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CHAPTER 1
Brain Biochemistry and Behavior
"Ever since physiology and psychology began to
go on separate paths about ninety years ago, investi-
gator after investigatar has discovered with excite-
ment what the other discipline had to offer. Such
investigators have bullt a series of bridges from parts
of the one discipline to parts of the other, without,
however, uniting the two disciplines, Each bridge has
permitted the exchange of methods and findings of great
power and wealth, thus inevitably influencing the
development of theory in both disciplines."

(Rosenzwelg, Krech, & Bennett, 1961)

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 béing altered by the exchange. The reductionistic philosdbhy of
the physiblbgical'paychologist requires that behavior, mental events,
psycﬁic phenamena, or what have you, be reduced to events of a
physiological nature, which in turn require explanationé in terms of
anatany, blochemistry, 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
anatamical and biochemical correlétes of behavior. In this chapter 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. Rosenzwelg

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

addressed themselves to the problem of establishing relations between
measurabie, overt behaViér and brain biochemistry in the rat. They
first selected as a hehavioral measure the "hypotheses" formed by rats

in a solutionless problem consisting of a four-choice light-dark, righté



" left discrimination box (Krech Hypothesis Apparatus) in which both para-
meters were varied randomly, neither providing a reliable cue as to the
"correct" choice. Kréchevsky (1935) had shown that ratsbin this situation
will cqnsistently make either visual (light—dafk) 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
‘acetylasé (ChA)=-acetylcholine (ACh)-acétylcholineSterase (AChE) systém5
‘This choice was baSed'ﬁpon the current theory that ACh was released from
- neural terminals into the sub-synaptic space wherérit reacted with post-
juctional receptors to change the.permeability of the membrane, The
~ change in membrahe;penneability,led in turn to the establishment of an

- excitatory postsynaptic potential that contributed to the ﬁspike" potential

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

é chemical transmitter at certain synapses. ChA is present as the last
step in the synthesis of "ACh,and AChE iébpresent, pnesumably; to hydrolyse
the liberated, "free" ACh thus terminating the transmission process and
preServing same sort of discreteness (c.f. Crossland,‘l960, fpr a review
of ACh and other_substances as traﬁsmitters in the central nervOus system,
and Koelle, 1962, for a revised theory of the role of ACh and AChE in
‘this process). '

| Aséuming such a role for'ACh9 these workers reasoned that due to its
pivotal role in mainﬁéining continuity throughout”a néufal.ﬁetwork, its
1evels in brain might be reflected on a gross behavioral level, namely in
| adaptive behaviors or more Spécifically in learning and memory. Rather
than measuring ACh directly, which is technically difficult due to its
- lability, they_chose to measure AChE which is relatively stable and for
which suitable instrumentation had recently been developed (Neilands

& ‘Cannon, 1955). They assumed; since there was a fairly high correlation

[IF)
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between the concentration of ACh and the activity of AChE throughout the
brain, that the latter would be an adequate index of the former.

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

a biochemical measure, they proposed that rats with relatively higher
AChE in the visual cortex would manifest visual"hypotheseggwhereas rats
with relatively higher AChE in the scmesthetic cortex would show
predomlnantly Spatial hypotheses " The results indicated that animals
with spatial hypotheses had hlgher AChE activity hroughou t the dorsal
~cortex than animals with visual® hypotheses (Krech, Rosenzweigs Bennett,
and Krueckel, 1954). Although the specific hypothesis was shown experi-
mentally_to be incorrect, the results were extfemely encouraging from
thesstandpoint of establishing a relation between brain biochemistry

and behavior,

Individual and genetic differences in behavior and brain biochemistgy

Since most animals selected the‘lighted aliey on their first
trials in the Krech Hypothesis Apparatdsg the assumption was made that
visual ouesﬁwefe deminant and that in a solhtionless problem8 a shift to
a spatialmhypotheSis”represented a more adaptive response than main-
taining the mare obvious visual"hypothesis” 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 (Rosenzweig9 Krech & Bennett, 1958). An empirical
test of this hypothesis was avallable by measuring the cortical AChE
in desoendants of two strains of rats selectively bred for maze-behavior
by fryon (1940419U2) and since maintained without further selection |
pressure in the Berkeley colony. During the seventh generation'of
selection, Krechevsky (1933) had found that the "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 dcminant visual
~cues, It was found that descendants of the "maze-bright" strain and
descendants'of the "maze-~-dull" strain, named respectively:SI and S3 to
distinguish them from the original lines from which they may have changed- -
»COnsiderably,-did'indeed differ in brain AChE. The Sq strain had'about.
10 percent,more cerebral AChE activity per unit weight than the S3.
strain Eif{ééénzwéig, et al., 1958). In additidn they found a statistically
significant increase in AChE activity as onefprogresses from the posterior,'
visual cortex through the middle, somesthetic cortex to the anteriOr,
motor cortex. |

The differences between strains and cortical regions were ‘immediately
. criticized by biochemists and physiologists as being biologically
unimportant° Tower (1958) enumerated several criticismsﬂthat 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 analySLS"; (2) "the method of measure-
ment does notnapparently'také account of ‘the type of cholinesterase';
_ (3) "cholinesterase in brain is apparently far in excess of requirements";
: and (4) "the activity of the’acetylcholine system is correlated with
species brain size and probably with neuron density and/or siae (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
R percent on dupllcate runs of the same tissue sample and that the
dlfferences noted .are consistent from experiment to experimento

