals. Howevers there were also 

effects produced by the blinding. First, the blinded animals had lower 

weights in all divisions of the brain except the somesthetic cortex, 

which increased. Second, AChE total·activity was reduced in all sections 

of the brain except the sornesthetic and visual cortices where it 

increased. The reduction in both total and speci:tie AChE was espeeially 

marked in the superior colliculi. 

It appeared as though the effects of blinding were similar in 

most respects to reducing stimulation as ih.zthe Ic condition. The 
. . " 

Blind-ECT animals had heavier brains and more. AChE than the Sighted-IC 
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animals but less than the Sighted-ECT animalso Further, the Blind-IC 

animals were worse off in this respect than the Sighted-IC animals. 

The striking exceptions in this pattern were tissue we~ht and 

JChE total. activity of the somesthetic cortex which increased in the 

blinded animals J suggesting sane sort of compensatory mechanism, and 

ACbE'tot:al activity in the visual cortex which increased in the blinded 

group in spite of the fact that tissue weight actually decreased. 

Two speculative hypotheses were presented to account for the 

increase in AChE total activity in the visual cortex of the rat resulting 

from blinding: (1) the visual cortex may actually be more active in 

blinded animals due to, perhapsJ a loss of inhibitory signals; 

(2) the neurons affected by blinding are non-cholinergic and as a 

result of degeneration of their terminal endings neighboring cholinergic 

endings move in to make functional contacto 

Effects of experience on brain ChE 

As related earlier (ppo 4-5) a frequent criticism of the research 

reported in this chapter has been that the measure taken of AChE activity 

does not distinguish AChE from the non-specific ChEo Although it was 

shown that ChE accounts for less than 5 percent of the measure used 

(Bennett ~ alo ~ 1958) it was important to detennine whether very large 

changes in ChE might account for the differences found as a result of 

the ECT-IC procedureso 

Using a technique adapted from Ellmans Courtney, AndDoes, & 

Featherstone (1961) both AChE and ChE were determined using acetylthio­

choline and butyrylthiocholine (in the presence of a specific inhibitor 

of AChE) as substrates respectivelyo The previous finding of less than 

5 percent ChE in rat brain was confirmed (Bennett~ Krech, & Rosenzweig, 

1963)o In an experiment comparing the effects of ECT and IC conditions, 
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a different p~ttern of change was found for ChE canpared to that found 

for .AChE. There was a general, increase in ChE.tota1 activity in the cortex 

of ECT aniffia+s and little ·or no cqange in the subcortical section. The 

increase in the cortex was large enough so that specific ChE also showed 

an irq~ease in the. ECT group ccmpared with a decrease in AChE.s:P=.cific .. - ... ': . 
. ~ '-:···· .. · ·. ;;_. ~ 

activl:ty. Thus» the changes in ChE cannot accour::tt for the observed 

changes in AQhE. 

The implications of these :results are interesting. Morphologically, 

AChE is found in the brain primarily in neurons whereas ChE is also 

' contained in'glia. The recent interest in glia as perhaps being involved 

in learning may be of importance in this respect.(c.f. Hyden, 1961). 

'Sumnary of research on. brain AChE and behavior 

The results .·. of the resear.ch attempting to relate brain AChE to 

behavior can be summarized as· follows: (1) There are individual and 

strain differences in rat brain AChE that appear to be related to certain 
... ~ . 

kinds of measurable behavior; (2) it is possible to· select animals on the 

. basis of cortical AChE but such;selection is apparently independent of 

ACh; ·(3) varying amounts of envirormental stimulation can prcxluce 

measurable changes in rat brain AChE, ChE and wet weight of tissue in 

a predictable manner; (4) the visual system is only partly involved ih 

the effects of an enriched versus.an ·impoverished environment on AChE 

activity and tissue weight, other systems apparently compensating for 

loss of vision after-blinding; (5) the biochemical and morphological 

changes brought about by varying the amount of environmental stimulation 

are not·a function of the age at.wh!ch animals are exposed to the 

.st:L--nulation,. ~i.e, there is no "critical period". 

!3£k~ _ _o.f~_other possible neurohurnors 

1i~e preoccupation with AChE in this project is quite understandable, 

f) 
'\' 
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at least during the early stages, for the following reasons: (1) ACh is 

the most respectable candidate for a transmitter role in the central nervous 

system; (2) AChE can be measured with a high degree of reproducibility 

which is extremely important in view of the small differences observed; 

(3) having been successful in initial attempts to relate this syste11 to 

behavior, it was necessary to explore these leads further. 

It is unlikely, though, that ACh is the only transmitter in. the central 

nervous system or that it is the only such substance causally related 

to gross behavior. Control experiments have been reported establishing 

that observed differences in AChE are not merely a function of differences 

in general metabolic acitivity or protein content. }Iowever, this does 

not eliminate the involvement of other specific substrate-enzyme 

systems and especially other systems that may be involved in neural 

conduction and transmission. 

The exploration of other substrate-enzyme systems in the brain 

seems justified now that the ACh-AChE.system has gained a certain 

respectability in this respect. Clearly~ AChE activity does not 

account for all of the variance observed in gross behavior of animals 

performing in mazes. Further, behavior is far from unitary and it is . 

not unreasonable that different substrate-enzyme systems are involved 

with different kinds of behavior. In fact, it is clear that maze 

behavior is the resultant of a large number of factors including 

·sensory discrimination, motivation, emotional components (i.e., 

autonomic responses), memory, etc. While these behavioral concepts fall 

short of precise definition, there seems to be enough intuitive meaning 

associated with them to distinguish one from another in most instances. 

The search for their physiological correlates provides the raison~~~ 

of research and theory in the field of physiological psychology. 
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CHAPTER II 

The Role of Serotonin in Brain and its 

Possible Significance in Behavior 

, ,At the conclusion of Chapter I, it was suggested that non~holinergic 
.• \.··¥;.. i ' . 

~ .... :.. "i -:· 
sy~t_eriis may also be related to measurable aspects of behavior. Even 

relatively sirilple behaviors are not unitary, and, consequently, several 

interrelated mechanisms probably provide their phYsiological basis. If 

this is translated into gross biochemical and behavioral measurements, 

· the results should be a· set of relations between levels or activities of 

certain substrate's or enzymes and certain measurable sets of responses. 

Further .. both·the biochemical and_ behavioral variables will probably 

be found to be intercorrelated to a greater or lesser degree. 

The purpose of this dissertation is to examine the role of brain 

serotonin in<relation to measurable behaviors ·in several strains of rats. 

l\1ore specifi<fally' three sets of experiments will be reported that 

attempt to discover such relations: (l) Chapter III will present the 

results of experiments. in which several genetically distinct straiinsuof 

rats have been measured with respect to brain serotonin and its enzymes 

of synthesis and degradation. Since these strains differ in maze 

performance, any differences in brain serotonin would provide a basis 

for further study of causal relations. (2') Chapter Dr will give the 

results of experiments in which indiVidual rats· within two strains have 

been measured on a number of behavioral variables and their scores 

correlated with their individual levels of brain serotonin obtained 

after sacrifice. (3) Chapter V Will present the results·of experiments 

investigating the effects of an enriched versus an impoverished 

e'nvironment on brain serotonin in two strains of rats. 

The selection of the serotonin system in brain for the study of 

/I 
'\ 
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relations between a non-cholinergic system and behavior was based on a 

number of factors» including its current interest in the comparatively 

new field of psychopharmacology. It is a curious fact that a large 

number of agents that have a depressant or excitatory effect on animals 

and humans also alter the levels of peripheral and central serotonin. 

This suggests that serotonin may be involved in the regulation of normal 

patterns of neural activity. 

A review-of what is currently known about serotonin in the nervous 

system of mammals will be presented in this chapter. A short history of 

the discovery of serotonin in mammalian brain, and the theorizing that 

took place a~ost immediately thereafter will be followed by an examin­

ation of the techniques used to measure serotonin in tissue and the 

distribution of serotonin in nature. The biosynthesis and metabolism of 

serotonin will be examined, and it will be seen that this route is shared 

by other systems» such as noradrenaline, thus making unambiguous inter­

pretations of the effects of agents that inhibit specific metabolic 

steps very difficult. Then, a survey will be made of a number of factors, 

both chemical and other» that alter the levels of serotonin in the brain. 

Finally, the effects of serotonin on neural activity.and overt behavior 

will be followed by a discussion of the current conceptual status of 

serotonin. and its possible role as a neural transmitter in the central 

nervous system. 

Discovery of serotonin in mammalian brain 

Interest in serotonin (5-hydroxytryptamine) in the mammalian nervous 

system can be traced to a series of independent events that took place 

in the early 1950s. 

First$ from the field of cardiovascular pharnmacology the search for 

an elusive substance of potent vasoconstrictor action led to the discovery 
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of' serotonin by Rapoport, Green, & Pag;e in 194 ·f. Its synthesls in · 19:51 

(Hamlin & Fischer) and canmercial availability in 1952 allowed extensive 

investigation' of physiological and pharmacological properties. 

Second, <~spamer (1940) ·had discovered a substance that stiirru.lated ·;\, 

the smooth muscle of the intestine and uterus which he called enteramine. 

Eriteramine was found to be identical with serotonin (Erspamer & Asero, 

1952) ~ 

Third,· serotonin was found· in ganglia of certain invertebrates such 

as the clam, Venus mercenaria, where it behaved like a neurohllinor 

(Welsh, 1954). 

Fourth, Gaddum (1953) found that the action of serotonin on smooth 
.. 

muscle was antagonized by lysergic acid diethylamide (LSD), a substance 

having potent hallucinogenic propertieso 

Finally, Twarog & Page (1953), in the course of investigating the 

d istributiori of serotonin throughout the rilatnrnalian body, found, much to 

their surprise, relatively large concentrations of the amine in brain. 

This was confirmed by Amin, Crawford & Gaddum (1953, 1954) who also 

published a map of the regional distribution of serotonin in dog brain, 

which paralleled closely ·that found for sympathin (Vogt, 1954). 

The discovery of so potent. an agent as serotonin in brain, coupled 

with its uneven distribution and perhipheral antagonism by LSD could 

hardly fail to arouse the imagination of clinical investigator and 

theorist alike. The response was immediate and vigorous. 

The r~pid growth of researc~ involving brain serotonin can be traced 

in terms of periodic .reviews that have appeared during the last ten 

yearso Page, in his 1954 review of serotonin listed 157 references, only 

two of which dealt with serotonin in brain. Four years later (1958), 

Page listed 529 references in his review of serotonin in the same journal. 
,. -. . . . ' '. 

One-fourth of the text dealt with relations between serotonin and some 
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aspect of brain function or mental phenanena. In 1961» Erspamer 

presented a review "intended to give an account of the progress in the 

field of 5-hydroxytryptamine and related indolealkylamines.in the last 

6 to 7 years" (p. 144), that overlaps the first two reviews somewhat. 

It contains 1358 references» and is 187 pages in length. Erspamer 

further admits of having been selective in choosing from among over 

2000 papers that had appeared during the interval. For a more recent t 

much less comprehensive discussion of the topic» the reader is directed 

to a review by Freedman & Giarman (1963) which includes a number of 

references from 1960 to 1963. 

Speculation concerning the role of serotonin in brain 

Woolley and Shaw (1954) boldly suggested that mental abnormalities 

(including schizophrenia) were related to faulty serotonin metabolism. 

The action of LsD was attributed to its displacement of serotonin 

molecules from functional receptor sites in the brain. These receptor 

sites were thought to be on neuroglia which were observed to exhibit a 
' 

"pumping" motion in vitro in the presence of serotonin (Benitiz_, Murray 

and Woolley» ·.1955) • 

Two groups suggested a transmitter role flor serotonin. Marrazzi 

& Hart (1955) found that the transcallosally evoked potential was 

suppressed by serotonin injected into the carotid artery. They concluded 

that the activity of the brain is the resultant of an inhibitory 

system mediated by adrenergic-like compounds including serotonin and 

an excitatory system mediated by ACh. 

Brodie & Shore (1957) proposed that serotonin was the chemical 

transmitter for the central representation of the parasympathetic 

nervous system. This view resulted from their discovery that reserpine 

depleted serotonin from brain and caused sedation. They attributed the 

effects of the drug to a constant release of serotonin from its storage 



24 

sites, thus making the active form of the amine available at its natural 

receptors • 

. More re~ently, Aprison (1962) has pointed out that serotonin may 

·.·act as a neurcmodulator ·Of ACh. Noting that serotonin. in high concentra­

·. tions inhibits AChE, he suggests that serotoni~ may function in brain by 

competing with ACh at postjunctional receptor sites, thus modifying the 

action of ACh. 

In view of the rather meager evidence on which these theories 

were based, it is not suprising that they have not been able to encompass 

the data that have accumulated since. After the first wave of enthusiasm 

for a quick solution to~the role ofserotoni:n in brain, research workers 

arld 'theorists became engrossed· iti minor battles 'concerning how certain 

drugs· that altered brain serotonin had their effects. Investigators 

relied on assumptions as to the· actuaL role of serotonin in the brain in 

explaining the action of these drugs, · rather than concentrating on 

validation of the assumptions. As a results, new theory has not kept 

pace With the ·gathering of data~ 

Procedures used to measure serotonin in brain 

As is true in most fields, the methods used to measure serotonin 

largely determine the interpretations that can be made fran the resulting . . . . 

data. Ideally, the procedure of choice should measure serotonin e~clusively 

with high sensitivity and high reproducibility. Over the years a number 

of techniques have been developed for this purpose, but is is unfortunately 

the case that answers are not comparable from one technique to the other 

on similar material. 

The measure.ment of serotonin in brain involves first extracting 

the amine_ and. then either assaying its action on an appropriate biological 

preparation or measurement of the fluorescence emit~ed by the indole 
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nucleus of the molecule when excited by light of a specific wavelength 

(295 fill) 0 

Extraction of serotonin 

Acetone or n-butanol can be used as an extracting medium. In the 

procedure of Arnin ~ al. (1953)tissue is minced in :;several volumes of 

~0 to 100 percent acetone and extracted for 12 to 24 hours. The filtrate 

is removed and the residue is re-extracted. Both filtrates are combined, 

lyophilizeds and the residue taken up in a small volume of acid for 

assRty. Recoveries of added serotonin are partly a function of the 

concentration of acetone used. Towne, Ferster, and Schaefer (1961) 

describe a technique for preparing acetone that results in recoveries 

of 95 percento 

The use of butanol depends on the fact that the partition coefficient 

for serotonin between the aqueous and organic phases reaches 0.95 when the 

mixture is saturated with NaCl. In the procedure of Bogdanski, 

Pletscher ll Brodie, & Udenfriend (1956), tissue is hancgenized in 0.1 !i 

HCl and extracted into ten volumes of n-butanol after saturation with 

NaCl and adjustment to pH 10 by addition of a borate buffer and solid 

sodium carbonateo After being washed twice with the borate buffer, the 

serotonin is returned to an aqueous phase by the addition of n-heptane. 

Chemical purity of the reagents is essential when estimation is by 

fluoranetry. A modification of this technd!que is based on the observation · 

that the method of Shore & Olin (1958) for catecholamines also extracts 

serotonin (Mead & Finger, 1961). This eliminates the buffer washes and 

makes it possible to simultaneously determine serotonint adrenalin 

and noradrenaline in the same tissue sample. Recoveries of added 

serotonin are fro~ 90 to 100 percent. 

Both acetone and butanol extractions are inadequate to the extent 
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that unwanted compounds are also extracted, Quay (1963) described techniques 

whereby most substances that might contaminate the assay can be eliminated 

when butanol is usedo 

Assay of serotonin extracts 

'· · Bioassays were the earliest used and are still the most sensitive 

methods for meastiring serotonin extracted from.tissueo Preparations 

that have been used in this respect include beef and sheep carotid 

artery rings, the perfused vessels of the rabbit ear,!) the ra:t colon, 

the rat uterus, and the isolated heart of Venus merc.enaria (Welsh,!) 1954; 

Page, 1954, 1958)o In the hands of Freedman (1961) the clam heart 

was able to detect as little as orie millimicrogram serotonin added to 

the bath. However, the preparations are hard to prepare and maintain.ll 

subject to tachyphylaxis and seasonal variations in sensitivity, have 

more variability. than chemical methods-,!) and are time consumingo 

With the development of suitable fluorometric instruments ll a. 

fairly sensitive· physico-chemical technique was developed for the 

determination of serotonin (Undenfriendi Weissbach & Clark9 1955; 

Udenfriend, Weissbach & Bogdanski$) 1955) o Serotonin and•- other 5-hydroxy­

indoles are maximally excited by ultraviolet light .. (295 mil) and emit max­

i.trui.i fluorescence at 330 mil when in 0.1 N HCl. The fluor~scence maximum 

shifts to 540 ID\.1 when the solution is made 3 N with respect to HCL 

This shift provide~ for a relatively specific assay since substances 

that interfere at 330 mil do not shift their peak in strong acid (e.g., 

catecholamines which are also extracted) o 

The bioassays do not .giv~ comparable results to the fluorometric 

technique in terms of absolute amounts of serotonino In general it has 

been observed that considerably lower values are found using a.bioassay. 
~--- ~--- - - --- ~----

The presence of substances ·that have similar fluorescence-characteristics 

to serotonin but are biologically inactive may account for the discrepancy. 



"'' 

27 

The conclusion to be drawn fran this survey of measurement techniquef? 

is that caution must be exercised when comparing results obtained by 

different techniques, used at different times, or by different investi­

gators. As subtle a difference as the corrmercial source of reagents used 

can result in quantitatively different amounts of serotinin extracted. 

Or, the season of the year or source of biological assay material 

can produce quite different resUlts in terms of absolute amounts of 

serotonin measured. 

Distribution of serotonin in nature 

In this section, the distribution of serotonin in nature will be 

reviewed~ with the hope of obtaining some clues as to its function. 

First, phylogenetic comparisons will be made, followed by the regional 

distribution of serotonin in the brains of three mammalian species and 

its intracellular localization. Finally, the ontogenetic development 

of serotonin will be examined. 

Serotonin is widely distributed in nature, being found in many 

plants as well as the animal kingdom. Also, neural tissue accounts for 

only a very small percentage of the serotonin found in vertebrates; 

gastric mucosa having up to 80 percent of the serotonin in most mammals. 

Non-neural serotonin will hot be discussed ftirther except to say that 

its function is largely a matter of speculation (c.dt. Erspamer, 1961 

for a review that includes serotonin in non-neural tissues). 

Distribution of serotonin in vertebrates and invertebrates 

Table 1 shows the concentration of serotonin in the brains and 

ganglia of a number of vertebrate and invertebrate species. Due to the 

different techniques used and the resulting overlap of values, it is 

not possible to draw many obvious conclusions regarding the phylogeny 

of serotonin. Vertebrates have fran alrriost zero to 1.ro llg/gm serotonin 
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Table 1 

Occurrence of Serotonin in Whole Brain or Ganglia 

of a Number of Vertebrate and Invertebrate Species 

Serotoni~ (ug/g) 

Single 
Species 
Reports 

Studies Including S~veral 
Species 

Karki, Correale 
Kunztman & ( 1956) 
Brodie· (1962) 

A. Vertebrates 
.·Dog 0.10 

Cat 0.03 

Rabbit 0.381 0.60 0.30 
. 0.542 

Guinea Pig 0.443 0.33 0.30 

Rat 4 0.47 0.40 0.545 
0.396 
0.637 
0.338 
0.59 

Mouse ·0. 669 
1.oo1o 

Pigeon 0.15 
Hen 0.20 
Turkey 0.40 
Lizard 0.10 
Tortoise 0.10 
ivater Snake 0.20 

1. Costa, Pscheidt, van Meter & Himwich; 1960 
2. Pletscher, Shore & Brodie, 1956 
3. Whittaker, 1959 
4~ Kato, 1960 
5. Joyce, 1962 
6. Skillen, Theines, &·Cangelosi, 1961 
7. Anderson & Bonnycastle, 1960 
8. Heller, Harvey & Moore, 1962 
9. Chessin, Dubnick, Leeson & Scott 9 1959 

10. Gaspari, 1960 ' 
--·-

-~- -- -- ~ -~ -- < -- ------

Range·of Values 
Summarized by 
Erspamer's Review 

(1961) 

0.45-0.57 

0.58-0.68 

0.21-0.96 

0.66-1.00 

----

~· 

.• , 



.. B • Invertebrates 
Molluscs 

Venus mercenaria 
Loligigo peallii 
Octopus vu1garis 

Crustaceans (several) 

Wonns 
LUmbricus tessestris 
Arenicola mar1na 

Insects .. 
Blaberus ~igantea 
LOcusta m gratoria 

Coelenterata 
Hydra (Whole body) 

Flatwonns 
Planaria 

, .. 
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Table 1 (cont.) 

Serotonin (~g/g) 

Welsh & Morrehead 
(1962) 

30-40 
0.7 
0.8; 0.25 

<0.10 

10.4 
3.1 

<0.02 
<0.02 

1.5 

1.9 

~ .. 
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canpared to the invertebrates where the range is fran zero to as high as 

30 to 40 ~g/gm in ganglia of the clam, 

Mollusks, worms and coelenterates have relatively large amounts of 

serotonin, whereas the crustaceans and insects are essentially without 

the amine. Hydra were the most prtmitive animals found to contain sero­

i.tonin, .and the value of 1. 5 tJ.g/f!}fl is higher than almost any other whole 

animal studied. The head end of planaria appears~ to have more serotonin 

than the middle or tail end. A functional relation is suggested, since this 

is the most primitive animal that shows any marked cephalization of the 

nervous system. 

The c;oncentra tion of serotonin in the brains of a mnnber of verte­

bPates analyzed by Correale ( 1956) sugges1B that there is an inverse 

relation in marillrulls between brain serotonin concentratim and the cortical 

to subcortical weight ratioo This may be due in pqrt to the iliower values 

of serotonin generally found in cortical tissue. 

Regional distribution of serotonin, 5-bydroxytryptophan decarboxylase 

and mcnoamine oxidase in dog, cat and human brain 

Much of the interest in serotonin as a neurohumor arises from its 

uneven distribution in the mammalian brain. Table 2 shows the distri­

bution of serotonin and its enzymes of synthesis and degradation, 

5-hydroxytryptophan decarboxylase'(5-HTPD) and monoamine oxidase (MAO), 

respectively, in a number of areas of the dog, cat and human nervous 

systems. 

Several gross observations can be made. First, nuclei generally 

contain more serotonin than fiber tracts. Second, neocortical areas are 

generally lower in serotonin concentration than phylogenetically older 

cortical areas and subcortical nuclei. Thiro, there is a moderate 

correlation between serotonin- c-oncentration-ana- theactivity-of-· its 

associated enzymes, es( ~ecially 5-HTPD. Interspecies comparisons are 

-; 
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Table 2 

Regional Distribu~ion of Serotonin, 

5-HTPD and MAO in Dog, Cat and Human Brain 

Tissue Serotonin 5-HTPD MAO 
(llg/g) ( \lg serotonin (llg/hr/g) 

Dog* Cat** H *** uman 
formed/g;11r 4 
Dog* Cat * Dog* 

Isocortex 
' Grey and White .17 .69' '\,Qx -vQ -vQ 

Grey·· .27 .68 .01-.08 7 819 

Allocortex 
Cingulate g. .41 .04-.10 -vQ 
Hippocampal g. .10-.30 
Uncus .16-.30 
Subcallosal g. .14-.60 1212 
Ant • perforated 1.5 2.0 .41-1.51 109 264 .· 926 

substance 
Pyriform cortex .94 l. 4 16 20 
Hippocampus .64 .06-.19 16 1,176 

Neostriatum 
Putamen .23-.95 
Caudate n. 0 72 l. 6 .20-.70 306 300 935 
Fornix -vQ .22-.55 9 707 
Corpus callosum -vQ .20-.39 4 466 
Amygda:J_oid n. 2.1 1.6 .24-.67 18 . 35 968 
Thalamus .5 .43 .23-2.70 38 50 940 
Hypothalamus 1.7 2.45 .32-1.53 117 180 1624 
Mammilary bodies .27-.48 
Superior colliculi .50-1.22 
Inferior colliculi .76 .29-.81 40 
Midbrain 1.0 98 842 
Substantia nigra 1.11-1.96 
Pons ... ~38 ~33 .19-1.03 28 40 936 
Pontine reticular f. .89 85 
Medulla oblongata .62 .20-.50 32 1117 
Cerebellum <.09 .01-.09 <9 930 
Olfactory bulbs .35 5 ( 573 
Spinal cord .09-.20 

.,, *Bogdanski et al.» 1957 
*;:Kuntzman ~ ·~~-, 1961 

***Costa & Aprison, 1958 
xToo low to measure 
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prohibited except on a relative basis since the results were obtained 

by different assay procedureso However~ thepattern of distribution is 

similar in all three species o Those areas having the highest levels of 

serotonin frcm a group roughly composing the limbic system (Pribram 

& Kruger, 1954) o 

Intracellular distribution of serotonin 

About 60 percent of ,the serotonin in ultracentrifuged hcmogenates 

of-brain is in the mitochondrial fraction (Baker .. 195.8; Walaszek & Abood, 

1958; Giannan & Schanberg, 1958)a This has been equated with the bound 

forin of the amine, Whereas the remaining 40 percent is assumed to be 

in the free forma 

Further separation of the mitochondrial fraction using a density 

gradient relative to sucrose has revealed a number of distinct sub­

fractions (Hebb & Whittaker, 1958; de Robertis, 1962)o Serotonin 

and ACh are found primarily iry those subfractions rich .. innerve endings, 

~-which have abundant synaptic vesicles (Whittaker, 1958, 1959; Michaelson 

& Whittaker, 1962, de Robertis» 1962)o Further separation has not been 

accomplished, so that it is not known whether either substance is 

actually contained within the synaptic vesicleso 

It can be tentatively concluded from.this line of research that 

serotonin exists in at least two different cellular compartmentso First, 

a cytoplasmic compartment that may correspond to the free form of the 

amine, and second, a particulate compartment that may represent the 

bound form _of the amineo This latter ccmpartment appears to be synaptic 

vesicles located mainly in nerve endingso 

Ontogenetic development of serotonin 

Seroto:rlin-co-ncentra fieri -inc-reas-es ~in -the· brains· or-rats-from early 

foetal life_ to adulthood in a scmewhat irregular manner (Kato.ll 1959; 
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Karki, Kuntzman & Brodie, 1962; Nachmtas., 1960). At birth, levels of 

serotonin are about one-third adult levels and increase only slightly 

for the first ten days of post-natal life. Then, corresponding to a rapid 

behavioral,p physiological and morphological transition, adult levels are 

rapidly approached during the next five to ten days. A similar pattern 

of development occurs in the rabbit, but the new born guinea pig,which 

is well developed at birth .. has adult levels of serotonin. This corres­

pondence of serotonin levels and behavioral development led Karki ~ al. 

(1962) to suggest that serotonin is involved in primitive physiological 

processes. 

However, goat fetuses taken 15 to 25 days before birth had higher 

erain levels of serotonin than their mothers (Pepeu & Giarman, 1962). 

In addition neocortical areas were richer in serotonin than certain 

subcortical nuclei, the reverse of the adult pattern. This finding, 

if substantiated» is puzzling indeed. 

MAO parallels quite closely the development of serotonin (Nachm±as, 

1960; Karki et al., 1962).No evidence of MAO activity was found.in 

15-day old rat fetuses usinga,histochernical technique (Shimizu. & Morikawa, 

1959). Guinea pigs were found to have adult activities at birth. On the 

other hand, the capacity to synthesize serotonin is well developed at 

birth in both rats and guinea pigs (Karki ~ al., 1962), 5-HTPD activity 

increasing only slightly post-natally. 

The ontogenetic development of the serotonin system in the species 

studied lacks the consistencies necessary to deduce its physiological 

role. Perhaps most important in this respect is the lack of corres­

pondence between serotonin present and the capacity to synthesize 

serotonin. This suggests that mechanisms involved in transport and energy 

utilization in general are responsible for the delayed appearance of 

serotonin in neonatal rats •.. The parallel. development of serotonin 
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with primitive behavioral patterns may be secondary rather than causaL 

Biochemistry of serotonin 

In this section the main route of synthesis and metabolism of 

serotonin will be discussed. The importance of this discussion lies in 

the fact that endogenous serotonin can be altered by interfering with 

any of the steps in the metabolic pathway of serotonin. A large amount 

ofresearch has been directed towards the discovery of inhibitors of 

critical enzymes in the synthesis and metabolism of serotonin and the 

subsequent observation of changes in behavior. The efforts of these 

studies have been thwarted to a large extent by the discovery that the 

enzymes involved are not exclusively utilized by the serotonin system. 

Therefore, interference with serotonin levels also results in alterations 

of other naturally occuring substances, and it.has not been possible to 

completely separate the effects of one from the other. 

The major pathway in the synthesis and metabolism of serotonin is 

shown in Figure lo Brain tissue in vitro has been observed to catalyze 

all of the reactions except the conversion of dietary tryptophan to 

5-HrP which may occur inthe liver or guto 

The relatively small amount of serotonin in brain is offset to some 

extent by its extremely rapid turnover in this organ •... Tbe estimated 

half-life of serotonin in brain is 10 to 30 minutes compared to 33 

to 48 hours iri blood platelets and spleen, 17 hours in stamach mucosa1 

and 11 hoUrs in intestinal mucosa (Udenfriend & Weissbach, 1958). Such 

a rapid synthesis and metabolism suggests an important function. 

Biosynthesis of serotonin 

An enzyme system capable of converting dietary tryptophan to 5-HrP 

has been isolated- fran the intestinal riiucosa ~ofra:ts· and guinea pigs_ (Cooper 

&.Me_;l.cer, 1961) •. Freedland, Wadzinsld,& Waisman (1961) also found 
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Fig. 1. Major pathway in the metabolism of serotonin. 
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such an enzyme in liver$ but the affinity for serotonin is very low. 

This liver enzyme has tentatively been identified as phenylalanine 

hydroxylase (Renson, Goodwin, Weissbach,& Udenfriend, 1961),; 

.Uptake of 5-HTP by brain 

The product of hydroxylation of tryptophan, 5-HTP, which is not 

___ I1C>rincl.lly detectable in the circulation, is apparently transported into 

bioa:in tissue ·bY an active mechanism (Schanbe~ & Gianna.n, 1960; Schanberg, 

iVIc:tli'-oy, & Giaimah, 1961; von Wartburg, 1962). This is indicated by: 

(~) an . enhancement of uptake of 5-HTP by brain slices in the presence. 

or oxygen and gl4cose, (2) the interference of this uptake by dinitro­

phenol, and (3) k substantially diminished incorporation of 5-HTP by 

brain ~lices at b6C. Ar~as of rat brain known to be rich in serotonin 

arid 5-HTP are mest active in taking up 5-HTP-14c. A number of age11ts 

that alter serotonin metabolism or brain metabolism in general do not 

affect this transport, whereas Lrtryptophan,1-tyrosine and ~-3~4-di­

hydroxyphenylalanine (DOPA) caused a marked inhibition. Phenylalanine, 

a~ethyl DOPA, glutamic acid and y-aminobutyric acid .were also 

ineffective. 

De~arboxyJation of 5-HTP to serotonin 

Once ih the brain 5-HrP is decarboxylated to serotonin by 5-HTPD 

(Clark., Weissbach & Udenfriend$ 1954). This enzyme was originally 

. thought to be quite specific, but recent evidence suggests otherwise 

(Yuiller, Geller & Eidusen, 1959, 1960; Werle & Aures, 1959; 

Rosengren, 1960; Levenberg, Weissbach & Udenfriend, 1962). In fact, 
. . . . .. - .-

it is now agreed that the metabolism of 5-HTP and DOPA make use of the 

same enzyme. This discovery has resulted in the solution of several 

problems, but it has created severaf~are~ -Identiti-6f--5~HTPD-and -

DOPAD means that the levels of products fonned by this enzyme are a 
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function of other variables which must be determined. Second, the results 

of administering precursors are made uninterpretable since tissue devoid 

of the product normally may synthesize it under these conditions. Third, 

the results of inhibiting the enzyme are ambigurus since more· than one · 

product is·affected. 

Distribution of 5-HTPD 

5-HTPD is found in most parenchymatous tissues. Its regional distri-

±bution is shown for cat and dog brain in Table 2. The enzyme has been 

found exclasively in the non-particulate fraction of ultracentrifuged 

hancgenates (Hagen, Weiner, Ono, & lee, 1960; Giannan, 1956) and 

requires pyridoxal-5-phosphate as a coenzyme (Bwcton & Sincla±r., 1956; 

Buzard & Nytch, 1957). 

Agents that inhibit 5~HTPD 

A large number of agents inhibit 5-HTPD in vitro and in vivo 

(Clark, 1959). There is a reciprocal competition for the enzyme by 

5-HTP and DOPA (Bertler & Rosengren, 1959; Rosengren, 1960; Yuwiller 

·~~., 1959) as well as by other catecholarnines (Smith, 1960). Phenyl­

alanine and its metabolites inhibit the enzyme,and the resulting 

al~eration in serotonin levels may be important in the behavioral 

symptoms of the disorder known as phenylketonuria (Fellman, 1956; Davison 
.... ·~ 

&Sandlerll 1958). Various degrees of inhibition are noted With a-methyl­

amines. They apparently act by inactivation of the coenzyme (Sourkes, 1954). 

Unfortunately, the a~methylamines also produce other effects such as 

releasing noradrenaline which limits their usef1;1lness in the study of 

the functional role of serotonin considerably. 

Storage and release of serotonin 

The final step in the synthesis of serotonin could. be thought of 
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as its storage or binding. The?retically, the bound arnirie is physiologically 

· inert and protected fran enz;>matic qegradat,ion·~··:~:~Tben,·~afte.rr an adequate 

stimulus, it is thought to be released into the free form ln which state 

it is physiologlcally active and may combine at some receptor site or 

be oxi~ized by MAO. Operationally, two notions.have been prevalent. To 

the pharmacologist binding means that th~ substance is not available 

at an active site as reflected by the absence of an observable pharima-

cological response. To the biochemist who is intent on measuring the 
·~ ' . . ~ 

amine in the two states, binding means the combination of the substance 

with cell particles as reflected by the amount of serotonin found in 

the particulate/fractions of ultracentrifuged homogenates. 

A canbination of results from both fields suggests that there are 

actually two bound forms: one, a reserve pool in which the amine is 

canplexed with intracellular canponents 5 and a second,. mobile pool in 

equilibrium with the first from which the amine is released according 

to physiological need. The mobile pool ·is assuriled to be maintained by 

a·specialized transport sistem whereas· the slower mixing between·mobile 

and reserve pools probably takes place by simple diffusion (Brodie, 

1962; Shore, 1962; Green, 1961)~ For example$ mild disruption of the 

particulate L'fra<:tion contciining ACh and serotonin releases about 50 

percent of both amines whereas more drastic measures are needed to remove 
. . 

the remainiug 50 perc~nt (Whittaker, 1959). 

Release of serotonin by reserpine 

The :discovery that serotonin is depleted from all body depots by 
· · Pletscher 

11 
· 

reserpine (Brodie,/& Shore~ .. 19?5) led to the:; 1proposal that this was a 

major action of this potent tranquilizer. The course of sedation caused 

by reserpine _parcilleled quit~ clpsely th~ depletion of serotonin. Brodie 

& Shore (1957) assumed that reserpine released serotonin from the bound 

,. 
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form and that the free C3:ffiine then acted on neural receptors of the para-

sympathetic nervous system. 

This hypothesis has been widely criticized. Most damaging is the fact 

that reserpine alters the levels of a number of naturally occurring sub-

stances in brain. Adrenaline, noradrenaline,· dopamine, y•aminobutyric 

~cid, adenosine triphosphate and adrenocorticotrophin are all reduced 

by reserpine, whereas ACh is increased (Erspamer, 1961). 

The more favorably met alternative theory that the sedation . 

accompanying reserpine was due to depletion of noradrenaline (Carlsson 

& Hillarp, 1956; Holzbauer & Vogt, 1956) has not been verified. Indeed, 

the reduction of noradrenaline per~ does not. cause sedation. Adffiinstra-· 

. tion of ex -metlzyJmetatyrosine produces a transient fail in serotonin, 

correspoinding to its capacity to inhibit 5-HTPD and a long-lasting, 
(, 

complete depletion of noradrenaline resulting from the blockade 

of this amine's storage sites, but no sedation results. In such a nora­

drenaline-depleted animal, subsequent administration~of reserpine 

immediately produces sedation with a corresponding loss of.·.r:>erotonin 

(Gessa, Costa~ Kuntzman, & Brodie, 1962). 

Further objection to the Brodie & Shore hypothesis that reserpine 

causes sedation by depleting serotonin arose from the observation that 

5-HTP is a poor antagonist to reserpine whereas DOPA has strong awakening 

effects on reserpine-treated mice (Blascko & Chrusc1el 1960; Carlsson, 
··· .. : 

Lindquist & Magnusson, 1957). However, it would seem that just such a 

prediction would be made by Brodie & Shore, since they postulate that 

free serotonin stimulates parasympathetic certers whereas noradrenaline 

stiffiulates sympathetic centers, the function of which would include 

arousal. 

Metabolism of serotonin 

Serotonin is converted to 5-hydroxyindoleacetaldehyde (5-HIAAl) by 
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MAO and is then fUrther degraded to 5-hydroxyindoleacetic acid (5-HIAA) 

by aldehyde dehydrogenase or oxidized to plgments. Other·routes of metabolism 

exist, but the :iT participation in mammalian brain has not been demonstrated 

and in all probability is quite .small or non-existent (Erspamer, 1961). 

Th~ 66~version of the acetaldehyde to .the acid is rate l:imiting. When 

purified ald~hyde dehydrogenase is added to a mitochondrial.MAO system 

there is increased 5~HIAA formation with a decrease in pigment formation. 

MAO is a pnanptly acting enzyme with .no lmown coenzyme requirements. 

Altho~ the investigation of MAO has been pr~ily ~ vitro 

.. ·. using the liver enzyme, this route of metabolism occurs in brain £!:!. ~· 

Rabbit brain stem contains 0.5 to 0.94 JJg 5-HIAA per gram which increases 

. considerably after administration· of 5-HTP or reserpine, both of which 

result in more free serotonin being available for attack by MAO (Roos, 

1962;. Roos and· Werdinius, 1962) • 

Relative specificity of MAO 

MAO is not a very specific enzyme, being capable of oxidizing 

tyramine, catecholamines .. and: aliphatic amines. Therefore, it cannot be 

simply concluded that MAO serves a unitary function in any given tissue 

where more than one of these substrates are present. However, it appears 

that the relative specificity of the enzyme may not be unique in this 

respect. The relative specificity of MAO for a number of substrates is 

quite different depending on the source of the enzyme (Weiner, 1960 a,b; 

Blascll!w, Richter & Schlossman, 1937). This may be true because the 

'-e~ymes are not chemically identical.~~ as Weiner (196Qb) has suggested, or the 

tissue composition may be different allowing more or less access of a 

given substrate to the enzyme • 

. DistributiOn of MAo - - - - - -

MAO is widely distributed in nature, being found in nearl.y all 
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parenchymatous tissues of vertebrates. and a number of ti~sues of 

invertebrates (Blaschke, 1957). Its regional distribution in dog brain 

(Table 2) is much more ubiquitous than that of serotonin or 5-HTPD. 
. . 

The question of intracellular localization of MAO is important 

in view of the suggestion that MAO has a function in neural transmission 

analogous to AChE (Udenfriend et aL, 1957). All evidence to date points 

to a predaninantly mitochondrial locus for this, enzyme (Crotzias ~-

Dole, 1951; Hawkins, 1952; de Lorez Araiz & de Robertis, 1962). Thus 

it d9es not appear to meet the anatomic requirements for termina.ting 

synaptic transmission. AChE is definitely not mitochondrial (de Robertis, 

1962), thus distinguishing these two systems at_least as to possible 

sites of action. A revised theory of synaptic transmission such as 

proposed by .Koelle (1961) and Burn & Rand (1962) where two stages. are 
' 

assumed might accdnodate. the non-membranous MAO system. 

Drugs that inltllbit MAO 

Drugs that inhibit MAO can be classified as to their relative 

potency, whether they are,fast or slow acting and whether they are 

reversible or nonreversible. Iproniazid (Marsilid) is the prototype 

of the slow-acting, nonreversible inhibitors. It produces a relatively 
'(.: 

slow rise of cerebral serotonin which is hardly detectable after two 

hours (Shore & Brodie, 1957), reaches it maximum after 6 to 8 hours, 

and lasts several days, (Pletscher, 1956; Paasonen.& Giarman, 1958; 

Brodie, Spec to!', & Shore, 1957). 

Alpha~ethylphenethylhydrazine (Catron; JB516) is a non-reversible, 

fast-acting inhibitor which is equipooent to iproniazid on liver MAO 

but is 50 times more .active on brain MAO. After only 15 minutes there 

is a 65 percent inhibition of brain MAO; the inhibition reaches a maximum 

of almost 100 percent after one hour_and lasts 12 to 15 days (Chessin, 
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Dubnick, Krame~ & Scott, 1959; Brodie, Spector; Kunt~an,& Shore, 1958). 

Finally, the harrnala alkaloidS are very potent, very fast, reversible 

inhibitors of MAO. Harinine and haimalirie are 100 t:imes as effective as 

ipro~azid. A consp~cuous rise of serotonin in rat brairi occurs within 

ten minute:?,and the effects are gone after only six hours (Udenfriend, 

Witkop, Redfield, & .Weissbach, 1958) • 

·The earlY enthusiasm for MAO inhibitors in studying the functional 

role of serotonin in brain has had to be tempered with extreme caution. 

As was pointed out, MAO is very non-specific so that its inhibition 

affects a number of systems. Irt addition, the inhibitors themselves 

are not i specific~ so that unambiguous interpretations cannot be made. 

These.facts have for the most·~art been ignored with the consequence 

that· undue speculation as to the mode by which these drugs produce 

their behavioral effects has resulted. 

It is clear. from this discussion of the' pathways involved in 

serotonin synthesis and metabolism that what appears in Figure 1 to be 

a relatively simple, straightforward system is actually part of a much 

more complex. set of systems. For this reason, the investigation of 

enzymes in this system for the purpose of discovering the functional 

role of serotonin in neural tissu~ has not been successful. 

Factors affecting endogenous brain serotonin: ·chemical 

Drugs that interfere with the syrithesis, storage or metabolism of 

serotonin were discussed in connection with the enzymes or mechanisms 

involved. In addition,a number of other substances alter brain levels 

of serotonin, but the mechanisms by which they act are largely unknown. 