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

1c f Standard nomenclature recommended by the Commission on Enzymes of

the International Union of Biochemistry (1961)



o

| 5
accounts for less than 5 percent of the activity in rat brain measured by
this technique (Bennett, Rosenzweig, Krech, Karlsson, Dye & Ohlander,
1958; Bennett, Krech & Rosenzwelg, 1963). |

Third, it is not at all apparent that AChE exists at. functional sites
in the central hervous system in excess. While it is true that at peri-
pheral junctions a large reduction (up to 20 percent of.hormal) in AChE
één be sustained without deérément 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
réduétion would be as ineffective in the central nervous system.

While Freedman, Willis, and Himwich (19M9)_repor£ed no overt signs of
toxicity after a 50 berdént reduction'in cerebrai;AChE2 ﬁheir behavibral

measures were admittédly vefy'crudeo Sawyer (1955) fouﬁd that almost

' (
any reduction in AChE was .accampanied by same decrement.in the swimming

réspénsiveness of amblystama,
Fourth, the S3 strain has a larger brain than the.S; strain (Bennett
et al., 1958) suggesting that size of brain alone is not responsible

for the observed differencé in AChE activity per gram tissue between

the strains. Further, preliminary data indicate that the 83 strain

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

- strain (Diamond, personal communication).

Returning to the question of age and strain differences, Bennett et al.
(1958) published a feport of extensive comparisons of the S and S3

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

- The ¢ortical AChE values for both strains rise sharply until about

60 days,  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 contirnuously in a negatively
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accelerated fashion, The Sy strain had higher AChE per unit weight than the
S3 strain at all points and for both cortical and subcortical values. On
the other hand the 83.strain had a heavier brain so that_if total AChE
activity is considered, the S3 strain actually has more enzyme present due ‘,
-to its larger-mass.

v Two arguments might be raised against these results suggesting that
higher AChE is associated with better learningo First it may be that there

. iIs no generality in the behavioral measure (i‘.e.,9 1f_the_Sl animals

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

had'been selectively bred, they may'be inferior to the S3 animals on
.other tasks) Second~.the difference in AChE may be only one of a number
of biochemical and physiological variables that couLd conceivably also
. account for- the behavioral differences° v
o In order to test the generality of the behav1oral superiority and
to determine whether it still ex1sted, animals from the two strains were'
canpared on their perfbrnencevin three mazes under food-deprived conditions -
the»Lashley III_maZe; the Dashiell checkerboard maze, and the Hebb-Williams
maze. The Sy strain'was:sunerior in all respects to the S3 strain, thus
showing some generality in the behavioral differences (Rosenzweig et al.,
1953). To be sure, the Sy strain is not always,superior to the 83 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 dehydrcgenase
(LDH) was measured (Bennett; Krech, Rosenzweig, Karlsson, Dye & Ohlander, -
© 1958) ., Although regional and age differénces in LDH,activity were

- noted, the pattern did not follow that of AChE,and. there was no difference
between the S; 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 f‘ortuitous° Two experiments were performed, both utilizing genetic
principles, First, if the two variable 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 the six comparisons was there any indication that this prediction

- held, and this difference was negligible and statistically insignificant.

On the other hand, in four cases the low-ChE strain made fewerierrors

than the high~ChE strain" (Rosenzweig, Krech, & Bennett, 1960, p. 485).
To explain what appeared to be a paradox, the assumption that AChE

is an index of ACh concentration uas 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 randan assortment of ACh and AChE

so that in a group of offspring, 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 tend to have a mean level of ‘ACh and}thus,
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; S;-S3, RDH-RDL, RCH-RCL. The prediction that the S)
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stfain would have higher levels of ACh than the 83 strain and that:the other
two pairs of strains would have almost equal levels of ACh was verified B
(Bennett, Crossland, Krech, & Rosenzweig) 1960)

J Two further experiments to test this'revised hypothesis haVe been
| undertaken. First, a selection program far animals: having high and low
ACh 1is underway Due to induction:effects these anlmals should also
- exhibit high and low AChE respectively and, if the hypothesis is
correct, high and low maze performance respectively

o Second a selection program similar to that of Tryon's selection
for maze—brlght and. maze-dull rats was completed by Olson using
- errors on the Lashley IIT 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 hiochemical'variables Segregated“with |
the behavioral response. While a behavioral response was readily obtained,
: é:heér%ee gag 1r;’?e Cs:(;:-Cpla(i)r'rat:,:i.on of the lines on either ACh or AChE ln the pre-
It is premature to reject this hypothesis on the ba31s of the
"studyvbyvOlson 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
II1 maze. The S; and S3 strains are relatiVelybtame whereas precautions
are necessary in handling the Olson strains. Fnrther, nothing is known
about the generality of the superior_'ity shown by the Olsonbright. line,
and it may be duite'Specifico.Just.as likely, howeVer, the biochemical

events underlying learning are not unitary and involve a number of

~systems.,

Effects of experlence on AChE

. Having demonstrated that there are individual and straln differences

in brain AChE activity that can be reldted 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, démon-
stration of any such changes had not been reported, Severai 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, Boeil, Greenfield and Shen (1955) reported that removal of
one opticvvesicle from frog larvae produced a decrease in AChE activity
in the contralateral lobe. This deficiency was primarily restricted to
'regions with dense synaptic netwofks, and succinoﬁidase, an enzyme not
specifically involved in neural transmission, was not affected. Secord,

- 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 hypbthalamic nuclei. of laciating rats or rats oﬁ a high
salt diet than control animals (Pepler & Pearse, 1957). Fourth, Burkhalter,

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

prepération increased the AChE activity , a phenomenon known as enzyme

induction.
| With these considerations in mind Rosenzweig, Krech &’Bennett (1%1)
proposed that training involves increased neural tranémissiOn‘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).

campared with untrained littermate controls. The trained animals had

significantly higher cortical and subcortical AChE activity than théir

~untrained littermates. A control experiment was conducted to test
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wnether'the‘effects could be accounted for by differential handling,
and it reéulEed_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
e xperlment was conducted to test the effect of this variable on AChE
'factivity, It was found that animals fed only once a-day for 23 days and
| kept at 75 percent of their body weight showed a loss of about 4 percent
of their brain weight and a small, insignificant rise 1n cortical AChE p
' acfivify compéred to normal controls. The subcortex showed no change in
AChE activity;’ | | |

‘T6 avoid the complicating effects of underfeeding a new experimental
' procedure was devised, One animal of a littermate palr/zggigned at weaning
(about 25 days) to an experimental group (Envirommental Complexity and
bTraining; ECT) and the other animal serred as his control (Secial
‘Controlé SC). The ECT condition consisted of housing 10 animals in a
large,pwire cage which had wooden "toys" that werecchanged daily,»and
ailowing them to explore in small groups the Hebb=Williams apparatns'
(with a different,pattern of'barriers each day) for 30 minutes daily.
In addition they were given training in the lLashley III maze; the
’DaShielllmazefand the Krech HypOtheéis Apparatus with a small glucose
tablet as an’incentive, Food and water were available ad 1lib. The SC
condition consisted cf housing three animals per cage under standard
colony cendiﬁionso They received glucose tablets whenever their
iittermates did. After 80 daye all animals were sacrificed far biochem-
ical analysis under code numbers that did not reveal their group
identity. |

Tne resultsvshowed a significant increase in AChE activity per
unit weight in the somesthetic cortex and the subcortex in the ECT
group as compared to the SC group; the visual 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 Sy females, .S3 méles, RDH males, and RDL males (Krech, Rosénzweig,
Bernett & Longueill, 1959). In these experiments the controi ahﬁnals
(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‘constfucted of sheet ;netai° Only the
front allowed visual access and it faced a blank wall. No visual
’contact betWeen,animals was permitted and handling was kept to a minimum,
| The results again showed a significant rise in subcortical AChE, but |
the ECT animals actually had lower cortical. AChE activity per unit
weight than their IC littermates! Percent protéin 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). Iii 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
reéulted in AChE activity per unit weight intermediate between the ECT
and IC conditions. When the ratio of cortical AChE activity to subcorticél
AChE activity was taken as an index, 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 Sy animals had access to an activity
wheel attached to their cages whereas control animals were prevented
~ from entering the wheels, No significant differences in AChE activity

were noted between animals in these two conditions.

Effects of envirorment 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, Bennett, & Diamond, 1960) these results were again
replicated‘and.a further analysis ofvthe data was made that illuminated
the earlier unexpected resultso The expression of AChE activity as moles.
ACh X lO hydrolysed per minute per- milligram of tissue (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 108 hydrolysed per minute (total activity) and wet weight
of tissue, were scrutinizedlseparately it became apparentithat both |
| were' changing somewhat.independently of each‘o‘ther.;, .AChE ‘total:a‘ctivity )
did indeed increase in both the cortex and the subcortex in ECT animals
compared to SC or IC animals, Just as had been predicted -Remarkably, |
however, the wet weight of the cortical sections also wasa higher in
ECT than IC anﬁnals and by a greater percentage than the increase in

| activ1tyo Accordingly.ACkﬂi specnﬁclactiVity was lower in
the cortex of ECT than IC- littermateso The subcortex -showed little if
any weight change; and hence the increase in AChE}total activity in
ECT animals was also apparent when expressed as AhE spec:.fic 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 findings (Krech
Rosenzwelg, & Bennett 1963; Zolman and Morimoto, . 1962)

" The unexpected findingvof'a morphological change as a consequence
of environmental’complexity and training was, perhaps, more intriguing
than the predicted finding of a biochemical change., The current dogma

WOuld not lead to predictions of such anatamical changes whereas some

sort of'biochemical change could be assumed toboccur, the problem being



13
to find and measure it,

Experiments utilizing anatomical techniques were conducted in an
effort to elucidate these morphological changes. The depths of cortical
ééétions in ECT and IC animals were measured; whereupon it was found that
ECT animals had thicker cortices than IC animalsyand that the percent