Profound alterations in consciousness accompany microgram quantities 

·:or LSD. ·The proposal that LSD acts by di.splaqing 5>e!'o~onin molecules in 

brain (Woolley & Shaw, 1954) was·. discredited· w:i th t:he discovery that the 
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bromine derivative of LSD was without psychic effects in spite of its 

antagonism to serot.onin on smooth muscle ( Gaddi.lrn & Hameed$ 1954) • 

No:changes in rat brain serotonin were .observed after LSD by two 

groups of investigators (Brodi~, Shore,& Pletscher, 1956; Paasonen & 

Giarman, 1958). However, Freedman (1961) using more animals and a 

more refined analytical technique has reported that as little as 130 

~g/kg LSD produces a small but significant rise in serotonin within 

10 to 120 minutes following injection. The effect was more pronounced 

in animals pretreated 22 hours earlier with reserpine and depended on 

the doses of both drugs. Since there were no measurable effects on 

5-HTPD or MAO, and . since the incrm se was restricted to the particulate 

fraction, it was concluded that LSD induced binding of serotonin. 

:..,Chlorpromazine· does not alter normal levels of brain serotonin 

but antagonizes the rise of serotonin and noradrenaline after treatment 

with iproniazd:.di (Ehringer, Hornikiewiez, & Lichner, 1960; Pletscher 

& Gey, 1960; Morpurgo, 1962) and the depletion after reserpine (Costa, 

Garattini,& Valzellill 1960). The suggestion that chlorpromazme· affects 

the permeability of the monoamine storage granules was questioned by 

Bartlett (1962) who found a lowered excretion of 5-HIAA which suggested 

a reduced turnover. Further~the reduced accumulation of serotonin was 

paralleled by hypothenfuia (Morpurgos 1962). When hypothermia was 

prevented the effect did not occur. 

A large number of chemically unrelated .central nervous system 

depressants cause a significant rise in brain serotonin. These depressants 

include chloral hydrate, ethyl alcohol, diethyl ether, cloralose and . . 

also the anticonvulsants diphenylhydantoi·n, pentobarbital, phenobarbital, 

and sodium bromide ( Bonnycastle, Giarma.n, & Paasonen, 1957; Bonny castle, 

Anderson,& Bonnycastle, 1959). 
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Pentobarbital produced a 100 per cent increase "in brain serotonin 

after only five minutes, followed by an exponential return to normal. 

Serotonin rose more slowly after phenobarbital, reaching a peak after 

two hours and subsiding slowly thereafter. A canparable increase 

r~quired 20 minutes with ether anesthesia. To determine whether the 
' .. 

respiratory depressant properties of these drugs might account for 

the results, rats were exposed for 20 minutes to 6.75 per cent co
2

, 

a to 10 per cent 0 or a mixture of the two with negative results. 
. 2 . 

Rats s~crificed immediately after loss of the righting reflex fran 

pentobarbital had normal levels of serotonin~ suggesting that the 

chahge in serotonin was secondary rather than causal. 

Anderson & Bcmnycastle ( 1960) · suggest that "the decreased central 

· activity caused by these·. depressant canpounds. • • simply decreases 
. . . 

the amount of serotcnin being released" and thus allows it to 

accumulate. Support for this view is given by rfurker and Akcasu (1962) 

who found a depletion of serotonin in cat brain after morphine. In 

the cat morphine causes excitation. The st1~ulant properties of 

amphetamine are well-known and this drug in high doses also causes 

a decrease in serotonin (Paasbnen & ·. Vogt, 1956). 

Ethanol injection·causes a small increase in brain serotcnin in the 

rat ~Paaf;)onen & Giarman, 1958) but a similar treatment results in a 

marked decrease in brain serotonin in the rabbit (Gursey, Vester,& 

Olson, 1959). Lower doses·of ethanol given to rabbits for seven 

days have the same depleting effect on brain serotonin (Gursey & 

Olson; 1960). No changes in brain serotonin of C57/BLCrgl mice 
. . . : 

were observed after three months' forced drinking of a 10 per cent 

ethanol solution,altl}ough a~ma!'_!ced increase in- liver alcohol 

dehydrogenase occurred (Schlesinger & Pryor, un-published observations). 

.. 
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Just as was the case in the last section, definitive answers to 

the question of the role of serotonin in brain are not available from 

studies using agents that alter brain serotonin. What is ·becoming 

increasingly more evident, however, is that any agent that results 

in an alteration of normal levels of serotonin, also has a profound 

behavioral consequence$ although the reverse may not always be true. 

The question then becomes one of discovering whether the changes in 

serotonin are secondary or causal. Evidence of this nature has been 

lacking for the most part. 

Factors affecting endogenous serotonin: pgysiological-environmerttal 

In this section, physiological and environmentalfactors that 

alter brain serotonin will be discussedo These range from such drastic 

measures as electro-shock and adrenalectomy to such subtle events as 

the time of· day" 

It ha~ ~een reported that adrenalectomy increases (Sofer & 

Gubler, 1962)» leaves unaltered (Towne & Sherman, 1960) or decreases 

cerebral serotonin (Put & Meduski, 1962). The discrepancy in these 

results may lie in the time course of the changes and, consequently, 

when after adrenalectomy serotonin was measured since Put & Meduski 

(1962) found the response to be dual in nature. First, they found an 

increased turnover of serotonin, detected as an increased urinary 

excretion of 5-HIM, and perhaps_reflecting a response to stress 

in general~ No change in brain serotonin need occur during this 

phase which might account for the negative results of Towne & 

Sherman (1960). Second, they found a decrease in seroto~n which 

they attributed to a loss in the binding capacity of brain tissue 

which could be prevented by corticosteroid therapy. 
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Thyrooidectany is without measurable effects on brain serotonin, 

5-HTPD activity or ~'IAO activity in rats. Nor does feeding animals a 

diet containing 0.15 per cent desiccated.thyroid or 0.15 per cent 

progylthiouraci1:lead to changes in brain levels of the substrate or 

ifs;.:enzymes (Skillen, Thienes, & Strain, 1961). 

A small, though significant, decrease (12 to 15 per cent) in 

rat brain serotonin was detected 35 days following electrolytic 

lesions· that interfered with fibers of the medial forebrain bundle 

(Heller, Harvey, & .l\1oore, 1962). The decrease in serotonin was not 

correlated with postoperative irritibility and could not be accounted 

for by the volume of tissue destroyed. The authors suggest the 

existence of central 'serotonergic' fibers whose sectioning results 

in 'central denervation' analogous to that seen in peripheral adrenergic 

nerves (Cannon & Lissak, 1939; Goodall, 1951; von Euler & Purkhold, 

1951). Toh (1960) ··found no effect on brain serotonin in rats 

sacrificed three days after having "bilateral electrolytic lesions 

placed in the hypothalamusi"· This suggests that the time course . of 

the effects is critical, just as was the case with adrenalectomy. 

The effects of convulsions on brain serotonin are uncertain • 

. A conspicuous increase (200 to 300 per cent) in rat brain serotonin 

has been reported following electroshock or leptazol convulsions 

(Garattini & Va1zalli, 1956, 1957; Fresia, Genovese, Valsecchi, & 

Valzelli, 1957; Jori, Velsecchi, & Volzelli, 1957; Garattini, 1958). 

Much less striking affects were reported by Bertaccini (1959) after 

Similar treatments (20-30 per cent increase), whereas Bonnycas~le 

~~.(1957) were unable to detect any change. Convulsions in rabbits 

. produced by insulin hypoglycemia. ~e<Lt.b an_increase .of serotonin in 
' • -c- •------•- ---~~ -·------~ ~ 

the hippocampus and telencephalon (Costa & Himwich, 1959). 
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A number of treatments that might be regarded generally as stressful 

have been investigated. No consistent effect on brain serotonin resulted 

fran anoxia, sleep, food or water deprivation, conditioned avoidance 

training or aversive doses ·of' 'electroshock to the feet (Freedman,. 

Barchas, & Schoenbrun, 1962). Opposed to this is the report that rats 

given "light electrical shocks ••• by means of an inductorium" for 15 

minutes show a slight increase in brain serotonin"(Toh, 1960). Also, 

rats given randomly spaced shocks to the feet in conjunction with a 

buzzer and light for 30 minutes show a significant rise in brain 

serotonin that reaches a peak 30 to 45 minutes following termination 

of the treatment (Pryor, un-published observation). 

Exhaustion induced in rats by 4 to 6 hours swim at .23° C or 30 

to 40 minutes at 15° C resulted in a 15 to 20 per cent increase in 

brain serotonin and a 20 per cent decrease in noradrena:I.ine (Freedman 

~ ~., 1962) o Exposure to extreme heat ( 40° to 50° C) or extreme cold 

(1° C) for 30 minutes reduces brain serotonin in rats (Toh, 1960). 

In addition to the changes in brain serotonin seen after the 

rather extreme physiological and environmental conditions reported 

above, it is apparently true that there is a cylic rise and fall 

in brain levels of the amine corresponding to same -aspects·of the 

normal 24-hour period (Albrecht, Visscher, Bittner, & Halberg, 1956). 

A small but significant decrease was noted in mice just prior 

to the usual period of onset of increased activity (beginning of the 

dark period). Highest levels of brain serotonin occurred during 

the middle of the light cycle. The authors suggest a relation between 

brain levels of serotonin and the behavioral periodicity via the 

adrenal-pituitary axis; the adrenal glands show an .inc~eased 

activation at the same time that levels of brain serotonin decrease. 
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There is some support for this hypothesis. Reserpine causes a 75 

per c~nt loss of ACTH from the pituitary within 20 hours resulting 

in "a biological picture aJmost indistinguishable from the classical 

stress response evoked by cold" (Westennan, Maickel, & Brodie, 1962). 

This response was shown not to be a result of the accompanying 
-·.,:"·. 

·depletion BF'rioradrerialine. 

Three ·conclusions are tentatively·warranted fran the results 

of the studies-presented in this section. First, there appears 

to be a short tenn'response of brain serotonin to conditions that 

are characterized by increased neural activity. Second, there appears 

to be a· long tenn response of brain serotonin to conditions that · 

chronically reduce specific patterns Of neural or honnorial activity. 

Third, serotonin may be implicated in the regulation of certain 

cyclic phenQ~ena, either as a secondary factor or in a causal 

capacity. 

Effects of serotonin on neural activity 

In previous sections alterations in brain serotonin were 

reporte~ to accamp~ increased or decreased neural activity. The 

implication was that these changes are related in same way to neural 

function. In this section the reverse approach will be taken, 

and studies investigating the effects of serotonin on neural activity 

will b~ reviewed. Starting with the peripheral nervous system and 

working into the spinal cord and brain, it will be shown that serotonin 

can affect neura~ activity at all levels of the nervous system. 

However,. it will also be pointed out and. emphasized that the effects 

of serotonin qn neural activity have.not been. studied in such a way 

as to d~stinguish unaJT!biguously direct fran indirect actions of the 

amine. Why this is so can be summarized briefly. 

~-· 

·• 



j. 

49 

Serotonin is able to elicit physiological responses from a large 

number of non-neural tissues primarily through its action on 3mooth 

muscle •. This makes the study of the effects of serotonin on neural. 

tissue extremely difficult since the amine is usually administered 

parenterally. The difficulty is compounded by that fact that serotonin 

enters the brain only very slowly due to the blood-brain barrier, 

necessitating large doses that flood the periphery causing ~ 

unphysiologic environment (c.f. Erspamer, 1961), 

Effects of serotonin on peripheral and spinal nerves 

The most common resonse of peripheral nerves and ganglia to 

serotonin is excitation or potentiation. Large bursts of ·impulses 

are elicited from vagal afferent fibers of the cat lung (Paintal, 1955) 

and the gastro-intestinal tract· (Douglas & Ritchie, 1957), but this 

may reflect non-neural receptors. A potentiation of the response 

of the superior cervical ganglion of the cat to the sub~aximum pre-

ganglionic stimulation and to injections of ACh is seen after intra~ 

arterial injection of serotonin (Trendelenburg, 1957). This and the 

increased spontaneous electrical activity of post-synaptic fibers 

of the inferior mesenteric ganglia (Gyermek, 1961; Gyermek & Bindler, 

196;2) is due to non-cholinergic receptors, but does not reflect normal 

activity since serotonin has not been detected in peripheral ganglia. 

Several studies indicate that : mye·linated afferent somatic 

nerves involved with pain and mechanoreceptors are sensitive to 

serotonin but non un~yelinated fibers from mechanoreceptors, heat 
II 

or cold receptors (Annstrong, 1957; Fiallbraridt & Iggo, 19S9). No 

effect is seen on the excitability or conduction of the frog and rat 

sciatic-nerves (Casella & Rapuzzi, 1957 a, b, c).· 
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Serotonin produces a marked transient inhibition of the. patellar 

reflex in unanesthetized, vaeotomized high spinal cats followed by 

facilitation, but.the effect is more'irregular in intact animals 

{Kissel & Domino, 1957). An initial increase in amplitude and tone 

of the flexion reflex is followed by a gradual, marked depression 

in lightly anesthetized low spinal cats (Little, de Stefanoj & 

Leary, 1957) or cats W1 th the cord divided at both C-2 and T-1 

{Slater, Davis, Leary, & Boyd, 1955). 

Close intra-arterial injections of serotonin have a predominantly 

depressant effect on reflexes frarr1 dorsal roots to corresponding ventral 

roots (Curtis, Eccles, & Eccles, 1955; Carels, 1962). The amplitude 

of the strech reflex from the hind legs of cats is affected by 

serotonin given into the carotid artery which Koella & Czicman 

(1961) interpret as evidence that serotonin modulates the down­

ward discharge from the reticular far.nation. 

Effects of serotonin on evoked potentials of the brain 

As littie as l.O mg/kg serotonin injected into the common 

carotid artery of the lightly anesthetized cat was found to inhibit 
' 

the transcallosally evoked potential recorded on the side of 

injection (Marrazzi & Hart, 1955). The same picture was seen after 

endogenous serotonin was ··increased by inhibition of MAO with 

iproniazid (di uckrrian, Ros·s, Hart) & Marrazzi, 1957). · Serotonin 

was found to be much more effective than ~1renaline or noradrenaline 

in producing the effect. Neither carotid bodynor carotid sinus inter­

fered in the production of the depression (Rodriguez • Hart • & 1\~arrazzi, 

1961).· As a result of these ·experiments Marrazzi and c~workers have 

argued that serotonin-is an inhibitory transmitter in brain. 

.. 
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The results of Marrazzi & Hart (1955) have been confinned by 

Koella, &nythies, & Bull (1959, 1960) with optically evoked potentials 

recorded fran both visual cortices. They concluded that serotonin 

injected into the carotid artery had three sites of action; the 

carotid sinus receptors, centers in the brain stem reticular fonnation 

and the cortical synapses themselves. The depression seen by Marrazzi 

& Hart is thought to be the resultant of these three separate effects. 

Intraventricular injection of 50 ~ serotonin decreased the 

amplitude of cortical surface negative waves from stimulation of 

cutaneous nerves in lightly anesthetized cats. A biphasis response-­

depression followed by enhancement-~resu),ted fran a much larger dose 

(300 ).€;). Since there was also marked dilation of the. vessels of 

the exposed cortex and edema, the direct effects of serotonin cannot 

be assessed (Malcolm, 1958). 

Several groups of investigators have reported a decrease in evoked 

potentials from isolated cortex of cats, rabbits and dogs as a result 

of intravenous 9 intracarotid or topically applied serotonin (de Stefano, 

Leary 3 & Feldman, 1956; Ochs, Booker, & Aprison, 1960; Rech & Domino, 

1960). The possible indirect effects on oxygen tension and systemic 

blood pressure were also investigated by de Stefano~~· While 

serotonin inevitably caused a fall in both depression of the evoked 

potential did not occur until .after they had returned to nonnal. 

Effects of serotonin on the electroencephalogram 

Effects of serotonin on the electroencephalogram (EEG) range 

fran enhancement of slow waves to arousal to no eff~ct, depending on 

a number of parameters •. Usu~lly the response is complex-sometimes 

desynchronization followed by synchronization, or sometimes just 

the opposite. 
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Rothqaller (1957) found first a brief activation of the cat EEG, 

then ~ longer» preqominating period of deactivation, sometimes with 
. . . ! . • . ' • 

abnormal slow waves. This was followed by a second brief period of 

activation when higher doses of serotonin were used. A biphasic 

response lasting for a longer period of time was also described by 

Mennie &.Tissot (1958) _for the rabbit. This response is ~ccompanied by 

an increase in excitability of the intralaminary thalamic system and . ' ~- . . . 

a decrease in excitability of the reticular ascending system. 

No effect of serotonin was seen on the desynchronized activity 

of the _ ~ encephale _ isol~' or the 1 cerveau isol~v • However» after 

synchronization following bilateral section of the trigemini» dC?s,es 

of serotonin as low as 0.25 to 1.0 pg produce an evident arousal 
. ' . ' . 

reaction that persists_ after denervation of the carotid sinus or 

section of the brain stem at the distal end of the pons. Section 

of the brain stem at the rostral end of the pons abolishes the effect, 

suggesting the involvement of nuclei in the pontine or bulbar section 

of-the reticular formation (Mantegazz:i,ni, 1957). 

No changes in the EEG of conscious cats were seen after 75_ to 

100 pg serotonin injected int9 the lateral ventricles (Schwarz, Wakim, 

& Bickford, 1956), but larger doses_ (~00 to 250 pg) cause an increase 
0 

in slow rhythms of the cortex (Bradley & Hance, 1956; Vogts 1957)o 

No changes were _apparent in the vencephale isole' at any doses 

used (Bradiey, 1957). 

The response to·5-HTP, which readily enters brain- tissue to be 
' . 

decarboxylated to serotonin, is similar in one respect to that 

seen after serotonin; namely it is usually gqmplex~ Costa and Rinaldi 

~- (195_8)~ ob~e~ed t;hat 5-HTP injected intravenously produces a pattern 
- . ·- ·- ·--. -- -- --- -·-- ~ -- ~. -·-- - --·--- --- ------- --- ··--

characterized by' monorhythmic, diffuse» .. high voltage activity - with 

the disappearance of cortical fast rhythms and hippocampal theta waves. 

•· 
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Even more complex responses were obtained depending on the dose of 

5-HTP used (Monnier & Tissot, 1958; Monnier & Graber, 1960). A 

progressive disruption of the normal cortical activity leading 

to a practically isoelectric tracing was seen after high doses of 

5-HTP given repeatedly to unanesthetized rabbits (Domer & ~~o, 1962). 

1be intravenous injection of potent MAO inhibitors (JB516 or 

SKF385) to rabbits was observed to induce a persistent desynchronization 

of the EEn (Costa, Pscheidt, van Meter, & Himwich, 1960). No effect 

was seen after iproniazid in rabbits or normal monkeys (Costa et al., --
1960; Wada, 1961), but a marked activation of spontaneously occurring 

epileptic abnormalities was seen in monkeys given focal lesions with 

aluminum cream (Wada, 1961). 

Discussion of the effects of serotonin on neural activity 

If the goal of the studies reviewed thus far on the effects of 

serotonin on neural activity has been to delineate the functional 

role of serotonin in the mammalian nervous system, it must be con-

eluded that all, taken singly or together, have failed to a greater 

or lesser degree. Same of the reasons for this failure are apparent. 

First, the site or sites of action of serotonin injected into 

the general circulation cannot be controlled or predicted regardless 

of the route of administration. Since the amine has an effect on 

so many tissues and especially on the smooth muscle lintng blood vessels, 

it is virtually impossible to separate indirect vascular actions 

from direct action on the neural tissue itself. In addition, many 

of the non-neural tissues affected by serot-onin contribute afferent 

inflow to the central nervous system which may interfere with the 

response being measured. Denervation is useful to same extent in this ____ , 

respect but does not completely solve the problem. 
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Close intra-arterial injection or injection into the cerebrospinal 

fluid is also inadequate since local blood supply and permeability 

changes prohibit unambiguous interpretation. 

Second, serotonin enters the brain only very slowly,and in addition, 

there are regional differences in this respect. To overcane this 

difficulty experimenters have employed extremely high doses of serotonin, 

thus, flooding the periphery with unphysiological levels of the ~ne. 

Others have used 5-HTP~ which passes.readily into brain. The general 

assumption is that 5-HTP has its effects only after being converted 

to serotonin, but this assumption is unproven. More serious limi-

tations in the use of 5-HTP are that it may be decarboxylated to 

serotonin in regions naturally devoid of the amine,or that it may 

compete with other substances for receptor sites, thus changing the 

concentration of these substances. The net result in either case· 

is the disruption of a canplex environment rather than the intended 

result. 

· Third;· inhibitors of 5-HTP or MAO have been used to alter endo­

genous levels of serotonin. As was pointed out earlier, neither the 

irmibitors nor the enzymes ·are very specific so that very little 

unambiguous information is gained by.their use. Indeed, results 

may be quite misleading unless all of the factors involved are 

taken into account which they can't be at present because they are 

largely unlmown. 

The net result of these limitations is that there has been 

no adequate way of getting physiological amounts of serotonin to 

possible natural receptors in the brain. The alternatives used have 

been indirect and as it turns out inherently incapable of answering 

the questions asked~ 

• 
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Effect~ of serotonin on single neurons in the central nervous system 

The problems encountered in trying to discover the functional 

role of serotonin in the central nervous system are by no means 

unique to this substance. They are due to the complex structure of 

the nervous system itself. A technique that shows promise of 

circumventing many of these problems has been used recently in the 

search for central nervous system transmitters. Multiple glass 

microelectrodes can inject substances ionophoretically onto the 

surface of, or within» single neurons while simultaneously recording 

the electrical behavior of the same neuron through another barrel 

(Curtis, 1961, 1962). 

Using this technique Curtis ( 1961, 1962) and Krnj evic & Phillis 

(1961) found that:(l) ACh excites some neurons in the spinal cord 

and cortex in a manner similar to a peripheral transmitter substance; 

(2) a whole series of naturally occurring amino acids either depolarize 

or hyperpolarize central neurons depending on whether the molecule 

is structurally related to glutamic acid or GABA, respectively; 

however, other considerations argue against any of these substances 

being actual transmitters; (3) no neurons explored thus far in 
the spinal cord or brain stem respond in any way to serotonin, 
adrenaline or noradrenaline; however, (4) neurons in the lateral 

geniculate are responsive to all three, but not in a transmitter-

like manner. 

Neurons in the lateral geniculate offer the only positive 

evidence concerning serotonin, and even here its role must be 

inferred. In this experiment curtis & Davis (1961) passed serotonin 

as cations fran a saturated aqueous solution (pH 3 to 4) into the 

intra-cellular fluid surrounding neurons in this nucleus while 

recording from an impaled neuron with one of the other barrels. 
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They found suppression of the orthodranic response to stimulation. 

of the optic nerveo The latency of the.suppression was inversely 

related to the magnitude of the electrophoretic currento Antidromic 

spike·~ from stimulation of the optic radiations or the excitation 

elicited by glutamic acid applied fran another barrel~ however, were 

unaffected by serotonino Other compounds i~cluding adrenaline and 

noradrenaline acted like serotonin but were less effectiveo The 

conclusion reached was that .since serotonin does not modify membrane 

conductance of these neurons~ it is unlikely that the amine was 

combining with sub-synaptic receptors of inhibitory neurons or that 

it was depressing the electrically excitable membrane of the neurons 

in some other fashiono It is probable that the suppression was due 

to competitive interaction of serotonin with the natural transmitter 

·at excitatory synapse::;, or that .the release .of the transmitter was . 

inhibitedo 

Effects of .serotonin on brain enzymes 

No action is seen on rat brain alkaline phosphatase or lactic 

or. malic dehydrogenase !!'l vitro (Clark, Fox~ Marin & Benington, 1956) 

nor on oxidative phosphorylation in vivo (Lingjaerde & Skaug, 1958) o· 
.~~ 

The hydrolysis of ACh» butyrylcholine, procaine and murexine 

by plasma cholinesterase is inhibited by high concentrations of 

serotonin (10-3~) ~vitro (Erd;s, Baart, Foldes, & Zsigmond, 1957) 
-6 but markedly potentiated by lower concentrations (5xl0 ti_) (Fried 

& Antopol» 1957)o 

Serotonin inhibits AChE from rabbit caudate nuclei in vitro 
. -3 

fran 29 per cent to 100 per cent at final concentrations of 10 M 
-2 ·----~------ ... - ·~--- -- --'-----~------ ---------

to 10 tl (Aprison, 1960)o 

···•· 

.. 
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Effects of. ~eroton}.n ,.?ll ~,£9SS behavior 

Much of the work studying the effects of serotonin on behavior 

has been done by people unsophisticated in the analysis of behavior, 

In spite of the fact that casual observation has been the rule, 

a number of gross effects have been confinned. 

In gene~al it has been found that serotonin or its precursor 

administered in relatively low doses results in a state resembling 

sedation and depression, whereas higher doses lead to excitation 

and restlessness. For examplep slight drowsiness, hypokinesis, less 

prompt reaction to stimuli and decreased attention reaction is seen 

in rabbits given 0.1 to 1.0 ~g/kg serotonin, but an opposite picture 

occurs with higher doses (rJJonnier & Tis sot, 1958) • Low doses cause 

mild sedation and a reduction of motor activity in rats· (Shore, Silver, 

& Brodie, 1955; Shore, Pletscher, Tomich, Carlsson, Kuntzman, & Brodie, 

1957). 

A similar picture of depression results in dogs given low doses 

of 5-HTP. However, 30 to 100 mg/kg 5-HTP causes excitement, dis-

orientation$ loss of light reflex and contact plantar reflex, tremors, 

ataxiaS' apparent blindness)) and Um'e·sponsiveness to alarming stimuli. 

In addition, there is mydrosisl) piloerection, sexual excitation, 

tachycardia, salivation, lacrimation, tachypnoea, yamiting and 

increased intestinal motility (Bogdanski, Weissbach, Uderfriend, 1958; 

Uderfriend, Weissbach, & Bogdanski, 1957; Monnier & Tissot, 1958; 

Costa» Himwich, Goldstein, Canham8 & Himwich, 1959). A picture 

resembling catalepsy is seen in dogs given 40 to 900 ~ig/kg serotonin 

into the cisterna magna after a latency of 10 to 60 minutes and 

lasting up to six hours (Sacchi, GarelloJ Dolce, & Bonamini, 1955). 



These extreme states are not very conducive to delimiting the role 

of serotonin! 

Cats respond to either intravenous (Bradley, 1957) or intra­

ventricular2(Feldberg & Sherwood, 1954) serotonin with a·tendency 

to sit or lie down, but do not sleep or appear drowsy. The eyelids 

re11ain wide open and bursts of profuse salivation are observed. 

Serotonin.injected directly into cerebral tissue of mice prcxll..!.ces 

tachypnea micturation, defecation, piloerection, central depression 

and Sfratching_ (Haley,~~ 1957 a, b). Rats respond to injection. or 

self-injection. of serotonin into the hypothalamus by loss of museu-

lar tone and by apparently going to sleep (Olds & Olds; 1958). 

Effects of serotonin on conditioning and maze performance 

, Cook & Weidley ( 1957) have studied the effects of a number of 

drugs, including serotonin, on a conditioned avoidance resonse. 

Using an apparatus consisting of a grid floor and a pole they trained 

rats to respond to a buzzer and shock through the grid by climoing 

the pole. After reaching a satisfactory criterion of escaping the 
"· 

shock, the animals were tested with just the buzzer for 30 seconds; 

followed by shock if the avoidance response had not been made during 

this' intervaL While some drugs such as barbital and rnethylparafynol 

blocked both the avoidance and the escape responses,~~ serotonin (10 mg/kg, 

s.c.) selectively blocked only the avoidance response as measured 

by the proportion of anlinals.not responding during the 30-second 

interval of buzzer· alone. 

Aprison and co-workers (Aprison & Ferster,~~ 1961 a,~~ b,· c; Aprison, 

Wolf, Poulos, & Folkerth» 1962; Hingtgen & Aprison, 1963) have begun 

-an investigation of ·neurochemica-l correlates -of- behavior ;--and--they 

have chosen the serotonin system as a starting point. 

.. 
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Using pigeons trained to peck at a disk on a multiple fixed-interval, 

fixed-ratio schedule (Fernster & Skinner, 1957), they have evaluated 

the effect of artificially raising or lowering endogenous brain levels 

of serotonin on this behavior. 

Increasing brain levels of serotonin by injecting 5~HTP into 

the breast muscle was found to depress responding as measured by the 

time taken to emit one-half the number of responses emitted during 

control sessions. Furthermore, there was a linear dose-response curve 

from 25 to 75 ~/kg (Aprison & Ferster, 1961 a). The same effect 

was found using serotonin but with much smaller doses, which the 

authors attribute to the effects of serotonin on periphe~al circulation. 

and intestinal motility (Aprison & Ferster, 1961 c). 

Injections of saline or iproniazid phosphate were without effect 

on the pecking response. However, pretreatment with three 50 mg/kg 

doses of iproniazid spaced over a period of 40 hours markedly en­

hanced the behavioral effect of 5-HTP. This enhancement decreased 

over a period of 47 days and was inversely correlated with the 

recovery of brain MAO activity. The authors concluded that the 

behavioral effects can be explained in terms of free serotonin present 

in the brain after 5-HTP injections (Aprison & Ferster, 1961 b). 

In an attempt to correlate endogenous levels of serotonin with 

the observed behavior, the amine was measured in four brain sections 

of trained pigeons given 50 mg/kg 5-HTP and sacrificed at various 

intervals following the injection. A close relation was found 

between the time course of serotonin changes in the telencephalon 

and diencephalon following 5-HTP and the time course of the 
-- -· ( 

behavioral response to 5-HTP noted in the same birds during 

testing prior to sacrifice (Aprison ~ ~., 1962). 
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Reduction of endogenous levels of serotonin was also found to 

depress the pecking response in pigeons (Hing~gep & Aprison, 1963) • 

. This was accanplished by administering a-methyl!'netatyrosine which 

· ··reduces serotonin levels for about nine hours and in addition depletes 
, .. · 

·noradrenaline for at least 4 to 7 days in the pigeon (Aprison & 

Hingtgen~ 1963). The depression of the behavioral response coincided 

with reduction of serotonin and not with the reduction of noradrena-

linea Although the time course of the behavioral effects due to 

5-HTP and a-methymetatyrosine are distinctly different» it appears 

that with both compounds more free serotonin is made available than 

in the normal state. 
. . 

Different result.s have been obtained using mice and rats,. other 

kinds of performance measures and ditfere1:1t methods of alt~ring brain 

serotonin. Woolley & van der Hoeven ( 1963) reported a decrement 

in performance by mice in a simple T-maze after serotonin was 
- ' ' ' . 

increased using 5-HTP plus an rJIAO inhibitor a They found a de.crease 
in ·performance in mice raiseq on a phenylalanine plus tyros-ine diet 
fran weaning to adulthood which was attributed to decreased brain 

serotonin. On the .other hand, the same authors reported that when 
: - . . 

serotonin was reduced by administration of reserpine performance was 

enhanced •. 

Louttit (1962) found that rats made phenylketonuric (and who 

consequently had reduced levels of brain serotonin) by a diet of 

phenylalanine» or whose brain serotonin was raised by isocarboxazid 

scored ~o~e errors on the Hebb=Williams tests than control groups 

but were superior on a succesl3ive ~isc_rimination problem. 

The conclusions . that can be drawn from studies in';f_stigating 

the effects of altered brain serotonin on behavior are severely limited 
-- -- .,. -·.· -- --·- -· . --. --~- --· -- ---· ·- .. -- ~~-. --- - --~-<------ ' -- ~~~~------

by the lack of specific knowledge as to the actual sites of action of 

serotonin. 
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It is clear that gross alterations in brain serotonin produce observable 

changes in behavior of a rather severe nature. However, the methods 

used to alter the amine do not allow a clear separation of central 

from peripheral effects. Further, the changes in behavior cannot be 

correlated with specific neural mechanisms within the central nervous 

system. Aprison and co-worker1:(pp.58-60) have found that the changes in 

the pecking response are correlated with changes in serotonin in the 

telencephalon and diencephalon, but further delimitation of the effects 

has not been made. 

Serotonin as a neurotransmitter 

Shortly after the discovery of serotonin in mammalian brain, its 

role as a neurotransmitter in the central nervous system was proposed 

by a number of workers. Marrazzi & Hart (1955) nominated the amine 

as an inhibitory transmitter; whereas Brodie & Shore (1957) proposed 

that it functioned as an excitatory substance at synapses mediating 

the central representation of the parasympathetic nervous system. 

The conclusions of both gorups were based on rather weak, indirect 

evidence and assumptions; consequently few have been convinced by 

their respective arguments (c.f. Erspamer, 1961). 

Rather than evaluating the merits of each separate hypothesis 

made by these and other investigators, an examination of the criteria 

for accepting a substance as being a neurotransmitter in the central 

nervous system will be made; and the evidence that serotonin meets 

these criteria will be exa~ined. 

Criteria for assessing a substance as being a neurotransmitter: 

evidence regarding serotonin 

The criteria that have been suggested for assessing a substance 
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as being a neurotransmitter are based primarily upon the facts that 

are known about the mode of release, action and inactivation of Ach 

at peripheral junction. \1/.hile some investigators have relaxed these 

criteria somewhat in studying possible central transmitters, the final 

i:dentification of a substance as a transmitter requires that all 

criteria be satisfied. A distillation of the criteria suggested by 

Crossland (1960) and Patton (1958) is presented below along with the 

evidence showing the extent to which serotonin meets these criteria 

in the central nervous system of mammals. 

1. It must be shown that there are enzymes within the presynaptic 

neuron capable of synthesizing the substance. 

The existence of such an enzyme (5-HTPD) has been shown in brain 

for serotonin although it is not very specific. Ultracentrifugation 

of tissue hanogenates suggests a cytoplasmic origi,n' for 5-I-rrPD although 

definitive histological evidence is lacking. 

2. It must be shown that the substance, .after being formed, is 

stored or 'bound' in same appropriate cellular compartment. 

The location of serotonin in the particulate fraction of ultra­

centrifuged brain hanogenates and, further, in the subfraction con-

taining synaptic vesicles comes close to satisfying this criterion in 

brain. It is still necessary, however» to show that the presence of 

serotonin and synaptic visicles. in the same subfraction is not for-

tuitous. 

3. It must be shown that the substance is released into the 

synaptic space upon stimulation of the presynaptic fibers. 

Two reports bear on this criterion. Angelucci (1956) found a 

substance in the perfusate of the frog spinal cord after stimulation 

of the skin that had actions on the clam heart resembling serotonin, 
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but positive identification was not made. Later, Benetato, Oprisiu, 

Tomas, Bubuianu, & Iluiter (1959) reported that serotonin, ACh and 

adrenaline were found in the perfused head of a dog after stimulation 

of the central ends of the cut vagus and Hering nerves. Even assuning 

in both cases that tne substance was serotonin, there is no way of 

determining its origin. 

4. It must be shown that the substance mimics the action of 

the transmitter on postsynaptic receptors when introduced in physio­

logical amounts at these sites. 

The only direct evidence for serotonin regarding this criterion 

in the central nervous system is mostly negative. It will be re-

called that serotonin injected ionophoretically in the near proximity 

of single neurons in the spinal c~rd and brain stem was without effect. 

In the lateral geniculate nucleus synapses were found that were de­

pressed by serotonin. However, the conclusion was that serotonin had 

this effect by competing with the natural transmitter for post-synaptic 

receptor sites, or by depressing release of the natural transmitter 

from pre-synaptic terminals. In either case, there was no evidence 

for a direct transmitter role for serotonin. 

5. It must be shown that enzymes capable of rapidly destrqying 

the substance are present at or near the postmembrane junction to 

insure discrete transmission. 
. 

There is an enzyme present in brain capable of degrading sero-

tonin, namely MAO, but its location on or within mitochondria is not 

cc:mpatible with this criterion. This means that serotonin would some-

how have to get back into the cell after reacting with the postsynaptic 

site before it was destroyed enzmatically, or rely on diffusion 

processes to terminate the effects of serotonin. In either case 
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discrete transmission would most likely be lost. 
' . 

6. Drugs that block the action of the naturally occurring trans-

mitter should block the action of the candidate substance when applied 

locally; drugs that interfere with the synthesis of the substance 

should lead to failure of the neuron to act on the postsynaptic ceil; 

drugs that interfere with the inactivation of the-substance should 

block transmission to the postsynaptic celL 

None of these criteria can be .evaluated at present for serotonin 

in the central nervous system, since they require considerably more 

int~acy with single synaptic events than has heretofore been·possible. 

Of the six criteria serotonin only reasonably-meets 1 and 2. 

Little or no satisfactory evidence is available for 3, 4 or 6 and 

slightly damaging evidence exists for 5. Therefore, using these 

criteria, serotonin cannot be considered a transmitter substance at 

present. other authors have used less stringent criteria often 

requiring only indirect or circumstantial evidence~ but eventually 
' .. 

any nominee must satisfy all six criteria listed above. As yet, 

no substance completely qualifies in this respect. 

Present conceptual status·of serotonin .in the centralnervous system 

It seems;unlikely that so potent a substance as serotonin has 

only a minor role in brain function. ·The actions of.the·so-called 

psychotorn~etici tranquilizers and psychic energizers all affect 

serotonin and the .results are striking; to say the least. It remains 

to be s~en, however, whether these agents prOduce th.eir ef'fects through 

their .action on serotonin, or whether the changes in serotonin are 

merely fortuitous or a small part of a much larger, more complex picture. 
I 

If it is- assumed for-the~mament·-:that-~thi-s-relation-is-indeed-causal, 

the task of determining the .exact mechanisms remainso 

"' 

\.· 
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As was just seen, it is not possible at present to ascribe a 

neurotransmitter role to serotonin in the central nervous system of 

mammals. On the other hand, this possibility cannot be abandoned. 

The evidence for such a role seems much more convincing in same 

.invertebrates (Welsh, 1957). 

A second possibility is that serotonin functions as a modulator 

of synaptic activity either: (1) by competing with the true transmitter 

for postsynaptic receptor sites but not exerting an action itself, or 

(2) by somehow regulating the amount of transmitter released, or (3) 

by interfering with the synthesis of destruction of the transmitter. 

The evidence for this possibility is slightly stronger than that 

given for the role of serotonin as a neurotransmitter. The experi­

ment by CUrtis & Davis (1961) showing just such a modulatory effect 

on sites in the lateral geniculate by serotonin add support to this 

hypothesis. Further, the fact that MAO is mitochondrial is not 

incompatible with this interpretation. 
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CHAPTER III 

Strain Differences in Non-Cholinergic Systems 

· In Chapter ::t evidence was presented suggesting that the ACh-AChE 
•·. ' ~ 

,{~i. A.:;;:;' • . ·, 
_:~ystem ~s related to measurable aspects of behavior in the rat o In this 

' ' • 1. ~~ • 

chdpter certain non-cholinergic systems will be investigated' in this respect. 

This 'will be done by comparing different strains of rats, known to differ 

· in maze performance~, as to levels of serotonin and activities of the enzymes 

DOPA decarboxylase (DOPADh monoamine oxidase (MAO):. and glutamic acid 
. ' I 

decarboxyiase (GAD) in brain tissueo 

A difference in brain biochemistry between strains of animals that· 

also exhibit a measurable behavioral difference is suggestive evidence 

that the two variab'les· are causally relatedo For this reason» strain 

differences canbe used as<a starting point in such an irivestigationo 

The straincomparison approach was heavily relied.upon in establishing 

even a nominal relation between AchE and learning as discussed in Chapter 

Evidence for considering serotonin to be importantly involved in 

neural function was presented in Chapter IIo While the exact role of 

serotonin in the central nervous system is uncertain at present. the 

evidence suggests an involvement of the serotonin system in behavior 

characterized by a large autonomic componento Brodie & Shoreus (1957) 

hypothesis that serotonin is the chemical transmitter for the central 

representation of the parasympathetic nervous system has considerable 

indirect support o Even if a transmitter role for serotonin is not assumed$ 

the striking changes seen in the behavior of animals after injection of 

drugs that raise or lower brain serotonin lead one to suspect that 

this amine is involved in some--way- with ·the·-regulat:ton--o-r-what·----
. . 

may loosely be termed "emotional behavior"o 



Three reports of strain differences in· brain serotonin have 

been madeo (1) Caspar±· (1960) reported that C57/BLIOJ mice had 

a higher mean concentration of serotonin in whole brains than BAIB/cJ 

mice. (2) This could·not be confinned by Maas·{l963) using whole 

brains, but (3) when a section including diencephalon .. mesencephalon, 

and pons was analyzed separately, . the BAIB/cj mice were found to 

have higher ·levels of serotonin. than the·-C57/BLIOJ mice (Maas, 1962). 

The BAIB/c strain has:·lteen reported by several. investigators to 

be more emotional (as ·measured by .. defecation· scores in' an open field) 

than the C57/BL strain (Maas, 1963; McClearn .. ·1959; Thompson., 1953; 

Thiessenv 1961). 

The discrepancy· between Gaspari's results and those of Maas 

prohibit·the interpretation·of·a,relation·between brain-serotonin 

and emotional· behavior;;··· ·To further investigate-· such a possible 

relation Pryor, Schlesingerj &··Calhoun (unpublished observations) 

measured the levels of brain-serotonin in Berkeley lines of these 

two strains along with four other inbred '-strains of ·rtdce ·that were 

available: A/Crgli· C3H/2Crgl» DBA/2Crgle and Riii/CrgL · Animals 

from the six strains had previously been· rated·on·an-"emotionality 

scale~". The· rater was--instructed' to catch· and·- handle··the animal ·and 

return it to its·h~me cage5 then··he·:was·asked·to judge· the animal on 
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a 0 to 5 scale as··to~{l-) difficulty in catching the animal 8 (2) diffi-, 

cul ty in handling·, • ( J) -muscular tension 9 .. { 4) -amount ·of· defecation and 

urination while- being--· handled.ll and ( 5) reaction to probing ·with a penciL 

This admittedly naive measure of--"emotionality"was·quite reliable 

between raters·· (coefficients·· of·· concordance· 'irr three- replications were 

Oo6b~ O. 72.1) 0,; 72; · £ ~ ,;01)· and· between' groups of animals-· (coefficient 

of concordance between· the·mean··rarucs of the·.s±x·· strains for three. 

replications was 0. 77; £ ~. 01). 
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Reliable diff--erences between the six strains with respect to total 

serotonin, wet weight of tissue and serotonin concentration were found, 

aithough the four middle strains did not differ among the~selves~ There 

were no diTferences between the C57 /BLCrgl mice -arid the BALBI cCrgl mice 
.:-;~i .1 -;·,-, . . • - . 

in wh6le brain serotonin thus supporting Maas ( 1963) • When the ranks of 

the rti~·ans of brain serotonin were compared w1 th the mean . ranks obtained 

on the emotionality scalej, a high negative -correlation ·was ·fourid (!h2,a 
. . . 

0.94) suggesting an inverse relation between· brain levels of serotonin 

and this measure of emotionality. 