_difference correSbondéd quite closely to the weight‘difference_(Diamond,
Krech & Rosenzweig, in;press)a The increase in depth wasbgreater in the
visual cortex than in the Somesthetic cortex as was true also of the
weight difference. Further histological analysis'revealed that there

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

animals, indicating a greater amount of intercellular and- intervascular
substance, and the ECT animals had more large blood vesselé 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

‘Othe? investigators:(e;g, Bingham & Griffiths, 1952; Forggys &
Forgéys, 1952; Hymovitch, 1952) had shown that training and opportunities
for experience can produce'changes in learning capanity° 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 ieast part of the obserVed change was due to an
increased involvement of neural and biochemical elements involvedoin
learning. However, it was necessary to demonstrate such superiority in
performance of ECT animals over IC animals. To do this littermate 51
male rats were placed in either an EC condition (same as ECT except
without the formal training) or the IC condition for 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-discrimination problems in the Krech Hypothesis Appai*atus°
No difference was e&ident between the two groups on the initial light- |
correct problem, but on successive reversals the EC group showed a marked .
superiorfﬁnyVer the IC groupo‘

Additibﬁally,'it was found that the correlation between the cortiéal/" :
subCOrtical weight ratio and the mean number of errors per reversal
problem was fm77'f6r the EC group but only -.15 for the IC group; for
spééifiC'AChE the respéctive correlations were °8‘l.and .53. "It is clear
from'this correlational analySis that for animals raised in an enriched
,environmentp'during iﬁfancy thére is a substantial and stable relation
"béﬁWeen performance meaéures on the reversal discrimination problem and
'those‘morpholbgical and biochemical measures of the.rat's brain which are
moét affected by the enriched enviromment" (Krech, Rosenzwelg &

~ Bennett, 1962).

A ‘critical period' for the effects of environmehtal stimulation?
Two questions arose once the effects of an 80 program of enriched

envirorment versus an impoverished enviromment on brain biochemistry

“.and morphqlbgy had been established., FirSt, how much stimulation
(or deprivation) was necessary to produce measurable effects? Second,
-did it mattér when during the course of én animal's 1life the.extra
stimulation:(or deprivation) was given?

- Both questions were partially anéwered in an-experimentainvestigating
the effects of a 30vday training period. Zolman and Morimoto (1962) found ‘
that this shortened period of training was sufficient to produce signifi-
‘ant increases in'cortical weight of the ECT group compared to the IC
group,'but'no significant differences were found in ACHE total activity,
although ﬁhé 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 envirorment for 30 days beginning
at weaning, the differences tended to-dissipate,

IWhile animals exposed to the enriched'en&ironment from weaning
showed the typical decrease in cortiéal specific AChE and increase in
subcortical specific AChE,_animals who began training at 55 days showed
an incréase in'subcorticél specific AChE only.

Reduction of the training period.tovlllD 7 and 3 days resulted in
smaller increases in cortical weight of ECT animals compared to IC
littermates, but even at the shorter period the increase was statistically
$ignificant if all three periods were combined. AGE total activity was
not significantly affected by these shorter periods of exposure (Zolman,
1962), |

To further test whether the effects of ECT versus IC depend
critically on the age at which the animals are exposed, adult rats were
tested (Rosenzweig, Kréch & Bennett, 1963), Animals weré assigned to
the respective conditions at 105 days of age, the usual age of Sacrificé
in the earlier experiments. Rats of 105 days canibe considered adult
since they mature sexuaily at about 70 days and growth of the brain,
which never stops completely in the fats has fallen to a low rate
before 100 days.

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 youngér animals, Thus, there did not appear
to be a ‘eritical period’ for altering eithgr.brain weight or AChE
activity fram the age of weaning on. |

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

with respect to effects of ECT or IC. However, the effects of ‘handling'

from daystwo through day ten, post partum, 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 expernnental group
(1nfants removed from the home cage, and placed for five minutes in a
.Vmetal pan partly filled with shavings, and then returned to the home
cage). Tbta;_AChE also inereased in the sensory corfex andbsﬁbcortex,vbut

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

‘5f~experience on blinded animals

_ _ Slnce one of the env1ronmental varlables that is. clearly different
'e in the ECT and IC conditions is the amount offvisual,stimulation provided,
and since tissue samples from the visual cortex showed the greatest
effects of these condiﬁions in terms of both wet weight and AChE total
activity, this modalipy was investigated further in an effort to delineate
the relevant factors.
Experiments were performed with 11ttermate triplets and quadruplets
B (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 ahaésthesia:at weaning
just prior to being placed in the experimental conditions.

The results showed the usual effects of the_ECT—IC cohditions
on both the blinded and sighted animals. However, there were also
© effects produced by the blindingo First, the blinded animals had lower
weights in all divisiohs of the brain except,the somesthetic cortex,
which increased. Second,‘AChE_totﬂ;activity was reduced in all sections
of the brain except‘the somesthetic and visual cortices where it
increased. The reduction in both total and specific AChE was especially
marked in the superior colliculi. |

It appeared as though the effects of blinding were similar in
most respects to reducing stimulation-as‘iﬂ@the IC condition, The

Blind-ECT animals had heavier brains and more.AChE than the Sighted-IC

-y



17
animals but less than the Sighted-ECT animals, Further, the Blind-IC
animals were worse off in this respeét than the Sighted-IC animals,

The striking exceptions in this pattern were' tissue weight and

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

‘blinded animals, suggesting same sort of compensatory mechanism, and

ACHE total activity in the visual cortex which increased in the blinded
group in spite of the faqt that tissue weight actually deqreased,

Two speculative hypotheses wefe presented to account for the
increase in AChE total activity in the visual cortexbof the rat resulting
from blinding: (1) the visual cortex may actually be more active in
blinded animals due to; péfhébs, a loss of inhibitory signals;

(2) the neurons affected by blinding are non-cholinergic and aé a
result of degeneration of their terminal endings neighboring cholinergic

endings move in to make functional contact.

Effects of experience on brain ChE

As related éarlier (b’p° 4-5) a frequent.criticism of the research
reported in this‘chaptef.has been that the measure taken of AChE activity
does not distinguish AChE from the non-specific ChE. Although it was
shown that ChE accounts for less than 5 percent of the measure used

(Bennett et al., 1958) it was important to determine whether very large

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

the ECT-IC procedures.

~Using a technique adapted from Ellman, Courtney, Androes, &
Featherstone  (1961) both AChE and ChE were determined using acetylthio-
choline and butyryltﬁiocholine (in the presence of a specific inhibitor
of AChE) as substrates respectively. The previous finding 6f less than

5 percent ChE in rat brain was c¢onfirmed (Bennett, Krech, & Rosenzweig,

1963). In an experiment comparing the éffeétS’of ECT and IC conditions,
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a-different pattern of éhange Was found for ChE compared to that found
for«AChE, There was a general increase in ChE:.total activity in the cortex
»of’ECT animals and little or no change in the_subéortical-se_ctiono The |
: increase in the cortex was large enough so that specific ChEvalso'shoWed

an -if

rease in the ECT group compared with a decrease in AChE specific |

actiﬁi;QQ.Thus” the changes in ChE cannot account for the observed
'_ charges in ‘ACHE.

B The implications_of thesé;results are interestihg, Morphologicaily, ' 
'AChE'is found: in the brain primarily in neurons whereas ChE is éiso
.ébntained'in*glia; The recent interest in glia as pefhaps being involved

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

‘Summary of research on_brain-AChE and behavior '

'.The_resuits; of the reseanch attempting to reléte-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

o  basis of .cartical AChE but such:selection is apparently independent of

ACh; (3) varying amounts of envirormental stimulation can-prodﬁce

- measurable changés in rat brain AChE, ChE and wet weight of tissue'in

a predictable‘manner; (4) the visual system is only partly involved in
the effects of an enriched versus .an impoverished envirorment on AChE
activit& and tissue weight, éther systems apparently compensating for
loss of vision after blinding; (5) the biochemical and morphological
changes brought about.by varying the amount of envirormental stimulation
are not ‘a fdnction of the age at.which animals are expdsed to the

- stimulation, .i.e, there is no "critical period"..

Roles of other possible neurohumors

The preoccupation with AChE in this project is qnite understandable,
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at least during the early stages, for the following reasons: (l) ACh is
the most respectable candidate for a transmitter role in the central nervous
system; (2) AChE can be measured with a hlgh degree of reprodu01b111ty
which is extremely 1mportant in view of the small differences Observed;
(3) having been successful in initial attempts to relate this system 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 acitiv1ty or protein content. However, this does
not eliminate the involvement of other specific substrate-enzyme
systems and especially otner systems that may be involved»in neural
oonduction and transmission._i‘

The exploration of otner substrate-enzyme systems in the brain
seems justified nowvtnatlthe.ACh-AChE,system has gained a certain’
respectability in this respecto.Clearlys 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.eey
“autonomic responseS),rmemory, etc, While these behavioral concepts fall
short of precise definition, there seems to be enough intuitive meaning
assoclated with them to distinguish one from another in most instances.

The search for their physiological correlates provides the raison d'etre

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 1, 1t was suggested that non—chollnergicr

systems may also be related to measurable aspects of behavior. Even
irelatively simple behaviors are not unltary, and, consequently, several
interrelated mechanlsms probably prov1de their phy51qlog1cal basis, If
this is translated into gross blo¢hemical and behavioral measurements,
"the results should be a set of;relations'between'ievels or activities of
'.‘certain.substratés or enzymes and certain measurable sets;of responses.,
Further, both-the biochemical aﬁd;behavioral_variables will probably
- be foundvto be intércbrrelated to a greater or -lesser degree;

Thé purposé of this dissertation is to examine the-rolesof brain
serotonin in”rélation to measurable behaviors -in several strains of rats.
More Specifiéhlly, three sets of experiments will.be:reportedﬂthat
B attémptlto discover such relations: (1) Chapter IIvaill-present the
‘results of experiments in which several genetically distinet strains.of
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~serotohin-would provide a basis
| for further study of causal relations. (2).Chapter IV will give the
results of experﬁnents‘in which individual rats‘WIthin two strains ha&e
been measured on a number of behav1oral variables and their scores

correlated with their ind1v1dua1 levels of brain serotonln obtained
“after ‘sacrifice° (3) Chapter V will present the results 'of experiments
investigating the effects of an enriched‘zg£§5§_an. impoverished
enviroment on brain serotonin in two strains of rats.