Three experiments investigating strain differences in rats 

will be reported in this chapter. ·First~ a comparison· will be rria.de 

between the S and S strains at two different ·ages. with respect to 
1 3 

- brain serotonin. Second~ other groups of S ·and S rats will again be 
1 3 

compared with respect to brain ·serotorrl.n, and in addition .. they will 

be compared with respect to the br8.in enzyme-s ChE» AChE, dihydrox­

phenylalanine decarboxylase (DOPAD; the enzyme responsible for the 

synthesis of serotonin)s monoamirie oxidase (MAO; the enzyme responsible 

for the metabolism of serotonin) andL-glutamic acid decarboxylase (GAD; 

the enzyme responsible for the synthesis of y-aminobutyric acid). Third• 

the S and s
3 

strains, the RDH and RDL· strains, and the OMB and OMD 
' 1 . . . . . 

strains will be compared with respect···to brain serotonin· and the five 

enzymes just mentioned. 

Experiment I· 

Comparison of S and S strains-of ratswithrespect to brain serotonin 
1 3 

As a beginningin the investigation of possiblenon-cholinergic 

systems- and behavior· in- rats,- -brain serotonin" coneentratior-1 -was Gompared 

in the s
1 

and S 
3 

· strains of rats-~ There·were several reasons for 
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selecting these two strains. First, it was known that they differed with 

respect to brain ACh and AChE (c.f. Chapter I) and ChE (Bennettj Krech, 

& Rosenzweig, 1963). Second, it was known that they differed in brain 

weight (s
3 

>S1). Third, it was known that they differed on a variety of 

behavioral measures , including emotionality (S arle, 1949; Rosenzweig, 

1963). Fourth, it was known that the strains did~ differ in the 

glycolytic enzyme LDH (Bennett et aL~ 1958) orper cent protein in.the 

brain (Bennett, ~ ~·, 1961). 

Thus, with these two strains about which so much ,was already known, 

both behaviorally and biochemi.cally, the seroton~n assay would·· provide 

a partial test of whether non-cholinergic ·systems were· involved in 

behavior. If the two strains did not differ· in brain serotonin, then 

this system could be considered P.oubtful asa biochemical mediator of 

normal behavior<. If, on the other hand, the two strains did differ 

i~ brain serotonin, then a furtherinvestigation·of this system would 

be justified. 

In this first experiment brain·serotonin·was measured in animals 

from the s
1 

and s
3 

strains at· two different· ages·;, The· animals were 

being used in other experiments in progress at·the time and the 

chemical analyses were pe:rformed---at widely separated times. Since 

results from experiments performed at different-times did not ?LPPear 

to give comparable--absolute values; only the strain comparisons will 

be considered and·not the effects·of age.· Anima+s from both strains 

within a given group were comparable in age. 

JVIETHOD 

Subjects 

The subjects were male rats of the S and S strains, descendents 
1 3 

of Tryon's (1940, 1942) ·maze-bright· (S1) and maze-di:lll (S3) strains. 
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Animals in GrOl;lP I were approximately .40 days .old when sacrificed and 

were part of ap ~:x;periment- in which the effe.cts . of· cross-fostering on 

AChE activity and serotonin was being conductedo At birth ~orne of the 

animals haq been placed with_mothers of the other strain from which 

part or all of the pups had· been remov~d o Other animals from each 

:strain were raised· by their natural mothers as controlso Du~ to 

differential survival of the pups under the various conditionsj the 

effects of cross-fosteringcould·not be reliably assessed· and., therefore» 

only results dealing with strain comparisons will be reported here or 

elsewhereo Animals in·6roup II were·approximateiy·l55·days old when 

sacrificed and had spent 20 days in activity wheels (from 95 to ll5days) 

in an experiment comparing the two strains on this variable o 

Sacrifice and dissection 

Ail animals were sacrificed· by· decapit,ationo- Their braihs were 

rapidly removed,· weighed·· to the nearest 0-;;1 ·mg· using· a- "semi-lnicro", 

direct reading, analytical balance·{Sartorius·Selecta)-, frozen on dry 

ice and stored ·at =22°C' until 'they··were· 'analysed 'for serotonino 

Gross dissection"of the··brains ·of animals in Group·I was as 'follows: 

The dorsal cortex· was··peeled··off"arid const·±tuted--the· .. section.labeled 

Dorsal _Cortex · (DC};" the-· ventral' cortex·;· including ·amygdala~· hippocampus 

aYld corpus callosum .. was aissected· free·· and c0nstituted the section 

labeled Ventral Cortex·(VC);·the cerebelluni was·removed.il ·weighed and 

used to carry tissue standards;-· the remaining tissue :including olfac-
. . - . 

tory bulbsSJ caudate nuclei,·· thcflamus·.~~ ·hYPothalamus,··· other basal· ganglia 

and brain stem constituted the section labeled Subcortex I (SC I)o 

Gross dissection of the brains of animals in group II was as 

-- follows-:· -The. ·cerebellum:: was..::..remove<i's;~~·weighed ... and;'useJt· .t~Q:: CQJTY~j;_i~sue · 

standards; the rest·· of .. the "brain cons.tituted the" section·.· labeled Total 
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Brain I (TB I). 

Due to different coat colors of the s1 and s
3 

strains; sacrifice 

could not be done blind. All chemical determinations were carried out 

using code numbers that did not reveal the strain of the animal. 

Chemical analysis 

Serotonin was extracted using a modification of the procedure 

described by Shore and Olin (1957) for catecholamines which also-extracts 

serotonin (Mead & Finger, 1961). Analysis of the extract was done 

according to the method of· Bogdanski et &• (1957). 

Tissues were homogenized in 1 to 2ml '0.1 N HCL that had been 

saturated with NaCL Homogenization was performed in 50-ml lucite or 

glass centrifuge tubes--using··a···motor··ctriventeflon tissue homogenizer 

fitted to the tubes;;· ·Fifteen·ml n-butanol (washed with LO !:! HCL, 

1.0 !i Na:OH and distilled H
2
o, and saturated -with NaCl) were added to 

the mixture and homogenization was continued. One gram of solid NaCl 

was added to insure saturation•-- ·The· tube··was capped and shaken vigo­

rously by harid for· 1 to 2· ·minutes after which the aqueous and organic 

phases were separated-by centrifugation at-2500rpm·for ten minutes. 

A 15 ml aliquot-of the·organic·phase·was transferred to a glass­

stopperedp 50 ml·cortical; glass,· centrifuge tube using a glass syringe 

and number 19 stainless steel needle·. The centrifuge tube contained 

1.0 ml 0.1 li HCL and 30 ml n-heptane. After vigorous shaking by hand 

for 1 to 2 minutes, the phases--were-separated by-centrifugation at 

1200 rpm for 10· minutes; The organic phase·· was aspirated off and 

discarded. 

A 600 )41 aliquot of the-- aqueous ·phase was transferred· to a one-half 

dram vial and 200 ,.,.:1 concentrated·HCL were added just-prior to analysis. 
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For analysis an aliquot (0.3 to Oo5 ml) of the acidifi~d mixture (now 

3N .with respect to HCL) was transferred by a disposable glass pipette 

to a round quartz cuvette ·and placed in the cell compartment .of an 

Aminco-Bowman spectrophotofluorometero The same cuvette was used for 

all analyses ·.(being washed· thoroughly between· samples with distilled 

H2~ and acetone) and was carefully positioned using aplastic. set-screw. 

The mixture was excited· by 305 m~ light· front a· xenon source. The 

resulting fluorescence was read in relative fluorescence units at 550 

m~ o The cuvett·e compartment was maintained at·· room temperature(+O•l °C) 

by a circulating water·· bath. ·The light path was directed in and out 

of the cell compartment by slit B.rTangement number 3 (American Instrument 

Co., Instruction and Service Manual No;,'768'). -A yellow filter ·was 

inserted in tne shutter in·frcmt·· of ·the photomultiplier tube to cut 

out 'scattered·light that overlapped the· serotonin fluorescence. The 

filter did not: interfere with· the fluorescerme· of the sample. After 

being positioned in the-cell compartmentli the shutter was opened and 

the resultingfluorescence'read·:irnmediately to avoid·loss from photo­

. decornposi tion. 

-Cerebelli were ·pooled and used as ·tissue--bla:nks·-and to carry 

known amounts of serotonin· through the entire procedure o 

RESULTS 

When serotonin is measured in O.l!f HCL the peak fluorescence is 

at 350m~. A number of other substances found in brain and extracted 

by this method _also fluoresce -at- this wavelength. Reduction of pH 

causes a shift in-the fluorescence of·5 ... hydroxyindoles but <ioes not 

affect the fluorescence-characteristics of the other ~ompounds 

(Bogdanski ~ ~· ~-- :1957). This-shift in the· fluorescence of:--serotoriin 

as a function of pH is shown in Figure 2. 
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Fig. 2. Shift in the fluorescence of serotonin as a function of 
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------ serotonin measured in 4 N HCl 

serotonin measured in 0.1 N HCl. 
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The procedure used here also extracts 5-HTP which has very similar 

fluorescence properties to serotonin. Bogdanski ~ ~·, (1957) removed 

5-HTP by washing the acid-butanol mixture with a borate buffer adjusted 

to pH 10. The quantities of 5-HTP in brain are extremely small. Pre-

liminary experiments· showed· no detectable differences in measured sero­

tonin whether the borate·· wash ·was used· OI" ·not1 and therefore • the borate 

buffer wash was eliminated. 

Fluorescence spectra of·authentic· serotonin·are·shown in Figure 

3 for several concentrations· together·withthe spectrum of a· brain 

sample extracted· by the· method used' here·;;· Fluorescence of authentic 

serotonin was linear· over·· a··considerable· range· of concentrations. Figure 

4 shows a standard curve obtained by carrying··known amounts· of serotonin 

through the extraction· ·procedure in tissue; The linearity seen in this 

standard curve was not always evident~ especially·at the low concentrations. 

The reason for the frequent departure from linearity is b~lieved·to be 

poor extraction due to·insufficiemt shaking during the extraction. In 

· later experiments·, such as ·the· one from ·Which the· curve in Figure 4 

was obtained, this difficulty was overcome. The problem did not arise 

when actual samples were ·extracted since part ··of the· homogenization was 
. . 

performed in the presence of butanol. For this reason values obtained 

from some experiments are probably too high thus prohibiting the corn-

paris on of separate experiments·· on ·an ·absolute. basis. ··Nevertheless • 

within=experiment cornparisons··remain fully justified. 

These procedures··permit·"recoveries· of· added· serotonin ranging from 

90 to 100 per cent. ·Table ·3·"gives the results of an experiment that 

shows that the methods of·extraction and analysis permit a fairly high 

degree of reproducibility even·at relatively low concentrations. 
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Table 3 

Reproducibility of Methods Used for Extraction and Analysis 

of Serotonin in Rat Brain 

Relative Fluorescence 
(arbitrary units) 

Mean 

Mean Minus Tissue Blank 

yg Serotonin Added to 1.0 inl Aliquots 
of Rat Brain (356 mglml) 

o.o 

38.0 

42.0 

41.0 

43.0 

41~0 

40.5 

40.9 

0.065 

53.0 

50.5 

55.0 .. 

52.8 

11.9 

0.13 

65.0 

61.0 

60.0 

62.0 

21.1 
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Comparison of S and S rats 

Table 4 shows the means and standard deviations with respect to 

wet weight of tissue and serotonin concentration for both groups of 

s
1 

and s3 rats • .. 
rfrfe'·:adult s1 rats had a· significantly higher concentration of 

!.-' .0 •••• 

brai~ ·~~~btonln than the ad~lt ·3:3 rat's i~ TB L . None of the differences 

in brain serotonin between the 40 day old rats were statistically 

significant, although the means of the s
1

s were higf1er.in all three 

brain sections than the means of the corresponding sections of the s
3
s. 

In both the young and adult groups, the s
3 

animals had signifi­

cantly heavier brain weights than the S · animals. In spite of the 
·. 1 

significantly lighter·brain-weights of the adult s
1
s, they had over 

ten per cent more total serotonin than the s
3
s. 

DISCUSSION 

The results of this· experiment ··indicate· that··· at least by the time 

s
1 

and 3.3 rats reach adulthood· their brains differ in serotonin con-
~ . 

centration with the Si strainhaving·significantlymore·serotonin per 

gram tissue than the s3 strain, It·may be that this difference appears 

earlier" but due ·to·the··much··greater variability· present·· in· the younger 

animals, such a conclusion··was prohibited· at this time. 

Comparisons··between ·younger~ and· older' animals: were' not made in 

this experiment· since age·· was. ComPletely· confounded with time of 

sacrifice and time· of· analysis·;; Other· experiments··have· indicated that 

absolute values from analyses· performed~at· widely·· separated times._ 

···cannot be compared o 

...... 



-79-

Table 4 

Means and Standard Deviations of s1 and s3 Strains with 

Respect to ~~et \~eight of Brain Tissue and Serotonin Concentration 

Age 

40 
days 

110 
days 

Section 

DC 

vc 

SC I 

TB I 

* .P ..:. • 05 

** _p ~ .01 

s1 Strain s3 Strain 

Wet Weight of Serotonin Wet Weight of Serotonin 
Tissue (mg) (ng/g) Tissue (mg) (ng/g) 
- (n) SD - (n) SD - (n) SD - (n) X X X X SD 

374** (18) 17.8 329 (17) 131.0 402 ( 11) 9.7 306 ( 9) 131.0 

273* ~19) 14.6 321 (17) 74.0 291 (11) 19.4 310 ( 11) 91.6 

500** (18) 20.3 704 (18) 91.8 538 ( 11) 20.4 700 ( 11) 79.7 

1380** ( 9) 33.3 594**(9) 55.6 1538 ( 8) 39.0 478 ( 8) 47.0 

-· --
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The difference in brain weight between the s
1 

and s
3 

animals was 

as expected and conformed to that found by Bennett~ al. (1958). 

Interpretation of the differences in brain serotonin between the 

two strains cannot be made· without recourse to experiments to be 

reported : 113,ter. It appears·, however, that biochemical differences 

between~th~ s
1 

and s3 strains are not restricted to the ACh-AChE system. 

Experiment II. 

Comparison of s1 and s
3 

rats with respect to brain serotonin, AChE, 

ChE a DOP AD, GAD and MAO 

The results of Experiment I showed that by adulthood the S 
1 

strain of rats differs from the:· S · strains in levels of brain sero-

tonin. Two experiments,.were· performed to confirm and extend this 

finding. First, serotonin,· was·· again measured·in ~he s1 and s
3 

·strains, and in addition.t the enzym~s·:·of synthesis (DOPAD) and 

metabolism (MAO) of serotonin·were·measured--togetherwith GAD, AChE 

and ChE. Second, having· found a difference- in brain serotonin between 

the s
1 

and s
3 

strains, two other···pairs of strains·were investigated 

with. respect to· brain:serotonin·and·these·five--brain enzymes. Compari-

sons between the··S ·and s
3 

str.ains only will be· reported here; compari-. 1 . . 

sons involving other strains will be reported in Experiment ~II. 

Analysis of serotonin prohibits·the simultaneous analysis of most 

enzymes$ since the· amine·- is extracted in- 0 .1 !,{· HCL in order to prevent 

its metabolism by MAO. For· this reason littermates were used in · 

this experiment; one animal was -analysed for AChE, ChE • DOP AD, 'GAD 

and MAO. It was assumed that levels of serotonin and enzyme activities 

were very similar between littermates. 
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GAD has not been discussed heretofore except in passing. This 

enzyme metabolizes ~-glutamic acid to v~nobutyric acid (GABA). 

GABA has a unique occurence in the central nervous systems of 

vertebrates and may play a direct or indirect role in the regulation 

of neural activity. For this reason it, as well as serotonin, is a 

candidate for a non-cholinergic neurotransmitter role in the central 

nervous system •.. It has been. suggested that GABA causes an increase 

in the membrane conductance of neurons related to an increase in 

permeability to chloride and/or potassium ions. Low concentrations 

of GABA mimic the effects of stimulation of the. inhibitory nerve on 

the crayfish stretch receptor, (Roberts» & Eide 1 berg, 1960 ). 

METHOD 

Subjects 

The subjects used in this experiment were· 10 littermate pairs 

of male S rats and .. l3 littermate .. pairs of male S · rats• One animal 
1 . 3 

of each pair was assigned·· at· .weaning to either a Social Control (SC) 

condition or a Social·Testing·{ST' condition~ · Littermates were 

housed together, two'· per cage with food and water available ~ill_. 

ST animals were tested· in a· variety of situations beginning at 

95 days of age ... The· testing··program· included measures of activity, 

emotionality and discrimination•reversallearning; ·· details of this 

testing program ·will be·· given in Chapter· IV·~· ·· SG animals were not 

handled except··when being··we±ghed·or· during cage cleaning. 

All animals were· 114· days of··age ·when· sacrificed for biochemical 

analysis. Brains· of ·the,BT:· animals·· were analysed for serotonin, and 

brains of the SC animals ··were· analysed for DOPAD~ GAD, MAOp AChE, 

andChE. 
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Sacrifice and Dissection 

Animals were sacrificed by decapitation after which"·their brains 

were rapidly removed,· dissected and weighed to ·the nearest 0.1 mg~. · The 

dissections were performed as follows: After removal of the calvarit.nn, 

a specially desi$f1ed miniature plastic T-squarewas placed on the brain 

to delimit the·,j~~~1les to be removed from the visual and somesthetic 

areas of the . c'~~{~·x (Figure 5). The boundaries· of each cortical section 
·~-·:1.';~_ ... :. . . 

were first circumscribed with a·scalpel 9 and then the cortical t;issll.e 

was carefully peeled free of the white matter. Samples were .taken from 
• 'i 

both hemispheres and constituted the sections labeledVisual Cortex (V) 

and Somesthetic Cortex (S). These sections were placed on dry ice and 

stored in a deep freeze· at -22°C until analysis· for AChE and ChE. The 

cerebelli were then removed» weighed and used to carry tissue standards 

through the serotonin procedure. · The remaining brain including olfactory 

bulbsil medulla and pons ·constituted·the·s~ction labeledTotal Brain II 

(TB II) o For animals in the .. BT-- group· the··TB II section was immediately 

e~tracted and analyzed for serotonin. For"animals ±n·the·SC group the 

TB II sectionwas·frozenon dry ice and stored between two-blocks of . . . - . . . 

dry ice until the following·day·when they· were analyzed for DOPAD, GAD, 

MAO fJ AChE and ChE o 

Chemical analyses 

Serotonin 

Serotonin was deternrl:ned-_in TB II sections· from·animals ·in the 

ST group by the· ·procedures described· in Experiment L 

Enzyme essays 

TB II sections from···animals in the' SC g~oup· were homogenized in 

o'.·o3 'tl potassiwn· phosphate····buffer ·(pH:7·.;·0} to a: final concentration · 
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Fig. 5. Left, a diagram of the dorsal aspect of the rat brain, showing 
ho~ -the sa:Inple s of the visual area ( V) and of the some sthetic area ( S) 
are dissected, guided by a small plastic T-square. Right, a 
diagramatic representation of a sagittal section of the rat brain (from 
Rosenzweig et al., 1962 ). Note -Subcortex II in this figure has been 
defined as Subcortex I throughout this dissertation. 
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of 20 mg/rnl. Appropriate aliquots were taken for simultaneous deter-

minations of OOPAD, GAD, MAO, AChE and ChE activities. V and S 

sections from animals in both groups were homogenized in 0.1 M 

potassium phosphate buffer·(pH 7.9) to a final concentration of 3 mg/ml. 

Only AChE and ChE activities were determined·· on these· sections. · · Dupli- . 

cate determinations ·,were' made ·for· all assays· wherever possible. 

AChE and ChE 

AChE and ChE activities·were·determined·by·the·spectrophotometric 

method described byEllman,"Courtney, Androes· & Featherstone (1961) 

as modified by Bermett ~ &· ~ (1963) o 

For AchE·, acetylthiocholine· iodide (AcSCh iodide) was used as 

substrate in the presence·· of·· 5, 5' di thio-bis ... ( 2-ni trobenzoic acid) 

or DTNB. Thiocholine, the enzymatic product-, reacts with DTNB forming 

the yellow anion, 2-nitrothiobenzoate, which absorbs·· maximally at 

412 m)J. ' 

For ChE, butyrylthiocholine iodide {BuSch iodide) was used as 

substrate in the presence of DTNB-and a selective inhibitor of AChE, 

1: 5-bis-( 4-trimethylammonium-phenyl) pentane-3;;.one diiodide (Burroughs 

\tJellcome Code number 62C47) o 

All assays were·doneus:Lng a Beckman DU spectrophotometer equipped 

with a Gilford Automatic Cuvette .. positioner.- The samples were pre-

incubated for 10 minutes at 37°C, the substrate added and the reaction 

rates recorded for 10 minutes. Four samples were analyzed simultane-

ously and their absorbances· . .- as a function of timet were recorded on 

a strip chart. Blanks were obtained·by substituting buffer in place 

of the samples and the non-enzymatJ.c rat<~s of hydrolysis recorded. 
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Specific amounts of reagents and tissue used in this experiment 

were as follows: 

AChE -.V and S sections 

Tissues were homogenized in 0.1 ~potassium phosphate buffer 

(pH 7.9) to a final concentration of 3 mg/ml. An aliquot containing 

1. 8 mg tissue was transferred to 1 em light-path quartz cuvette contain­

ing 2.57 ml 0.1 M potassium phosphate buffer. Fifty ~1 of a 4 mg/ml 

solution of DTNB ( 40 mg DTNB plus 18 _ mg NaHC03 dissolved in 10 ml 

0.1 M sodium phosphate buffer, pH 7.0) were added and the mixture pre­

incubated for ten minutes at 37°C;, Fifty J.ll of a 10.4 mg/ml solution 
; 

of AcSCh iodide were addedandthe reaction rateTecorded for ten 

minutes. 

ChE-V and S sections· 

Three ml of the homogenate· were transferred to a l em light-path 

quartz cuvette. Fifty ~1 of a 2 mg/ml sol:ution of·· DTNB containing 

7.1 mg/ml 62C47 (specific·inhibitor·ofAChE)·were·added·and the mixture 

preincubat~d for 10 minutes· at 37°C. Fifty ~1 of a 200 mg/ml solution 

of BuSCh iodide were added-- and· the reaction·· rate recorded ·for ten minutes. 

AChE - TB II sections 

Tissues were homogenized--in 0.03 ~potassium phosphate buffer (pH 

7 .0) to a final concentration"·of·20 rng/ml· ... An~ aliquot·· containing 2 mg 

tissue was transferred to a·l·cm·light-path·cuvette containing 2.57 ml 

0.1~5 !1 pot~siurn phosphate buffer (pH 7. 53) making the final pH of 

the mixture T.5. Fifty ~1 of a 4· mg/ml solution of DTNB were added and 

the mixtUre preincubated;for ten minutes at 37°C. Fifty ~1 of a 10,4 

mg/ml solution of AcSCh iodide were added and the reaction rate recorded 

for ten minutes. 
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ChE - TB II sections 

One ml of the homogenate containing 20 mg tissue was transferred 

to al em light-path cuvette containing 2 ml 0.03 M potassium 
.· - .-

phosphate buffer (pH 7 .0). Fifty lll of a. 2 mg/ml solution of 1JI'NB 

with inhibitor were added and the mixture preincubated for ten minutes 

at 376 C. Fifty lll of a 200 mg/ml.solution of BuSCh iodide were added 
. ! • 

and the reaction rate recorded for ten minutes. 

Calculation of AC.t"l.E and ChE activities_ 

Reaction rates for AChE and ChE were calculated using the following 

formula: 

Moles substrate 
hydrolysed/min/mg -

Where, 

60D-Blaruc 
t 

)C 
1 
E' 

60D =Change· in optical·density of the solution 
t = Time (normally 10 minutes) · · 

TV w 

E = Extinction coefficient of· reaction product = 13,600 
TV= Totalvolumeot;the incubation mixture (1) 
W =_mg sample used 

Decarboxylase activities 
. . 

Decarboxylations were·run in special one-.arm flasks having a total 

volume of approximately 6 ml (Figure 6). For assays·• O.l ml of stock 

substrate so;Lution* was added to the side·· arm of the cell and 0.1 ml 

pyrid,oxal phosphate to the··main compartment. Homogenate plus buffer 

were added to the main compartment to a total volume of 1. 2 ml. The 

side arm was capped with a rubber serum cap (.#F-1) and the cell 

attached to an. evacuatingapparatus·(Figure·7) by·a 2 inch length of 

rubber tubing.·· Cells were evacuated to 2 to 3 em Hg pressure and 

the gaseous phase replaced by ·N2• The evacuation was repe~;ed .twice. 

*The stock substrate solution·contained equal arnounts·of 
1 

C labeled 
£ and 1 isomers·,· but only the .!; isomer was a substrate for these 

enzymes. 
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Fig. 6. Diagram of special one -arm flasks used to run carboxylations. 
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Fig. 7. Diagram of special evacuating apparatus used in decarboxylase 
assays. 
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Each cell was then placed under a slight vacuum and sealed by·a screw 

clamp on the rubber tubing. After incubation at 37°C, the enzymatic 

reaction was terminated by ~ddition of 0.3 ml.5li H2so4 using a .syringe 

and number 23 stainless steel needle. 

To collect evolved C02 11 2 ml of phenethylamine ·reagent (Woeller. 

1961) were added to scintillation bottles and the bottles evacuated 

with the evacuating apparatus. The incubation cells and scintillator 

bottles were then interconnected by means of a three-way stopcock. 

After 5 minutes 11 0. 5 !!.1!':1 of NaHco
3 

were added to the acid-kil.led 

homogenates with a syringe and number 23 stainless steel needle 

through the serum cap. Nitrogen gas was then passed through the 

cell to insure complete recovery of CO The entire collection 
2. 

period for ten cells required 25 minutes. Scintillation fluid 

number 2 (toluenell dioxane, ethanol, napthalene, PPO and POPOP pre­

pared as described by Woeller, (1961) was added and the samples 

counted in a Packard liquid scintillation counter. 

OOPAD 

The fact that DOPAD and 5-HTPD are identical was discussed in 

Chapter II. Since the rate of decarboxylation of DOPA by this enzyme 

is 6.4 times that of 5-HTP 11 DOPA was used as substrate. Optimal 

conditions for this enz~e wenepH 7.0 and a final concentration of 

DL- DOPA of 5 X 10-
4 

M. For assay 0.2 ~c of ~DOPA-1-14c was used 

per cell. Pyridoxal phosphate was required as a cofactor with 0.1 

mg giving maximal activity. Under these conditions, activity decreased 

after two hours to approximately 75 per cent of the initial rate. No 

reduction in decarboxylase activity was observed under an atmosphere 

of air, but reactions were routinely run in a nitrogen atmosphere at 



90 

37°C in a metabolic shaker (117 strokes per minute). All cells were 

given a two minute preincubation and the reaction-initiated by mixing 

the DOPA with the homogenates. The reaction was stopped after two 

hours by addition of 0.3 rnl 5 N H so4• 
- 2 

GAD 
.~·:f.<· 

op:t;irna.J. conditions for this enzyme were pH 8.0 and a final con-
" · ... 

centrati~h'of ~glutamic acid of 1 X 10~~. For assay 0.2 IJC of 

DL-glutamic acid -l-14c was used per cell. Pyridoxal phosphate was - . 

required as a cofactor with 15 1.1g giving maximal activity. In an 

atmosphere of air initial activity was 40 per cent of the activity 

in a nitrogen atmosphere. Activity of the enzyme was not stable 

when stored for one week at -22°C. No loss in activity was apparent 

if tissues were kept on dry ice overnight. Assays were routinely run 

at 37°C and a pH of 7.0 in an atmosphere of N
2

• All cells were given 

a two minute preincubation and the reaction initiated by mixing the 

glutamic acid with the homogena~e. The reaction was stopped after 

one hour by addition of 0.3 ml 5 N H SO • 
- 2 4 

Calculation of decarboKylase activities 

Reaction rates· for:DOPAD·andGADwere calculated using the 

following formula: 

1.1g sul:istrate,·decarboxylated/hr/g·-=·'·net··dpm··of evolved ·CO ' . . . 2 )1. . 

Where, 

1.1g substrate in 
incubation mixture 
tissue used (g) 

. net· dpm of substrate in 
incubation·mixttire 

net dpm of evolved· CO · =·· cpm of evolved CO - blank . 2 . 2 . 

•· 
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net dpm of substrate in = 
incubation mixture 

cpm of 100 ~1 stock * 
substrate solution - background 

2 

blank = cpm of non-enzyma~ic decarboxylation 
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background = cpm of scintillation fluid plus trapping agent only 

MAO 

An aliquot of homogenate containing 5 to 10 mg tissue was transferred 

to a 25 ml glass-stoppered Erlenmeyer flas~ and made up to a total volume of 

1.0 ml with 0.03 r:1 potassium phosphate buffer (pH 7). After a two minute pre­
. .· . 14 . 
incubation period in a metabolic shaker~ 20 ~g 5-hydroxytr,yptamine-2- C-oxalate 

(specific activity of 0.94 mc/mg; New England Nuclear Corp.) were added. After 

a one hour incubation period at 37°C ( 35 strokes/minute) , the reaction was 

terminated by transferring the mixture to a preheated 12 ml centrifuge tube 

in a boiling water bath. The reaction mixture was held at 100°C for five 

minutes after which the tube was centrifuged for 20 minutes at 3, 000 rpm. An 

aliquot (0.1 ml) of the supernatant was spotted along the long axis of an 

18-1/4 x 22-1/2 inch sheet of Whatman Number 1 paper. Spots were placed two 

inches apart (eight spots per sheet). It was found in preliminary experiments 

that much of the radioactivity remained at the origin on subsequent chromato­

graphy if the spots were dried by the conventionai warm air method. Therefore, 

the spots were dried by drawitlg room temperature air through the paper, which 

resulted in a greater amount of the radioactivity leaving the origins. Sheets 

were developed in butanol:acetic acid:water (5~1:4) and autoradiographs 

prepared by exposure of the paper to x-ray film for one week to ten days. In 

this solvent system serotonin has a Rf value of 0.51 and its oxidative, 

deaminated 

*The stock suqstrate solution contained equal amounts of both the D and L 
isomers, but only the L isomer was a substrate for these enzymes~ - -
n~cessitating the division by 2. 
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productFJ 5-HIAAJ) has a.Rf of 0.82. Internal standards were used with 

each experiment and were carried in boiled tissueo Radioactivity was 

counted using an automa,tic spot counter (Moses» Lonberg-Holm, 1963). 

Calculation of MAO activity 

· cen:t of the total radioactivity; B - a minor spot (less than 5 per 

cent ·of t;he total radioact:brity) assumed to be a reaction product, 

possible corresponding' to 5-hydroxyindoleacetaldehyde; c- the s~c:)t 

associated wlth unmetabolized'serotonin which·usualiy accounted for. 

over 50 per cent of the· total--radioactivity~ and·D -=·the spot asso­

ciated with the ·major··enzY"matic· product· of metabolism~ 5•HIAA; which 

accounted for-- 20··to-·4EVper"cent··of· the' tota1-radioactivityo A fifth 

spots accounting··for··less than·5 per·cent··of the··totalactivitys can 

be seen ab~ve ·the··D ... spot but•-was ·not counted··since ·its· identity was 

unknown. The·· reaction·rate·of··MAO·was calculated as f611ows~ 

per cent serotonin/hr/@11·_ cpm Bv + cpm D9 · . 1 
metabolized ·· - cpm A 6 + cpm B 9 · + cprn C w + cpm D 9 xtissue 

used (g) 

Wheres 

cpm xv = cpm x·- background 

background ::(·cpm··of mylar·:film·with ho Spoto 

Results 

Chemical 

The methods-·used-·for--the···deterrnination of 'ChE and AChE were 

modified slightly• from-· those"' of· Ellman··~· a,l;; · ( I9t)l) · and Bermett 

et aL (1963) in order····to·be ·cornpatible'with the -DOPAD, GAD and 
arc:r= ~ . .. . \ 

MAO assays. For this·,reason· the -results"of·some preliminary 

;, 
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D- 5-Hydroxyindole· 
acetic acid 

E- Unknown 

C· Unmetabolized 
Serotonin 

B· 5-Hydi'OKyindole· 
acetaldehyde 

A- Origin 

100 141 of supernatant 
from rat brain 
homogenates 
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50 pJ 100 p.l 
internal standards carried 
in boiled tissue h<?~O.!l!lng_tes 

ZN-4074 

Fig. 8. Autoradiogram obtained from chromatogram of two samples of 
rat brain homogenates, and two internal standards carried in boiled 
rat brain homogenates showing metabolism of serotonin by MAO. 
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biochemical experiments will be reported in which buffer and pH con-

ditions were varied. The results of these experiments determined 

the final choice of conditions used during routine assays. Figure 

9 shows the results of an experiment in which non-enzymatic hydro-

lysis was compared as a function oC'pH for two different buffers at 

37°C . For both AcSCh and BuSCh the rate of non-enzymatic hydrolysis 

was greater when 0.1 .~ Tris buffer was used than when 0.2 M sodium 

phosphate buffer was used, and for both buffers the rates increased 

rapidly beyond pH 7.4. 

The net rates of enzymatic hydrolysis of AcSCh (using 2 mg rat 

brain) and BuSCh (using 20 mg rat brain) as a function of pH are 

shown in Figure 10 using a 0. 2 ~sodium phosphate buffer. The net 

rate of hydrolysis of AcSCh increased in a liner fashion from pH 

6.5 to 8.2, but the net rate of hydrolysis of BuSCh dropped off quite 

rapidly beyond pH 8. 0. 

Since tissues were to be homogenized in 0. 03 ~potassium phos~ 

phate buffer (pH 7.0) to accomodate the decarboxylasP assays, a l ess 

than opt:i:mal* pH was selected for the AChE analysis . Table 5 shows 

the results of comparing a 0. 15 ~potassium phosphate buffer (pH 7.4) 

or a 0. 45 ~potassium phosphate buffer (pH 7.538) with a 0.2 ~ 

sodiu~ phosphate buffer (pH 7.3 or 7. 1) on the rate of AcSCh hydro-

lysis . Also included is a comparison of the rates of hydrol ysis of 

BuSCh in several strengths of buffer . 
.j 

There was no appreciable difference in the rate of hydrolysis of 

BuSCh over these ranges so that the ChE assay was run in the same 

buffer in which tissues were homogenized . 

* In the sense that a higher net rate of hydrolysis could be 
obtained at a different pH . 
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Table 5 

Rates of Hydrolysis of AcSCh and BUSCh as a Function of Buffer, Molarity 

and pH 

Buffer 

Molarity 

pH 

Net Rate 
of Hydrolysis 
(60.0.10 min) 

AcSCh 

BuSCh 

Sodium Phosphate 

0.2 0.2 

7.3 

483 500 

201 

Potassium Phosphate 

0.03 . 0.15 0.45 

7.0 7.4 

499 

198 

7.53 

534 

195 



:····.· 

98 

The 0.45 ~potassium phosphate buffer (pH 7.53) allowed the highest net 

rate of hydrolysis of AcSCh while maintaining a constant pH against 

addit~on of at least 250 ul 0.03 ~potassium phosphate buffer per 

2.7 ml, including 2 to 6 mg tissue. 

Strai!L£9mparisons - total serotonin and enzyme total activities 

The animals used in this experiment were divided into two groups, 

SC and ST. Comparisons between strains, however, will be made onlY 

withih a given group, since possible differences between conditions 

would increase the variance within strains and tend to mask between 

strain differences. 

The means and standard deviations for the S 
1 

and s
3 

strains 

with respect to body weight, brain weights, total serotonin content 

and enzyme total activities are shown in Table 6. The s1 animals 

were heavier in oody weight than the s
3 

animals but had lighter 

brains. In the sensory cortex (V arid S) the s
1
s had higher AChE 

and ChE total activities than the s
3
s in spite of the fact that the 

s
3
s had heavier tissues", although not significantly so (E> .10). 

There v-1ere no significant differences ·between the· two· strains in 

the total activities of ChE and AChE in TB II. 

Total activities of DOPAD and GAD did not significantly differ­

entiate the two· strains, but that of· MAO did with the s
3
s having 

significantly higher total acti vitie~ than the s
1 
s (!?.~ • 05) • The 

S shad 7.6 per cent·more·total·serotonin in·the--TB II section than 
1 . 
. . · .. 

the Slbut.this difference was not statistically significant. 

Two attempts were made· to compare the strains· on a purely bio­

chemical basis., uncontaminated· (in some ·sense)-··by·tissue weighto 

First, the traditional ratio'of·serotoninor totalenzymatic activity 
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per unit weight was used~ Second, serotonin and enzyme total activities 

were compared between strains after the covariance associated with 

tissue weights were partialled out. 

Strain comparisons - serotonin concentratioq and enzyme specific 
activities 

A comparison of the two strains on serotonin concentrat~on and 

enzyme specific activities (i.e. activity per unit weight) is shown 

in Table 7. In all comparisons, the S s had higher means than 
1 

the s
3
s. Individual tests of significance (Mann-Whitney U statistic) 

showed these differences tobestatistically significant for all 

variables except DOPAD, GAD and MAO specific activities. Serotonin 

was higher in the S 
1 

strain than the S 
3 

strain by 18. 2 per cent 

(p <.002). The-usual differences between-the two strains in AChE - -
specific activities were apparent in· all three brain sections. 

Similar differences were·found·for·ChE specific.activity. 

§.t~J-LL£2~~1~S2!2~.-:.. ~~.§.S.:r.iiJP-.l!~t .. ,fg}lct~?D .... ~~l:>.:~ . .?,.L~~.?!,~-1 
.serotoniQ and en~,!L.tota! 8;,q,t:.l'!JJ~!~~ .. 

The previous analysis, using the ratio of serotonin or enzyme 

total activity to tissue weight, w~s resorted·to because the weights 

of tissue sections are usually not· equal from one section to another, 

or from one animal to ·another·. ·It was· assumed that if one section 

has more tissue, where··"more"' is·"defined in·tenns·of wet weight, then 

it ought to have, more···serotonin or enzyme solely by virtue of this 

fact. To compensate for· the differences· in· weight·, (due to minor 

inaccuracies ·during- dissection·· and·- to· morphological· differences 

between section and animals), the measured amounts of serotonin or 

enzyme activities·werescaled to· presumably comparable units by 

using wet weight·ofthe·tissueas the divisor. 
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Table 6 

Comparison of s1 and s
3 

Strains with Respect to Body Weight, Brain Weights, 

Total Serotonin and AChE, ChE, DOPAD, GAD and MA.O Total Activities 

Variable Section 
sl s3 

-
X S.D~ . ·X S.D • 

Body Weight (g) 335*** '31"1 __ J ·0- 298 30.3 

Brain Weights (mg) v 76.7 ' 4.48 79.2 4.84 
-S 57.9. 3.55 59.4 3.30 

'lB II 1,308***' 77'. 7. 1.1·:435 .. ' 67.0 

Serotonin (ng) 'lB II 851 72.7- 789 137.1 

AChE (M x 108/min) v 4,898'*** 326 3,918 417 
s 3,962* 292 3,433 301 

'lB II 183,350 8,570' . 187,760 8,060 

ChE (M X 108/~) v 256 18.7. 242 17.7 
s 201** 18.1 . 188 10.1 

'lB II 4,771 273. 4,840 325 

DOP AD ( J.lg/2 hr) 'lB II 685 74.0 .. 735 71.8 

GAD ( ).lg/hr) TB II 973 209' 928' 227 

MAO (percent meta})_;;;., TB, :II 5,714** 655 6,169 318 
01ized/hr) 

* E .::_ .10; two tailed test using the Mann-Whitney U statistic 
** £> ! o 05 j II · II 

*** P ! .02; II II 

-· 
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Table 7 

Comparison of s1 and s3 Strains with Respect to Serotonin Concentration 

and AChE, ChE, DOPAD, GAD and MAO Specific Activities 

Variable 
sl s3 

Section x S.D~ -X S.D. 

Serotonin (nglg) TB II 651*** 43.5 551 98.3 

AChE (M x 1010/min/mg) v 61.3*** 3.05 52.9 4.91 
s 68.5*** 3.43 62.5 4.59 

TB II 141.3*** 4.96 132.4 3.22 

ChE (M X 1010 /min/mg) v 3.34* 0.17 3.06 0.13 
s 3.49*** 0.22 3.17 0.16 

'lB II 3.71*** 0.12 3.46 0.16 

DOPAD ( lJg/2 hr/g) TB II 534 57 .o . 527 49.5 

GAD ( lJg/hr/ g) TB II 756 157 666 166 

MAO (percent/hr'/mg) 'IB II 4.45 0.41 4.42 0.23 

* p < .10; two tailed test using the Mann-Whitney·u statistic 
** p <: • 05 j U II 

*** p < 0 02 j II II --
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The result was a 'concentration' or 'specific activity' for that 

section which could be compared directly to the concentration or 

. specific activity of another section. The following two assumptions 

are usually not considered in this common way of expressing substrate 

levels or enzyme activities: (l) that the tissue is homogeneous 

with respect to the substrate or enzyme activity being measured 

and (2) that a linear relation exists between the substrate or enzyme 

activity and the weight· of the tissue. Thus, two samples would 

differ in concentration only if the slopes of the regression between 

substrate or enzyme· activity and tissue·weight differed. 

If the first assumption·of·homogeneityis correct for a given 

tissue section,- then·it··should··be possible· to' check the- second assump­

tion by examining-thecorrelation·between a" substrate or enzyme 

measured in that· section·and· the-wet··weight of the section in 

animals having the· same -regression- slope. · Due. to sampling errors 

and individual differenc.es·this·correlation·would not be expected 

to be perfect but·· it should be quite· high·• · A low • zero or negative 

correlation, however, would suggest that the ratio be used only 

cautiously, if at all. 

Table 8 shows the correlations between·tissue weights and 

total serotonin or enzyme activities for the·s1 and·s
3 

strains in 

this experiment. Only AChE and ChE had·correlations with tissue 

weight that were significant beyond-the .05 level of confidence, and 

these correlations only accounted· for between 36 and 70 per cent 

of the variance·;,"" Many"t.)f· the· other correlations were very low, 

including those for AChE and ChE in the S section.. Assuming the 

tissue weights to be accurate-, either the· methods---of measurement 

-were inadequate•) or-·the· .. assumptions· discussed··above were not 

realized. 

., 
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Table 8 

Correlations Between Total Serotonin, Enzyme Total Activities and Wet 

Weight of Tissues for s1 and s3 Strains 

v s 
+ s++ sl 3 sl s3 . 

Serotonin - TB II~ 

AChE v .71**.39 

s .07 .38 

'lB IIQ. 

ChE v .72**.83** 

s .57 -.02 

TB IIQ 

DOPAD 'lB IIQ 

GAD 'lB IIQ 

MAO TB IIQ. 