The selection of thé‘serotoninvsystem in brain for the study of
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relations between a non-cholinergic system and behavior was based on a
numpber of factors, including its current interest in the comparatively
new field of psychophafmacology° It is a curious fact that'a large
number of agents that have a depressant or excitatory effectlon 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 reviewuof‘what is currently known abbut‘serotoﬁin in the nervdus
system of mammals will be presented in.this chapter; A short history of
the discovery of serotonin in mammalian braing and the ﬁheorizing thaﬁ
took placé almost immediately thereafter will be followed by ah examin-
ation of the teéhniques used to measure serotonin 1in tissue and the
distribution of serotonin in nature. The biosynthesis»and.metabolism-of '
serotonin will be examined, and 1t will be seen that this route is shared
by other systems; such as noradrenaline, thus making unambiguous ihter—
pretations of the effects of agents that inhibit specific metabolic
steps very difficult. Then, a survey will be made‘of é'number of faétcrs,
both chemiéal and‘otherg'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 neuralvtrahsmitter.in the central

nervous system.

Discovery of serotonin in mammalian brain

Interest in serotonin (S-hydrbxytryptamine) 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 phammacolog& thevsearch for

an elusive substance of potent vasoconstrictor action led to the discovery



of serotonin by Rapoport Green,& Page in 1947 Its synthesis in 1951’”
'(Hamlln & Flscher) and commercial availability in 1952 allowed éxtensive
1nvest1gat10n of phySiologlcal and pharmacological properties.

| Second,{Erspamer (1940) had discovered a substance that stimulated

| the.smooth mdScle of the intestine and uterus:which he called enteramine.

,1952)
Third, serotonin was found in ganglia of certain invertebrates such '

~as the clam, Venus mercenaria, where it behaved like a neurohumor

 (Welsh, 1954).
E Fourth Gaddum (1953) found that the action of serotonin on smooth
 muscle was antagonlzed by lysergic acid diethylamide (LSD),'avsubstance
.;having potent hailucinogenic properties.’ | |

~ Pinally, Twarog & Page (1953), in the course of investigating the
fdistributionfof serotonin'throughoutthe mammalian body, found, much to
:theirisurprise, relatively large concentrations of the amine in brain.
_This.Wassconfirmed‘by Amin, Crawford & Gaddum (1953, 1954) who also
vpublisned a map of the regional distributidn of serotonin in dOg brain,
| which parallEIed’closelytthat.found:for'sympathin (Vogt, 1954).
| The discovery of so potent. an agent as serotonln in brain, coupled
w1th its uneven distribution and perhipheral antagonism by LSD could
hardly fail to arouse the imagination of clinical investigator and
theorist alike. The response was. itmediate and vigorous.

The rapid growth of researcn involvingebrain serotonin can be traced
in terms of periodic,reviews that.haVe appeared during the last ten
years. 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 hlS rev1ew 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 phenomena. In 1961, Erspamer
presented a review "intended to give an account of the progress in the
field of S5-hydroxytryptamine and related indolealkylamines in the last
6 to 7 years" (p°>luu), that overlaps the first two reviews somewhat .
It contains 1358 refefencess 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 mere recent,
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 aﬁd Shaw (1954) boldly suggested that mental abnonnalities
_(including schizophreﬂia) were related to faulty serotoninvmetabolism.
The action of LSD was attributed to its displacement of»serotonin
mdleCules 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 preseﬁce of serotonin (Benitiz, Murray
and Woolley, 1955).

Two groups suggested a transmitter role for serotonino'Marrazziv
& Hart (1955) found that the transcallosally evoked potential was
suppressed by serotenih 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 & Sﬁore (1957) proposed that serotonin was the chemical
transmitter for the central representation'of the perasympathetic
nervous system. This‘view reSulted ﬁrom their diScovery that reserpine
' depleted serotonin from brain and caused sedation. They attributed the

effects of thevdrug'tb a constant release of serotonin from its storage
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“sites, thus making the active form of the amine available at its natural |
receptors. _ : , _ |
| ‘Morekrecently, Aprison (1962) has pointed'out that serotonin may
“act as a neuromodulator:of ACh, Noting that serotonin in high concentra-
.;tions'inhibits AChE, he suggests that serotonin may function in hrain by
“?competing‘with ACh_at postjunctionalvreoeptor-sites, thus modifying the
_action of ACh. |
| fIn view of the rather'meager evidence on uhich these theories
ifwere baséd, it is not supr151ng that they have not been able to encompass
vthe data that have accumulated since. After the first wave of enthusiasm
for a quick solution to the role of - serotonin in braln, research workers
.and"theoristS'became engrossed in minor battles concerning how certain
‘zdrugs°that.altered‘brainvserotonin had their effects. Investigators
brelied'on assumptions:as to the actual role of serotonin in the brain in
';eiplaining the ‘action of these’drugs ‘rather. than'conCentrating on
'-”validation -of the assumptionso 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 from the resulting
| data. Ideally, the procedure of choice should measure serotonin exclu31velyr
‘_.with_high sensitivity and high reproduc:.bility° Over the years a number
of techniques have been developed for this purpose; out is is unfortunately
the_case that answers are not comparahle from one technique to the other
-on similar’material°

o Thepmeasurement 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 emitted by the indole
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nucleus of the molecule when excited by light of a specific wavelength

(295 mu).,

Extraction of serotonin

Acetone or n-butanol can be used as an extracting medium, In the
procedure of Amin et al. (1953)tissue is minced in sseveral volumes. of
80 to 100 bercent acetohe and extracted for 12 to 2 hours. The filtrate
is removed and the residue is re-extracted. Both filtrates are cbmbined;
lyophilized, and the fesidué taken up in a small Volumebbf acid for
assay. Recoveries of added serotonin are partly a funetion of.the'.
conceﬁtration of acetone used. Towne, Ferster, and Schaefer (1961)
"describe a technidue for preparing acetone that résults in reco?erieS'
of 95 percent, | | , |

The use of butanol depends on the fact that the partition éoéfficient_l
fof'serotonin between the aquecus and organic phases reaches 0,95 wheﬁ the
mixture is saturated with NaCl., In the procédure of Bogdanski,

Pletscher, Brodie, & Udenfriend (1956), tissue is homogenized in 0.1 N
HCl and extracted into ten volumes of n-butancl after saturation with |
NaCl ahd.adjustment to pH 10 by addition of a borate buffer énd solid
sodiﬁm carbonate., Aftefvbéing Washed twice with thé borate buffer, ﬁhe
serotonin is retﬁrned to an aqueous phase by the addition of n-heptane,
Chemical purity of the reagents is essential when estimation is by
f.‘_ldorometryn A modificatioh of this techn@que is based on thé observation
that the method of Shore & Olin (1958) for catecholgminesbalso extracts
serotonin (Mead & Fingér,bl96l)o This eliminates the buffer washes and |
makes it possible to simultanéously determine serotonin, adrenalin

and noradrenaline in the same tissue sample. Recoveries.of added
serotonin are frmnA90 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 used.

Assay of serotonin extracts

#iﬁiBioaSSays were the earliest used and are still the most sensitive
' nethods for measuring serotonin-extracted from tissue, Preparations
that have been used in this respect include beef and.sheep carotid

- artery rings,vthe.perfused vessels of the rabbit ear, the rat colon,

the rat uterus, and the isolated heart of Venus mercenaria (Welsh, 1954;

Page, 1954, 1958). In the hands of Free@man (19615 the ‘clam heart
was‘eble to detect as little as orie millimicrogram serotonin added to
-the bath, However, the preparations are hard to pfepare and maintains
subject to tachyphylaxis and-seasonal variations in sensitivity, have
- more variability.than chemical méthods; and are time consuming..-

| With the development of ~suitable: fluorometric instruments a
_fairly sensitive phys1co~chem1cal technique was developed for the
" determination of serotonin (Undenfriend, Weissbach & Clark, 1955;
Udenfriend,‘Weissbach & Bogdanski, 1955). Sefotonin~and:other 5-hydroxy=
indoles are maximally ex01ted by ultraviolet light. (295 mp) and emit max-
nnal fluorescence at 330 mu when in 0.1 N HC1. The fluorescence maximum
shifts to 540 my when the solution is made 3 N with respect to HCl.
This shift provides for a relatively specific assay since substances
that interfere at 330 mu do not shift their peak in strong acid (e.8oy
catecholamines which afe elso extracted). -

The bioassays do notfgive comparable results to.the fluorometric v

technique in terms of . absolute amounts - of serotonin. In generél it has

been observed that cons1derably 1ower values are found using a.bioassay.

The presence of substancésthat have similar fluorescence~characteristics

to serotonin but are biologically inactive may account for the discrepancy.
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The conclusion to be drawn fram this survey of measurement techniques .
is that caution must be exercised when comparing results obtained by -
different technidues, used at different times, or by different investi-
gatorso As subtle a difference as the commercial source of reagents used -
can result in quéntitatively different amounts of serotinin extracted.
Or the season of the year or source of biologlcal 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 inbnature.will be
reviewed., with the hope of obtaining some clues as.tobits fun_ction°
First, phylogenetic comparisons will be-made,‘follOWed by the regional
distribution of serotonin in the orains of three'mammeiian species and
its intracellular localization. Finally, the ontogeneticrdevelopment
of serotonin will beexaminedo x

Serotonin is widely distributed in nature, being found 1in many
plants as well as the animal kingdam, Also,-neural_tissue accounts for
only e very small percentage of the serotonin found in vertebrates;
gastric mucosa haVing up to 80 percent of the serotonin in most mammals,
Non-neuraiserotonin will not be discussed further except to say that
its function is largely a matter of speculation (chO 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_speciesclDue to the
different techniques used and the resulting overleolof values, it is
not possible to draw many obvious conclusions regarding the‘phylogeny

of serotonin. Vertebrates have from almost zero to 1,0 ug/gm serotonin
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Table 1
Occurrence of Serotonin in'Whole Brain or Genglia

of a Number of Vertebrate and Invertebrate Species,

Serotonin (ug/g)

Single  Studies Including Several Range of Values

Species Species - v Summarized by .
Reports o : Erspamer's Review
. Karki, 3 Correale o (1961)

Kunztman & - (1956) :