TB II~ 

sl s3 

.59 .o6 

TB IIQ 

sl s3 

.69**.66** 

.84**.74** 

.28 .26 

.31 -.12 

.60* .36 

~and Q for littermates, ie., ~ littermate analyzed· for serbtonin and E 
littermate analyzed for enzymes. 

* p < .05 --
** p < .01 --
+ n = 10 for s1s throughout 

++ n = 13 for s3s throughout 
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In any case, a technique that does not-require-these-assumptions 

or is based upon the observed correlations may -be preferred. The 

multivariate technique known· as discriminant function analysis 

(c. f. Anderson, 1960) meets these requirements. Clearly, however, 

:no statistical technique can overcome inadequate measurement, and 

to the extent that inadequate measurement was responsible for 

the obserVed low correlations, the results and conclusions must 

suffer accordingly . 

. _Another, perhaps more important, reason for resorting to 

multivariate analysis should· be mentioned.; This concerns tests of 

significance made on a number-of variables thatarenot statistically 

independent. Unlike the situations· where· multiple comparisons are 

made on a single dependent variable among several groups, or where 

a single variable is measured a'·hU!nber ofrtimes on the same subject 

(i.e. , repeated measures designs·)-~ this ··problem occl.irs when several 

dependent variables- have· been measured on· the same·· experimental 

material and these variables· are· interrelated to,some degree. · 

Clearly, if two highly correlated·variables·are•measured in the 

same material and the means- compared between two groups, both will 

diffE:J? in the same way,; Interpretation· of· the differences, however, 

may not be apparent· when· separate univariate tests· have been made. 

Techniques are ·needed· that· will· take· into account·· the· intercorrelations 

between variables-. MUltivariate techniques do just- this· and therefore 

will be relied· upon-heavily here. 

Appendix A ·shows· ·the··.computational·· steps·· for· computing the 

discriminant :function· and· Wilks-~ (1932) Lamda-·test·of the signifi-

cance of the· discrirninant:o --such· a--discriminant· function·was computed 

between the S · s · and- S· s · for'· weights·· of TB- II a- · TB IIb (a and b for 
. 1 3 . ~· - - -

littennates i.e·.··, littennate a· was analy,)zed for serotonin and litter­
mate b was· analyzed for the fiVe enzymes -~ total serotoniil and total 
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activities of AChE, ChE, DOPAD, GAD and MAO. 'Ihe Lamda test 

resulted in an F8• 14 = 4.36 (E ~.01). 'Ihus, these variables 

taken together-were able to discriminate the two strains wh~n the 

difference between mean vectors was maximized by an appropriate weigh­

ting of the variables dependent upon the respective intercorrelations. 

even though only MAO total activity, by itself, was significantly 

different between strains. 

The question was then asked whether the biochemical variables 

taken alone could discriminate the two strains after the covariance 

associated with tissue weight was partialled out (computational pro­

cedures are .in Appendix B). The Lambda test of the resulting 

discriminant was associated with an F
6 

= 2.07 (.10< p <.20). 
' 16 - - -

Table 9 shows the original mean vectors and the adjusted mean 

vectors after tissue weights had been partialled out. 'Ihe S s 
1 

have higher adjusted mean AChE, ChE and DOPAD activities and total 

serotonin than the ~ s • as -was found when specific activities and 

concentration were used, 

Univariate comparisons on the adjusted·means showed ChE to be 

significantly different·(~- ~.o:J..) between· strains after weight was 

partialled out even though the· six variables· taken together were 

not. 

Corttelations between weig!lt·, · substrate and· enzymes 

Table 10 shows the correlations between·tissue weights and the 

seven biochemical variables (total activities) for the S and S 
1 3 

strains in this experiment. Above the diagonal are the full set 

of correlations and below the diagonal are the partial correlations 

among the biochemical variables with the tissue weights held 

constant (see Appendix C for computational·procedures). 
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Table 9 

Means and Adjusted Means for s1 and s3 Strains with Respect to Tissue Weight, 

Total Serotonin and Total Activities of AChE, ChE~ DOPAD, GAD and Mao 

V(iriable 

TB II~ (mg) 

TB IIb (mg) _, 

Serotonin (ng) 

AChE (M X 106 I 
min) 

ChE (M X 108/ 
min) 

DOP AD ( JJg/2 hr) 

GAD ( JJg/hr) 

MAO (per cent/ 
hr) 

·-·· 

* p < .05 --
** p < .01 --

Original Means 

Strain 

$1 s~ 

1,307** 1,434 

1,285** 1,397 

851 789 

1,833 1,877 

4,771 4,840 

685 735 

973 928 

5,714* 6,169 

Aq.justed Meal1-s 

Strain 

873 767 

. 1,879 1,832 

4,991** 4,617 

706 713 

989 910 

5,963 6,009 



1 Above the diagonal 

2 Below the diagonal 

3 n = 10 

4 n = 13 

.. p~.05 
**Ps .01 
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The correlations between tissue weight and enzyme·total activities 

have already been discussed (p. 102) • The partial correlations among 

the biochemical variables indicate sornewpat different patterns for 

· the two strains. The ·essentiallY zero correlations between AChE 

and ChE for both strains (r = .01 for the s
1
s and r = -.13 for 

the s
3
s) suggest that these two-.enzymes operate independently of each 

other. 

Serotonin was positively correlated with AChE and MAO for 

both strains, but little relation was apparent between serotonin 

and DOP AD or GAD. 

Serotonin was positively correlated with ChEin the S strain 
. .· 3 

(r = .49) but negatively correlated in the S strain (r = -.43). 
. 1 

Neither of these correlations were, however, statistically signi-

ficant. ChE was moderately correlated with DOPAD (r = .68 for 

the S sand r = .34 for;the S s) andGAD (r=· .65 for the s
1

s 
1 - 3 

and r = .40 for the·S;·s);;' ·AChE "Was slightly negatively correlated 
3 

with these enzymes·•· ·- The' highest -correlations"·were-between OOPAD 

arid GAD (r = .84 for-the S·s·and r = .-71 for the S s). 
1 3 

DISCUSSION 

The difference,between~·brain--·serotonin··-concentration in the S s . . . - 1 

and ·s
3
s found··in··Experiment<I· was··suecessfuill.y··repi±cated· in this 

experiment. The·-S· s~·had,·about··:L-8·-per-·"cent--more serotonin per gram 
' 1 

tissue than the,,S,..•sc;· · When.,total···serotonine was· considered• the S s . 3 . . . . 1 

still had more'" Serotonin' than··the(·.S--·s ·but· not" significantly so. ,.,..... 3 . . 

The same result··was-·'seen'when,.·t±ssue·weight··was·partialled out 

statistically, but· again·· the difference· was· not·~significant. 

Somewhat similar--results were·- found· for· the· '.enzymes AChE, ChE, 

DOP AD, GAD and MAO. In all comparisons· ·the· S s had ·higher enzyme 
1 . 
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specific activities than the s
3
s, but when total activity was con­

sidered the differences decreased or even reversed depending on 

the particular correlations between enzyme total activities and 

tissue weight. When tissue weight was partialled out statistically, 

the S s tended to have higher AChE, ChE and GAD activities but 
1 

lower MAO activity than the S s, 
3 

Considering the serotonin system alone, it appeared that the 

capacity for synthesizing the amine is about equal for both strains 

as reflected by the adjusted mean DOPAD activities (Table 9: S 1 
1 

989; s
3

, 910). The s
3
s, however, had a greater capacity for 

metabolizing serotonin as reflected by the higher MAO activity 

( Sl, 5,963;~, 6,009 ),and the lesser amount of unmetabolized serotonin 

( s
1

, 87.3; S 31 767) • Nothing can be inferred as to the relative 

amounts of bound and free serotonin in the two strains, but it 

appears that the S strain may have more functional £erotonin 
1 

available than the s
3 

strain, 

The correlations between serotonin and AChE are interesting 

in view of the suggestion by Aprison (1961) that serotonin may com-

pete with ACh for neural receptor sites, If his hypothesis were 

correct, the fact that the S strain has higher values than the 
1 

s
3 

strain in both the ACh-AChE system and the serotonin system 

might reflect a causal relation between the two neurohumoral 

systems, 

Experiment III 

Comparison of Six Strains of Rats with Respect to Brain Serotonin, 
AChE, ChE, DOP AD, GAD and MAO 

In Experiments I and II a difference in brain serotonin was 

found between the sl and s3 strains. In Experiment II the cholinergic 
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enzymes, AChE and ChE, and the non-cholinergic enzymes DOPAD, GAD 

and MAO were inves~igated in these strains. This experiment extends 

this investigation ~o two other pairs of strains of rats. In 

addition, the regional distributions of these enzymes will be 

iiwestigated. 

The t0ree pairs of strains chosen for this eXperiment were 

the S -s
3

J RDH-RDL and OMB-OMD strains.* Reasons for these 1 . 

choices were as follows: First, the s1 -s
3 

strains were known 

to differ in AChE, ACh and maze-performance. The· S strain has 
1 

higher brain ACh levels, higher AChE specific activity and is 

superior on most learning tasks.to the s
3 

strain. These facts 

were mainly responsible for the hypothesis that the ACh-AChE 

system was positively related to learning. Seconds the RDH strain 

(Roderick Dempter High AChE) was selectively bred for high cortical 

AChE compared to the RDL strain (Roderick Dempter Low AChE; 

·Roder:tck, 1960). When· tested for maze performance the RDL 
.. 

strain was found to be slightly superior to the RDH strain 

· (Rosenzweig ~ &·, 1960). · These facts were mainly responsible for 

the hypothesis that the ratio of ACh to'AChE·was positively 

related to learning (cof. Chapter I). Third.~~ the OMB strains 

(Olson Maze-Bright) were-selected···for performance on the Lashley 

III maze and thus .. are superior· to·· the OM!)' strains (Olson Maze-Dull) 

in this respect 9 but· in"one of· the lines·(line V)-, the two strains 

did. not. differ·wit.l1·respect···to· either ACh or· AChE· and ·in the other 

line (line II),- the OMD strain--was actually higher in brain ACh 

* OMB and OMD strains· were selected·py Richard Olson in a joint 
project with the Department of·Psychology and Genetics, University 
of California9 Berkeley;, ., Results of-this· project have not been 
published as yet. 
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concentration and AChE specific activity than the OMB strain 

(R. Olson. personal communication). These facts prohibited a 

simple. general hypothesis that the ACh-AChE system was positively 

related to all aspects of learning. 

Failure of the OMB and OMD strains to differ as expected in 

ACh or AChE does not automatically invalidate the proposed ACh-AChE 

ratio hypothesis. It may be that the Lashley III maze was not 

demanding enough to require changes in the ratio of ACh to AChE 

that would result in high and low strains on these biochemical 

variables,or other factors related to learning may have been 

inadvertently selected for, e.g., differential response to 

deprivation, exploratory tendencies, reaction to novelty, 

emotional responses to the apparatus, etc. Investigation of these 

variables has not been made with animals from these two strains. 

On the other hand, it is doubtful that the neural and bio­

chemical events underlying an animalvs performance in a maze. can 

ever be completely separated· into independent components corres­

ponding to these rather artificial· categories. Many neural and 

biochemical events undoubtedly occur that are closely interrelated 

and are grossly reflected·: in the errors ·an· animal makes and how 

fast he performs. 

The purpose·ofthis experiment was to seewhether serotonin 

and the enzymes DOPAD) GAD and MAO showed the same differences 

among these three pairs strains as does·AChE. Correlations of 

·these enzymes with· AChE found· in Experiment II suggest that 

different patterns will be found. If such is·the case, then the 

question will be asked·whether the three strains that are superior 

in maze performance have· anything in common· biochemically that 
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includes these non-cholinergic systems. 

METHOD 

~bjects 

The subjects in this experiment were ten littermate pairs of 

male rats from each of the following six strains~ s1 ~ s
3
, RDH, RDL, 

OMS and OMD. A special breeding schedule was arranged so that animals 

from all six strains were born at approximately the same time. This 

resulted in animals between strains being matched for age within 1 

to 3 days. All animals were weaned at about 25 days of age 11 ear­

punched for identification,and placed 3 to 4 per cage under colony 

conditions, including food and water ~ lib. Males were housed 

separately and strains were kept segregated. All animals were moved 

from Life Sciences Building where they were born to Tolman Hall at 

about :60 days of age. 

Littermate pairs were selected prior to sacrifice on the basis of 

matching weights and general health. Ten litters were sampled from 

each of the S 
1

, S 
3 

• RDH and RDL strains. Breeding stock from both the 

II and V lines of the OMS and OMD strains were obtained with the 

intention of selecting· ten littermate·pairs from each of the four 

strains. Reproduction was so poor;·however, that this plan had to be 

abandoned. None of the· OMS pups from the II line survived, ·so that 

only OMS animals from the V line were available. Ten pairs of males 

were selected from the five OMS litters of the V line that survived. 

Five pairs of males were selected from the··three OMD litters of the 

V line that survived and five pairs of males·were:selected from the 

four OMD litters .. of· the · II· line' that' survived:·.· · This resulted in the 

pairing of five sets of OMS and OMD · animals of the V line and five 

"' 

• 
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sets of OMB animals of the V line.with five sets of OMD animals 

of the II line, a procedure that is methodologically inadequate 

since the two lines were selected from different parental pop­

ulations. One littermate·was assayed for serotonin and the other 

littermate was assayed for enzymes. 

Order of sacrifice 

Group I - Four littermate pairs of animals from each of the 

six strains were brought from the colony to a room near the bio­

chemistry laboratory two days prior to sacrifice. This was done 

to avoid any alteration in brain serotonin that might occur due 

to an abrupt change in environment. Animals were sacrificed for 

serotonin analysis in the morning in blocks of six, including 

one animal from each strain. Cerebelli were removed, weighed and 

used to carry tissue standards through the serotonin procedure. 

The whole brain, less cerebellum (TB I), was removed, weighed to 

the nearest 0.1 mg and immediately extracted for serotonin. 

Littermates of these animals were sacrificed the same afternoon 

in blocks of six, including one animal from each strain. After 

decapitation the brains were rapidly dissected, weighed to the 

nearest 0.1 mg and frozen on dry ice. The sections were stored 

at -22°C until they were analyzed for the five enzymes. Animals 

in Group I were approximately 87 days old. 

Group II- After· Group I had been sacrificed» it was discovered that 

one of the enzymes, ·GAD, was not stable when stored frozen for 

periods over several·days'• ···Consequently,· it was decided to 

sacrifice animals for enzyme analyses not more than 24 hours 

prior to analysis. 'The·· remaining 36 ·· animals· for serotonin 

analysis were sacrificed as in Group·Iand the extraction was 
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performed immediately. They were approximately 90 days old and 

constituted Group II. 

Group III- Littermates of animals in group II were s~crificed 

as follows. Six animals, one from each strain were sacrificed 

per day. Their brains were rapidly removed • dissected, weighed and 

frozen on dry ice. Half of the sections were analyzed the same 

day and the other half were.stored betweeh two blocks of dry ice 

until the following day when they were analyzed. This schedule 

made it impossible to analyze more than two blocks of animals 

per week, and consequently these animals ranged in age from .95 

to 123 days, with a mean of 108 days. Animals within a block 

were approximately the same age. 

Dissection of brains for enzyme analyses 

Brains were dissected··for·enzyme analyses as follows. Using 

a miniature, plastic T~square a sample of tissue from both 

hemispheres was· removed from the visual and somesthetic areas of 

the cortex as described·in'Experiment II and constituted the 

sections labeled ·Visual Cortex· (V) and Somesthetic Cortex (S). 

Remaining dorsal cortex was peeled off down· to the temporal 

ridge and constituted·the·section"labeled Remaining Dorsal 

Cortex (RDC). · Ventral- cortex· and surrounding structures, inclu­

ding hippocampus; ·amygdala· and· corpus caB .. osum were separated 

and constituted the· section'· labeled Ventral Cortex (VC). The 

cerebellum was removed by severing· its peduncles and constituted 

the section labeled Cerebellum (Ce). A section labeled Hypo­

thalamus (H), was·taken by circumscribing the· area bounded by 

the optic chiasm anteriorly the optic tracts laterally and the 

.... 
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posterior aspect of the mamillary body posteriorly with a scalpel 

and removing the tissue down to a depth of the anterior commissure 

anteriorly and a parallel depth posteriorly. Finally, a section 

consisting of Medulla and Pons (M+P) was separated by sectioning 

the brain stem just posterior to the inferior colliculi. The 

remaining tissue, including thalamus, caudate nuclei, other 

b3sal. gangl :ia., olfactory tubercles, and olfactory bulbs consti­

tuted the section labeled Remaining Subcorticai Brain (RSB). 

Chemical analyses 

All chemical analyses were performed according to the 

techniques described in Experiment. IL. The concentrations 

of homogenates and amounts of tissue used in this experiment 

are shown in Table 11 .• 

RESULTS 

Animals in this experiment varied in age, time of bio­

chemical analysis and duration of tissue storage. Therefore, 

these sources of variance were removed prior to statistical 

analysis. Blocks of animals, one animal from each of the six 

strains, were processed together so that an adjustment of the 

data was possible. The mean t;or each block of six animals was 

computed and subtracted from the grand mean computed over all 

ten blocks. These deviations from the grand mean were then 

added to the values of each animal within that block. This 

adjustment procedure equalized the means for blocks while 

leavning the means for strains unaffected, Variances within 

strains was, of course, reduced accordingly. 



Table 11 

Concentration of Homogenates and Amounts of.· Tissue . Used 

in Experiment III 

Section Concentration of Amount of Tissue Used per Assay 
Hanogenates* 

AChE** ChE*** OOPAD GAD Mao 

v 10 2 6 10 10 

S· 10 2 6 10 10 

RDC 20 2 20 20 10 10 

vc 20 2 20 20 10 10 

H 5 1 10 5 5 5 

M+P 20 2 20 20 10 10 

RSB 10 1 20 10 10 5 

Ce 20 3 20 10 10 

116 

(mg) 

* All tissues were homogenized in 0. 03 M potassium phosp~te bu;f'fer, 
.pH7.0. -

** 0 o 45 !:! potassium phosphate buffer, pH 7 o 53. 

· * ** 0. 03 !! potassium phosphate buff~r, pH 7. 0. 

~· 
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Some data were lost during the experiment due to errors in bio-

chemical procedures. Within strain means were substituted for these 

missing data in the statistical analyses. Four blocks of tissue were 

unanalyzeable for GAD due to too lengthy storage, but in this case no 

substitution for missing data was made, separate statistical analyses 

being computed with only six subjects per strain. 

P._oqy w~i_gbts and brain tissue weigl1ts 

Mean body weights and brain tissue weights are shown for the six 

strains in Table 12. The means are based on ten cases in each strain 

except for the M+P and RSB sections ·where only six animals were available. 

In the other four animals M+P and RSB sections were not divided, consti-

tuting a single section. 

The S and S strains showed the usual differences in brain weight 
1 3 

found earlier (Experiments I and II, Bennett ~g., 1958), even though 

they did not differ in body weight. For all eight sections the s
3
s 

had heavier brain tissue weights than the S s. The RDLs were heavier 
1 

in body weight and brain weights than the RDHs, and the OMBs were 

heavier in body weight and brain weights than the OJVIDs. 

Serotonin 

Table 13 shows the means and standard deviations for the six strains 

with respect to TB I tissue weight, total serotonin and serotonin con-

centration in TB I. 1he s
1
s had significantly more serotonin per gram 

tissue than the s
3
s (10 per cent). The RDHs had a higher mean concen­

tration of serotonin (815 ng/g) than the RDLs (795 ~~g), and the OMDs had 

a higher mean concentration of serotonin (740 ng/g) than the OMBs (719 

ng/g). Neither of these latter comparisons reached an acceptable level 

of statistical significance (p >.05). 
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Table 12 ,-

Means and Standard Deviations of s1, S3, RDH, .RDL, OMB and OMD Strains with Respect 

to Body Weight and Brain Tissue Weights 

Variable Strains 

--~-- s3 RDH RDL or.m OMD 

x SD X SD x SD X SD X SD x SD 

Body Weight* 302 26.6 298 30.5 234 44.4 324 25.3 372 42.2 312 18.7 
(g) 

V* (rng) 66.2 5.1 72.7 5.4 66.2 6.1 73.2 3.3 75.5 4.4 72.6 4', 7 

S* (mg) 52.9 2.9 55.6 3.0 50.5 3.8 55.1 2.2 56.2 5.0 56.1 3.3 

RDC* (mg) 264.2 16,6 295.5 12.3 257.8 16.8 297.8 11.6 313.5 16.6 300.6 20.0 

VC* (mg) 318.8 26.5 339~8 32.6 304.8 38.2 346.2 20.8 368.5 17.7 348.2 19.1 

Total Cortex 702 37.1 763 34.7 679 41.8 772 25.4 814 28.7 778 39.4 
(mg) 

H* (mg) 60.0 5.2 61.1 6.5 53.9 4.8 62.5 7.1 63.3 6.1 59.4 6.3 

M -~ P** (mg) 168.0 9.1 197'.6 9.2 158.9 10.9 194.0 9.7 192.4 11.1 188.4 19.1 

RSB** (mg) 433.5 34.6 482.0 41.1417.719.5 461.0 15.3 534.9 20.5 488.1 24.3 

Total Sub- 661 47.6 719 43.7 625 56.2 707 25.1 760 27.3 718 43.9 
Cortex (mg) 
-~ -·. 

Ce* (mg) 237.6 20,4 269.9 20.0 235.3 18.9 269.7 7.0 276.5 18.5 256.3 20.6 

Total Brain 1611 99.0 1752 93.1 1538 90.2 1749 41.5 1850 64.1 1754 99.7 
(mg) 

Cortex/Sub- 1.06 0.06 1.06 0.03 1.09 0.10 1.09 0.05 1.07 0.04 1.08 0.04 
Cortex 

-;~ 

* n· l. = 10 

** n· = 6 
, .. 

l. 
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Table 13 

Means and Standard Deviations of Sl' S3, RDH, RDL, OMB AND OMD Strains with 

Respect to Total Serotonin and Serotonin Concentration in TB I 

Variable Strain 

sl s3 RDH RDL Q\113 
SD -X SD X SD x SD x SD X 

Wet Weight 1399* 70.4 1570 81.7 1366* 55.2 1480 87.3 1597 55.8 
of TB I (rrg) 

Total Sero- 1147 49.6 1157 32.1 1100* 41.1 1160 35.3 1133 55.2 
tonin in 
TB I (ng) 

Serotonin 829* 31.7 752 45.6 815 22.7 795 64.3 719 50.2 
cone. in 
TB I (ng/g) 

a-ID 

x SD 

1526 61.5 

1114 43.4 

740 43.5 

* p < .02, two-tailed test using Wilcoxon matched-pairs test of difference 
- - between pairs of rreans 

• 

~ 

~ 
-..() 
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Enzyme total and specific activities 

Appendices D
1 

to ~3 show tlfe means and standard deviations for the 

six strains with respect to enzyme total and specific activities in the 

eight brain sections. Because of the large number of variables and the 

high intercorrelations of many of the variables, some means for reducing 

this number was sought. A principal axis factor analysis was obtained 

from the correlation matrix of tissue weights and enzyme total activi­

ties for all six strains combined. GAD total activities were not in-

eluded in this analysis since four of the ten samples for each section 

were lost. M+P and RSB sections were combined into one section for pur-

poses of this analysis. 

The factor analysis resulted in six factors or dimensions that 

accounted for over 95 per cent of the covariance between variables. 

Table 14 shows the factor loadings of·bodyweight,-braintissue weights 

and enzyme total activities· on these· six dimensions•-·The first factor 

is apparently a weight dimension~·that'·includes· both .. body. weight and 

brain tissue weights.-- ·Many·of·the,enzyme·total activities were also 

highly correlated with·thiscfactor'o The· second·· factor is conmon to 
' 

the VC and H sections•· ·Both· tissue weights-and· enzyme total activities 

for the VC and H sections·· were··highly· correlated--with· it;; ·, The remaining 

"' four factors appear to· be· spec'1:fic·-to·total enzyme activities with 

relatively little relation--to· tissue weights. 

On the basis of this factor··anaiysis ·the· following··variables and 

linear composites of· variables---were retained as accounting· for nearly all 

the information contained··±n,·:the' origina154 variables-:· Body wetght; 

tissue weights - VC, H, V + S+· DC·- {Dorsal Cortex;DC}' M + P + RSB 

(Subcortex II SC JII); and··the·'corresponding--·enzyme··total activities. 
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Table 14 

Factor Loadings of Body Weight~ Brain Tissue Weights and Enzyme Total 

Activities on First Six Dimensions Obtained fran P~incipal Axis Factor 

Analysis 

Variable Dimension 

1 2 3 4 5 6 

Body Weight -.78 .11 .06 .30 .03 -.24 

Weight of V -.83 -.10 .10 -.20 .01 -.25 
s -.73 -.14 -.02 -.44 -.09 -.14 

RDC -.85 -::-.05 -.09 .27 .04 .13 
vc -.62 .22 .18 .29 -.41 -.14 
H -.45 .76 -.13 -.24 .20 -.04 
Ce -.89 -.02 .27 .08 .06 -.08 

M+P+RSB -.93 -.15 .01 .09 .17 -.08 

ChE v -.27 -.18 .14 -.71 -.12 .15 
s .07 -.10 -.17 -.65 -.23 .27 

RDC -.40 -.11 -.26 .26 015 .46 
vc .10 -.33 -.02 -.10 .14 -.37 
H -.17 .65 -.03 -.16 .17 .47 
Ce -.38 -.26 .48 -.26 -.23 .45 

M+P+RSB -.60 -.38 .13 -.04 -.14 . -.:34 

AChE v -.31 -.06 -.62 -.29 -.27 -.13 
s -.23 -.11 -.80 -.21 -.25 -.16 

RDC -.50 -.62 -.72 .28 -.16 014 
vc .07 .63 -.10 .17 -.54 -.11 
H -.16 .83 -.19 -.27 .20 -.07 
Ce -.75 -.06 -.06 .02 -.37 • 24 

M+P+RSB -.71 -.16 -.29 .01 .28 -.00 

OOPAD DC -.38 .09 .45 .04 .15 .14 
vc .04 .57 0 28 .10 -.01 -.01 
H -.49 0 59 .10 -.05 .18 .18 

M+P+RSB -.63 .15 .17 .05 -.16 -.16 

MAO v -.63 -.26 .14 -.21 -.13 -.13 
., s -.74 -.13 .01 -.30 -.07 -.07 

RDC -.77 -.00 -.19 .26 .16 .16 
vc -.33 -.06 .21 .22 -.41 -.41 

• H -.33 .76 -.06 -.24 -.06 -.06 
Ce -.75 .04 .38 -.06 -.07 -.07 

M+P+RSB -.82 -.23 -.07 .06 -.07 -.07 

Serotonin -.23 -.02 .07 -.45 -.29 -.29 
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V and S sections were not successfully analyzed for DOPAD, so that only 

RDC values were available for this enzyme. Composite· sections were 

obtained by adding the component weights or enzyme total activities 

assuming, in the latter case, a linear relation between enzyme total 

activities and tissue weights. Specific actl vi ties-· for· these composites 

were computed by dividing the sum of the total activities by the sum 

of the component weights. 

Comparison of s
1 

and s
3 

strains- enzyme·total activities 

Table 15 shows the means and standard deviations ·of the S and s
3 . . 1 

strains with respect to VC,t H, DC andSC· II brain-tissue weights and the 

corresponding enzyme total activities·~· -The two strains did not differ 

significantly in VC or H tissue weights. The s
3
s,t however, were ten 

per cent heavier than the S sin DC and SC II sections (~~ 0.05). 
1 

Enzyme total activities did not differ-significantly between the 

S s and S s in any of the brain sections. The means for all five enzyme 
1 3 . 

total activities in the DC and SC II sections were, however, slightl;y 

higher in the S s than in the S s. These differences probabiy reflect 
3 1 

the -significantly greater-- tissue weights' of these· sections in the S s 
3 

compared to the s1s. 

A discriminant function was computed for··the ·two· strains composed 

of body weight, .DC and · SC II tissue weights-- and the· corresponding 

enzyme total activities ·of· ChEjj AChE; DOPAD·, and· MAO• The test of /( 

significance of the discriminant-resulted in an·F =-3.33 (n< .05). 
11,8 •~ ~ 

To detennine whether the·significant·discrimination·reflected only tissue 

weight differences, a second discriminant-function was computed with 

body weight and tissue weights·partialled out. The F = 2.00 was 
8,11 

not significant (I> >.05), but the adjusted means were higher for the 
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Table 15 

Means and Standard Deviations of s1 and s3 Strains with Respect to vc, H, 

DC and SC II Tissue Weights and Corresponding Enzyme Total Activities 

Variable Section sl s3 F # 
l,N-2 

-
X so X so 

Brain 'tleights vc 319 27.9 340 34.4 2.22 
(mg) ni = 10 H 60 5.4 61 6.9 .13 

DC 383 22.5 423 17.2 20.01*** 
SC II 601 50.8 658 45.7 6.76** 

ChE Total vc 910 180 926 190 .04 
Activit a H 365 53 350 45 .50 
(M X 10 /min) DC 1138 69.8 1194 76.6 2.83 
ni = 10 SC II 3192 436 3352 281 .95 

AChE Total vc (xlo-1)3774 892 3445 830 .75 
Activit~ H 5613 606 5366 8836 .60 
(M X 10 /min DC (xlo-1)2139 104 2179 145 .43 
ni = 10 sc II (xlo-2)1177 119 1246 100 1.96 

OOPAD Total vc 122 43.3 111 43.4 .33 
Activity H 54.8 2.8 577 7~9 .09 
( vg/2 hr) ROC 69 9.2 71 18.0 1.21 
ni = 10 SC II 600 62.5 634 78.5 1.15 

~1AO Total vc 1658 159 1739 181 1.09 
Activity H 430 29 468 55 3.72* 
(per cent/hr) DC 1757 117 18.78 156 3.85* 
ni = 10 SC II 3658 349 3880 309 2.52 

GAD Total vc 239 29.4 242 19.1 .oo 
Activity H 58.0 7.5 58.7 7.0 .oo 
( ug/hr) DC 418 17.6 427 38.8 .27 
ni = 6 SC II 749 12~.9 758 141.1 .01 

(N-2) ( 1-A) Wii 
# Fl,N-2 = ~ , where,/\. = Tii * p !. .10 

Wii = within groups deviations ** p !. .05 

Tii = combined groups deviations *** p !. .01 
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S s than the S sin all cases (Table 16)o This suggests that there are 
1 3 

enzyme components independent of weight that are higher in the S s than 
1 

in the s
3

so 

Three further discriminant functions were computed. One was composed 

of VC and H weights and the corresponding total activities of ChE, AChE, 

DOPAD and MAOo Another included VC and H tissue weights and the corres­

ponding total activities of GAD. Neither of these two discriminant 

functions were statistically significanto The third discriminant was 

composed of body weight, DC and SC II weights and the corresponding 

total activities of GAD;, The test of this·discriminant resulted in 

ah F
5116 

= 7o79 (E ~.01). After body· weight and tissue weights were 

partialled out significant discriminating power remained (F = 5o29; 
2SI9 

p < .05). This was largely due to··the··difference··betweenadjusted means 
- =· 

inthe SC II section (pairwise·F =·10•52; p < oOl). 
1,9 - = 

Comparison of s1 and s 3 strains - enzyme· specific activity 

Table 17 shows the means and standard deviations for· the S and S .. . 1 3 

strains with respect to specific activities ofthe five-enzymes in the 

four brain sectionso In all but three comparisons the S s · had higher 
- . 1 

enzyme specific activities than-the s3so · Only two of these comparisons 

were statistically significant~ AChEwas·significantly·higher in the 

s
1

s than in the S sin the H-and DC sections (p· <o05),p whereas MAO was 
3 - -

significantly lower in t,he. s
1

s than in the·s s in the H section (p <.01). 
3 - = 

The discriminant function composed of- body· weight· and· ChE 1 AChE, DOPAD 

and MAO specific activities· in-theDC·and·SC II·sections·was·statisti~ 

cally significant (F · = 3 o 73; p < c 057 .,. as was the· discriminant function 
10,9 - ~ 

composed of ChE, AChEll D8PAD and·MAO·specific·activities·in·the VC and H 

sections (F = 3o69: n < ;,05). ·Mostofthe discriminanting power of 10,9 # II; ·= 

_, 
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Table 16 

Adjusted Means of s1 ~ s3, RDH, RDL, Cl\'IB and aviD Strains with Respect to 

Total Activities of ChE, AChE, DOPAD, MAO and GAD in DC and SC II Brain 

Sections After Body Weight and Tissue Weights were Partialled Out 

Strain 

Enzyrre Section sl s3 RDH RDL OMB aviD 

ChE DC 1171 1162 1164 1070 1191 1233 

SC II 3411 3138 3348 3144 3507 3555 

AChE DC 2192 2124 2100 1934 2397 2425 

SC II 1232 1193 1147 1068 1281 1264 

DOPAD RDC 71 69 67 66 69 66 

SC II 637 598 580 568 6i8** 566 

MAO DC 1865* 1770 1941 1636 2031 2022 

SC II 3817 3727 3724 3672 4200 4172 

GAD DC 412 428 454 524 473 444 

SC II 870* 663 637* 789 855 851 

* E ~ o05 for pairwise corrparison of adjusted mean differences. 

** }? ~ oOl II II 

,, 
•'" 
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Table 17 

Means and Standard J:eviations of s1 and s3 Strains with Respect to Specific 

Activities of ChE, AChE, DOPAD, MAO and GAD in VC, H, DC and SC II Brain 

Sections 

Enzyme Section sl s3 F l,N-2 
-X SD X SD 

ChE Specific vc 2.82 0.28 2. 73 0.41 .09 
Activitt H 6.09 0.49 5.76 0.48 .22 
(M X 10 ° min/ DC 2.97 0.17 2.83 0.21 2.41 
mg) ni = 10 SC II 5.27 0.59 5.15 0.56 2.71 

AChE Specific vc 118.5 27.9 102.4 24.2 .23 
Activitt H 94.2 4.8 87.7 4.6 1.93 
(M X 10 0 min/ DC 55.9 3.8 50.8 4.4 9.35*** 
mg) ni = 10 SC II 195.4 10.8 189.9 8.3 7.60** 

DOPAD Specific VC 380.6 133.2 333.9 145.5 1.67 
Activity H 942.3 93.2 966.0 104.1 .75 
( llg/2 hr/g) RDC 262.2 40.3 242.1 61.6 .29 
ni = 10 SC II 993.9 51.2 967.1 65.9 .29 

MAO Specific vc 5.18 0.32 5.14 0.19 1.01 
Activity H 7.20 0.26 7.67 0.33 .15 
(per cent/hr/ DC 4.57 0.09 4.50 0.14 12.87*** 
g) n1 = 10 . SC II 6.06 0.41 5.95 0.15 2.23 

GAD Specific vc 796 76.7 695 103.9 .61 
Activity H 1021 ll8.9 1038 65.9 3.74* 
(IJg/hr/g) DC 1077 32.4 1000 107.7 .20 
n1 = 6 SC II 1233 144.6 ll09 161.6 2.79 

* p ..::. .10 
** p ..::. .05 

***E.::. .01 
-• 

,..,. 
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these two functions can be attributed to those variables showing signi-

ficant univariate comparisons. A third discriminant function composed of 

GAD specific activities resulted in an F
4 

= 6.44 (p <,05). The third 
,7 --

discriminant function illustrates the increased power often gained using 

multivariate techniques since none of the univariate comparisons were 

significa.YJ.tly different between the two strains. 

ComRarJ~on of RDH and RDL strains - enzyme total activities 

Table 18 shows the means and standard deviations of the RDH and 

RDL strains with respect to VC, H, DC and SC II tissue weights and the 

corresponding total activities of the five enzymes. Body weight and 

the four brain section tissue weights were significantly higher in the 

RDLs than in the RDHs. The difference in SC II tissue weights (34 per 

cent) corresponded closely to the difference in body weights between 

the two strains (38 per cent). 

Due to the large tissue weight differences between the RDHs and RDLs, 

all but two .of the comparisons of enzyme total activities, were in. favor 

of the RDLs. ChE and AChE total activities did not differ significantly 

between the strains, however, even though the strains were selectively 

bred for cortical AChE specific activity. ·ooPAD, GAD and MAO activities 

v.Jere significantly higher in the RDLs· than in the RDHs in all but three 

comparisons. 

The discriminant function composed of body weight, DC and SC II 

tissue weights and the corresponding tota.l activities of ChE, AChE, DOPAD 

and MAO resulted in an F = 3.42 (p < .05). \tJhen body weight and brain 
11,8 - -

weights were partialled out, the F8 ~ 18 dropped to 0,66 (~ > .05), suppor-

ting the interpretation that the higher total activities in the RDLs 

were primarily dependent upon tissue weight. 
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Table 18 

Means and Standard Deviations of Rill and RDL Strains with Respect to VC, 

H, DC and SC II Tissue Weights and Corresponding Enzyme Total Activities 

Variable Section RDH 

-X 

Brain Weights vc 305 
(mg) ·H 54 

ni = 10 DC 375 
SC II 571 

ChE Total vc \ 1177 
Activit~ H 305 
(M X 10 /min) DC 1113 
ni = 10 SC II 3183 

AChE Total vc (xlo-1) 2677 
Activita · H 5011 
(M x 10 /min) DC (xlo-l) 2055 
n1 = 10 sc II (xlo-2)1099 

DOPAD Total 
Activity 
(lJg/2 hr) 
ni = 10 

MAO Total 
Activity 
(per cent/hr) 
ni = 10 

GAD Total 
Activity 
(lJg/hr) 
ni = 6 

* p < .10 
** p < .05 

*** E 3: .o1 

vc 86 
H 48.0 

RDC 57 
SC II 536 

vc 1755 
H 401 
DC 1763 

SC II 3494 

vc 219 
H 57.4 
DC 3'75 

SC II 640 

SD 

40.3 
5.0 

23.5 
58~6 

736 
71 

116 
253 

733 
631 

98 
95 

29.4 
10.6 
16.1 
69.0 

304 
41 

137 
529 

41.5 
4.5 

18.0 
25.7 

RDL F l,N-2 
X SD 

346 ?1.9 8.15** 
63 7.4 9.23*** 

426 11.6 39.49*** 
645 25.5 13.30*** 

863 204 1.69 
365 64 4.00* 

1125 105 .05 
3307 365 • 77 

2925 465 .81 
5635 734 4.18* 
1986 152 1.46 
1117 101 .18 

126 36.6 7.22** 
59.4 6.7 8.21** 

75 18.1 5.02** 
612 55.9 7.27** 

1803 129 .22 
480 65 10.58*** 

1825 441 .18 
3903 274 4.73** 

249 28.6 2.08 
69.3 5.7 16.04*** 

442 31.7 20.40*** 
751 30.1 47.47*** 

· .• 
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Differences between strains in GAD total activities cannot be 

attributed entirely to differences in tissue weight. The discriminant 

function composed of body weight, tissue weights and the corresponding 
. 

GAD total activities resulted in an F5, 6 = 44.40 (E ~.01). When tissue 

weights were partialled o~t, the F2,9 = 4.83 was still significgnt beyond 

the .05 level of confidence, due largely to the contribution of GAD 

total ~ctivity in the SC II section (cofo Table 16). 

Comparison of RDH and RDL strains - enzyme specific activities 

Table 19 shows the means and standard deviations for the RDH and 

RDL strains with respect to specific activities of the five enzymes 

in the four brain sections. The RDHs had higher ChE (except in H) and 

AChE specific activities than the RDLs. This difference amounted to 12 

and 9 per cent in the DC and SC II sections respectively for ChE~ and 18 

and 11 per cent in the same sections for AChEo 

DOPAD and GAD specific activities were higher in all four brain 

sections in the RDLs than in ·the RDHs j but in only one comparison (GAD 

in H) did the difference reach an acceptable level of significance 

(p < o05)o -- . 

The discriminant function composed··of body· weight·· and ChE, AChE, 

DOPADil and MAO specific activities in the·DC and· SC II sections was 

not significant ( F 
8 

= 2 o 48; ~ > • 05) , in spite of the highly signi-
1.1)1 . 

ficant univariate weight differences. A second discriminant function 

was computed excluding DO PAD and fv'JAO total activities. The F = 6. 22 
5 14 

. ' was significant beyond the·.Ol level of·confidence, supporting the 

interpretation that the failure of· the first discriminant to .be signi­

ficant was due to the large variance contributed by total DOPAD and 

MAO specific activities. 
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Table 19 

Means and Standard Deviations of RDH and RDL Strains with Respect to Specific .. 

Activities of ChE, AChE, DOPAD, GAD and MAO in VC, H, DC and SC II Brain 

Sections 

Enzyme Section RDH RDL Fl,N-2 
-- .. - -··-· --------·- ---

- SD x SD X 

ChE Specific vc 2.77 0.46 2.48 0.30 2.74 
Activity H 5.65 0.79 5.83 0.48 • 35 
(MxlolOfmin/mg) DC 2.98 0.29 2.65 0.24 7.75** 

ni = 10 SC II 5.60 0.40 5.12 0.61 4.22* 

AChE Specific vc 87.6 13.9 83.8 10.9 .48 
Activity H 93.0 6.6 90.1 4.1 1.38 
( M.xlO 10 /rnin/mg) DC 55.1 4.3 46.7 3.2 25.25*** 
n1 = 10 SC II 192.9 11.7 173.1 11.1 15.08*** 

DOPAD Specific vc 279.1 68.7 360.8 92.7 .75 
Activity, H 899.4 153.3 947.9 115.6 .61 
(IJg/2 hr/g) RDC 220.6 55.3 252.0 61.8 1.46 
ni = 10 SC II 939.1 61.9 950.0 72.5 .22 

MAO Specific vc 5.36 0.24 4.67 1.65 1.67 
Activity H 7.44 0.51 7.68 0.42 1.21 
(per cent/hr/g) DC 4.70 0.19 4.13 1.47 1.46 
ni = 10 SC II 6.09 0.27 6.05 0.30 .13 

GAD Specific vc 725 81.9 740 52.6 .15 
Activity H 1163 70.9 1317 65.4 15.44*** 
( JJg/hr/g) DC 987 54.1 i021 73.8 .82 
n1 = 6 SC II 1109 70.7 1144 49.4 l.ll 

* p < .10 
** p < .05 

*** p ~ .01 ,4: 

,.. 
r' 
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The discriminant function composed of ChE~ AChE, DOPAD and MAO 

specific activities in the VC and H sections was not significant 

(F = 2.66; p >.05). The discriminant function composed of GAD 
lOj9 -

specific activities in the four brain sections also fell short of an 

acceptable level of significance (F
4 

= 3)18; .05 < n < .10). 
~7 - ~-

Comearison of OMS and OMD strains - enzyme total activities 

Table 20 shows the means and standard deviations for the OMS and 

OMD strains with respect to VC$ HD DC and SC II tissue weights and the 

corresponding total activities of the five enzymes. As was pointed 

out in the Methods section (p.lJ2), five OMS animals of the V line 

were paired with five OMD animals of the II line. The means and stan­

dard deviations in Table 20 were computed ignoring this fact. While 

the procedure was methodologically indefensible~· a comparison of the 

mean differences between the· OMS and OMD strains with and without the 

five sets of animals from different lines included failed to reveal 

any gross discrepancies. That is~ the mean differences· between the OMB 

and OMD strains were about the same in either case. Therefore~ further 

statistics were computed ignoring this methodological error. Extreme 

caution must be exercised.~~ however>J in interpreting these differences. 

The OMBs had significantly heavier VC and SC II tissue weights than the 

OMDs. The same directionof·differences observed for the DC 

and H sectionss but the differences-did not reach an acceptable level 

of· significance (f> > .05). 

The means for the two strains were almost identical with respect 

to ChE total activity, but· the OMBs were higher than the OMDs in mean 

total activities for the·other·four enzymes· in all four sections. 

Differences in cortical (DC) enzyme total activities were not statisti-

cally significant except for·GAD (E ~.01). 
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Table 20 

Means and Standard Deviations of OMB and OMD Strains with Respect to Body 

Weight, vc, H, DC and SC II Tissue Weights and Corresponding Enzyme Total 

Activities 
.. 

~·~· 

Variable Section OMB OMD Fl,N-2 

x SD X SD 

Brain Weights vc 368 18.7 348 20.2 5.44** 
(mg) H 63 6.4 59 6.6 1.87 

ni = 10 DC 446 21.6 429 26.6 2.39 
SC II 696 26.5 658 44.1 5.47** 

ChE Total vc 1040 179 1076 401 .07 
Activity H 326 60 324 70 .02 
(Mxl08/rnin) DC 1203 107 1221 97 .• 14 
ni = 10 SC II 3544 308 3516 380 .04 

AChE Total VC(xlo-1)3328 422 3084 323 2.11 
Activgty H 5563 636 5269 705 .97 
(MxlO /min) DC(xlo-1)2444 168 2374 169 .85 
ni = 10 SC II 

(xlo-2) 1323 43 1222 130 5.38** 

DOPAD Total RDC 70 8.9 65 11.3 1.53 
Activity vc 112 20.5 92 12.4 6.97** 
( \Jg/2 hr) H 59.8 7.4 53.~ 9.8 2.59 
ni = 10 SC II 678 46.8 568 66.4 18.22*** 

MAO Total vc 1928 156 1782 59 7.60** 
Activity H 460 53 425 40 2.68 
(per cent/hr) DC 2050 109 1998 130 .94 
ni = 10 SC II 4302 221 4071 201 6.03** 

GAD Total vc 278 31.7 259 24.2 1.36 
Activity H 69.0 7.0 58.5 7.3 6.37** 
( IJg/hr) DC 505 35.8 425 48.6 10.37*** 
ni = 6 SC II 947 119.9 799 113.0 4.79* 

* p < .10 
*' ** p < .05 

*** p < .01 - - ,., 
I 
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Differences between the OMBs and OMDs in subcortical (SC II) activities 

were significantly different for AChE, DOPAD cmd I\1AO (n < .05) and :. ..... 

approached an acceptable level of significance for GAD (F = 4.79; 
1,10 

• 05 <p < ,10) • -- -
The discriminant function composed of body weight, DC and SC II 

tissue weights and the corresponding total activities of ChE, AChE, 

DOPAD and GAD resulted in an F = 5.59 (p <.025). When body weight 
11 8 - -• and tissue weights were partialled out, the F

8 
= 4.55 was still 

,11 
sginificant (p <.05), due largely to the contribution of DOPAD in - -
the subcortex (pairwise F 

6 
= 14.60; p <,01). 

1,1 --
ChE, AChE, DOPAD and MAO taken together in the VC and H sections 

were not able to differentiate the two strains (F = 1.80; £ >.05) 
.10,9 

even though the OMBs were· significantly higher than the OMDs with respect 

to DOPAD and MAO total activities in· the VC section when· tested 

separately. 

GAD total activity was higher in the OMBs than in the OMDs in all 

four brain sections. The discriminant function composed of body 

weight, DC and SC II tissue· weights·· and the" corresponding GAD total 

activities approached statistical:: significance (F 
5

,
6 

= 3.80; .05~ E !,.10), 

but the test of the discriminant was reduced to F = 2.46 (p >.10) 
. 2,9 -

when body weight and tissue,weights were partialled out. 

COmparison of OMB and OMD .st:r;:,ains • enzym~cific activities 

Table 21 shows the means and standard deviations of the OMB and 

OMD strains with respect to specific activities of the flve enzymes in 

the four brain·sectlons. None of the comparisons between the OMBs 

and OMDs with respect to ChE;·AChE or MAO specific activities reached 

an ·acceptable level of significance (£" >. 05) • The means for the OMDs 

were slightly higher in ChE· specific-activities than the OMBs, whereas 
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t:-
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Table 21 

Means and Standard Deviations of OMB and OMD Strains with Respect to Specific 

Activities of ChE, AChE, OOPAD, GAD and r~AO in VC, H, DC and SC II Brain 

Section 
---·----····· 
Enzyme Section OMB OMD F l,N-2 

x SD x SD 

ChE Specific vc 2.83 0.23 3.09 0.98 .67 
Activity H 5.23 0.63 5. 30 0.71 .• 65 
(MxlOlO/min/rng) DC 2.73 0.26 2.86 0.26 1.15 
n1 = 10 SC II 5.02 0.62 5.35 0.30 2.27 

AChE Specific vc. 90.2 11.2 89.0 13.9 .09 
Activity H 88.0 2.9 89.7 5.7 .79 
(Mx1010/min/rrg) ·DC 55.0 2.9 55.4 2.73 .16 
n1 = 10 SC II 190.4 6.5 185.9 17.0 .59 

OOPAD Specific vc 303.4 57.5 263.9 48.2 .95 
Activity H 964.8 132.3 905.1 117.1 1.15 
(ug/2 hr/g) RDC 227.3 40.1 216.1 38.7 .40 
ni = 10 SC II 981.9 81.2 864.5 116.5 16.86*** 

MAO Specific vc 5.21 0.22 5.11 0.16 1.11 
Activity H 7.29 0.59 7.19 0.42 .15 
(per cent/hr/g) DC 4.59 0.10 4.57 0.16 • 56 
ni = 10 SC II 6.21 0.14 6.29 0.27 .65 

GAD Specific vc 752 63.0 741 44.2 .11 
Activity H 1208 99.7 ll20 53.8 3.48* 
( ~g/hr/g) DC 1087 46.9 972 66.0 12.10*** 
n1 =6 SC II 1311 no.8 ll82 124.7 3.59* 

* p < .10 
** p < .05 

*** p ~ .01 

'· 
~-

.. , 
-;. 
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the means for AChE'specific activities were almost identical for the two 

strains. 

DOPAD specific activities were higher in all four brain sections in 

the OMBs than in the OMDs, but the difference was significant only in the 

subcortex (F1, 18 = 16.86; E ~ .01). GAD specific activities were also 

higher in all four sections in the OMBs than in the OMDs. In the cortex 

(DC) the difference was significant (F1,10 = 12.10; E ~ .01), and in the 

subcortex (H and SC II) the differences approached acceptable levels of 

significance (F1 10 = 3.48; .05 ~ 2 ~ .10; F1 10 = 3.59; .05 ~E ~ .10). 
' ' 

The discriminant function composed of GAD specific antivities in the four 

brain sections approached an acceptable level of significance (F4,7 = 3.04; 

• 05 ~ I? ~ .10). 

Comparison of high and low maze performance strains - enzyme total activities 

The Sl' RDL and ClVIB strains have been shown to be superior to the s3, 

RDH and OMD strains, respectively, with respect to maze performance (c. f. 

Chapter I). In:the ~ope of finding morphological and/or biochemical factors 

common to the high and low performance strains the animals in this experirent 

were dichotomized on this dimension, combined and the two groups compared 

with respect to body weight» VC, H, DC and SC II brain tissue weights and 

the corresponding total and specific activities of ChE, AChE, DOPAD, GAD 

and MAO. 

Table 22 shows the combined means and standard deviations of the High 

Performance strains (HP; animals from the s1, RDL and OMB strains) and the 

Low Performance strains (LP; animals from the s3, RDH and OMD strains) with 

respect to body weightS> VC, H, DC and SC II brain tissue weights and the 

corresponding total activities of the five enzymes. 

The HP animals had a mean body weight of 333 g, whereas the LP animals 

had a mean body weight of 281 g. The difference (18.5 per cent) was signi-
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ficant beyond the .001 level of confidence (F1, 58 = 18.51). It should be 

pointed out that the RDHs lowered the mean of the LPs considerably and 

the OMBs raised the nean of the HPs considerably. The strains showing the 

most consistent behavioral differences, namely, the S1 and S3 strains, did 

not differ in body weight in this experirne~t. 

The HPs also had slightly heavier brain tissue weights than the LPs, 

although not sigpif±cantly so (£ ! .05). This finding is probably not in 

itself importaht in maze performance, since the s3s show consistently 

heavier brain weights than the sl s. 

ChE, AChE and MAO total activities did not differentiate the HPs 

fran the LPs except in the H section. The HPs had significantly higher 

AChE and MAO total activities than the LPs in the H section (p < .05), and --
the difference approached significance for ChE ( .05~ p !.. .10). 

The HPs had higher DOPAD and GAD total activities in all four brain 

sections than the LPs. The differences were significant for DOPAD total 

activities in the VC (E !_ .01), H (E !_.05) and SC II (E !_ .01) sections. 

The differences for GAD total activity were significant in·'the H (E !.. .01) 

and DC (E !. .01) sections and approached significance for the SC II section 

(Fl,34 = 3.78; .05 !.£!. .10). 

The discriminant function corrposed of body weight, brain tissue 

weights and the corresponding total activities of ChE, AChE, DOPAD and 

MAO resulted in an F21, 38 = 1.93 (£!.. .05). When body weight and tissue 

weights were partialled out the F dropped below one and none of the 

individual comparisons was statistically significant. 

The discriminant function composed of body weight, brain tissue 

weights and the corresponding GAD total activities resulted in an F9, 26 

= 3.50 (p < .01). When body weight and brain tissue weights were partialled 

out of this discriminant, the F4, 30 = 11.59 was still highly significant 

(p < .01). --



Comparisop of HP and HL animals - enzyme specific activities 

Table 23 shows the means and standard devi~tions of the HP and LP 

animals with respect to specific activities of the five enzymes in the 

four brain sections. ChE 9 AChE or MAO specific activities did not 

differentiate the HPs from the LPs in any of the four brain sections. 

DOPAD specific activities were higher in all four brain sections in the HP 

than in the LP an1rnals, but the. difference reached an acceptable level of 

significance only iri the H section (F1,58 = 5.97; E :: .01). GAD specific 

activities were also higher in the HP than in the LP animals in all four 

brain sections. 'Ihe differences were statistically significant in the 

DC (Fl,34 = 11.15; E ~ .01) and SC II (F1, 34 = 5.53; E ~ .05) sections and 

approached an acceptable level of significance in the VC (F1, 34 = 3.08; 

.05 ~ E ~ .10) and H (F1 ~ 34 = 3.28; .05 ~ E ~ .10) sections. 

For easy reference the means with respect to OOPAD and GAD specific 

activities for the six strains that constituted the HP and LP combined 

groups are shown together in Table 24. Each strMn categorized in the 

HP group was higher in DOPAD and GAD specific activities than the 

corresponding strain categorized in the LP gr~p in all brain sections 

but H. 

'Ihe mean concentration of serotonin in TB I of the HPs was 781 ng/g 

compared to 769 ng/g in the LPs. The F1 ~ 58 = 4.70 was statistically 

significant (!? ~ .05) » due largely to the difference between s1s and 

s3s. 

Relative regional specific activities of ChE, AChE 2 OOPAD, GAD and MAO 

in rat brain 

Table 25 shows the relative regional specific activities of ChE, 

AChE, DOPAD, GAD and MAO in the eight brain sections defined in the 

Methods section of this experiment. Each value is expressed as a 

percenta~ of the specific activity found in the RSB section and is based 
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Table 23 

Means and Standard Deviations of HP and LP Combined Strains with Respect 

to Specific Activities of ChE, AChE, DOPAD, GAD and MAO in VC, H, DC, and 

SC II Brain Sections 

Enzyrre Section HP LP F l,N-2 
-
X SD X SD 

ChE Specific vc 2.71 0.31 2.86 0.66 1.28 
Activity H 5.72 0.63 5.57 0.68 .75 
(M>ClolOjm:in/hr) DC 2.78 0.26 2.89 0.26 2.67 
ni = 30 SC II 5.14 0.60 . 5.37 0.46 2.73 

AChE Specific vc 97.5 23.5 93.0 18.6 .70 
Activity H 90.8 4.7 90.2 5.9 .17 
( MxlOlO /min/hr) DC 52.5 5.3 53.8 4.3 1.04 
ni = 30 SC II 186.3 13.5 189.6 12.7 .87 

DOPAD Specific vc 348.3 101.5 292.3 98.4 .81 
Activity H 951.7 111.2 923.6 125.9 5.97** 
( ug/2 hr/g) RDC 247.2 49.1 226.3 52.2 2.55 
ni = 30 SC II 975.4 69.6 923.6 93.2 .99 

MAO Specific vc 5.02 0.98 5.20 0.22 .17 
Activity H 7.39 0.48 7.44 0.46 .99 
(per cent/hr/g) DC 4.43 0.85 4.59 0.18 .oo 
ni = 30 SC II 6.11 0.30 6.11 0.27 .58 

GAD Specific vc 763 65.5 720 78.2 3.08* 
Activity H 1182 155.7 1107 80.2 3.28* 
( ug/hr/g) DC 1062 58.9 986 75.4 11.15*** 
ni = 18 SC II 1229 124.1 1133 122.5 5.53** 

* 1? ~ .10 
** p < • 05 

*** p 3: .01 
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Table 24 

Means with Respect to DOPAD and GAD Specific Activities for the Six Strains 

Constituting the HP and LP Combined Strains 

Enzyme Section HP LP ,. 

sl RDL OH s3 RDH OL 

OOPAD RDC 262 252 227 242 221 216 
vc 381 361 303 334 279 264 
H 942 948 965 966 899 905 

SC II 994 950 982 967 939 864 

GAD vc 796 740 752 695 725 741 
H 1021 1317 1208 1038 1163 1120 
DC 1077 1021 1087 1000 987 972 

SC II 1233 1144 1311 1109 1109 1182 
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Table 25 

Relative Regional Specific Activities* of ChE, AChE, OOPAD, GAD and MAO in 

Rat Brain 

Section Enzyrre 

ChE AChE OOPAD MAO GAD 

v 62 21 ** 72 60 
s 61 25 ** 70 67 

RDC 60 25 25 74 ~9 
vc 59 45 34 83 54 
H 120 43 100 118 83 

M+P 101 47 60 58 48 
RSB 100 100 100 100 100 

Ce 83 16 ** 67 64 

* Expressed as per cent specific activity found in RSB. 
** Insufficient tissue and/or activity for reliable assay. 
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on the mean computed over all six strains of rats for each section and 

enzyme. 

All five enzyme specific activities tended to be higher in subcortical 

re&;ions than in cortical regions. AChE and OOPAD were the most unevenly '. 

distributed of 'the five enzymes in their relative regional specific activities. 

Both enzymes had about four-fold higher specific activities in the subcortex 

than in the cortex. Older cortical areas (VC) had higher AChE and DOPAD 

specific activities than neocortical areas (V, S, RDC). The activities of 

both enzymes were quite low. in the cerebellum. The activity of DOPAD was 

too low to measure reliably in the V and S sections in this experirilent. The 

distribution of AChE differed from DOPAD in brain stem su.ructure. AChE 

had only 43 and 47 per cent as high specific activity in the hypothalamus 

(H) and brain stem (M+P), respectively, as in the RSB. DOPAD, on the other 

hand, had as high'specific activity in the hypothalamus as in the RSB 

and 60 per cent as high specific activity in the brain stem as in the 

RSB. 

ChE had a fairly even distribution in both the dorsal and ventral 

cortex. These sections had about 60 per cent as high specific activity found 

in the RSB. Unlike AChE and OOPAD, ChE had a relatively high specific 

activity in the cerebellum (83 per cent of the specific activity found 

in RSB). The highest ChE specific activity was found in the hypothalamus 

(120 per cent of the specific activity found in RSB), being quite different 

from AChE in this respect. Also, unlike AChE, ChE had a relatively high 

specific activity in the brain stem (101 per cent of the specific activity 

found in RSB)o 

MAO specific activity was lowest in the brain stem (58 per cent of the 

specific activity found in RSB) and highest in the hypothalamus (118 per 

cent of the specific activity found in RSB). Older cortical structures 

(VC) had slightly higher MAO specific activity than neocortical structures 



(DC), whereas the cerebellum had sl~tly lower activity. 

DISCUSSION 

The results of this experiment and Experiments I and II can be 

summarized as follows: 

(1) The s1 strain had a higher concentration of brain serotonin and 

higher ChE, AChE, DOPAD and GAD specific activities throughout most of the 

brain than the s3 strain. The results of the three experirrents with 

respect to serotonin are shown in Table 26 for easy reference. 

(2) The s1 strain was lighter in brain tissue weights and had lower 

DOPAD and MAO total activities tharuthe :S3 ··~stt'all'l, ,.but 'the reverse was 

true for GAD total activities throughout most of the brain. 

(3) No differences were appareht between the s1 and s3 strains with 

respect to ChE and AChE total activities. 

(4) The RDH strain was lighter in body weight and brain tissue weights, 

had lower DOPAD, GAD and MAO total activities and lower DOPAD and GAD 

specific activities than the RDL strain. 

(5) The RDH strain had higher ChE and AChE specific activities than 

the RDL strain, but there were no significant differences between the strains 

with respect to ChE or AChE total activities, MAO specific activity or 

serotonin concentration. 

(6) The OMB strain was heavier in body weight and brain tissue weights, 

and had higher ChE, AChE, DOPAD, MAO and GAD total activities than the aviD 

strain. 

(7) The OMB strain had higher DOPAD and GAD specific activities than the 

OMS strain, but there·~ no significant differences between the two strains 

with respect to ChE, AChE or MAO specific activities or serotonin concen­

tration. 

( 8) The high performance stTains tended to have; heavier bOdy weights 

and brain weights, and higher DOPAD and GAD total and specific activities 
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Table 26 

Comparison of Means between s1 and S3 Strains for Four Replications with 

Respect to Total Serotonin and Serotonin Concentration 

Experi- Age Section··· Total 
ment Serotonin 

(ng) 

I 40 DC 123 
vc 88 
SC I 352 

110 'IBI 820 

II 114 'IBII 851 

III 88 'IBI 1147 

Strain 

Per cent 
Difference 

Serotonin Total Serotonin Total Serotonin 
Cone o Serotonin Cone o Sera- Cone o 

(ng/g) (ng) (ng/g) tonin 

329 123 306 0 8 
321 90 310 2 4 
704 377 100 7 1 

594** 735 478 11 24 

651** 789 551 8 18 

829** 1157 752 1 10 

-------------------------------------

** p ~ .02 
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than the low performance strains. 

(9) The specific activities of all five enzymes were higher in subcortical 

than cortical brain regions j but the enzymes differed considerably fran 

each other in their respective patterns of distribution apart from this. 

Table 27 shows these results in an ordinal fashion~ together with 

results from several other experiments. The other experiments include 

comparisons of one or more of the pairs of strains with respect to maze 

performance, locomotor activity~ seizure threshold, per cent brain protein$ 

LDH specific activity and ACh concentration. 

The purpose of the experiments reported in this chapter was to relate 

observed morphological and biochemical differences between strains to 

known behavioral differences or» more specifically~ to known differences 

in maze performance. The six strains in this experiment were chosen because 

one strain in each pair was superior to the other in maze performance, but 

the differences in maze performance were. nbt··consistently related to 

differences in the ACh-AChE system. The results of this experiment showed 

that the choice of strains was adequate with respect to AChE specific 

activity- namely, that the s1s had higher AChE specific activity than 

the s3sJ the RDHs had higher AChE specific activity than the RDLs and the 

OMBs did ~ have significantly higher AChE specific activity than the 

OMDs*. ACh concentration and maze performance were not measured in this 

experiment~ so that it had to be assumed that the animals in this experi-. 

ment were similar in these respects to animals of the same strains on 

whom these variables had been measured in earlier menerations. 

The only variables in Table 26 that are consistently related to maze 

performance between strains are DOPAD and GAD total and specific activities. 

Both are enzymes that catalyze the synthesis of possible neurohumors. DOPAD 

* This result~ ·mu5t be accepted only with caution due to the inclusion of 
comparisons between OMBs from the V line with OMDs from the II line, as 
discussed earlier (p. 131). 



146 

Table 27 

Ordinal Comparison of S1-s3, RDH-RDL and OMB-OMD Strains with Respect 

to a Number of Biochemical, Morphological and Behavioral Measures 

Variable Strain 

sl-s3 RDH-RDL OMB-OMD 

Body Weight ?* < > 

Brain Weight (TB I) < < > 

ACh Concentration1 (TB I) > ·'\. < -· -
AChE Total Activity (TB I) "' "' > - -AChE Specific Activity > > < -(TB I) 

ChE Total Activity (TB I) < < "' -ChE Specific Activity > > "' (TB I) 

DOPAD Total Activity (TB II) < < > 

DOPAD Specific Activity > < > 

(TB II) 

Serotonin Concentration > '\.' "' -(TB I) 

MAO Total Activity (TB I) < < > 

MAO Specific Activity "' "' "' 
(TB I) - - -

GAD Total Activity (TB I) '\,· < > -GAD Specific Activity > < > 

(TB I) 

LDH Specific Activity2 '\,· 

(V,S,TB II) 

Percent Protein3 "' -
Maze Performance4' 5 > < > 

Locomotor Activity < 

- 6 Seizure Threshold < < 

*Comparison uncertain due to conflicting resUlts. 

1Bennett et al.(l960). 4Rosenzweig et al. (1961). 
2Bennett et al. (1958). 5R. Olson, personBl communication 
3Bennett et al. (1961). 6woolley, Timiras, Rosenzweig, 

Krech and Bennett ( 1963) • 

.. 
;. 

;. 
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decarboxylates 5-HTP to serotonin and DOPA to 3»4-dihydroxyphenylethylamine 

(which is further converted to noradrenaline~ and GAD decarboxylates 

~glutamic acid to GABA. This suggests a greater capacity of the HP animals 

to synthesize neurohumors which in turn may be related to better neural 

efficiency. Comparable information is not available for ChA so that the 

capacity to synthesize ACh in these six strains is not known directly. 

The capacity to synthesize ~ metabolize a possible neurohumor is 

known only for the DOPAD-serotonin-MAO system in these six strains. If 

the ratio of DOPAD to MAO is taken as an index of the functional efficiency 

of the system, each of the high maze-performance strains has a higher 

ratio than the corresponding low maze-performance strains. Assuming this 

ratio to be the only factor regulating the levels of the neurohumor, then 

the strains with the higher ratio should have had higher serotonin 

concentrations. For the S1 and s3 strains this was the case. The s1s had 

more serotonin per gram tissue and higher DOPAD specific activity than the 

s3s but did not differ in MAO activity. A similar result was not evident· 
'• 

for the other two pairs of strains. Serotonin concentration did not 

conform in these strains to the prediction made on the basis of the 

ratio of DOPAD to MAO activity. 

The capacity to fonn and degrade serotonin may be more important in 

tenns of functional significance than the actual gross amounts of serotonin 

present. Since serotonin exists in two forms, free and bound~ and since 

the technique used to measure serotonin does not differentiate the two, 

it is not known whether the strains differed with respect to binding 

capacity. The extent to which,·.the serotonin system was being activated 

just prior to sacrifice in the six strains was also unknown. If there 

were a differential relea~e of serotonin just prior to sacrifice, the 

amount of serotonin measured after sacrifice would reflect the net amount 

of serotonin synthesized» released and destroyed. 
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The 31 and 33 strains are relatively less excitable than the RDHt RDL, 

OMB and OMD strains~ If it is assumed that serotonin is. involved in para-
.. 

sympathetic control FJ then serotonin measured in the 31 and 3
3 

strains might 

reflect primarily the bound form~ and would therefore correspond to the 

synthetic capacity of the systemo The other four s~rains~ being more 

excitable, might exhibit a lower ratio of bound to free serotonin and, 

consequently~ would not reflect very closely the synthetic capacity of the 

system~ ioeo~ the system would be in a greater state of flux in these four 

strains than in the 31s and 83so 

Information from the experiments reported in this chapter for the ACh 

ar!'d GABA systems involve only one enzyme in each caseo Consequently, an analysis 

involving the ratio 6~ synthetic capacity to metabolic capacity cannot be 

made for these systernso On the basis of available data some spectulations are, 

however» possibleo AChE did not consistently differentiate the high maze-pe~ 

formance strains from the low maze=perfonnance strainso If the assumption is 

maintained that maze performance is positively related to neural efficiency~ 

and that neural efficiency is a function of the ratio of synthetic capacity 

to metabolic capacity f) then it would be predicted that the ratio of ChA to 

AChE would be higher in the high maze-performance than in the. low maze-per­

formance strainso ACh is higher in the 31 strain than in the 33 strain, and, 
as 

using the sane argument/for serotonin., it can be assumed that this reflects 

the activity of ChAo·The ratio of ChA to AChE would thus also be higher in 

the 31 strains than in the 33 straino For the other four strains ACh may not 

reflect the activity of ChA~ and~ consequently, no prediction as to the 

ratio of ChA to AChE would be possible on the basis of ACh concentration 

alone o On the basis of maze performance" however 9 the prediction would be made 

that RDLs have as high or higher ChA activity than the RDHs and that the 

OMBs have higher ChA activity than the OMDso 

GAD total and specific activity was higher in the high maze=performance 

.•. 
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strains than in the low maze-performance strains o Therefore~ the prediction 

would be made that the activity of the enzyme responsible for the degradation 

of G.ABA ( GABA-«-ketoglutarate transarrdnase) would be equal or lower in the 

high maze-performance strains as compared to the low maze~performance strains. 

An important consideration in the search for relations between brain 

biochemistry and behavior is what constitutes a functionally more efficient 

system. The suggestion was just made that the ratio of synthesis to metabolism 

might be taken as an index of efficiency. Measurement of the relevant enzymes~ 

however~ are made with respect to a relatively larme mass of neural tissuej 

whereas the nervous system is composed of discrete units.., and, presumably.~~ 

functions in terms of discrete unitso The measurement of enzyme activities in 

these discrete units is prohibited except on a very limited sampling basis. 

In order to overcome the problem of sampling, enzyme activity has been 

integrated over thousands of such units with the hope that such an integration 

might reveal relations that would be lost in the exploration of discrete 

units (cofo Rosenzweig ~~o 9 1959)o 

~sociated with the loss of information concerning enzymatic activity 

in discrete neural units,the measurement of enzyme activities or substrate 

levels in masses of tissue does not take into consideration what contributes 

to the weight of the tissue. It is not at all apparent whether the results 

should be expressed in terms of total activity or as activity per unit 

tissue (ioeoj specific activity). 

The approach taken by Krech, Rosenzweig and Bennett has been to present 

both total and specific activitieso This approach was very useful in explaining 

the results of some otherwise puzzling results (cofo Chapter I) o A similar 

approach was taken here~ and» in addition~ the attempt was: made to partial 

out the tissue weight parameter statisticallyo 

The conclusions that can be drawn from the results of experiments reported 

in this chapter and presented at the beginning of the discussion depend on 
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which measures of enzyme activities are used. It is not possible, however, 

on the basis of presently available information, to decide which of-the 

three approaches is most satisfactory~ i.e., describes the functional 

activity of erizyires in brain. 

Clearly, the conclusions to be drawn may be different in many cases 

depending on the measure selected. For example, the RDHs had higher AChE 

specific activity in all four brain sections than the RDLs, but the reverse 

was true for AChE total activity, except in the cortex. The RDHs and 

RDLs were selectively bred for differential cortical AChE specific activity 

with no control for tissue weight or AChE total activity. In fact, Roderick 

(1960) found the concomitant selection response of body weight and brain 

weight to be opposite that of AChE specific actiVity. The high AChE lines 

had lower body weights and brain weights than the low AChE lines as was 

true of the descendents of these strains used in this experiment. The 

response to selection for AChE specific activity could have occurred: ( 1) 

as a result of·changes in AChE total activity, (2) as a result of changes 

in tissue weight with no change in AChE total activity or (3) as a result 

of a combination of both. 

Until more is known about what constitutes functional activity of 

enzymes in neural tissue$ a measure that takes into account the actual 

correlations of tissue weights and total enzyme activities may be useful. 

The statistical techniques used in this chapter are tentatively 

suggested for this purpose, i.e., enzyme total activity with tissue weight 

partialled out. The adjusted means for enzyme total activities with tissue 

weights partialled out may be called "independent total activity". Results 

of this experiment with respect to independent total activity may be 

summarized as follows: 

(1) Independent ChE, AChE» DOPAD, GAD and MAO total activities tended 

to be higher in the s1s than in the s3s. 

.. 
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(2) Independent ChEi AChE» DOPAD and MAO total activities tended to be 

higher in the RDHs than in the RSLs.~~ but the reverse was true for GADo 

(3) No clear differences were apparent between the OMBs and OMDs 

with respect to independent ChE, AChE or MAO total activities~ but the 

OMBs had higher independent DOPAD and GAD total activities than the OMDso 

(4) The HP combined strains did not diffe~ significantly from the 

LP combined strains with respect to independent ChE, AChE or MAO total activities, 
but the HP combined strains had higher independent DOPAD and GAD total 
activities than the LP combined strainso 

These results suggest that the three pairs of strains differ from 

each other with respect to enzyme total activities that are independent 

(at least in a statistical sense) of tissue weighto If it is assumed that 

this measure represents functional enzyme activity~ then it is tentatively 

concluded that maze performance is positively related to independent DOPAD 

and GAD total activitieso In the next chapter 9 correlations between a 

number of behavioral measures~ serotonin concentration and enzyme activities 

will be examined in animals within the s1 and s3 strains o 
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Chapter IV 

Withi~Strain Correlations Between Brain 

Morphqlogy, Biochemistry and Behavior 

Differences in brain serotonin concentration between the S and S 
l 3 

strains were reported for three experiments in Chapter III. tn addition, 

the brain enzymes ChE, AChE, DOPAD, MAO and GAD were measured in tp.ese 

and four other strains known to differ in maze performance. Only DOPAD 

and GAD qonsistently differentiated the high performance from the low 

performance strains. It was suggested that the ratio of the capacity 

to form and destroy a neurohumor be used as an index of the effi9iency 

of the system. 'using this index, the serotonin system was found to be 

positively related to maze performance between strains. 

In this chapter experiments will be reported in which the attempt 

was made to find within-strain correlations between brain serotonin and 

a number of behavioral tests. In addition ChE and AChE activities were 

measured in samples from the sensory cortex and served as additional bio-

chemical variables~ together withthe respective· tissue weights and body 

weight.· The behavioral variables included an open=field defecation and 

urination test of emotionality, three measures of exploratory and/or 

locomotor activity and a spatial·discrimination•reversal test. 

Results from several experiments suggest~d-thatwithin-strain correla-

trons··might be expected. Krech ~ ~· (1962) found that the cortical to 

subcortical ratio of AChE specific activity was significantly correlated 

with mean errors per reversal problem in· the· Krech Hypothesis Apparatus 

within the s
1 

strain of· rats <t: =· ·.81; E. _::.01). These· animals had ·been 

raised for 30 days from the time of weaning in an enriched environment. 
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Littermates of these animals raised under isolated conditions did not 

show significant correlations between brain biochemistry and behavior. 

The investigators attributed the lack of correlation among the previously 

isolated animals to the state of flux that the ACh ~ AChE system was 

undergoing during the trail'ling procedures. 

Halevy & Stone (1962) reported that serotonin concentration in 

the posterior hypothalamus of Long-Evans rats was negatively correlated 

with responses in a non-discriminated avoidance learning tasko In that 

experiment rats were required to press a lever to avoid being shocked. 

In Chapter lii(pp67~) a negative correlation was reported between 

the mean ranks of six inbred strains of mice with respect to brain 

serotonin and rated emotional± ty. A study in progress in this laboratory 

investigating. these variables in a four-way cross of mice has tended to 

confirm this inverse relation between brain serotonin and emotionality 

(Calhoun, Schresinger, & Pryor.0 unpublished. observation). 

The results reported in Chapter III also encouraged· a search for 

within-strain correlations between· behavior and chemical measures o 

While the substrate, serotoninl)·was·not consistently related to maze 

performance, the ratio of DOPAD to MAO was" Furthennore, the concen~ 

tration of serotonin reflected· this DOPAD/MAO ratio in the S and S 
1 3 

strains o · Therefore, in these two strains serotonin levels in brain 

might be expected to be correlated with overt responses that are under 

the control, or partial control,, of the· serotonin systemo 

The evidence presented in Chapter II·sugge.sts-that·serotonin is 

involved in the regulation·of·behavior·in·which·a·large emotional 

component is present o For this reason some· of the behavioral tests were 

chosen in such a way as to 1'11BJdm1ze· emotional components o For example, 

the open-field defecation test might be· expected to have· a high loading 
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on an emotionality factoro Also, the discrimination-reversal problems 

were motivated by escape or avoidance of an electric shock, which pre~ 

sumeably involves emotional responseso 

Others tests were chosen that could be considered relatively free 

of<emotional involvemento These included locomotor activity in are-

volving . wheel and exploratory behavior in a standard colony cage. Also,_ 

the discrimination-reversal problems-could be considered ta have non-

emotional components, but separation of emotional and non-emotional 

components in this apparatus might be difficulto Another test, explora­

tory activity in the Dashiell maze, probably also involves emotional as 

well as· non-emotional compone~tso 

Although these tests by no means exhaust a rat·' s behavioral reper-

toireJ; they do sample a fairlylarge .. number·of responses.· ·It was hoped 

that-these tests sampled enough resonses to maximize the chances of 

finding significant within-strain correlations with brain serotonin, . 
-if they do" indeed existo Tasks 'involving deprivation of any kind 

were avoided~ since the effects· of- deprivation' on-·brain •serotonin are 

largely unknowno 

A problem encountered ··in:: investigating· correlations .between be-

havioral and physiologicalvariabfles"is~that the-physiology may be 

altered in the process of·measuring·:·the··behavior·,; · In·an attempt to 

avoid ·this· problemil littermates ··werer•used:o- "•One· iittermate was tested 

behaviorally, and the otherserved~as a control for possible effects of 

the·testing procedures -on brain ·serotonin,;· ··Both·· animals were then 

sacrificed9 their brains analyzed for serotonin··and· these values corre­

lated ·with the behavioral measures .. of .. ·the· tested littermate. 

· In order for this procedure· to .. ·· be-- valid the· assumption must be 

made· that the correlation between ·littermates· underc· naive conditions 
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is very higho Unfortunately, this assumption is untested for naive ani-

mals, and the results of the experiments in this chapter were ambiguous 

in this respect between tested and untested anirnalso Therefore, this 

approach was abandoned and only those correlations obtained from the 

same animals will be reportedo 

METHODS 

Subjects 

Subjects were run in two groups about two months aparto The first 

group consisted of ten littermate pairs of male S ratso They were 
l 

selected from ten sets of quadruplets at the time of weaning on the 

basis of matching body weightso The other·pair from each litter was 

used in an experiment testing the effects of an enriched versus an 

impoverished environment on brain serotonin to be reported in Chapter Vo 

The secqnd group consisted of ten l'ittermate pairs of male s1 rats and 

thirteen.' littermate pairs of male S rats o 3 . 

Litterrnates were assigned to either·a Social Testing (ST) group or 

a Social Control (SC) groupo Assignment to groups ·was semi-random with 

the restriction that mean body weights be as-nearly equal for the two 

groups as possibleo Litter.mates were· housed togetherp two per cage from 

weaning until sacrifice with food and water available ~1!£o The light­

dark cycle was controlled artificially with 12 hours light and 12 hours 

darko 

Te-sting. Apparatus 

9Jaen-field 

The open-field consisted of a 30" x 30" wooden enclosure supported 

on four legs o . The walls were 3 l/2 inches high., and the device was 

covered by a 1/4 inch thick piece·of clear plastico The·floor·of the 
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enclosure was painted yellow and divided into 5. ·inch squares by thin 

black lines. Four 25 watt lights, diffused through a 15" x 15" x 1/411 

frosted plastic cover and suspended 18 inches above the top of thP 

apparatus illuminated the open-field. 

Revolving wheels 

Ten Wahmann-type LC-34 revolving wheels were used to measure lo­

comotor activity. The wheels were 14 inches in diameter. Each revo­

lution of the wheel operated an attached digital counter. 

Dashiell checkerboard maze 

This apparatus has been described by Dashiell (1925). The version 

used here consisted of a 3611 x 36 11 x 411 wooden enclosure covered by a 

1/4 inch thick piece of clear plastic. The floor of the enclosure 

was painted white. and divided into 4 inch squares by thin black lines. 

Every other square was covered by a 411 x 411 x 411 wooden barrier 

painted a flat black. Four 25 watt lights, diffused through a 15" x 

15" x l/4n frosted plastic cover and suspended 18 inches above the top 

of·the apparatus illuminated the maze. 

Colonyacage activity 

Colony-cage activity was sampled in an 8" x 13" x 8'' animal cage 

similar in all respects to those·~nwhich the animals were normally 

housed. A metal tray covered with wood shavings served as a .floor. 

The sides and top were constructed· of 1/10 inch diameter bars spaced 

2/5·inch apart. 

A photocell was positioned so that the beam from a seven watt 

frosted white globe struck it 5/8 inch above the lip of the metal tray 

and bisected the long dimension of the cage. The photocell was pro­

tected from extraneous light by a wooden housing. Light from the 

.. 



exciting·· source was directed onto the photocell by a one and one-half 

inch length of 3/4 inch tubing. Breaking the beam caused an electric 

digital counter to be advanced. 
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Ten of these units were constructed and connected to a bank of ten 

counters that was enclosed in a 3/4 inch thick plywood container. The 

units were placed on a metal rack in the center of a room illuminated 

by overhead fluorescent fixtures. The counters were located in the 

same room and were quite audible whenever any of the ten units were 

activated. 

ATLAS 

This.apparatus is an automated adaptation of the Krech Hypothesis 

Apparatus. It consists of four compartments, two at each end of a 

rectangular enclosure joined by a central passageway that provides a 

choice point (see Figure 11 ) • For a given trial an electrically 

operated door opens allowing the·subject access tothe passageway, while 

at the same time sealing off the other compartment· at that· end. At the 

other end the door goes to a center position allowing the animal access 

to either of the compartments at that end. The floor of the apparatus 

consists of bars that can be electrified by a silent scrambler. It is 

wired so that all but one compartment can be electrified on a given 

trial. A buzzer iS located at either end and can act as a conditioned 

stimulus. The cues provided ·by the apparatus are spatial ( L e. • right 

or left compartment correct) or visual (i.e., light or dark compartment 

correct) and these can be programmed independently by the operator. Photo­

cells are located in positions to record the animal's initial choice and 

to terminate a trial after the an~nal enters the correct compartment, 

after which the door closes behind the animal. After completion of a 
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trial the opposite end becomes the choice point. Correct choices and 

cumulative latencies are recorded automatically on a control panel 

located in an adjoining room. 

The paramet~rs that can be programmed are: (1) the correct 

compartment. (2) whether the correct compartment is lighted or dark. 

(3) the time interval from the beginning of a trial to the onset of 

the conditioned stimulus (buzzer) and to the onset of the unconditioned 

stimulus (shock), (4) the intertrial interval and (5) the intensity of 

shock. Forty trials can be programmed in a single sequence. 

Testing procedure 

Behavioral· testing began when the animals in the first group were 

approximately 95 days of age and when the animals in the second group 

were approximately 103 days of age. A slightly different testing schedule 

was used ·for each of the two groups. The reasons for the different sche­

dules were: (1) the apparatuses for measuring colony-cage activity were 

not available at the time of testing the first group, and ( 2) the number 

of animals in the second group required that they be tested in subgroups 

due to the limited number of measuring devices. The testing schedules 

for the two groups will be described separately. 

'resting schedule for animals in first group 

Days 1 and 2: 

A. At approximately 9:00 AM each animal was placed singly in 

an open-field. After five minutes the animal was removed, and the number 

of fecal boluses was counted and the presence or absence of urine noted. 

The apparatus was cleaned between each test with a wet sponge and dry 

paper towels. 



159 

B. At approximately 11:00 AM, each. animal was placed in a 

revolving wheel. Assignment to the wheels was random. After two hours 

the animal was removed and returned to his home cage. The total number 

of revolutions made during this period was recorded. 

C. Same as B beginning at approximately 8: 00 PM during the 

dark period. 

Day 3: 

A. Beginning at approximately 9:00 AM each animal was placed 

singly in the Dashiell checkerboard maze. Activity was recorded by 

tracing the animalvs movements in the maze on a scoring sheet that was 

a diagram of the floor plan of the apparatus. After five minutes the 

animal was removed and returned to his home cage. Lines crossed during 

each one-minute period and the sum over the five minute period were 

scored. 

Days 4 and 5: 

Same as Days 1 and 2. 

Day 6: 

Each animal was tested on a left correct spatial discrimination 

problem in the ATLAS. The animal was initially placed in' a neutral 

compartment. After 30 seconds the first trial was begun. Time para~ 

meters were: (1) a 15 second intertrial interval 8 (2) five seconds 

at the beginning of the trial after· the doors were opened and before 

the conditioned stimulus was turned on, and (3) ·another five second inter­

val during which the conditioned stimulus was·onbefore·the·unconditioned 

stimulus was initiated. 

Trials were continued until a criterion of ten consecutive correct 

'responses was reached irrespective of whether the-animal avoided or 

escaped the shock. If this required· more than the· maximum of 40 trials 

that could be programned at one .. time, the· animal was left in the apparatus, 
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the program reset and the same sequence of 40 trials was begun again. 

Correct responses, latencies on each trial, cumulative iatencies 

and the number of avoidance responses were recorded. The lighted 

-~compartment coincided with the correct, left compartment on half of the 

trials. The order of appearance together of the correct and the lighted 

compartment was a semi-random sequence. The same sequence was used 

for all animals and for all problems. 

Day 7: 

Same as Day 6 but with right compartment correct. 

Day 8: 

Same as Day 6. 

Day 9: 

Same as Day 6 but with right compartment correct. 

After the last day of testing the animals remained in their home 

cages until they were sacrificed three days later. 

Te.sting schedule for animals in- second group 

Days 1 and 2: 

A. Same as for first group. At approximately 9:00 JWI each 

animal was placed singly into-an open-field;;- After--five minutes the 

animal·was removed, and the·number~offecal·boluses·was·counted and the 

presence or absence of urine noted.· The apparatus was··cleaned between 

each test with a wet sponge and dry paper towels. 

B. At approximately 11:00 AM about one-third-of the animals 

(including s
1 

s and s
3
s) were placed in revolving wheels-. Assignment 

to·the wheels was semi-randomwith·the·restriction·that two animals 

from-the same strain did not occupy· adjacent· wheels·. -Another one-third 

of the animals was placed in· colony-cage-· activity--devices located in 
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a separate room. Assignment to the cages was semi-random with the res­

triction that two animals from the same strain did not occupy adjacent 

cages. 

A cumulative record of activity in the two types of apparatus was 

recorded every 15 minutes for one hour. After one hour all animals 

were removed from their respective activity devices. The group in the 

revolving wheels was placed in the colony-cages, and the group in the 

colony-cages was returned to their home cages. The remaining one-third 

of the animals was placed in the revolving wheels. 

After one hour the same procedure was repeated so that all animals 

were measured for one hour each in the revolving wheels and the colony­

cages. The order in which the animals were tested was counterbalanced 

over testing sessions. 

C. Same as B beginning approximately 8: 00 PM during the dark 

period. 

Day 3: 

Same as for the first group. Beginning at approximately 9: 00 AM 

each animal was placed singly in the Dashiell checkerboard maze. 

Activity was recorded by tracing the animal's movements in the maze on 

a scoring sheet that was a diagram of the floor plan of the apparatus. 

After five minutes the animal was removed and returned to his home 

cage. Lines crossed during each one-minute period and the sum over 

the five minute period were scored. 

Days 4 and 5: 

Same as Days 1 and 2. 

Day 6: 

Same as for first group. Each· animal was tested on a left-correct 

spatial discrimination problem in the ATLAS. Animals from the s1 and 

3:3 strains were run alternately. 
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Same as Day 6 but with right compartment correct. 

Day 8~ 

Same as Day 6 o 

Day 9: 

Same as Day 6 but with right compartment correct. 
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After the last day of testing the animals remained in their home 

cages until they were sacrificed three days later. 

Sacrifice and dissection of brain 

All animals were assigned code numbers on the day of sacrifice so 

that the experimental group to which each animal belonged was not 

· lmown to the persons performing the dissections and analyses. Litter­

mates were sacrificed and analyzed in blocksi the order being randomly 

determined within blockso 

After sacrifice by decapitation the brain was exposed and a 

sample from each hemisphere was removed from the visual (V) and sames­

thetic (S) areas of the cortex. These samples were weighed to the 

nearest 0.1 mgll frozen on dry ice and stored· at -22°C until they 

were assayed for ChE and AE:hE·activities.· The·cerebellumwas removed, 

weighed and used to carry tissue ·standards through the serotonin 

procedures.; The rest of thebrain·including·the remaining·dorsal 

cortex · ( TB II) was weighed ·and·· extracted 1mnediately·· for serotonin 

in· the· first group of animals····· In· the .. second group--of animals the 

TB II sections from the SC animals· were weighed~ frozen on dry ice 

and stored between two blocks· of dry· ice· until the· next· day when they 

were assayed for ChE, AChE, DOPAD, MAO and GAD .... the results from these 

latter SC animals were presented· in Experiment II, Chapter III, pp. 8'0-109. 

·' 
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Chemical analyses 

Serotonin was extracted and analyzed using the procedures des-

cribed in Chapter III. 

ChE and AChE activities were determined by the photometric tech-

niques described in Chapter IIIo Tissues were homogenized in Ool ~ 

sodium phosphate buffer, pH BoO, to a concentration of 3 rng/mlo 

Assays were ryn in the same buffer using 9o0 mg of tissue for ChE 

and loS mg of tissue for AChE determinationso 
RESULTS 

For convenience the results of this experiment will be divided 

into several sectionso First, a comparison of littermates from the 

two groups of s
1
s and the one group of s

3
s will be made with respect 

to morphological and biochemical characteristics o · These compa.Fisons 

will be made in order to determine whether the testing procedures 

had any affect on these variables, and to examine the correlations 

between littermates with respect to the same variableso In addition, 

a comparison of the two groups of S s will be made which will show 
1 

that they cannot be considered comparable on an absolute basiso 

Second, the groups will be compared with respect tothe behavioral 

testso This will include both a· comparison of the two groups of 

s1s, which will show that they also differedbehaviorally as well 

as morphologically and biochemically, anda comparison of the two 

strains on these behavioral·testso- Third;·the·intercorrelations 

between morphological and biochemical variables will be examined 

for the three groups, and this will be followed by the intercorre-

lations of_ the behavioral variableso- Finally» the correlations of 

the morphological and biochemical variables with·the·behavioral 

variables will be presented to see how these two sets of variables 

might be relatedo 
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comearison of littermates with respect to morphological and biochemical 
varlables 

Table 28 shows the means and standard deviations for littermates 

(ST,aild SC) of the first group of ten s
1 

rats with respect to body 

weight 11 -brain tissue weights, serotonin levels in the··TB- II section, 

and ChE and AChE activities in the V and S sections. Also, the per­

centage·of pairs of littermates·in which-the STvalue was greater 

than·the SC values is indicated. 

Most of the differences between means were in a direction that 

would be expected from the experiments of Krech ~ ~· {c. f. ·Chapter I) 

investigating the effects ofenvironmentalcomplexity on brain 

morphology and biochemistry. The SC animals tended to be heavier 

but had· lighter brains, less serotonin and lower ChE and AChE 

total activities~ especially in the visual cortex• than-their-tested 

littermates. These differences were apparent· in spite of the fact 

that the testing program lasted· only· nine days·- ( c ~ f • · Zolman» 1963) • 

Table 29 shows the means 9 standarddeviations·and--the percentage 

of pairs of li ttermates in which the ST· value was greater than the 

SC value for the second group of ten·· S s with respect to body weight, 
1 

brain tissue weightss and ChE and AChE activities in the V and S 

sections. Serotonin was measured in only one~of the littermates and 

has~ thereforej) been omitted from this table~ In all Qomp~isons 

except body weight and AChE-specific activity in the V and·S sections 

the tested animals had a highermean·value_than their untested 

littertnates. Only one of-the comparisons was, however, statistically 

significant (ChE total activity· in· the V·section; E ~ .01). 

Both groups of S s showed similar patterns· of differences 
1 . 

between littermates. If the two-groups· were· combined- and the differ-

ences between littermates tested by means of· the relatively unpowerful 
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Table 28 

Means and Standard-Deviations for SC and ST Littermates of First Group of; 

s1s with Respect to Body Weight, Brain Tissue Weights, Serotonin levels, 

and ChE and AChE Activities in the V and S Sections 

Social Control Social Testing Per Cent of 
Litterrnates 

Variable Section - SD - SD in which X X 

ST > SC 
(n = 10) 

Body Weight 299 16.3 285 21.7 30 
(g) 

Brain Weights v 66.6* 4.38 69.8 4.75 70 
(mg) s 57.1 2.48 56.6 2.96 50 

TB II 1258 43.5 1280 34.7 50 
Ce 232 12.5 231 7.4 40 

Total Seroto- TB II 881 67.3 .903 50.0 70 
nin (ng) 
Serotonin TB II 708 59.3 706 38.7 40 
Concentration 
(ng/g) 

ChE Total v 204* 18.0 221 18.0 80 
Activita s 179 14.5 183 15.1 50 
(M X 10 /min) 

AChE Total v 3810 . 342 3928 366 60 
ActivitB s 3590 245 3610 255 40 
(M X 10 /min) 

ChE Specific v 3.07 ;0.18 3.16 0.17 60 
Activity s 3.14 0.20 3.23 0.19 60 
(M x 1010/mil'lllg) 

AChE Specific v 57.1 2.12 56.2 2.95 30 
Activitl S 62.9 3.91 63.8 3.60 60 
(M x 10 Ofmin/rng) 

* p < .05 --
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Table 29 

Means and Standard ~v:tations for sc and S~ Littermates of Second Group of 

s1 s with Respect to Body Weight, Brain Tissue Weights, and ChE and AChE 

Activities in the V and s Sections 

Social Control Social Testing Per Cent of 

- - Littennates 
Variable Section X SD X SD in which 

ST > SC 
(n = 10) 

Body Weight 338 39.9 336 31.1 20 
(g) 

Brain Weigpts v 73.5 4.81 76.7 4.48 70 
(mg) s 56.6 4.55 57.9 3.55 70 

'IB II 1285 69.6 1308 77.7 80 
Ce 245 10.2 248 12.9 60 

ChE Total v 241** 15.2 256 18.7 90 
Activity s 195 
(Mxl08/min) 

18.1 202 18.7 50 

AChE Total v 4522 312 4698 326 60 
Activaty s 4047 383 3962 292 50 
{MxlO. /Min) 

ChE Specific v 3.28 0.11 3.34 OU7 70 
Activf8Y s 3.45 0.25 3.49 0.22 40 
(Mx10 /min/rrg) 

AChE Specific v 61.5 1.48 61.3 3.05 40 
Activity s 71.6 4.85 68.5 3.43 20 
(Mx1010fmin/mg) 

* p < .05 
**p<".01 --
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sign-test (Siegel, 1956), then a number of the comparisons were statis-

tically significanto Body weight was higher for the SC than for the 

ST ·animals (p !_o02), whereas the reverse was true of V (!? !_.02), 

S (p <.13) and·TB II (p < .06) tissue weights. Total activities of -- . --
ChE (p <oOOl) and AChE (p <ol3) were higher in the ST than in the SC - - - -
animals in the V section. ChE specific activity in the V section 

was also higher in the tested animals than in the untested animals 

(£ !_o06), but AChE specific activity was lower· (f> !_ .13). 

While the pattern of differences between littermates was very 

similar for the two groups of Ss, it:was nevertheless true that the 
1 

two groups differed from each other on-an absolute basis. The second 

group of s1s was heavier inall·respects·than the first group of s1s 

except in-the S section. It will be-pointed out later that the two 

groups-also differed with respect·to-thebehav±or testsa ·The-second 

group was eight days older than the first group--throughout the 

experiment" Body weights of·the-Ssin-Group I eight days after the 1 . 

start of the experiment were-very-comparable to-the--body weights of 

the S s in Group II at the·· start· of·· the· experiment. This suggests 
1 

that differences in age may·have.beenresponsible for theobserved 

differences in morphology; biochemistry-and behavior. 

Table 30 shows the means:, standard deviations and the· percentage 

of··pairs of littermates in which the ST value was greater·thah the SC 

value for the 13 S s with respect to body .weight, brain tissue weights, 
3 

aild ChE and. AChE activities in the· V and· S sectiORS. Differences in 

brain tissue weights were in the direction expected from the results 

obtained for the S s. In the TB II section 85· percent of the ST 
1 

animals had heavier tissue-weights than·their·SC·littermates·(p <.05). 
. --
None of the other differences in morphology· or biochemistry was 

statistically significant. 
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Table 30 
Means and Standard Deviations for SC and ST Littermates of the s3 Strain with 

Respect to Body Weight, Brain Tissue Weights, and ChE and AChE activities in 

the V and S Sections 

Social Control Social Testing Per cent of 
Littermates 

Variable Section :X SD X SD in which 
ST > SC 
(n = 13) 

Body Weight 294 33.4 298 30.3 46 
(g) 

Brain Weights v 78.4 4.99 79.2 4.84 62 
(mg) s 58.1 4.61 59.4 3.3b 62 

TB II 1397* 55.2 1435 67.0 85 
Ce 271 13.9 276 13.7 69 

ChE Total v 246 23.1 243 17.7 38 
Activ~ty s 189 15.5 188 10.1 46 
(MxlO /min) 

AChE Total v 4000 417 4184 397 46 
Activgty s 3604 301 3704 304 69 
(MxlO /min) 

ChE Specific v 3.14 0.16 3.06 0.13 46 
Activi8Y 
(MxlOl~ /min/mg) 

s 3.25 0.27 3.17 0.17 31 

AChE Specific v 52.3 3.80 52.9 4.91 46 
Activity 
(Mxlolo;min!mg) 

s 62.1 4.75 62.5 4.59 62 

_* l? ~ .05 
** p < .01 --
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Differences between s
1
s and s

3
s_with respect to morphology and 

brain biochemistry were reported and discussed in Experiment II, 

Chapter III for the SC animals. Similar differences between the 

strains "Wel:"e apparent for the ST animals - namely, the s
3
s had 

heavier·brain tissue weights but lower serotonin levels; and ChE 

and AChE total and specific activities than the S s. 
1 

Correlations between littermates with res ect 
b ochemical variables. 

ical and 

Table 31 shows the correlations between SC and ST littermates 

for the·two groups of s
1
s and the one group ·Of s

3
s with respect to 

body weight, brain tissue weights,and ChE and AChE activities in the 

V andS sections. Also included are the average correlations combined 

by using Fisher 9 s z-transformation (cof. Guilford, 1956) for the 

two groups of s
1

s and the three groups disregarding strain •. 

The average correlationfor the two groupsofS s with respect 
1 

to body weight was .56 (p .:;_.05). For TB II and· Ce tissue· weights 

· the average correlations were .65 and • 76~ respectively Cp.:;. .01). 

Somewhat lower correlations were found for weights of the V (r = .41) 

and S Cr = .19) sections. Combining the three groups, disregarding 

strain, resulted in similar average· correlations for body weight 

(r = .62) j) TB II weight (r = .66); Ce weight· (r = • 71), and V and S 

weights (r = .~7 and r = .17, respectively). 

For the two groups of S s the average correlations between 
' 1 

littermates for ChE and AChEtotai activities in·the v section were 

. 65 (p .:;..01) and .45, respectively. The corresponding values in 

the S section were .25 and .11, neither of which was statistically 

significant. ChE specific activity-was correlated .50 (p <.05) in th~ - -
V section and .36 in the S section between littermates. AChE specific 

.. 
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Table 31 

Correlations Between SC and ST Littermates for the Two Groups of S1 s and 

the one Group of s3s 

First Second Group Ave rase Average 
Variable Section Group Group of s3s of s1s of S1s 

of s1s of s1s and s3s 

Body Weight .30 .74* • 72* .56* .62** 

Brain Weights v .59 .20 .28 .41 .37 
s .54 -.21 .11 .19 .17 
TB II .29 .85** .69* .65** .66** 
Ce .73* .78** .60 • 76** .71** 

Total Serotonin TB II .62 
Serotonin TB II .58 
Concentration 

ChE Total v .51 .75* .17 .65* .51* 
Activity s .45 .03 -.43 .25 .02 

AChE Total v .73* .05 .09 .45 .34 
Activity s .10 .12 • 45 .11 .23 

ChE Specific v .51 0 48 .25 .50* .~2* 
Activity s .55 .14 .51 .36 .41* 

AChE Specific v .69* -.39 .26 .21 • 23 
Activity s .41 -.01 .63~ .22 .• 38* 

* l? ~ .05 
** E ~ .01 
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activity was correlated .21 and .22 in the V and S sections 5 respec-

tively, between littermates. 

Combining the three groups, disregarding strains 11 resulted in 

correlations of .51 (p ~.01) and .34 for ChE .. and AChE total activities, 

respectively, in the V section. Corresponding values for the S 

section were • 02 and .• 23. For ChE specific· activity· in the V and 

S sections the correlations were .42 (£5_ .05)' and.41 (p !_.05), 

respectively, and .23 and .38 (p ~.05) for AChE specific activity. 

The interpretation of correlations between littermates in 

this experiment is somewhat ambiguous due to the different treat-

ments administered to each littermate. If the observed correlations 

can·be assumed to reflect· the relations between naive littermates, 

then it must be concluded that the reliability of littermates on 

the variables measured in this experiment· are only moderate··· to low. 

Body weight and brain tissue weights were more· reliable in this 

respect than enzyme activities., If the experimental treatments 

attenuated the correlations between li ttermates ··then the observed 

correlations may represent a lower bound·11 but the upper hound is 

unknown. 

Comparison of S and S strains with·respectto·behavioraltests 
1 3 

Comparisons of the two strains with respect--to the behavioral 

tests will b~ made on two levels·.·· First.ll ·the groups will be· com­

pared on total scores obtained·on·each .. behavioral test and tests of 
./ 

significance made. Second,- with the aid· of graphs~ the--two strains 

will be compared on separate components of· the behavioral tests. 

Table 32 shows the means and standard· deviations· for the two 

groups of s
1 
s and the one gr·oup of s

3
s with respect· to· total scores 
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Table 32 

Means and Standard Deviations for S1 and s3 Strains with Respect to a 

Nwnber of Behavioral Tests 

s1 Strain s
3 

Strain 

Variable 
First Group Second Group 

(n = 10) (n = 10) (n = 13) 

X SD x SD x SD 

Open Field Test 8.0**# 5.8 15.0**## 6.9 7.2 8.1 
of Emotionality 
(Total Boluses + 
urinations) 

Revolving Wheel 468 209 356** 249 1333 911 
Activity 
(Total 
Revolutions) 

Colony-Cage 382 94 397 111 
Activity 
(Total Beam 
Interruptions) 

Dashiell 155.5** 26.8 98.2** 60.2 159.5 34.6 
Activity 
(Total Lines 
Crossed) 

ATLAS 87* 19.0 109 30.0 114 32.1 
Total Errors 
to Criterion 

ATLAS 18 10.6 32 13.6 32 15.9 
Total Trials 
to Criterion 

ATLAS 2147** 925 3767 1740 3894 2009 
Total Cumulative 
Latency to 
Criterion 

* I?.~ .10 
** E. < .05 

·H* I?.,"<' .01 

# For comparison of two groups of s1s 
II# For canparison of s1s and s3s in second group 
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in the open-field test of emotionality~ total revolutions over four 

days in the colony-cage activity devices~ total line crosses during 

five minutes in the Dashiell maze and total scores over four spatial 

discrimination-reversal problems given in the ATLAS. 

Comparing the two groups of S s, it is seen that the first group 
1 

made lower scores in the open-field test (£ ~605) and was, in genera~, 

superior in terms of the spatial reversal-discrimination problems to 

the second group. The first group made fewer errors (p <.10), took --
fewer trials and had shorter latencies (£ <~05) to reach a criterion 

of ten out of ten correct responses in the ATLAS than the second 

group. In addition the first group was more active than the second 

group in the revolving wheels, although not significantly so, and 

in the·Dashiell maze (£ ~.05). All tests of significance were made 

using the Mann-Whitney U-statistic (c.f. Siegel, 1956). 

Comparing the two strains in the second group, the s1s made 

significantly higher scores· in the open ... field·test than the S s 
3 

(p ~.05). The s1s were significantly less active in therevolving 

wheels (£ !_.05) and Dashiell maze <2 ~.05) than the s
3
s, but there 

were no differences in colony-cage activity between the two strains. 

Also,·there were no differences in total scores· in the ATLAS between 

the two strains. It should be-pointed out~ however, that several 

S s failed to reach a criterion-performance in a reasonable number 
3 

of·trials or time and trainingwas .. discontinued for that problem, 

whereas all S s reached the preestablished criterion. Conversely, 
1 

several s
3
s performed much better· than the average s

1 
so that the 

means·didnot differ between strains,; This·large·difference in 

variance displayed by the· two· strains·· in the· ATLAS has· been observed 

by others in this laboratory (H·. Markowitzi personal corrnnunication). 
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Figure 12 shows the mean number of defecations made in the open­

field during each five minute period on four days for the two groups of 

s1s and the one group of s3s. The first group of s1s had a pattern sim­

ilar to the s3s which tended to decrease slightly as a function of 

successive exposures to the situation. The second group of s1s (the ap­

propriate reference group for strain comparisons) did not show any indica­

tion of adapting to the open-field. The behavior of the second group of 

s1s was decidedly different in the open-field test from the first group of 

s1s and the s
3
s. 

Figure 13 shows the m~dian number of revolutions made during successive 

15 minute periods by the second group of s1s and the s3s on the second day 

of testing. Both strains reached a very low level of activity by the end 

of one hour. The s3s maintained a relatively high degree of activity for 

the first 45 minutes during the morning testing period, but in the evening 

activity was reduced to almost zero after only 15 minutes. The S1s showed 

little difference between daY and night activity and were essentially in­

active after 15 minutes in either case. 

Figure 14 shows the mean number of revolutions made by the two groups 

of s1s and the one group of s3s during each successive morning and even­

ing test over four days. Although the first group of s1s spent two hours 

in .the wheels compared to the one hour spent by animals in the second 

group, they are shown on the same graph since~ as was just pointed 

out, little, if any, activity took place after 45 minutes. The only differ­

ence between the two groups of s1s to be seen fran this graph, is the more 

pronounced day-night cycle in th~ first group. Both groups tended to · 

maintain a fairly constant low number of revolutions over successive 

tests compared to the s3s who had a very pronounced day-night cycle, with 

more revolutions occuring during the morning than in the evening. Further, 
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Fig. 12. Mean number fecal boluses in an open-field during a 
five minute period on each of four days. • First group of s

1
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Fig. 13. Median number of revolutions made during successive 
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in contrast to the s1s, the s3s showed a definite increase in mean 

revolutions over successive days. 

The results of this experiment with respect to differences in 

revolving wheel activity between the s1s and s3s confirm and extend: 

earlier results. In a series of three experiments involving a total of 

21 s1s and 22 s3s» the s3s consistently made more revolutions than the 

S1s regardless of whether the animals were locked in the wheels or had 

free access to the wheels. In these experiments activity was measured 

over several days and the animals were exposed to the wheels continuously 

over each 24 hour period. The mean number of revolutions made per day 

over all four groups by the s1s was 60 as compared to 427 made per day by 

the S3s (Pryor, unpublished observation). 

Figure 15 shows the median number of beam interruptions in the colony­

cage activity devices over successive 15 minute periods on the second day 

of testing for the second group of s1s and s
3
s. Both strains showed more 

beam interruptions in the first 15 minutes than any other period. The 

s1s maintained a low level of beam interruptions in successive 15 minute 

periods, whereas the S3s reached an asymptote near zero after only 15 

minutes. The s3s made more beam interruptions than the s1s in the first 

15 minute period, and both strains had higher scores in the morning than 

in the evening. 

F~e 16 shows the mean number of beam interruptions made by the 

two strains on successive one hour tests over four days. First, it is 

apparent that the two strains performed in quite similar fashions when one 

hour was taken as the time unit. Seccindil both strains showed a very 

marked day-night cycleil with more beam interruptions being made in the 

morning than in the evening. Thirdll both strains showed a linear decrease 

in beam interruptions over the four days. This was in striking contrast 

to their activity in the revolving wheels where the s1 s maintained a 

.. 
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Fig. 15. Median number of beam interruptions made in colony-
cage activity apparatus during successive 15 minute intervals on 
second day of testing. 

·~ Second group of s1 s, morning test. 

o---o Second group. of s
1 

s, evening test. 

• • s3 s, morning test. 

0-- -o s3 s' evening test. 
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Fig. 16. Mean number of beam interruptions made during 
successive morning and evening tests over four days. 

• Second group of S 
1 

s. 

o s
3 

s. 



181 

THIS IS A BLANK PAGE 



182 
constant iow number of revolutions over dayss and the s

3
s increased the 

number of revolutions made on successive days in a linear fashion. 

Figure 17 shows the mean number of lines crossed in successive one-

minute intervals in the Dashiell maze by the two groups of s1s and the one 

group of s3s. While both groups of s1s tended to increase their loco­

motion through the maze after the first minute, the s3s first increased 

and then decreased over the last three minutes. The difference in 

activity between the second group of S1s and the s3s was apparent during 

each one-minute interval. 

Figure 18 shows the performance of the two group~ of s1s and the 

one group of s3s on successive spatial discrimination-reversal problems 

in the ATLAS using trials to reach a criterion of ten out of ten con-

secutive correct choices as a measure. Errors to criterion and cumulative 

latencies to criterion showed very similar patterns. The superior per-

formance of the first group of s1s compared to the second group of s1s and 

the s3s was apparent on all four problems. All groups found the first 

reversal most difficult and then improved on the two succeeding reversals. 

·The s1.s were superior to the s3s on the first two problems, but this 

superiority was reversed on the last two problems. 

lntercorrelations ofmor:phological and biqch~mical variables 

Two sets of intercorrelations were obtained fran each group of 

animals (i.e., two groups of ten pairs of s1s and one group of thirteen 

pairs of S3s). Since each group was small (10 or 13), the four sets of 

correlations fran the s1s were averaged using Fisher's z-transformation 

as were the two sets of correlations fran the s3s. The separate correla­

tion matrices can be found in Appendices E1 to ~· 

Table 33 shows the average intercorrelations for each of the two 

strains with respect to body weight, brain tissue weights, total serotonin 

in the TB II section, and ChE and AChE total activities in the V and S 
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Fig. 17. Mean number of lines crossed during successive one 
minute intervals in the Dashiell maze. 
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Fig. 18. Performance on successive spatial discrimination­
reversal problems in the ATLAS. 
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Table 33 

Average Intercorrelations of Biochemical and Morphological Variables for 

SC and ST Groups of s1 and s3 Strains 

~ 8~ ~~ 
~tl) ~!> 

~ 
+> +> ~ ~~ 

+>:>.. +>:>.. 

ib ib +>+> 0+> O.P 

+> 0~ 8~ 8-M 

:>..ih 
~ oM H .-IS:: 8~ > ~~ ~ 

(!) H rnor-~ §:8 '0-M ~ ~8 6~ Variable Strain 0(1) ~ ~ ~~ co~ !> tl) 8+> 

V Weight sl .35* 
s3 .27 

S Weight sl .13 .24 
s3 -.08 .34 

'IBII sl .76** .42** .21 
Weight s3 .69** .32 .27 

Total sl .14 .19 .03 .27 
Serotonin s3 -.01 .32 -.04 .06 
TBII 

ChE Total sl .36* .83** .06 .40* .28 
Activity V s3 .23 .85 .38 .ll -.31 

ChE Total sl .08 .33* .67** .24 -.02 .21 
Activity S s3 .02 .31 .50* .08 .34 .25 

AChE Total sl .28 .88** .08 .29 -.02 .66** .14 
Activity V s3 .26 .58** .02 -.04 -.50* .40 -.19 

AChE Total sl .08 .14 .63** .12 -.40* -.10 .37* .18 
Activity S s3 .48* .22 .34 .56** -.36 0.07 -.17 .60** 

* p < .05 
** .P 3: .01 
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sections. The patterns are fairly similar for both strains. Body weight 

and TB II weight were correlated .76 for the s1s and .69 for the s
3

s 

(p ~ .01). The smaller brain tissue sections were only slightly cor­

related with body weight, or TB II weight, or among themselves. 

The correlations between ChE total activity and tissue weights were 

.83 and .85 for the s1s and s3s, respectively, in the V section, and .67 

and .50 for the s1s and s3s~ respectively, in the S section. All four 

correlations were statistically significant at, or beyond, the .05 level 

of confidence. For AChE total activity the corresponding correlations 

were .88 and .58 for the s1s and s3s, respectively, in the V section, and 

.63 and .34 for the s1s and S3sa respectively$) in the S section. All were 

significant (except for the s3s in the S section) at~ or beyond, the .05 

level of confidence. 

Low to moderate intercorrelations were found for ChE and AChE total 

activities in the V and S sections. ChE total activity in the V 

section correlated .66 and .40 for the s1s and s3s, respectively, with 

AChE total activity in the same section. For.the S section these correla-

tions were .37 and -.17 for the s1s and s3s respectively • . 
Only two significant correlations were found between total serotonin 

in. the TB II section and the other variables. For the S1s the correlation 

between total serotonin and AChE total activity in the S section was 

-.40 (E s.05). For the s3s this correlation was -.36 which was not stat­

istically significant. The correlations between AChE total activity in 

the· V section were -.50 (p ~ • 05) for the s3s but only -. 02 for the s1 s. 

lntercorTelations of .behavioral variables 

One set of intercorrelations was obtained for each group of s1s and 

for the one group of s3s on the behavioral variables. Since the samples 

were srnall.e the two correlation matrices obtained frcm the s1 s were 
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averaged using Fisher's z-transformation. This procedure may not be 

fully justified since the two groups differed in absolute values on 

same of the variables. It was felt, however, that combining the groups 

would be more desirable than presenting each separate correlation even 

though same of the correlations were quite different for the two groups. 

Conclusions based on correlations obtained from only one small group but 

not replicated in the other would be without value until they could be 

replicated again. Averaging the groups would partially avoid this 

problem since very divergent correlations (especially if the signs were 

different in the two groups) would be reduced whereas replicated correla­

tions would be retained. The separate correlation matrices can be found 

in Appendix F. 

Table 34 shows the average correlations obtained from the two groups 

of s1s and the one set of correlations obtained from the s
3
s with respect 

to the behavioral variables. The two measures taken in the open-field 

(defecations and urinations) were intercorrelated .52 (£~ .05) for the 

s1s and .78 (E ~.01) for the s3s. Revolving wheel activity in the morning 

was significantly correlated with the same activity measured in the evening. 

For the s1s the correlation was .53 (£~o05)g and for the s3s the cor­

relation was .65 (E ~.01) All three measures of performance in the ATLAS 

were highly intercorrelated for both strains. Errors to criterion were 

correlated .93 (.P ~ .Ol) and .92 (.P s .Ol) with trials to criterion for the 

s1s and s
3
s, respectively. Errors to criterion and cumulative latencies 

to criterion were correlated • 90 (_2 ~ o 01) and • 79 (E::. 01) for the s1 s and 

s3s respectively. Trials to criterion and cumulative latencies to 

criterion were correlated .85 (E~.Ol) and .84 (p~.Ol) for the s1s and 

s3s respectively. 

Colony-cage activity measured during the morning was. not significantly 
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related to the same activity measured during the evening for the s1s 

(r = .18), but for the S s this correlation was .54 (p~.05). Colony-
3 -

cage activity measured in the morning was not significantly correlated 

with revolving wheel activity measured in the morning or evening for 

either strain. There was, however, a moderate positive correlation 

between colony-cage activity measured in the morning and evening. For 

the s1s the respective correlations were .44 and .48, and for the s3s 

they were .58 (£ ~.05) and .27. 

Dashiell activity was not significantly correlated with any of the 

other measures of activity or with the open-field test of emotionally 

for the s1s. For the s
3

s this measure was negatively correlated with 

defecations (r = ~.41; p~.lO) and positively correlated with morning 
' -

(r = .66; E ~ .01) and evening (r - .48; .E~ .05) activity in the revolving 

wheels, and morning colony-cage activity (r = .40; .E~.lO). 

No stgnificant correlations were found between the open-field defeca-

tion test and the activity measures for the s1s. For the s3s a negative 

correlation was found between this test and both revolving wheel activity 

and colony-cage activity. The latter·measures were positively inter-

correlated for the s
3
s. 

Only one correlation out of the possible 42 between the three measures 

of performance in the ATLAS and the other seven behavioral measures was 

significant beyond the .05 level of confidence. This correlation can 

probably be discounted as being due to sampling error. 

Correlations between moryhol¢gical and biochemical variables and behavioral 
variabies 

For the purpose of obtaining correlations between these two sets of 

variables the following behavioral measures were combined. Morning activity 

in the revolving wheels was added to evening activity in the revolving 

wheels to give one measure, and the same was done for morning and evening 
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Table 34 

Avera~ Intercorrelations of Behavioral Variables for ST Groups of S1 
and s3 Strains 
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Variable Strain g~ &o ~~ ~~ 0 C) 0 0 cU ~B 80 
oc:t: Oc:t: a <I;.j..) 

Open-Field sl .52* 
Urinations s3 .78** 

Revolving Wheel sl -.33 -.14 
Activity, Days s3 -.43 -.48* 

Revolving Wheel sl .06 -.35 .53* 
Activity, Nights s3 -.47* -.63** .65** 

Colony-Ca~ sl .09 .45 -.26 -.42 
Activity, Days s3 -.21 -.28 ,40 ,02 

Colony-Cage sl .11 -.20 ,44 ,48 .18 
Activity, Nights s3 -.47* -.57* .58* .27 .54* 

Dashiell sl -.07 ,03 -.06 -,04 -.32 -.25 
Activity s3 -.41 -.12 .66** ,48* • 40 .10 

ATLAS Total sl .22 .09 -.32 -.18 -.46* ,03 -.20 
Errors to Criterion s3 .01 -.44 .09 .25 ,08 ,24 -.30 

ATLAS Total sl .07 -.12 -.21 -.06 -.36 .21 -.28 .93** 
Trials to Criterion s3 ,06 -.38 ,24 .17 .19 .28 -.24 .92** 

ATLAS Total sl ,20 ,10 -.03 -.18 -.34 .18 -.23 .90** .85** 
Cumulative s3 .04 -.21 -.03 -.15 .10 • 31 -.44 • 79** .84** 
Latencies to 
Criterion 

* p < • 05 
** E ~ .o1 
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colony-cage activity, Two sets of correlations were obtained from the 

s1 strain, corresponding to the two groups of s1 an~ls, The two 

correlation matrices were averaged using Fisher 9 s z-transformation for 

the same reasons given in the previous section. The separate correla­

tion matrices can be found in Appendix G. 

Table 35 shows the correlations of the morphological and biochemical 

variables with the behavioral variables for the s1 and s3 strains. For 

the s1s body weight was positively correlated with urinations and defeca­

tions in the open-field (r = ,52; F~·05) and negativelY correlated with 

revolv~ wheel activity (r = -.44; p~ .05). A correlation of .42 (not 

significant) was found between body weight and colony-cage activity for 

the s1s. Other correlations with body weight were low and not statistically 

significant. For the s3s there were no significant correlations with 

body weight. 

Brain weight of the V section was not significantly correlated with 

any of the behavioral tests for either strain with one exception. For 

the s1s tissue weight of the V section was negatively correlated with re­

volving wheel activity (r = -.41; £~.05). 

The S section presented a different picture than the V section. 

Correlations between tissue w~igpt of the S section and the measures of 

emotionality or activity were not significant for either strain. For the 

s1s, however, tissue weight of the S section was positively correlated with 

all three measures of performance in the ATLAS (a spatial discrimination­

reversal test). For errors to criterion the average correlation was 

.72 (p~.Ol); for trials to criterion the average correlation was .79 

(I? ~.01); and for cumulative latencies to criterion the average correla­

tion was .64 <2 ~.01). Further~ in the two separate groups of s1s these 

corresponding correlations were high and statistically significant in all 
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Table 35 

Average Correlations of Morphological and Biochemical Variables with 
Behavioral Variables for ST Groups of S1 and S3 Strains 
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Variable Strain 8'~ &!~ ro ~.8 ~.8 OCl Cl 

Body Weight sl .52* -. 4LI* .42 -.05 .02 -.23 -.18 
s3 -.06 .16 .21 -.12 .17 .19 .02 

Brain V sl -.14 -.41* -.47 -.05 .24 .10 .24 
Weights s3 -.14 .22 .37 .07 .34 .02 .31 

s sl -.04 -.24 -.18 -.31 .72** • 79** .64** 
s3 -.26 .08 .46 ' :-.13 .20 -.01 .44 

TB II sl .50* ~.o6 .38 -.20 .oo ·-.26 -.13 
s3 -.16 .22 .31 -.38 .25 .29 .22 

Total sl .05 .38 .34 -.42* .23 .15 .17 
Serotonin s3 -.71** .03 -.15 -.04 '-.33 -.12 -.17 

Serotonin sl -.26 .47* .10 -.33 .24 .33 .29 
-.64** -.06 -.26 -.38 

I Concentration s3 .03 -.19 -.21 

ChE v sl -.02 '":".26 -.46 -.28 -.01 -.13 -.10 
Total Activity s3 -.17 .• 28 .21 .12 .17 -.04 .16 

s sl -.14 -.19 -.15 -.53* .62** .58** .62** 
s3 -.30 -.36 .10 -.09 -.12 -.09 .31 

AChE v sl .11 ~·36 -.07 -.21 .07 .;...12 .14 
Total Activity s3 • 34 .07 .43 .14 .08 -.15 -.20 

s sl .24 ~.24 .07 -.18 .53* .54* .41* 
s3 .18 .• 23 .61* -.01 .26 .09 .04 

ChE v sl -.18 -.02 -.10 -.40* -.30 -.31 -.41 
Specific s3 -.09 ' .16 -.18 .12 -.22 --.09 -.19 
Activity 

s sl -.16 .,..~05 -.05 -.46 .19 -.09 • 31 
s3 -.04 -.45 -.36 .06 -.34 -.09 -.16 

AChE v sl .03 -.09 .45 -.30 -.16 -.31 -.07 
Specific s3 .58* -.61* -.20 -.02 -.19 -.21 -.24 
Activity 
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Table 35 (cont.) 

-.03 .32 .12 -.06 -.11 -.15 
-.31 .04 -.50* .56* • 70** .62* 

j 
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but one case, indicating the reproducibility of the correlations in spite 

of absolute differences between the two groupso For the s 3s none of these 

correlations with S tissue we~t were statistically significant.suggesting 

a strain difference in this respect. 

TB II weight was significantly correlated with the open-field test of 

emotionality for the Sls (r = o50; E~o05) but not for the S3s (r = -.16). 

None of the other correlations with TB II tissue weight was statistical-

ly significant for either straino 

A high negative correlation was obtained between both total serotonin 

(r = -.71; ES.Ol) and serotonin concentration (r = -o64; E~oOl) in 

TB !I, and the open-field test of emotionality for the s3 straino For 

the s
1

·strain the respective average correlations were low and not stat­

istically significanto , Total serotonin in TB II was negatively cor­

related with Dashiell activity (r = -o42; p~o05) for the s1s, but no 

relation was observed for the s
3

so Other correlations with total ser­

otonin in TB II were low and not statistically significant in either 

strain. Serotonin concentration in TB II was positively related to re­

volving wheel activity (r = .47; p ~ o05) for the sl s but no relation 

was observed for the s3so Other correlations with serotonin concentra­

tion in TB II were low and not statistically significant in either strain. 

No significant correlations were found between ChE total activity 

in the V section and any of the behavioral tests for either strain. ChE 

total activity in the S section was significantly positively correlated 

with performance in the ATLAS for the s1s but not for the s3so The same 

was true for AChE total activity in the S section for the s1s reflecting 

the high positive correlations between ChE total activity and tissue 

we~t, and AChE total activity and tissue weighto 

AChE total activity was also positively correlated with colony-
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cage activity in the V (r = .43; !? ~ .05) and S (r = .61; E ~ .05) sections 

for the S s. 
3 

ChE specific activity in the V section was negatively correlated 

with Dashiell activity (r = -.40; £~.05) and performance in the ATLAS 

for the s1s. In the latter case only the correlation with cumulative 

latencies to criterion was statistically significant (r = -:-.41; .E~ .05). 

A similar pattern was found for AChE specific activity in the S section 

for the s1s, but none of the correlations reached statistical significance. 

For the s3s ChE specific activities in the V and S sections were 

not significantly correlated with any of the behavioral tests. AChE 

specific activity in the V section was positively related to the open­

field test of emotionality (r = .58; E~.05) and negatively related to 

revolving wheel activity (r = -.61; p~ .01). AC~ specific activity in 

the S section was negatively related to Dashiel activity (r = -.50; p ~ .05) 

and positively related to performance in the ATLAS (errors to criterion, 

r = .56; E ~ .05; trials to criterion, r = • 70; p s .01 : latencies to 

criterion, r = .62; I?~ .05). 

DISCUSSION 

The purpose of this experiment was to investigate relations between 

morphological and biochemical characteristics and behavioral responses 

within the s1 and s3 strains of rats. This was done With the intent of 

discovering physiological correlates of overt behavior. More specifically, 
I 

it was hypo~hesized that the serotonin system was negatively related to 

behavioral responses in which a substantial emotional component was present. 

. The hypothesis of a negative relation between brain serotonin and 

emotionality was originally based on the assumption that emotionality is 

partly an overt manifestation of the reciprocal actions of the sympathetic 

•· 
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and parasympathetic divisions of the autonomic nervous system, and that 

serotonin is involved in the central excitatory control of the para-

sympathetic systemo On this basis it should be possible to classify 

animals with respect to the relative dominance of the two components 

of the autonomic systemo Animals in which the sympathetic system is 

dominant by virtue of genetic and/or environmental factors should dis­

play more (or more intense) emotional responses than animals in which 

the parasympathetic system was dominanto If individual differences 

in brain levels of serotonin are a reflection of individual differences 

in parasympathetic control, then in lieu of additional information con-

cerning the sympath~tic system it would be predicted that animals having 

a high level of brain serotonin would display fewer (or less intense) 

emotional responses than animals having a low level of brain serotonino 

The possible inconsistency in this argument is revealed when the 

commonly used open-field test is taken as an index of an anirnalvs emotional 

reactivityo The emotional animal urinates and defecates~ in an open­

field than the non-emotional animalo Urination and defecation are, 

however, primarily under peripheral control of the parasympathetic systemo 

This being the case» the emotional animal should urinate and defecate ~ 

than the non-emotional animalo 

This contradiction requires a more careful analysis than was pre-

viously attemptedo It may be that the equation of emotionality with the 

autonomic nervous system is inadequateo If this were the case~ then it 

is still possible to hypothesize that serotonin is involved in the 

control of emotional behaviors but the more specific hypothesis that 

serotonin is involved in emotional behavior by way of the parasympathetic 

system might have to be abandonedo 

A second interpretation that would retain the more specific hypothesis 

can be made by recourse to a more detailed, albeit ad hoc, analysis of 
' --
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the events that occur when an animal makes an emotional response. The 

initial response made by an animal in an emotion-provoking situation is 

a massive sympathetic discharge, Le., the "figh.t-or-flight" reaction. 

This results in pupil dilation, accelerated heart rate~ inhibited peristal­

sis, etc. The'mechanisms involved in homeostasis require that this 

response be attenuated or at least modified to eventually bring the 

system back to a neutral state. To do thisa reflex feedback mechanisms 

cause reciprocal discharge of the parasympathetic system. Since the 

bladder and rectum have little, if anys sympathetic innervat~on, the 

result is elimination even though this is normally a non-sympathetic 

reaction. A weakness in this argument is the fact that parasympathetic 

discharge is usually specific. Whether this reflex mechanism can account 

for the observed responses of an animal ~n an emotional situation or not 

is an empirical question deserving further investigation. 

The results of the open-field test of emotionality were encour-

aging, with respect to the hypothesis of an inverse relation between 

brain serotonin and emotionality. As predicted the s3 strain showed a 

high$ statistically significant,·negative correlation between urination 

and defecations in the open-field and brain serotonin. In the two 

groups of S1s the results were ambiguous. The first group of ten S1s 

conformed to the hypothesis. Total brain serotonin and the open-field 

test were correlated - .. 38 (not significant). Serotonin concentration 

and the open-field test were correlated -.70 (E ~.05). The second group 

of ten S1s, however~ did not replicate these findings, and in fact, the 

corresponding correlations were positive (.47 and .31~ respectively)~ 

although not significantly so. The average correlations for the two groups 

of S1s were consequently low (.05 and -.26, respectively) and not stat­

istically s~ificant. 
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It is possible that the observed correlations between brain serotonin 

and emotionality were linked through respective correlations with other 

variables. For example~ in the first group of s1s there was also a 

high positive correlation between body weight and the open-field test 

(r = .78). This was not replicated in the second group of s1s (r = .10) 

or in the s3s (r = -.06). Furthermore, brain serotonin was moderately 

correlated with body weight in the second group of s1 s only_. Therefore 1 

it is not possible to conclude that body weight per ~ was responsible 

for the observed correlations. The same argument can be made for tissue 

weight of TB II which was highly correlated with body weight. 

A somewhat puzzling set of correlations was found between brain 

serotonin and locomotor and exploratory activity. First~ there was a 

positive relation between brain serotonin and revolving wheel activity 

for both groups of s
1
s. Second~ there was a negative relation between 

brain serotonin and Dashiell activity for both groups of s1s. Third, 

there was no relation between revolving wheel activity and Dashiell activ­

ity for the s3s, but the two measures were themselves highly correlated 

in this strain. 

Any simple interpretation of this set of correlations is prohibited 

ands perhaps, should be postponed until they have been more thoroughly 

verified. The following suggestions may, however0 have same heuristic 

value in this respect. Activity, as measured in these various devices, is 

probably the net result of a number of factors. Some of these factors 

may be labeled "locomotor activity»" "exploratory activity," "curiosity," 

"emotionality," etc. There is no reason to assume that the factors are 

all orthogonal to each other, and, in fact. they may be related to a 

large extent in any given situation. Presumably, all of the factors are 

under same degree of genetic control via biochemical and neurological 

mechanisms as well as environmental control acting through the central 
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nervous system. If this is true, then individual differences in any 

or all of these factors should be correlated with individual differ­

ences in the underlying biochemical or neurophysiological mechanisms. 

The argument was made that the serotonin system is involved in the 

control of emotional behavior. It is also possible, of course, that 

this system is involved in the control of other kinds of behavior as 

well, but this possibility will be discounted for the moment. If it 

is assumed that the most dominant factor determining activity in the 

revolving wheels and Dashiell maze is a "locomotor activity" factor 

(i.e., a factor expressed as movement through space or exercise of the 

appropriate sets of muscles for such movement), then the s3 strain can 

be assumed to be higher on this factor than the s1 strain. Because of 

this, the s3s are more active in both apparatuses than the s1s. Further­

more, since this factor is dominant in the s3s~ there is little room for 

other factors to exhibit any control over activity in this strain. There­

fore, for the S3s activity in the revolving wheels and activity~in the 

Dashiell maze are correlated since they are expressions of the same 

factor, and neither is correlated with brain serotonin since other bio­

chemical systems underly this activity factor. It is interesting to 

note in this respect that for the S3s AChE specific activities in the 

V and S sections were negatively correlated with both revolving wheel 

and Dashiell activity. For the s1s the "locomotor activity" factor can 

be assumed to be low and, therefore, other factors may have more influence 

qver the activity exhibited by this strain. It is still not clear, 

however, why serotonin should be positively related to one measure of 

activity and negatively related to another in the s1s.1f serotonin is 

related to emotionality. Several speculations are possible. (1) The 

observed correlations lTlp.Y be the result of samp:J..ing error. This is 

possible, especially in view of the large number of variables measured. 
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But, the correlations were replicated in two independent groups of 

anfmals thus weakening this interpretationo (2) Serotonin may also be 

involved in the control of non-emotional behavior, such as "curiosity" 

or "exploratory behavioro" This would mean that two different factors 

were operative for the s1s in the two activity devices, and that both 

were correlated with brain serotonin but in opposite directionso 

(3) The "emotionality" factor may interact differently with the other 

factors determining activity» depending upon the specific situationo 

Brain serotonin was not significantly related to any of the 

measures of performance in the ATLAS within either straino Brain tissue 

weight of the samesthetic cortex was 9 however~ highly correlated with 

perfonnance in the ATLAS in both replications within the s1 straino This 

finding is potentially of considerable importance in that discrimination 

problems in the ATLAS were spatialo It has been assumed that the visual 

cortex mediates to a large extent problems that are visual in content, and 

that the somesthetic cortex has this role in spatial learningo Krechevsky 

(1935) showed that removal of the visual cortex in rats caused a shift to 

spatial hypotheses in the Krech Hypothesis Apparatusi and that destruction 

of the somesthetic cortex caused a shift to visual hypotheseso The 

apparatus used here is an adaptation of the Krech Hypothesis Apparatus, 

and it is very tempting to veiw the results of the present experfments 

in terms of the results obtained by Krechevsky o Further i Krech ~ &a 

(1963) have shown that enucleation of rats at weaning results in an 

increase in the weight of the samesthetic cortex~ suggesting same sort 

of compensatory mechanism that operates when visual cues have been surg~ 

ically removedo 

The correlations between S tissue weight and p~rformance in the 

ATLAS were positivea In other words~ anfmals with heavier samesthetic 
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cortices made more errors and took ~ trials to learn the corre ct response 

than anirrals with lighter sanesthetic corticeso The heavier S section 

was also associated with higher ChE and AChE total activitieso 

Two interpretations of these results are possibleo First~ tissue 

weight and the associated enzyme activities could be considered cau~al 

in producing poorer performance in the ATLAS o This interpretation is 

not irituitively appealing» although there is no ~priori reason for 

supposing this not to be the case~ Krech ~~o (1962) have shown that 

EC anirrals have heavier cortices and are superior learners in visual 

discrimination-reversal problems in the Krech Hypothesis Apparatus than 

IC anirnalso Preliminary results indicate~ however, that EC animals do 

poorer on visual problems in the ATLAS than IC animals (Rosenzweig, 

personal communication)o ·Also~ s
3
s are superior to s1s on visual prob­

lems in the ATLAS (Markowitz 9 personal communication)o It appears that 

the ATLAS gives diametrically opposed results to those obtained in the 

Krech Hypothesis Apparatuso Differences in apparatus and/or motivation 

(hunger versus escape or avoidance of shock) may interact in sane way 

with the effects of environmental stimulation and genetic factors to 

produce these rather puzzling resultso In any case» this interpretation 

cannot be discounted without further experimentationo 

Second, the direction of causality might b~ reversedo Performance in 

the ATLAS might differentially affect tissue weight and enzyme activities 

in the same way that ECT affects brain morphology and biochemistryo It 

is a fact. that animals are differentially stimulated in the ATLAS 

depending upon how long it takes them to solve the problema And, the 

stimulation is of a rather severe sort~ ioeo 1 shock to the feeto This 

would account for the positive correlations observedo In other words 9 

animals that take longer to solve a problem are stimulated more than 

animals who solve the problem right awayo Further, it is just that 
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area of the cortex (S) that receives afferent projections from the 

receptors being stimulated by shock to the feet that is affected. 



Chapter V 

Effects of an Enriched Versus an 

Irnpover ished Environment on Brain Serotonin 

200 

In this chapter results of experiments testing the effects of an 

enriched versus an impoverished environment on brain serotonin in s1 

and s3· ,rats will be reported. Much of the work done by Krechp Rosenzweig 

and Bennett over the past six years has been directed toward this end 

with respect to the ACh=AChE system. In Chapter I their experimental 

findings and theoretical notions were discussed. For convenience their 

assumptions and findings will be briefly reviewed. 

They assumed that~ (1) the amount and patterns of neural activity 

maintained by an animal were partly a function of the amount of environ­

mental stimulation the animal receivedp and that animals housed commun­

ally with opportunities for exploration and training in mazes (ECT 

condition) would receive more environmental stimul9tion than animals 

housed singly in small cages with little opportunities for visual, auditory 

or tactual experience (IC condition); (2) the amount of ACh synthesized 

and released in brain was partly a function of the amount and patterns of 

chronic neural activity; (3) the amount of AChE produced was partly a 

function of the amount of ACh released~ i.e. 9 increasing levels of ACh 

induces greater synthesis of AChE; and (4) increases in environmental 

stimulation andf) hencef) neural activity associated with the ECT conditions 

would result in more or better neural connections (in same sense) and, 

thereforep ECT animals should benefit from the experience in terms of 

having a greater capacity to learn or adapt to new situations than IC 

anima.lso 

The results of experiments testing these assumptions indicated 
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that: (1) ECT an:imals had heavier cortical weights and higher cortical 

and subcortical AChE total activities than IC littennates; (2) the 

difference in cortical weight was greater than the difference in AChE 

total activity» so that specific activity of AChE in the cortex was 

lower in ECT than IC animals, but since there was little or no change 

in subcortical brain weight, AChE specific activity was higher in 

this section for ECT than IC animals;·(3) the changes in brain tissue 

weight and en.zyme activity associated with the ECT-IC conditions were not 

a function of (a) differential handling, (b) differential locomotor 

activity, (c) changes in more general metabolic enzymes or percent 

protein, or (d) changes in the non-specific cholinergic enzyme, ChE; 

(4) th~re was no period beyond weaning when these morphological and 

biochemical changes could not be induced by differential environmental 

exposure; (5) visual experience, per ~' was not necessary to produce 

the observed changes resulting from the ECT and IC conditions, but 

visual experience did add to the other form~ of experience to produce 

greater changes; and (6) the EC conqition did produce animals who were 

superior to animals in the IC condition with respect to performance on 

a series of visual discrimination-reversal problems. 

One of the questions that might be asked with reference to the 

results just summarized is whether non-cholinergic neurohumors are 

modified by differential environmental stimulation in the same way as 

the ACh-AChE system. It was the purpose of the experiments to be 

reported in this chapter to partially answer this question with respect 

to the proposed neurohumor serotonin. 

In considering the results of the ECT-IC experiments Krech, 

Rosenzweig and Bennett have maintained that environmental stimulation 

results in an "intellectually" superior animalJ) and that the changes 
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observed in brain tissue weight and AChE activity are the underlying substrates 

of this superiority. In other words they have assumed~ at least implicitly, 

that an ainrnaP s performance in a maze is predominantly a function of a 

factor psychologists have called intelligence 11 and that this factor is at 

least partly dependent upon the participation of the ACh-AChE system and its 

role in neural transmission. They have also assumed that this intellectual 

factor is under genetic and environmental control via cholinergic mechanisms. 

It has become increasingly more evident in human psychometrics that 

intelligence is not unitary~ but~ rather~a composite of a number of factors, 

some of which are interrelated and others of which are apparently mutually 

orthogonal. This is probably also true of an animal 9 s performance in so-

. called learning tasks. It is clear~ for example 11 that an animal's performance 

in a maze or discrimination apparatus is partly a function of motivation, 

emotionality 11 perception» etc. And, as was pointed out in Chapter III, 

any of t.hese factors might determine an animal 9s final score. Presumably, 

all of these factors interact with each other to result tn the formation 

of 9memor,y traces v » and it is the ease with which the 9memor,y traces v are 

formed that is the basis for any purely intellectual factor. It is 

certainly possible that the ease with which umemory tracesu are formed is 

related to the ACh-AChE system11 and to this extent a relation between the 

ACh-AChE system and performance or~ versa may be expected. But,~~ it is 

also possible (and therefore must be carefully considered) that other factors 

and their physiological substrates are responsible for observed differences 

in performance. This being the case» changes in brain morphology and 

biochemistry as a function of environmental stimulation may be the result 

of other,~~ non•intellectual.~~ factors. 

It was with the above argument in mind that the eJq>erirrents to be 

reported here were designed. The proposal that the serotonin system ih 

brain participates in the control of emotional behavior has been 
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maintained throughout this dissertation. One of the differences 

casually observed between ECT and IC animals has been the relative ease 

with which they could be handled. The ECT animals are very tameJ having 

been handled daily over many days, whereas the IC animals tend to be more 

jumpy. These observations suggest that the two groups differ in terms of 

an emotionality factor. This. possible behavioral difference betweem ECI' 

and IC animals has not been systematically tested. 

If such differences in emotionality are present between ECT and IC 

animals and if brain serotonin levels are related to emotionalityi then 

differences in brain serotonin should be observed between ECT and IC 

animals. Further» it would be predicted that ECT animals would nave 

higher resting levels of brain serotonin than IC animals as a result of 

induction, since the serotonin system is presumably being activated more 

often and more intensely by the rigors of the ECT envi~onment than by 

the relative quiet of the IC environment. 

To test this hypothesis littermates from the s1 and s3 strains were 

placed in the various environmental conditions at weaning~ and at the 

completion of the standard 80 day training program they were sacrificed 
' 

and their brains analyzed for serotonin. Three groups of animals were 

run in semi-replications. The differences between replications were the 

strains used and the brain sections analysed for serotonin» ChE and AChE 

activities. 'lWo groups of s1s were run. Serotonin was measured in the 

ROC~ VC and SC II sections for the first group and the TB II sections 

for the second group. ChE and AChE activities were determined in the 

V and S sections for both groups of s1s. One group of s3s was run in which 

serotonin was measured in the DCi VC and SC I sections. ChE and AChE 

activities were not determined in the s3s. 
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METHODS 

Subjects 

Subjects in Group I were 12 sets of male littermate triplets from the 

s
1 

strain. At weaning one animal fran each set of triplets was assigned 

to one of the following three conditions: Experimental Complexity and 

Training (ECT); Social Control (SC); or Isolated Control (IC). Assign­

ment was semi-random with the restriction that body weights be as nearly 

equal for _all groups as possible. 

Subjects in Group II were 10 sets of male littermate quadruplets from 

the s1 strain. At weaning one animal from each set of quadruplets was 

assigned to one of the following four conditions: ECT; SC; Social Testing 

(ST); or IC. Assignment was semi-random with the same restrictions as for 

Group I. Results comparing SC a:nd ST littermates were reported in 

Chapter IV. Only comparisons of ECT~ SC and IC littermates will be con­

sidered in this chapter. 

Subjects in Group III were 10 sets of male littermate pairs from the 

s3 strain. At weaning one animal from each pair was assigned to either 

the ECT or IC conditiono Assigrment was semi-random with the same 

restriction as for Groups I and II. 

Envirormental conditions 

The ECT, SC and IC conditions have been described by Krech ~ ~· 

(1960). For easy reference and completeness they are repeated in full 

below. The only difference in environmental conditions was the building 

in which the experiments were conducted. The e,xperiments reported here 

were conducted in Tolman Hall,whereas the earlier experiments were 

conducted in Life Sciences Building. The possible significance of this 

change is that a more complete differentiation of the ECT and IC conditions 

was possible in Tolman Hall. In Tolman Hall• ECT and SC cages were in a 
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large experimental roam» whereas IC cages were in a separate, semi-

soundproof room with reduced illumination. The light-dark cycle was 

controlled artificially for all conditions. In Life Sciences Building 

all groups were housed in the same roam w1 th much less control over 

lighting and auditory stimuli. 

ECT Condition 

"Each ECT group consisted of about 10 rats. 1.'1hen they were weaned» 

at about 25 days, they were housed together in a large cage (25 in. by 

25 in. by 18 in.) whose walls were hardware cloth. There was a small 

wooden maze in the cage, and two different wooden "toys" from a set 

of seven were put in the cage each day. (This procedure was an adaptation 

of that of Forgays and Forgaysi 195?,). Chow pellets and water were 

available ad lib. on a platform 10 in. above the cage floor. For 30 
\ 

min. each day the rats were allowed to explore~ in groups of five) the 

Hebb-Williams maze where the pattern of barriers was changed daily. No 

reward ~as present. In both the home cage and the maze the young pups 

were frisky and playfuL The animals were weigbed every few days at the 

start, and then every two weeks. 

"When the Ss were about 60 days old~ pretraining was started for 

testing in the Lashley III maze. The rats were run for 13 days in the 

Lashley maze 1 one trial a day; during the last 3 daysj the maze was 

reversed. Then followed 10 days in the Dashiell maze, one trial a day. 

Finally 1 the rats were run in the Krech hypothesis apparatus for 14 days, 

two trials a day. For 5 days the lighted alleys were correct, for the 

next 5 days the dark alleys were correct, and for the final 4 days the 

lighted alleys were again correct. The schedules of some groups varied 

by a day or two in the duration of same of the training procedures. On 

each trial of each problem a 50-rrg glucose pellet was given as a reward." 

(Krech~~·~ 1960, p. 510). 
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IC condition 

"At weaning a littermate of each ECT rat was assigned to the IC group. 

The ECT and IC groups were matched for weight. The IC rats were put in 

individual cages (11 in. by 8 in. by 8 in.) lined on three sides with 

sheet metal. They could never see or touch another rat. Chow pellets 

and water were available ad lib. When the ECT rats received glucose 

pellet rewards, glucose pell.ets were put in the IC cages. The individual 

cages had grid bottoms so that the IC rats did not have to be handled for 

cleaning. They were weighed on the saye days as their ECT li ttermates." 

(Krect et ~., 1960, p. 510~. 

SC condition 
- ;,; llltala&"""""*""*'==·-

"The rats in the SC groups were littermates of ECT and IC rats. 

At weaning they were housed, usually three in a cage, .in regular laboratory 

colony cages (13 in. by 10 in. by 9 in.). They could see other rats,· 

and their cages were changed at least once a week for cleaning, at which 

time they we:r'e handled by E. The SC rats had an environment w}19se complex­

ity was intermediate between that of the ECT and IC groups, and they 

received no formal training. The SC groups had Chow pellets and water 

ad lib., and they were given glucose pellets when the ECT group received 

them. The SC rats were weighed on the same days as their ECT and IC 

littennates. 

"The day after the ECT group finished its training, they and their 

littermates were sacrificed for chemical analysis. All rats were between 

100 and 110 days of age at sacrifice. Thus, each rat had spent about 

So days in one of the three experimental conditions." (Krech ~ ~·, 

1960, p. 510). 

Sacrifice and dissection 

All animals were sacrificed by decapitation under code numbers, so 

that the experimental conditions to which ·each animal belonged was unknown 
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to the persons performing the sacrifice, dissection, weighing and chem­

ical analyses. Dissection of the brains for each of the three groups 

was different, so that each will be described separately. 

Dissectio~.of brains of animalsm~.:; Group I (S1s) 

,, 

After expo~ure of the cortex, samples of tissue were removed from 

the samesthetic (S) and visual (V) areas of both hemispheres with the 

aid of a small, plastic T-square. These sections were weighed, frozen 

on dry ice, and stored at -22°C until they were assayed for ChE and AChE 

activities. The remaining dorsal cortex (RDC) was peeled off down to the 

temporal ridge. The ventral cortex (VC) comprised all the remaining 

cortical and contiguous tissue, including the hippocampus, amygdala and 

corpus callosum. The cerebellum was removed by severing its peduncles, 

weighed, and used to carry standards through the serotonin procedures. 

Remaining structures, including olfactory bulbs and brain stem, constituted 

the section labeled Subcortex I (SCI). The three sections (RDC, VC and 

SC I) were weighed and immediately extracted and analysed for serotonin. 

Dissection of brains of animals in Group II (S1s) 

After exposure of the cortex» samples of tissue were removed from 

the somesthetic (S) and visual (V) areas of both hemispheres with the aid 

of a smallp plastic T-square. _These sections were weighed, frozen 9n 

dry ice, and stored at -22oc until they were assayed for ChE and AChE 

activities. The cerebellum was removed by severing its peduncles, 

weighed, and used to carry standards through the serotonin procedures. 

The remaining brain, including RDC, constituted the section labeled 

Total Brain II (TB II). The TB 'II section was weighed and immediately 

extracted and analysed for serotonin. 

Dissection of brains of animals in Group III (s3s) 

After exposure of the cortex the dorsal cortex (DC) was peeled off 
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d9wn to the temporal ridge (V ~d S sections were not removed for 

enzyme analyses in this group). The ventral cortex (VC) comprised all 

remaining cortical and contiguous tissue, including the hippocampus, 

amygdala and corpus callosum. The cerebellum was renoved. by severing its 

peduncles, weighed and used to carry standards through the serotonin 

procedures. Remaining structures including olfactory bulbs and brain 

stem constituted the section labeled Subcortex I (SCI). The three 

sections (DC, VC and SC I) were weighed and immediately extracted and 

analysed for serotonin. 

Chemical analyses 

Serotonin was extracted and analysed using the procedures described 

in Chapter III. 

ChE and AChE activities were determined by the photometric tech­

niques described in Chapter III. Tissues were homogenized in 0.1 ~ 

sodium phosphate buffer, pH 8.0, to a concentration of 3 mg/:ffil. Assays 

were run in the same ouffer using 9.0 mg of tissue for ChE and 1.8 mg 

of tissue for AChE determination. 

RESULTS 

Results obtained from the three groups in this experiment will be 

reported separately.l) since different morphological and/or biochemical 

measurements were taken on each group. 

S1 ECT, SC and IC animals in Group I 

Table 36 shows the means and standard deviations of the s1 animals 

in Group I fran the ECT, SC and IC conditions with respect to body weight, 

brain tissue weights, total serotonin in the RDC, VC and SC I sections, 

and ChE and AChE total activities in the V and S sections. Also included 

are the percentages of littennates in which the values of ECT>SC, ECT>IC 

and SC > IC (n = 12 in each condition). 
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Body weights decreased significantly as a monotonic function of 

increasing environmental stimulation (F2 22 = 7.18; E ~.01). That is, 
• 

the ECT animals were lighter than the SC and IC animals, and the SC 

animals were slightly lighter than the IC animals. 

As has been found previously,(Rosenzweig ~~·• 1962) the effects 

of environmental stimulation were not consistent with respect to the 

various brain tissue weights. The weight of the V section increased 

significantly as a monotonic function of environmental stimulation 

(F2,22 = 9.09; E ~.01), but the weight of the S section was not signifi­

cantly affected by the environmental conditions. The weight of the ROC 

section was significantly different among animals of the three conditions 

(F2, 22 = 4.97; p ~.01), but the ordering of the mean tissue weights was 

SC (289 mg) > ECT (284 mg) ~ IC (274 mg). Neither the VC nor SC I 

sections differed significantly among animals from the three conditions 

in terms of wet weight. The means weights for the total reconstituted 

brain were 1451 mg, 1469 mg. and·l421 mg for the ECT, SC and IC animals, 

respectively. 

Total serotonin did not differ significantly among animals from the 

three conditions in any of the three brain sections (RCD, VC and SCI). 

The ECT animals had higher means with respect to total serotonin than their 

·Ic littennates in all three brain sections, but the differences did not 

reach an acceptable level of significance. The means of the SC animals 

were intennediate in the VC and SC I sections and were lowest in the RDC 

sections. 

Combining the three sections (RDC + VC + SC I) resulted in an 

ordering of mean total serotonin for the three conditions that was in 

keeping with the predictions made with respect to the effects of environ­

mental stimulation on brain serotonin 5 i.e., ECT (1420 mg) > SC (1381 mg)' 

> IC (1337 mg). However, the differences among means were not statistically 
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Table 36 
"" 

Means and Standard Ieviations of Ecr, SC and IC Animals (Sls - Group I#) 

with Respect to Body Weight, Brain Tissue Weights, Total Serotonin and 
rn rn rn ChE and AChE Total Activities Q) Q) Q) 

~ ~ ~ Q) 
Q) Q) .p 

,P'() .p .p 
.PO .p :3(() jH ..-10 

~H 
r...." " r.... r...." Otj Otj 0 

%bril 0 
Experimental Conditions %bril ~~ C'd..C: C'd..C: .Pt> 

S::•r-i .Pt> .Pt> 
ECT . sc IC ~~ s:::a S::•r-i 

Variable Section ~:;: ~~ ~ ~ ~ s:: - Q) s:: 
X SD X SD ·x SD P......-1 &~ P.... . ..-1 

Body 303** 18.3 325 18.8 331 27.9 17 8 50 
Weight (g) 

Brain v 76.52** 4.37 73.60 5.04 69.90 5.51 75 92 83 
Weights s 54.80 2.63 56.34 3.02 54.97 3.46 42 50 50 

(mg) RDC 284.0** 9.8 288.6 15.4 273.8 23.7 42 75 75 
vc 305.9 16.6 307.7 30.2 292.2 30.7 58 75 75 
SCI 728.7 14.9 741.8 27.8 729.6 37.1 25 50 75 

Total RDC 228 26.9 198 53.2 208 67.5 67 58 25 
Serotonin vc 241 56.2 240 122.2 204 64.7 75 67 42 

(ng) SC I 951 64.4 943 72.8 925 51.8 58 67 50 

ChE Total v 348** 31.7 291 38.7 276 46.2 83 83 58 
Activ~ty s 275 29.1 290 44.2 276 27.5 33 58 67 
(MxlO /min) 

AChE Total v 4634 418 4590 538 4283 471 58 75 75 
Activity s 
(Mxl08 /min) 

4361 311 4410 381 4321 464 33 50 50 

* p ~ .05 for F-test 
** p ~ .01 for F-test 

# n = 12 for each condition 
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significant. 

ChE total activity in the V section increased significantly as a . 

monotonic function of environmental stimulation (F2 22 = 9.91; ES .01). 
' 

Ten out of twelve ECT animals had higher ChE total activity than their 

SC and IC littermates. Seven out of twelve SC animals had higher ChE 

total activity than their IC littermates. The mean ChE total activity 

for the ECT animals (348 M x 108/min) was 20 per cent higher than the 

SC animals (291 M x 108 /min) and 26 per cent higher than the IC an:imals 

(276M x 108/min). In the S section, however, there were no significant 

differences among the three environmental conditions in ChE total 

activity. 

While the mean AChE total activity in the V section of the ECT animals 

(4636 M x 108/min) was higher than that of the SC (4590 M x 108/ffiin) and 

IC animals (4283 M x 108/min)~ the differences were not statistically 

significant. Nor were the differences significant between the three 

conditions with respect to AChE total activity in the S section. 

Table 37 shows the means and standard deviations of the s1 animals 

in Group I from the ECT, SC and IC conditions with respect to serotonin 

concentrationin the RDC, VC and SCI sections, and ChE and AChE specific 

activities in the V and S sections. Also included are the percentages 

of littermates in which the values of ECT > SC, ECT > IC and SC > IC 

(n = 12 in each condition). 

Mean concentration of serotonin increased as a monotonic function 

of environmental stimulation. The differences among means were not, 

howeveri statistically significant in any of the three sections (RDC, 

VC or SC I) or combinations of the three sections. 

ChE specific activity in the V section was significantly higher 

in the ECT animals ( 4 • 55 M x 10lO /min/rrg) than in the SC ( 3. 95 M X 1010 /min/rrg) 

and IC (3.95 M x 1010/min) anima~s (F2, 22 = 5.88; !? ~ .01). No significant 
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Table 37 

r-1eans and Standard Deviations of ECT, SC and IC Animals (S1s - Group r#) with 

Respect to Serotonin Concentration and ChE and AChE Specific Activities 

rll rll Ul 
(!) (!) (!) 

~ ~ l 
(!) (!) (!) 
~ ~ ~ 
~0 ~0 

j~ :3(/) oH H 
....:l 

c... 1\ c... 1\ c... 1\ Otj Otj 0 
0 Experimental Conditions ru,~ ru,~ ru,CI) 

m..c:: m..c:: m..c:: 
-!->0 ~0 ~0 ECT sc IC S:::..-i S::..-i S::..-i 

Variable Section ~i ~i ~i - - &~ ~ 
X SD X SD X SD &~ (!) s:: 

P......-i 

Serotonin RDC 804 104 689 194 751 247 75 58 17 
Concentration vc 788 176 779 398 706 236 67 67 33 

SC I 1306 83 1276 110 1267 63 50 75 50 

ChE Specific v 4.55** 0.26 3.95 0.51 3.95 0.56 8] 67 4~ 
Activity S 
(Mxlolo;min/rrg) 

5.02 0.46 5.13 0.61 4.90 0.47 50 75 75 

AChE Specific v 60.7 5.86 62.2 4.77 61.2 4.26 50 42 50 
Activity s 
(MxlOlO/min/rrg) 

79.6 4.76 78.7 3.76 ·78.8 8.32 42 58 50 

* p ~ .05 for F-test 
** I? ~ • 01 for F-test 

# n = 12 for each condition 
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differences were found among animals from the three conditions with 

respect to ChE specific activity in the S sections, although the means 

for the ECT (5.02 M x 1010/min/~) and SC (5.13 M x 101°/min/ng) animals 

were slightly higher than the means for the IC animals (4.90 M x 1010/min/mg). 

No significant differences were found with respect to AChE specific 

activity in the V or S sections among animals from the three conditions. 

s1 ECT, SC and IC animals in Group II 

Table 38 shows the means and standard deviations of the s1 animals in 

Group II from the ECT, SC and IC conditions with respect to body weight~ 

brain tissue weights, total serotonin in the TB II section, and ChE 

and AChE total activities in the V and S sections. Also included are the 

percentages of litterma.tes in Which the values of ECT> SC, ECT >IC and 

SC > IC (n = 10 in each condition). 

As was true of the S1s in Group Ij body weights decreased significantly 

as a monotonic function of increasing environmental stimulation (F2 l8 = , 
15.62; p~.Ol). The mean body weight of the ECT animals (288g) was 

4 per cent lower than the SC animals (299g).and 14 per cent lower than the 

IC animals (327g). 

Again, as was true of the s1s in Group I, the tissue weight of the 

V section increased significantly as a monotonic function of increasing 

environmental stimulation (F2, 18 = 3.85; E~ .05). The mean tissue 

weight of the V section for the ECT animals (41.11 mg) was 7 per cent 

higher than for the SC (66.61 mg) and IC animals (66.37 mg), but the differ-

ence between SC and IC animals was less than 1 per cent. Neither the 

weight of the S section nor the weight of the TB II section differed 

significantly among animals from the three environmental conditions. 

No significant differences were found among ECT, SC and IC animals 

with respect to total serotonin in the TB II section. These negative 
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Table 38 
. :. 

Means and Standard Deivations of ECT, sc and IC Animals (s1 s - Group rr#) with 

Respect to Body Weight, Brain Tissue Weights, Total Serotonin and ChE and AChE 
f/J 
Q) f/J f/J 

Activities .j..) Q) Q) 

~ ~ ~ 
.j..) Q) Q) 
.j..)(.) .j..) .j..) 
-1 (/) .j..) u .j..) 
,...... jH ..-tU 
4-41\ 1\...:lH 

Experimental Conditions 
Ot_j 
%'ofLI 

----------·--·-------·------- ro ..c:: 
ECT 

Variable Section -----
X SD X 

Body 
Weight (g) 

288*** 18.8 299 

Brain 
Weights 

(mg) 

v 71.11* 
s 56.30 
TB II 1273 

Total TB II 888 
Serotonin (ng) 

ChE Total v 227** 
Activgty s 177* 
(MxlO /min) 

AChE Total v 3882 
Activ~ty s 3565 
(MxlO /min) 

* p < .05 for F-test 
** p < , 01 for F-test 

*** fi ~ . 001 for F-test 

5.48 66.61 
1.79 57.14 
31.0 1257 

58.9 881 

26.6 204 
5.7 179 

301 3810 
161 3590 

# n = 10 for each condition 

sc 

SD 

16.3 327 

4,38 66.37 
2.48 55.04 
43.5 1278 

IC 
.j..)t.) c:a 
~:;: 
H 

SD &~ 

28.3 

3.10 
2.57 
34.7 

10 

70 
30 
60 

0 20 

70. 40 
70 70 
40 30 

67.3 - 914 54.5 70 30 20 

18,0 198 8,6 80 90 60 
14.5 168 12.1 40 80 70 

342 3741 238 40 70 70 
245 3524 135 50 50 30 
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results were also found for the s1s in Group I. The direction of mean 

differences was reversed in same of the comparisons from those found tn 

Group I. The mean for the ECT an1mals (888 'i!g) was almost identical to 

that of the SC animals (881 ~) and was lower than the IC an1mals (914 ng). 

For the reconstructed TB II section of animals in Group I the respective 

means were 1420 ng, 1380 ng and 1334 ng. The differences in means be­

tween Groups I and Group II reflect the difficulty in obtaining comparable 

absolute values from experime~ts done at different times, using differ­

ent chemical reagents,and slight differences in procedure (e.g., duration 

of shaking tissue standards). 

The results with respect to ChE total activity in the V section 

qualitatively replicated the results found for Group I. The mean ChE 

total activity for the ECT animals (227 M x 108/min) was 11 per cent 

higher than that for the SC animals (20.4 M x 108 /min) and 15 per cent 

higher than that for the IC animals (198M x 108/min). The F2 218 = 9.03 
• 

for the test of the differences among these three means was statistically 

significant (_E ~. 01). For ChE total activity in the S section the 

differences among the three means was also significant (F2 18 = 4.30; 
' p ~.05). Both the ECT (177M x 108/min) and SC (179M x 108/min) animals 

had higher mean ChE total activities than the IC animals (168M x 108/min). 

None of the differences among the three environmental conditions 

were significant with respect to AChE total activity in the V and S 

sections. Mean AChE total activity in the V section was~ however, 

slightly higher in th.e ECT animals ( 3882 M x 108 /min) than the SC animals 

(3810 M x 108 /min), and the latter was higher tnan in the IC animals (3741 

M X 108/min) o 

Table 39 shows the means and standard deviations of the s1 animals in 

Group II from the ECT, SC and IC conditions with respect to serotonin 

concentration in.the TB II section, and ChE and AChE activities in the V 
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Table 39 

Means and Standard Deviations of ECT, SC and IC Animals (s1s- Group rr#) with 

Respect to Serotonin Concentration and ChE and AChE Specific Activities 
Ill 

•-•W Q) 
0 0 

~ tl) H 

J.. " J.. " 

~tj ~tj 
Q) 
+' 
+' jW jW "'"'iO 
.....:IH 

c....-5 c....-5 C.... A 
O•r-i O"'"'i 0 

Experimental Conditions ~i ~i 
0 

~~ nl;i ~;i ECT sc IC ~ -!-'(.) 
S:::"'"'i 

Variable Section ~Ill Q) Ill ~i ~~ (.) Q) 

x SD x SD SD &~ 
~ 

X ~~ Q) s::: 
p...,.,.; 

Serotonin 'IBII 689 51.2 708 59.3 716 52.5 50 40 40 
Concentration 
(ng/g) 

ChE Specific v 3.19** 0,19 3.07 0.18 2.98 0.08 100 90 50 
Activity S 
(MxlolOJmin/mg) 

3.14* 0.18 3.14 0,20 3.06 0.19 40 70 80 

AChE Specific V 54.6* 2.43 57.1 2.12 56.4 2.32 30 40 60 
Activity S 63.3 2.71 62.9 3.91 64.1 . 3.29 60 40 30 
(Mxlolo /min/mg) 

* p < .05 for F-test 
** p 3: .01 for F-test 

# n = 10 for each condition 
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and s sections. Also included are the percentages of littermates in 

which the values of ECT > sc, ECT > IC and SC > IC (n = 10 for each condition). 

Serotonin concentration did not differ significantly among animals 

from the three environmental conditions. The means for the ECT, SC and 

IC animals were 689 ng/g, 708 ng/g and 716 ng/g, respectively. 

Results with respect to ChE specific activ.ities in the V and S 

sections were relatively comparable to those found for total activity. 

In the V section the mean ChE specific activity for the ECT animals (3.19 

M x 1010/min/rrg) and 7 per cent higher than for the IC animals (2.98 M 

x 1010 /min/mg) • In the S section the means for the ECT and IC animals 

were identical (3.14 M x 1010/min/mg)j and both were 4 per cent higher 

than tbe mean for the IC animals ( 3. 06 M x 10lO /min/mg) • 

AChE specific activity in the V section was significantly different 

among the three environmental conditions (F2.18 = 3.89; E:.05). The 

mean AChE specific activity for the ECT animals (54.6 M x 101°/min/rrg) 

was lower than for the SC (57.1 M x l010)min/mg) and IC (56.4 M x 1010; 

min/mg) animals. No significant differences in.AChE specific activity 

in the S section were found among animals fran the three conditions. 

S3 ECT and IC animals in Group III 

Table 40 shows the means and standard deviations of the s
3 
,an~~s 

in Group III from the ECT and IC conditions with respect to body weight, 

brain tissue weightsi total serotonin and serotonin concentrations in 

the DC~ VC and SC I sections. Also included are the percentages of 

littermates in which the values of ECT >IC. 

None of the mean differences between ECT and IC animals were stat-

istically significant for the s3s in Group III. Bpdy weight was 

slightly lower for the ECT animals (295g) than for the IC animals (306g) 

as was found for both groups of s1s. The DC and VC tissue weights were 

slightly higher for the ECT animals (420 rng and 364 mg) than for the 
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Table 40 

Means and Standard Deviations of Ecr and IC. Animals (s3s - Group I!I#) with 

Respect to Body Weight, Brain Tissue Weights, Total Serotonin and Serotonin 

Concentration 

4-1 .~ r:: 
0 

Experimental Conditions fl) 1\ 

~Q) 

ro~tj ECT IC 1: ~ 
Variable Section Q)Q)..C: 

() .j..) () 

X SD X SD H-1-l...--t 
<l>j..C: 
~.,_,_._2: ______ '-·· 

Body Weight 295 289 306 48.0 50 
(g) 

Brain Weights DC 420 14.6 408 2L3 60 
(mg) vc 364 20.0 348 27.0 50 

SCI 757 25.5 769 39.0 40 

Total Serotonin DC 198 89.7 166 87.9 50 
(ng) vc 260 73.3 236 5L6 50 

SCI 1384 152 1422 124 40 

Serotonin DC 468 209 408 212 60 
Concentration vc 707 175 686 167 60 

(ng/g) SC I 1820 176 1855 204 30 

* p < .05 for F-test --
# n = 10 for each condition 
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IC animals (408 mg and 348 mg)~ but the SCI tissue weights were slightly 

lower for the ECT animals (757 mg) than for the IC animals (767 mg). Mean 

total serotonin and mean serotonin concentration showed the same patterns 

between ECT and IC animals as the respective tissue weights. 

DISCUSSION 

The purpose of the exper~ents reported in this chapter was to 

investigate the effects of differential environmental stimulation on 

brain serotonin. The results indicated that, while an enriched versus 

an impoverished environment had measureable effects on body weight, brain 

morphology and brain ChE and AChE activities in the s1 strain, there were 

no significant effects on the levels of brain serotonin. 

It must, therefore» tentatively be concluded that brain serotonin is 

not affected by these environmental conditions. The question must be asked, 

however, whether the procedures followed in these experiments provided an 

adequate test of the hypothesis presented in the introduction to this 

chapter. Briefly» th~s hypothesis was that the different environmental 

conditions provided differential activation of the biochemical mechanisms 

underlying emotional behavior and, thus, ought to induce quantitative 

changes in ~he substrate-enzyme systems involved in these mechanisms. 

Serotonin was asstnned to be involved in the regulation of the neural 

substrates underlying emotional behavior. If this assumption were wrong» 

then the observed results with respect to serotonin would be irrelevant 

to the hypothesis. On the other hand» the assumption with respect to 

serotonin may be correct» but measured levels of brain serotonin may not 

have reflected the actual capacity of the system to respond in an 

emotional situation. More explicitly» conditions at the time the animals 

in these experiments were sacrificed may not 0ave permitted an accurate 

picture of the normal resting serotonin system. Animals from the ECT 
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condition were brought from their comnunal living quarters and placed 

in small compartments one day before sacrificeo At the same time 

animals from the SC and IC conditions were similarly removed from 

their accustomed environments and placed in these small cornpartmentso 

It may be that these abrupt changes in environment were sufficient to 

mask any differences in brain serotonin among animals from the three 

conditions o The hope was that by allowing the anirr.als 24 hours in this 

new, confined environment~ any transient changes that might have occured 

as a result would have dissipated by the time the animals were sacrificedo 

Two alternatives are, however~ possibleo First~ 24 hours may not have 

been sufficient time for alterations in brain serotonin that resulted 

from the abrupt changes in environment to dissipateo . Second~ rather than 

just an initial response to the change in environment~ there may have 

been a persisting responseo That is, the animals may not have adapted 

to the new environment by the time of·sacrificeo In either case, the 

serotonin system may have been in a state of fluxo Measurement of bfain 

serotonin under these conditions could not be expected to reveal the _ 

animalsv capacity to respond emotionallyo 

It should also be pointed out that the magnitude of differences to 

be expected in the serotonin system as a result of environmental stimu­

lation may be, as was the case with ChE and AChEi relatively smallo 

Differences of the order of 4 to 10 per cent might have been masked in 

these small samples by the experimental error of the chemical procedureso 

If this were the case, then either further refinement of the techniqpes 

are called for (which may be difficult~ since they were being pushed 

to the limits of their sensitivity as it was) or a large increase in the 

number of animals used may be necessaryo 

If the analysis just presented is correct, then a rigorous test of 

the serotonin-emotionality-environment hypothesis was not madeo Two 
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suggestions are offered with respect to a more adequate test. First, 

measurement of DOPAD and MAO may provide more reliable information about 

the serotonin system in animals raised under differential environmental 

conditions. These enzymes are not as labile as serotonin andj therefore, 

would not be so apt to change measureably following any abrupt changes 

in environment just prior to sacrifice. Secondj it may be more favorable 

to measure brain serotonin in animals from ECT~ SC and IC conditions after 

a controlled exposure to an emotional situation. For example, if animals 

from the three conditions were exposed to~ sayj a bright light and open­

field or, perhaps, a series of electric shocks to the feet exactly 30 

minutes prior to sacrifice~ then serotonin levels might reflect more 

closely the animalsv capacity to respond in an emotion-provoking situation. 
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Chapter VI 

Summary of Major Findings 

The primary purpose of this dissertation was to investigate possible 

relations between non-cholinergic neurohumoral systems in brain and 

behavior.· Three sets of exper~ents were performed with this in mind. 

First, strain differences in brain serotoninll DOPAD, GAD and MAO activities 

were investigated together with ChE arid AChE activities, and the results 

were related to known behavioral differences between the strains. Second, 

the s1 and s3 strains were investigated more thoroughly with respect to 

within-strain correlations between brain serotonin and behavior. Third~ 

the direction of study was reversed~ and the effects of environmental 

st~ulation on brain'serotonin were investigated in the sl and s3 strains. 

In this chapter the major results of these three sets of exper~ents 

will be brought together. It should be pointed out that this. investiga-
' ' 

tion was exploratory in many respects~ and~ consequentlyj a larger than 

usual number of dependent variables was measured in relation to the number 

of subjects used. 

Exper~ents II and III reported in Chapter III and the exper~ents 

in Chapter IV were designed with this multivariate approach in mind. The 

success of this approach is dependent upon reliable measurement of the 

variables involved andp assuming that to be~atisfactoryp the reliabilities 

of the resulting mean vectors and their assoc:l,atec:l variance-covariance 

matrices. In other words~ assuming the measurements to be adequate~ the 

estimates .. of meansp standard deviations and especially correlations must 

be reliable in order for the results to have any general predictive or 

explanatory value. 

The results reported in Chapters III and.IV were based on relatively 

small samples. For this reason they must be. considered only as suggestive 

.. 

•. 
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until they have been s9-tisfactorily replicated. With these cautions in 

mind the major finding of this dissertation will be summarized. 

In Experiment I (pp. 68-79) an exploratory attempt was made to find 

strain differences with respect to a non-cholinergic neurohumor in rats. 

The brains of young (40 days old) and adult (110 days old) s1 and s3 rats 

were analyzed for serotonin (c.f. Chapter II for discussion of serotonin 

as a neurohumor). In the young animals it was found that the mean sero­

tonin concentration in the dorsal cortex (DC)j ventral cortex (VC) and 

subcortex (SCI) was slightly (althoughnot significantly)j higher in the 

s1s than in the s3s. This strain difference was more evident in the 

adult animals where the s1s had 24 per cent more serotonin per gram brain 

tissue (TB I) than the s3s (E~·Ol)o In spite of the fact that the s3s 

had heavier brains (11 per cent)j they also had less total serotonin (11 

per cent) than the s1s. 

Brain serotonin was again measured in adult animals (114 days old) 

fran the s1 and s
3 

strains in Experiment II (pp. 79-109). The results 

of Experiment I were successfully replicated on this sample. The s1s had 

18 per cent more serotonin per gram brain tissue (TB II) than the s3s 

(E~·Ol). In this sample the s1s also had slightly more total serotonin 

(7.6 per cent) than the s
3
s even though the usual difference in tissue 

weight was found with the s
3
s having the heavier brains. 

In addition to serotonin~ activities of the brain enzymes ChE, AChE, 

OOPAD (the enzyme responsible for synthesis of serotonin) t MAO (the enzyme 
responsible for degradation of serotonin) anq GAD (the 

·· eneyme responsible for synthesis of GABA) were determined in littennates 

of the animals on which serotonin was measured. In all comparisons the 

S1s had higher enzyme specific activities than the s3sj but when total 

activities were considered the differences decreased or even reversed• 

depending on the particular correlations between enzyme total activities 

and tissue weight. When tissue weight was partialled out statistically 
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(c.f. pp. 99-102 for a discussion of this t~chnique), the s1s tended to have 

higher ChE, AChE and GAD total activities but lower r1AO total activity 

than the s3s. 

In Experlinent III (pp. 109-143) the results of F.xperlinents I and 

II were again replicated with respect to brain serotonin and the five brain 

enzymes measured in Experlinent II. In addition, two other pairs of 

strains (RDH-RDL, OV!B-CJVID) were measured on these variables. The 

choice of the six strains in this experiment was such that the two 

strains within each pair differEd with respect to maze performance and/or 

the ACh-AChE system in the brain. Compared to the s3s, the s1s have higher 

ACh concentrations and AChE activities and are superior on most mazes. 

The RDHs have higher cortical AChE activity than the RDLs by virtue 

of the fact that these strains were selectively bred on this variable, 

but when tested the RDHs were slightly inferior to the RDLs in maze 

performance. The OMBs were selected to be superior to the OMDs on the 

Lashley III maze, but in one of the lines the two strains did not 

differ in ACh concentration or AChE specific activity, and in the other 

line the OMDs were actually higher in ACh concentration and AChE specific 

activity than the OMBs. 

The s1s had 10 per cent more serotonin per gram tissue (TB I) than 

the s3s, but there was no difference in this experlinent in total serotonin. 

This replication constitutes the fourth group of animals in which a,stnain 

difference in brain serotonin between the s1s and s3s has been observed. 

In terms of the five enzymes the S1s again exceeded the S3s in mean ChE, 

AChE, OOPAD, r-1AO and GAD specific activities in the four brain sections 

considered (DC, vc, H and SC II; except for DOPAD, ~~0 and GAD in the H 

section). In terms of total activities the results were less consistent 

and depended on the particular enzyme and brain section, and the respective 

correlations between total activity and tissue weight. 

The RDffs did not differ from the ~~Ls in terms of serotonin con-



.. 

225 

centration$ but were significantly lower in total serotonin than the 

RDLs. Specific activities of ChE and AChE were higher in the RDHs than 

in the RDLs in all four brain sectionsg but the reverse was true for 

mean specific activities of DOPAD and GAD. Mean specific activities of 

MAO were higher in the cortex (DC and VC) in the RDHs than in the RDLs, 

but no difference between the two strains was suggested in the subcortex 

(Hand SC II). The RDLs tended to have higher mean enzyme total activities 

than the RDHs except for cortical AChE (in DC) and ChE (in VC). 

The Q\1Bs had slightly more total serotonin than the aviDs, but the 

reverse was true for serotonin concentrations; neither comparison was, 

however, significant. There were no apparent differences in ChE, AChE 

or MAO specific activities between these two strains, but DOPAD and GAD 

specific activities were higher in the Q\1Bs than in the OMDs. Mean total 

activities of AChE~ DOPAD~ MAO and GAD were also higher for the OMBs than 

for the OMDs~ partly by virtue of the heavier tissue weights of the OMBs. 

The conclusions based on these two strains must, however~ be made with 

extreme caution due to methodological error and the resulting small sample 

sizes (c.f o pp. 112-113) o 

To determine whether those strains that were superior in maze 

performance had anything in corrmon in terms of the morphological and 

biochemical variables measured in this experiment, the s1s, RDLs and Q\1Bs 

were combined and compared to the s3s~ RDHs and Q\1Ds.· The high ~ze 

performance strains tended to be heavier in body weight and to have higher 

brain weights than the low maze performance strains. The difference in 

brain weights, per ~ was ~~ however, felt to be directly related to 

maze performance, since the s1s have consistently lower brain weights 

than the s3s but perform consistently better in most learning tasks. 

There were no consistent differences between the high and low performance 

strains with respect to total or specific activities of ChE, AChE and 
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MAO. The high performance strains, however 11 had higher mean DOPAD 

and GAD total and specific activities~ and higher mean total serotonin 

and ·serotonin concentration than the low performance strains. 

It was suggested that the relevant parameters in terms of maze 

performance were either the capacity to form neurohumors or the ratio of 

the capacity to form and destroy neurohumors (pp. 145-147). 

By using covariance techniques in conjunction with discriminant 

function analysis~ it was also possible to compare the strains with 

respect to the biochemical variables independent of tissue weight. This 

approach gave similar results to those obtained using specific activities, 

i.e., the high performance strains had higher DOPAD and GAD independent 

total activities than the low performance strains. The degrading enzymes 8 

ChE8 AChE and MAO were not consistently different between the high and 

low maze performance strains in terms of independent total activities. 

In Chapter IV the s1s and s3s were investigated more thoroughly on a 

number of behavioral tests 9 and the scores were correlated with ChE and 

AChE activities in the visual (V) and samesthetic (S) cortex8 and brain 

serotonin (TB II). It was found that the s1s were more active in the 
' 

Dashiell maze and revolving wheelsp and defecated more in ~ open-field 

than the s3s. There were no differences between the two strains in loco­

motor and/or exploratory activity measured by interruption of a light 

beam in a standard colony cage. Nor were there strain differences on a 

series of _four spatial reversal-discrimination problems run in the ATLAS 

using escape or avoidance of shock as the relevant motivation. 

In the activity wheels the s1s maintained a constant low number of 

revolutions over successive testing sessions~ whereas the S3s increased 

the number of revolutions made in a linear fashion. Both strains were 

more active in the morning than in the evening. The two strains showed 

a linear decrease in beam interruptions in the colony-cages over 

•· 

. .. 
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successive testing sessions. 

The s1 s and s3s showed a similar pattern of performance in the ATLAS. 

The first reversal was most difficult with the second and third re­

versals becoming increasingly easier. The s3s were considerably more 

variable than the s1s in their performance in the ATLAS, but there were 

no differences between the means on any of the four proble~. 

There was evidence of a negative relation between the open-field test 

of emotionality and brain serotonin. For the S3s both total serotonin 

and serotonin concentration were significantly negatively correlated 

with defecations and urination in an open-field. In two replications 

using 10 s1s in each group» the results were ambiguous. The first group 

showed moderate to high negative correlations, but in the second group 

the correlations were positive (although not significantly) so that the 

average correlations for the two groups were not significant. 

-For the s1s» brain serotonin was positively correlated with re­

volving wheel activity but negatively correlated with Dashiell activity. 

These two measures of activity were not correlated for this strain. 

For the s3s$ however~ revolving wheel activity was positively correla­

ted with Dashiell activity, but neither measure of activity was C9rrela­

ted with brain serotonin. 

Tissue weight of the S section was positively correlated with per­

formance in the ATLAS for the s1s, as were ChE and AChE total activities 

in this section. This relation was not found for the V section or for the 

s3s in either section. An interpretation of this relation between 

brain tissue weight and performance in the ATLAS was that animals who 

took longer to solve the problems received more stimulation of the 

afferent projections to the samesthetic cortex by the unconditioned 

stimulus, i.e., shock to the feet. In other words it was considered to 

be a result similar to those obtained on brain morphology and bio-
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chemistry as a consequence of an enriched versus an impoverished 

environment. The s
3

s did not show this effect, but for this strain 

AChE specific activity in the S section was significantly related to 

performance in the ATLAS. 

In Chapter V the effects of an enriched versus an impoverished 

environment on brain serotonin and ChE and AChE activities were in-

vestigated in the s1 and s3 strains. ECT and SC animals of the s1 strain 

had lower body weights and higher visual cortex.(V) weights than IC 

littennates, thus confirming earlier reports (c.fo Chapter I). Total 

activity of AChE in the V section was also higher (but not significantly 

so) in ECT than IC littennates in both replications with 10 sets of s1s 

in each groupo The reverse was true of AChE specific activity, since 

the increases in tissue weight with ECT was greater than the increase 

in AChE total activity o 

Both total and specific activities of ChE in the V section were 

significantly higher in ECT and SC animals than in IC littennates in 

both replications. ChE specific activity in the S section was also 

higher in ECT and SC animals than in their IC littennateso These 

results confinn the preliminary report of Bennett ~ &• (1963). 

Neither total serotonin nor serotonin concentration was signi­

ficantly affected by the environmental conditions.in either strain. 

It was pointed out in the discussion (pp. 219-221) that an 

adequate test may not have.been made, since serotonin in brain is 

quite labile and may have been in a state of flux at the time of 

sacrifice. 

.. 

·. 
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Appendix A 

Computational Steps for Computing Discriminant Function and 

Wilks' Lambda Test of the Significance of the Discriminant*# 

Let X = 
Nxp 

.... 

be the N by 2 supermatrix of scores (measures) of N subjects 

on p variables partitione-d into S subgroups of D.i subjects each. 
g 

Then, W= L (X~ xi - 2:. aj_ai~)' the pooled within-groups 
pxp i;l ni 

deviation score cross-products matrix where, 

1 =an ni x 1 unit vector 

( 
I 1 1 ) And, T = X X - - a a , the total sample deviation score 

pxp N 
cross-products matrix. 

And, A = T - W, the among-groups cross ·products of devia-
pxp 

tions of groups from grand means weighted by group sizes, !li· 

The multiple-discriminant functions (of which there are ~-1 

mutually orthogonal) are computed as the vectors (eigenvectors) 

associated with the latent roots (eigenvalues)' of the deter-

minantal equation: 

lw- 1
A - Arl = o 

where, I is an identity matrix. 

Wilks' lambda criterion for the discriminating power of the E 

variables as a function of the latent roots or:-. w- 1A is : 
r 

A=TT 1 

k-=1 
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whe-re . r is- the rank of w-1 A. 

The associated F (N-p-1 )(1-A) 
·P'iN-p-1 PA 
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-K- c. f. Coofey & Lohnes, Multi variate proced'l-\res for the 
behavioral spiences. Mew York: Wiley & Sons, 1962. 

# Procedures used in;Experiments II and III, Chapter· III, 
pp. 79~199. . 

.. 



231 

Appendix B 

Computational Steps for Partialling Out .9 Variables 

from a .E Variable Discriminant Function*# 

w w 
Let W = _IE~ ___ IE~~L 

pxp W : W 
qxm 1 qxq 

the within-groups devtati'on score cross-products matrix 

defined in Appendix A be partitioned such that the m vari-

ables to be retained are in the upper lef't and the .9 vari-

ables, the inf'luence of' which are to be removed. by regression, 

are in the lower right. 

And ·T, the total sample deviation score cross-products 
pxp 

matrix defined. in Appendix A be partitioned similarly. 

Then, the 'three adjusted matrices are: 

.wm·q = Wmm - Wmq w-1 qq wqm 

Tm·q = Tmm - Tmq T-1 Tqm qq 

Am·q = Tm·q - wm·q 

And., the adjusted. multiple-discriminant functions and tests 

of significance are comput·ed as before (c .f. Appendix A) from 

the solution to the determinantal equation: 

I w~ ~ q. Am . q - "I J = o 

* c.f'. Cooley & Lohnes, Multivariate procedures for the 
behavioral sciences. New York: Wiley & Sons,- 1962. 

# Procedures used in Experiments II and III, Chapter III, 
pp. 79-199. 
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Appendix C 

Computational Steps for Partialling Out q Variab~es 

from a E. Variable Variance-Covariance Matrix and 

Obtaining the Corresponding Partial Correlation Matrix*# 

Let c = (N~l) W, the variance-covariance matrix obtained 
pxp 

from ~ subjects measured on E variables where W is the 

within~groups deviation score cross-products matrix defined 

. in Appendix A. 

If C :. 
pxp 

is partitioned such that them variables-to be retained 

is in the upper left and the ~ variables, the influence 

of which are to be removed by regression, is in the lower 

right, 

then the adjusted variance-covariance matrix is: 

Cm ·q : Cmm - Cmq C(i~ Cqm 

and the corresponding partial correlation matrix is: 

R De~ C Dcf ·1n·q;:: m•q m·q m·q 

where Dcf is an ill X ill diagonal matrix composed of in­
m•q 

verted square roots of the diagonal elements of Cm·q· 

* c .f. Anderson,T. w·. Introduction to multivariate stat­
istical analysis. New York: Wiley & Sons, l958. 

# Procedures used 1n Experiment II, Chapter .. IIT pp. 79-
109• 

') 

.• 
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Appendix n1* 

Means and Standard D~viations of s 1 and s3 Strains with Respect 

to AChE Total and Specific Activities in Eight Brain Sections 

Strain 

s1 s3 
--··---- -----· 

AChE Total AChE Specific AChE Total AChE Specific 
Sec- Activ8 ties Activities Activgties Activities 

tion** (MxlO /min) (MxlolOj (MxlO /min) (MxlolOj 

------- min/mg) min/m~ 

x SD x SD x SD ~ SD 
---------------·-- ------------·. 
v 3,197 278 48.4 3.74 3,030 235 42.0 3.42 

s 2,849 232 53.9 6.04 2,777 151 50.2 3·93 

RDC 15,346 635 58.2 3.82 15,984 1,164 54.2 2.64 

vc 37,740 8,460 118.5 26.4 34,450 7,880 102.4 22.9 

H 5,613 575 94.2 4.60 5,366 793 97.7 4.38 

M+-P 18,310 1,250 109.0 2.80 19,580 1,410 99.2 4.69 

RSB 93,170 9,570 214.5 5.82 104,740 9,100 217.8 6.77 

Ce 8,458 375 35·7 2.57 8,929 474 33.7 1.78 

* Note - Appendices D1 to n15 contain means and standard de­
viations of S1-S3, RDH-RDL and OMB-OMD strains with respect 
to AChE, ChE, DOPAD, MAO and GAD total and specific activities. 
Pertinent information concerning these animals can be found 
in Chapter III, Experiment III, pp. 66-151. 

**V-sample from visual cortex; S-sample from somesthetic cortex; 
RDC-remaining dorsal cortex; VC-ventral cortex including 
hippocampus, amygdala and corpus callosum; H-hypothalamus; 
M+P-medulla and pons; RSB-remaining subcortical brain includ­
ing caudate n., thalamus, superior and inferior colliculi, 
and olfactory bulbs; Ce-cerebelluin. 
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Appendix D2 

Means and Standard Deviations of s 1 and s3 Strains with Respect 

to ChE Total and Specific Activities in Eight Brain Sections 

Strain 

sl s3 

ChE Total ChE Specific ChE Total ChE Specific 
Sec- Activ~ties Activities ActivSties Activities 
tion (MxlO /rnin) (MxlolOj (MxlO /min) (MxlolOj 

min/mg) min/mg) 

x SD x SD x SD x SD 

v 203 26.0 3-06 0.19 217 14.9 3.03 0.29 

s 160 19.9 3-03 0.37 158 14.0 2.83 0.17 

RDC 776 64.7 2.94 0.21 819 65.2 2.79 0.22 

vc 910 171 2.82 0.27 926 180 2.73 0.39 

H 365 50.1 6.09 0.46 350 42.3 5.76 0.45 

M+P 847 162 5-15 0.87 881 78.0 4.46 0.45 

RSB 2,000 374 4~55 0.66 2,130 271 4.45 0.68 

Ce 965 65.7 4.05 0.22 1,002 73.6 3·75 0.28 
-~-------·····-. ·-··--. ----··- --------~---· ··- -··- ~-· ........ 
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Appendix D3 

Means and Standard Deviations of S1 and S3 Strains with Respect 

to DOPAD Total and Specific Activities in Eight Brain Sections 

Strain 

sl s3 
Sec- DOPAD Total DOPAD Specific DOPAD Total DOPAD Specific 
tion Activities Activities Activities Activities 

(}lg/2hr) (ug/2hr/g) (f-!g/2hr) (pg/2hr/g) 
- -X SD X SD X SD X SD 

RDC 69' 140 8,694 262 38.2 71,230 17,076 242 58.5 

vc 122,100 41,031 381 126 111,ofJo 41,208 334 138 

H 54,850 2,733 942 88.5 57,-734 7,480 966 98.7 

M+P 100,117 7,573 600 45.6 115,250 11,858 584 45.0 

RSB 441,067 42,583 1,022 26.2 500,783 58,291 1,037 73.9 
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Appendix D4 

Means and Standard Deviations of s1 and s3 Strains with Respect 

to MAO Total and Specific Activities in Eight Brain Sections 

Strain 

sl s3 

Sec- MAO Total MAO Specific MAO Total MAO Specific 
tion Activities Activities Activities Activities 

(%/hr) (%/hr/g) (%/hr) (%/hr/g) 

X SD X SD X SD X SD 

v 291 27.9 4.38 0.16 317 31.9 4.26 0.32 

s 228 13.5 4.32 0.27 239 14.3 4.30 0.22 

RDC 1,238 74.2 4.68 0.13 1,358 77.7 4.60 0.14 

vc 1,658 151 5.18 0.30 1,739 171 5.14 0.18 

H 431 29.0 7.20 0.26 468 52.2 7.67 0.31 

M..-P 599 48.6 3.49 0.24 682 61.7 3.55 0.32 

RSB 2,569 269 5.92 0.18 2,959 322 6.08 0.25 

Ce 1,014 101 4.26 0.17 1,107 93.0 4.11 0.20 

•• 
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Appendix D5 

Means and Standard Deviations of s1 and s3 Strains with Resnect 

to GAD Total and Specific Activities in Eight Brain Sections 

Strain 
--------····----· 

s1 s3 

Sec- GAD Total GAD Specific GAD Total GAD Specific 
tion Activities* Activities Activities* Activities 

()lg/hr) (}lg/hr/g) ().lg/hr) (}lg/hr/g) 

X SD X SD X SD X SD 

v 662 78.8 979 78.1 601 77·5 808 87.2 

s 543 28.4 999 28.9 528 49.1 939 53.0 

RDC 2,976 83.6 1,116 31.3 3,141 337 1,091 95.5 

vc 2,387 268 796 69.1 2,415 175 695 94.8 

H 580 68.1 1,021 119 587 64.1 1,038 65.9 

M+P 1,132 57.0 664 29.7 1,165 101.4 588 34.9 

RSB 6,358 1,105 1,452 172 6,412" 1,256 1,322 198 

Ce 2,000 214 851 33.0 2,564 160 907 86.6 

* xlo-2 



. -238-

Appendix D6 

Means and Standard Deviations of RDH and RDL Strains with Respect 

to AChE Total and Specific Activities in Eight Brain Sections 

Strain 

RDH RDL 

AChE Total AChE Specific AChE Total AChE Specific 
Sec- Activgties Activities Activgties Activities 
tion (MxlO /min) (MxlolOj (MxlO /min) · (MxlolOj 

min/rng) min/mg) 

X SD X SD X SD X SD 

v 3,119 281 45.9 3.41 2,908 267 39.7 2.88 

s 2,751 218 54.8 6.49 2,370 253 48.1 11.9 

RDC 14,782 914 57·5 3·99 14,584 1,207 49.0 3.30 

vc 26,774 6,951 87.6 13.2 29,250 4,415 83.8 10.4 

H 5,011 598 93.0 6.30 5,635 696 90.1 3.86 

M+P 16,023 1,318 100.9 1.56 17,852 501 92.0 3.15 

RSB 91,832 7,625 219.8 14.3 91,482 6,526 198.) g.43 

Ce 8,274 599 35.4 2.82 8,864 511 32.9 1.46 
---------·-
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Appendix n7 

Means and Standard Deviations of RDH and RDL Strains with Respect 

to ChE Total and Specific Activities in Eight Brain Sections 

- -·-···-------~----·-------------~· --------- ·----------- ---------------- -----·--·-··---------·-·-· . 

Strain 
-------------------- ------------· 

RDH RDL 
·----------------- --------------------

ChE Total ChE Specific ChE Total ChE Specific 
Sec- Activgties Activities Activgties Activities 
tion (MxlO /min) (MxlolOj (HxlO /min) (Mxlolo; 

min/mg) min/mg) 
-- ·---------- ----------------X SD X SD X SD X SD 

v 205 19.0 3.10 0.27 203 24.4 2.77 0.36 

s 164 21.3 3.29 0.46 146 26.7 2.65 0.46 

RDC 744 93.9 2.90 0.31 776 61.3 2.62 0.20 

vc 1,177 698 2.77 0.43 863 194 2.48 0.28 

H 305 67.2 5.65 0.75 365 60.6 5.83 0.45 

M-.p 805 86.4 5.05 0.42 900 139 4.65 0.54 

RSB 2,051 122 4.91 0.23 2,234 245 4.86 0.63 

Ce 1,019 94.3 4.35 0.37 1,051 97·5 3.90 0.38 
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Appendix n8 

Means and Standard Deviations of RDH and RDL Strains with Respect 

to DOPAD Total and Spec'ific Activities in Eight Brain Sections 

Strain 
--·--·----

RDH RDL 

Sec- DOPAD Total DOPAD Specific DOPAD Total DOPAD Specific 
tioh Activities Activities Activities Activities 

(J.lg/2hr) (J.lg/2hr/g) ().lg/2hr) {pg/2hr/g) 

X SD X SD X SD X SD 

RDC 57,501 1,526 221 52.5 75,230 1,717 252 58.7 

vc 85,995 27,924 278 65.2 125,860 34,700 361 87.9 

H 48,034 1,003 899 145 59,425 6,393 948 110 

M+P 93,400 9,310 596 97.2 108,983 16,034 561 84.7 

RSB 418,350 48,055 1,001 108 443,967 33,805 965 66.5 



-241-

Appendix n9 

Means and Standard Deviations of RDH and RDL Strains ••i th Respect 

to MAO Tot~l and Specific Activities in Eight Brain Sections 

. -- - . -- -

Strain 

RDH RDL 

Sec- MAO Total MAO Specific MAO Total MAO Specific 
tion Activities Ac-civities Activities Activities 

(%/hr) (%/hr/g) (%/hr) (%/hr/g) 

X SD X SD X SD X SD 

v 318 65.9 4.73 0.52 333 17.4 4.55 0.20 

s 222 10.9 4.40 0.29 248 13.4 4.48 0.18 

RDC 1,230 91.6 4.40 0.29 248 13.4 4.48 0.18 

vc 1,755 288 5.36 0.23 1,775 93.2 5.19 0.19 

H 406 37.2 7.44 0.51 482 64.6 7.68 0.42 

M+P 621 36.7 3.83 0.22 741 48.9 3.86 0.23 

RSB 2,610 182 6.25 0.33 3,017 215 6.54 0.30 

Ce 1,024 85.3 4.34 0.25 1,184 60.5 4.39 0.19 
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Appendix D10 

Means and Standard Deviations of RDH and RDL Strains with Respect 

to GAD Total and Specific Activities in Eight Brain Sections 

Strain 

RDH RDL 

Sec- GAD Total GAD Specific . GAD Total GAD Specific 
tion. Activities* Activities Activities* Activities 

(Jlg/hr) (}lg/hr/g) (pg/hr) (}lg/hr/g) 
-·--- . -·-· - -X SD X SD X SD X SD 

--·-···· .. ~---------~·-··-

v 572 35.0 858 89.5 625 49.0 851 28.1 

s ·522 36.0 1,016 74.2 549 82.2 990 155 

RDC 2,656 173 1,012 68 .• 3 3,247 351 1,069 94.5 

vc 2,193 378 725 74.8 2,490 262 740 48.0 

H 574 41.1 1,163 .70.9 693 51.8 1,317 65.4 

M-tP 1,077 73.3 670 29.7 1,340 101 692 51.3 

RSB 5,317 293 1,275 91.8 6,168 285 1,336 62.1 

Ce 2,186 367 887 37.6 2,436 291 874 40.3 

* x10-2 
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Appendix n11 

Means and Standard Deviations of OMB and OMD Strains with Respect 

to AChE Total and Specific Activities in Eight Brain Sections 

Strain 

OMB OMD 

AChE Total AChE Specific AChE Total AChE Specific 
Sec- Activities Activities Activities Activities 
tion (Mxl08/min) (MxlOlO/ (Mxl08/min) (Mxlo10j 

min/mg) min/mg) 
-X SD X SD X SD X SD 

v 3,350 370 44.4 3.51 3,375 319 46.5 2.62 

s 3,107 361 55.2 4.23 3,020 243 53.9 1.97 

RDC 17,984 1,140 57·5 2.69 14,351 1,263 57.9 2.85 

vc 33,284 4,001 90.2 10.6 30,839 3,068 89.0 13.2 

H 5,563 603 88.0 2.80 5,269 669 89.7 5.37 

M+P 18,768 1,071 97·7 3.52 18,323 1,307 97.6 4;20 

RSB 11,252 3,245 214.5 11.4 9,808 1,401 216.8 7.83 

Ce 9,496 646 34.7 2.46 9,482 996 36.9 2.58 
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Appendix n12 

f.1eans and StAndard Deviations of OI'>'IB Pmc OJim Strains 1t1ith R·c:•:ct 

co Cl~ Total and Specific Activities in Eight B~ain Sections 

Strain 

OJI1R OHD 

ChE Total ChE ~)pecific ChE Total Ch':·; :;pecific 
Sec- Activ~ties 1\.ctivitics /lcti vS ties Activities 
tion (r:Jxlo· /min) (fvTx10i0 / (f.fxlO /r~in) (r.:x1olO/ 

min/m~;) :nin/:•1;:) 

- SD - SD - SD - S1) X X X X 

v 200 29.2 2.67 o .;;r) ;~'OB 29.0 ;; . ':~5 0.35 

s 147 36.0 2.63 0.60 15~? .31.0 '2. '(l 0.45 

RDC H57 1H3 2.75 0.34 861 66.5 2.8) 0.30 

vc 1,040 170 2.83 0.21 1,076 Yi1 3.0) 0 ';7 
• ~l .-r' 

H 326 56.5 5.23 0.59 352 lOH 5.30 0.71 

N+P 955 196 4.61 0.55 rl77 107 4.04 0.32 

RSB 2,358 242 4~.50 0.54 2,449 253 5.00 0.34 

Ce 980 B5.4 3.55 0.33 1,026 132 4.00 0.21 
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Appendix n13 

Means and Standard Deviations of OMB and OMD Strains with Respect 

to DOPAD Total and Specific Activities in Eight Brain Sections 

, .. ·-·--··. -··· -·--··-··· ··- ·-· ------··· .. ·····- -- .. 

Strain 

OHB Ql\ID 

Sec- DOPAD Total DOPAD Specific DOPAD Total DOPAD Specific 
tion Activities Activities Activities Activities 

(J.lg/2hr) (J.lg/2hr/g) (}lg/2h4) (J.lg/2hr/g) 
-·x SD X SD X SD X SD 

RDC L~o, 450 8,488 227 38.0 64,829 10,756 216 36.7 

vc 111,570 19_.413 303 54.5 91,605 11,752 264 45.7 

H 59,752 7_.062 965 126 53,498 9,245 905 111 

fc>·P 106,300 12.166 554 50.7 96,100 10,852 512 49.8 

nsn 531.383 53,520 1.021 119 43,437 33,742 889 63.1 
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J-1.ppend ix n14 

fvleans and Standard Deviations of OHB and OMD St~ains with Respect 

to HAO Total and Specific Activities in Eight Brain Sections 

Strain 

OMB OMD 
-· ····-··--·--

Sec- .MAO Total MAO Specific fvlAO Total MAO Specific 
tion Activities Activities Activities Activities 

(%/hr) (%/hr/g) (%/hr) (%/hr/g) 

-X SD X SD X SD X SD 

v 346 . 35.1 4.58 0.26 321 25.1 4.43 0.14 

s 250 21.0 4.41 0.11 247 18.2 4.39 0.22 

RDC 1,456 72.3 4.63 0.13 1,394 73.2 4.64 0.21 

vc 1,928 148 5.21 0.21 1,783 55.7 5.11 0.15 

H 460 50.3 7.29 0.56 425 38.3 7.19 0.40 

M~P 734 26.7 3.21 0.99 682 70.8 3.78 0.22 

RSB 3,363 204 6.41 0.17 3,130 172 6.42 0.28 

Ce 1,128 86.6 4.08 0.19 1,085 67.7 4.20 0.17 
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Appendix n15 

Means and Standard Deviations of OMB and OMD Strains with Respect 

to GAD Total and Specific Activities in Eight Brain Sections 

Strain 

ONB OMD 

Sec- GAD 'rotal GAD Specific GAD Total GAD Specific 
tion Activities* f~ctivities Activities* Activities 

(rg/hr) (}-lg/hr/g) (pg/hr) (rg/hr/g) 
- -
X SD X SD X SD X SD 

v 578 55.5 760 97.4 525 75.0 720 77.7 

s 450 26.3 809 62.6 452 95·3 791 120 

rmc 4,010 363 1,216 79.5 3,275 313 1,067 58.4 

vc 2,7B2 290 752 57 ·5 2,592 221 741 40.3 

II 690 63.6 1,208 99.7 586 67.0 1,120 53.8 

n~P 1,373 70.5 710 61.3 1,294 98.1 689 31.9 

RS?l 8,093 1,071 1,534 150 6,702 974 1,373 170 

Cc 2,648 329 890 84.4 1,947 743 888 31.0 

* xlo-2 
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Intercorrelations of Biochemical and Morphological Variables 

for SC and. ST Animals of First Group of s1s 

Variable Group 

V Weight sc 
ST 

S Weight. SC 
ST 

TB II 
Weight 

sc 
ST 

Total SC 
Serotonin ST 
TB II 

ChE Total SC 
Activity- ST 

···v"·· 

ChE Total SC 
Activity- ST 

s 

AChE Total SC 
Activity- ST 

v 

AChE Total SC 
Activity- ST 

s· 

* p ~ .05 
** p ~ .01 

.66* 
-.30 

..;.36 -.09 
-.22 -.27 

.79** .74* -.35 

.20 -.01 -.18 

§ 
~ 
H 
H 

.02 

.08 
·39 .49 .27 
. 12 -. 40 - 013 

.58 
-.21 

.74* -.11 

.76**-.48 
·57 
·33 

.47 

.29 

-.28 
-.29 

.09 

.15 
.67* -·37 .31 .18 
.60 .30 -.21. .32 

.45 
-.20 

-.38 
-.13 

.83**-.06 

.94**-.25 

-.07 
.03 

.62 

.44 

.44 
-.08 

-.45 
-.21 

.18 

.06 
.66* 
·73* 

-.17 -.18 
-.73* -.17 

.31 

.22 

.27 

.27 

# Rote-Appendices E1 to E3 contain separate 
matrices of biochemical and morphological 
and ST animals of first and second groups 
of S3s. Pertinent information concerning 
can be found in ' Chapter IV, pp. 152-199. 

intercorrelation 
variables for SC 
of S1s and group 
these animals 
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Appendix E2 

Intercorrelations of Biochemical and Morphological Variables 
.: 

for SC and ST Animals of Second Group of s1s 

1" 
!> 

tl) I 
I :>:. 

:>:. :>:. +>· 
+> ~ •r-i 
or-i > c ~ > •r-i 

§ or-i +> 
+> +> ~ +> 0 0 

+> ih +> c::I; ex: 
ih 2 .--1 

or-i .--1 r-1 ro 
or-i 

~ 
+> (!) (!) ro ro +> 

(!) ih ::s: r() i5 ~ ~ ::s: 
or-i H .--IH E-:t E-:t 

~ ~ 
(!) H ctlH 

~ ::s: +> a ~ Variable Group 0 
!> ~ ~~ (:0 C/) 0 

V Weight sc .05 
ST .72* 

S Weight sc .21 .49 
ST ·73* .67* 

TB II sc .85** .23 .36 
Weight ST .89** .54 ·77* 

Total sc .31 .04 -.02 . 59 
Serotonin ST 
TB II 

ChE Total sc .23 .72* .01 .19 .06 
Activity- ST .66* .96** .69* .52 

v 

ChE Total sc -.03 .57 .75* .25 -.17 .07 
Activity- ST ·57 .44 .65* .66* .28 

s 
AChE Total sc .13 .71* .06 .29 -·?9 .so .41 
Activity- ST .63* .94** .51 .48 .72* .38 

v 

AChE Total sc .23 .07 .74* .32 -.16 -.35 .21 -.31 
Activity- ST ·55 .48 .69* .63* .31 .29 .47 

s 

* E ~ .05 
** E s .01 
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Appendix r# 

Intercorrelations of Behavioral Variables for ST 
• 

Animals of First and Second Groups of S;Ls 

•.-t •.-t {/) 

> > :>.. ~ 
f/l •.-t •.-t .j..) e ...-i ,..-i.j..) .j..) .j..) •r-1 

Q) {/) 
ruiil c:.> c:.> > &c §8 -a: -a: •.-t 
§•r-1 .j..) 

f/l z 
~ ru,f/l 

c:.> ctl~ 
~§ 'Ofll <l! 

...-iS:: ~>; bO .. cQ.j..) .j..)~ 
Q)•.-t Q) 0 .~~ Of/l Cfib ...-I 0 Q) 

i£~ 
.,-t .,-t •.-t .j..) 1:>.. ...-I 8~ 
rr..~ >·.-t >·r-1 ~eg ~·.-t Q) 

I c:.> ...-i:> ...-i:> o:z:; •.-t ~b ~~ ~ s:: 0-.-t 0-.-t 0 .c 
Q).,-t :>-!-) :>+-> ...-I .. ...-I .. f/l 

Variable Group g~ g~ &.g Q) c:.> 0:>.. 0:>.. ~ E-t 0 
CX:<l! 0+-> 0-!-) CX!-!-) 

Open-Field 1st .50 
Urinations 2nd .54 

Revolving 1st -.56*-.30 
Wheel 2nd .28 .02 
Activity, 
Days 

Revolving 1st -.13 -.47 .13 
Wheel 2nd .24 -.22 • 7.8** 
Activity, 
Nights 

Colony- 1st 
Cage 2nd .09 .45 -.26 -.42 
Activity, 
Days 

Colony- 1st 
Cage 2nd .11 -.20 .44 .48 ... 18 
Activity, 
Nights 

Dashiell 1st .42 .25 .08 -.16 
Activity 2nd -.53 -.19 -.20 .08 -.32 -.25 

• ATLAS To- 1st .07 .43 -.49 -.30 -.08 
tal Errors 2nd .• 35 -.28 -.12 .05 -.46 .03 -.31 
to Cri-
terion 

ATLAS To- 1st -.16 .24 -.35 -.15 -.05 .93** 
tal Trials 2nd .30 -,45 -.06 .04 -.36 .21 -.48 .93** 
to Cri-
terion 



* rtrtt-'1-'ct":X::O 

~ "'it::** <1>0!»!»P>t-3 
'i ct"ct"l-'t-t ...... ~ o ZI'OI'O 1-'·0(1) ..... :X::. § ~0 O'i::S~O(I) 

P:• rt If\ If\ ::s 1-'·(') (1) g 1-' 
'0 (1) 0 0 I 1-'• 1-3 (1) 
cl" I 00 (1) ~0 
(])HI-'\Jl fJl I I '") ::s 

H:l 

I 

HO ~ ....... I 0 
<!'i ::s fJl 6 .. s P,ct" .§ !» 
'Oct" 
'0 1-'· 

0 0 
o o1 

Open-Field ::s 
1-' g 2 Defecations :X:. \.Jl(') '0 [\) 0 "d 
I ::S I (1) 

....... (') 0 0 epen-Field ::s 
\0(1) 1-'VJ Urinations p, 

I-( \Jl\.>J ..... 
\0!:3 X 
0 1-'· I 

::s 0 0 Revolving Wheel I':Ij 
()q 01-' 

CD\.>J Activity-Days ............ 
ct" 

I 
0 ::r 

Revolving' Wheel 
0 

(l) I I ::s 
UJ • 0 Activity-Nights ct" 
(l) 0~ p, 

-..:] \0 . 
!» I 

.......... 
::s Colony-Cage Activ-
1-'• IJ.JI 
:::J +:"I ity-Days 
~ Colony-Cage Activ-1-' 0 I 
UJ 1-'1 ity-Nights 

CD 
() 

!» 
0

1 
0 

!Dashiell Activity ::s 
\Jll-' 

rr 1-'0 
(1) 

H:l IATLAS Total Errors 
0 .:0 m to Criterion :::: \._-.j\Jl 
::s * * p, I 

o* o* ATLAS Total Trial~ I 
I 

I N 
1-'· I 1.11 
::s i 

~ g> to Criterion N 

* * 
* * 

l •. 
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Appendix a# 

Correlations of Morphological and Biochemical 

• Variables with Behavioral Variables for ST 

Animals of First and Second Groups of s1s 
tQ 

~ 
{/} 'r"i 

>. cd 0 + {/} + {/} +> 2 s:: 
r-1 +> +> 'r"i •rl Q) 

${/lib ~ib > 
&s:: ~ +> 

-rl ~s:: § ~ -rl ro ·ri +> ....-~§ {/} PZ ~PZ 0 r-iO cd Q)·~ ~§ c::x: cU•rl ro'r"l 
~ .. ro .. -PH -PH .P!>H 

Q)-rl >.. 0 >. r-i 0 Q) 0 Q) 0 'r"i Q) 

i£~ -rl +> I +> r-i E-t+> E-t+> E-t~~ > •rl :>.•ri Q) •rl •rl 
IO '6.~ §~ •rl 

~~ ~~ 
~r-iH 

ai~ >+> r-i.P ~ ~·~~ Variable Group &8 ~~ 0 0 oc::x: p C:J::+> C::J:.p 

Body lst .78** -.63* .32 .19 -.07 .08 
Weight 2nd .10' -.21 .42 -.42 -.14 -.38 -.41 

V \!Jeight lst .33 -.36 -.09 .33 .01 ·39 
2nd -.06 -.45 -.47 -.b2 .15 .18 .09 

S Weight 1st -.44 .04 -.21 .69* .83* .68* 
2nd . ·37 -.48 -.18 -.41 -75** ·73** ·59* 

TB II 1st .62 -.13 .22· -.08 -.34 -.07 
\>Ieight 2nd .36 .00 .38 -.55* .08 -.19 -.18 

Total 1st -.38 .21 -.40 .31 .32 .36 
Serotonin 2nd .47 .52 .34 -.45 .14 -.03 .03 
TB II 

Serotonin 1st -.70* .27 -.51 -35 .so ~37 
Con centra- 2nd .31 .63* .10 -.11 .13 .14 .21 
tion TB II 

ChE Total 1st .16 -.49 -.50 .19 -.07 .05 
Activity-V 2nd -.20 -.20 -.46 -.03 -.21 -.19 -.24 

ChE Total 1st -.39 -.12 -.54 .48 .51 .53 
Activity-S 2nd .15 -.26 -.15 -.52 -73** .64* .70* • 
AChE Total 1st .37 -.41 -.33 .42 .11 .45 
Activity-V 2nd -.16 -.32 -.07 -.07 -.29 -.33 -.21 

AChE Total 1st -.09 -.16 -.26 -59* .58* .53 
Activity-S 2nd .52 -.32 .07 -.09 .47 .49 .27 

ChE Speci...; ·1st -.17 -.28 -.66* -.10 -.11 -.39 
fie Activ- 2nd -.18 -.24 -.10 -.05 -.47 -.48 -.44 
ity-V 
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Appendix G (Contd.) 
.. 

:.>:, H .--1 ~ § .p 0 ro 
r-1+ + •r-i ·H •r-i (])•r-i 
(]) > H ~· .PH 
<Ll U) U) •r-i ~s::: j~ §~ :.>:, .p .S::: 

~§ ~~ 
() .--10 .--10 r-1 -r-i • bl)9 c:x: ro·r-i cU•r-i ro <Ll H 

-PH .PH .P>U 
<Ll•r-i s::: :.>:, (.)::>:, .--1 0(]) 0 (]) O·r-i 
i£~ •r-i .p I.P .--t E-t.P 8-P E-t~.8 > or-i U) ~ •r-i U) ·(]) ...-t •r-i 
10 r-1>-PS::::>.P •r-i ~b ~b ~.-I g~ 0...-tii>Oor-iib ;c: ::s U) 

>.P r-1-1-) U) E:Jo ...::1' . §.~ 
8'~ ~~~8~~ ro 8.0 

0 CX:+l CX:.p <x:oo 

ChE Speci- 1st -.15 -.20 -.56* .03 =.05 .11 
tio Aotiv- . 2nd -.17 .10 -.05 -.36 .34 .23 .48 
ity-S 

AChE Speoi- 1st .23 -.27 -.48 .31 .16 .27 
fie Activ- . 2nd -.17 .09 .45 -.og -.57* -.67 -.40 
ity~V 

AChE Speci- 1st '.27 -.20' -.12 .09 -.06 .02 
fie Activ~ 2nd ·35 .14 .32 ·35 -.22 -.16 -.31 
ity-S 

* E ~ .05 
** p ~ .01 
# Note-Information concerning these animals can be found in 

Chapter IV, pp. 152-199. 
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