Brodie (1962) o

A. Vertebrates ‘ ' o
‘ " Dog . . : , : 0,10

Cat - 0,03
Rabblt 0, 33% 0.60 0.30  0.45-0.57
7 0.5 SR S
Gulnea Pig 0.043 . 0,33 0.30 0.58-0.68
Rat oosug 047 0.k0 10.21-0,96
S 0.32 - s T

0.63,
0.337
0,598

Mouse 0.669 0,66-1,00

| ~ 11,0040 | ' '

Pigeon .- o o _ 0.15

Hen . 0.20

Turkey - - - 0,40

Lizard ' ' ‘ - 0,10

Tortoise » : 0.10

Water 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, 1959
10, Caspari, 1960
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Table 1 (cont,)

Serotonin (ug/é)

Welsh & Morrehead

©(1962)
B. Invertebrates
o ‘Molluscs
Venus mercenaria 30-40
Loligigo peallii 0.7
- Octopus vulgaris 0.8; 0.25
Crustaceans (several) 1<0,10
Worms ,
Lumbricus tessestris 10.4
Arenicola marina 3.1
Insects _
Blaberus gigantea <0,02
~ Locusta migratoria <0,02
Coelenterata
Hydra (Whole body) 1.5
Flatworms
Planaria 1.9
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‘compared to the invertebrates where the range is from zero to as high as
30 tb 40 ug/em in ganglia of the ciamn

Mollusks, worms and coelenterates have relatively large amounts of
- serotonin, whereas the crustaceans and_insects are essentially without
the aminé° Hydra were the most primitive animalé fouhd to contain sero-
itonin,.ahd the value of 1.5 pg/gn is higher than almost any other whole
animal studied. The head end of planaria appears:to have more serotonin
than thé middle or tail end. A functional reiation'iS'suggested,-Since this
is the most primitive animal that shows any marked cephalization of the
nervous sysbé,m°
_ The doncentration of serotonin in the brains of é‘nﬁmber_of verte-
brates analyzed by Correale (1956) suggests that there is an‘inverse
' relatiénlin marmals between brain serotdnin éohcentréticﬁ and the cortical
tgvsubcortical welght fatioénThis may be due in part to the lower values

of serotonin generally found in cortical tissue.

Regiohal distribution of sérotonin, S—hydroxytryptophan decarboxylase

and monoamine oxidase'in dog, cat and human brain

Much of the interest in serotonin as a néurohumor arises from its
uneven distribution in the mammalian brain. Table 2 shows the distri-.
bution of serotonin and ité enzymes of synthésis 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. Firsﬁ, nﬁclei generally

contain more serotonin than fiber tracts. Second, neocortical areas are
genefally lower in séroténin coﬁcentration than phylogenetically older
cortical areas and subcortical nuclei, Third; there isla moderate
correlation between serotonin concentration and the activityof its - -

assocliated enzymes, escecially 5-HIPD. Interspecies comparisons are
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Table 2
Regional Distribution of Serotonin,

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

Tissue Serotonin 5-HTFD MAO

(ug/g) (ug’seiogggin (ug/hr/g)
formed/g :
Dog® cat*®  Human' ¥ Dog* Cat;* Dog*
Isocortex ’ ' , , R . -
Grey and White A7 .69 A07 - a0 0
Grey .21 .68  ,01-,08 7 819
Allocortex : ' :
Cingulate g, U1 .04-.10 - a0
Hippocampal g, »10=-.30 -
Uncus o «16=.30" ‘ .
Subcallosal g. , : o« 1l-,60 ' . 1212
Ant, perforated 1.5 2.0 JU1-1.51 109 - 264 . 926
substance - : ' : ‘ : '
Pyriform cortex 94 1.4 .16 20 .
Hippocampus .64  ,06-.19 16 - 1176
Neostriatum ' : ' ‘
Putamen .23-.95 -
Caudate n, W72 1.6 0 20=,70 V3O6' - 300- 935.
Fornix a0 o 0 22=:55 .9 707
Corpus callosum W) .20-,39 A y o . Le6
Amygdaloid n. 2,1 1.6 2467 - 18 35 968
Thalamus : ) .43 .23=2,.70 - 38 50 -~ 940
Hypothalamus 1.7 2.45 .32-1.53 117 180 1624
Mammilary bodies . 2T=, U8
Superior colliculil o .50-1,22 . :
Inferior colliculi s . T6 .29-,81 _ 4o
Midbrain 1.0 98 _ 842
Substantia nigra ' 1.11-1.96 _ '
Pons : T,38 .33 019-1,03 28 4o 936
Pontine reticular f, .89 : : 85
Medulla oblongata .62 »20-.50 32 1117
Cerebellum <,09 : .01=,09 ' <9 o 930
Olfactory bulbs 035 o 5 , _ 573
Spinal cord ' ; © ,09=-,20

*Bogdanski et al., 1957
*“Kuntzman et al., 1961
*¥%¥Costa & Aprison, 1958

xToo low to measure
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prohibited except on a relative hasis since the results were obtained
by aifferent assay procedures, However, the.pattern of distribution is
similar in all three species., Those areas.having the highest levels of
' -serotonin'frcnfa.gronp roughly composing theblimbic system (Pribram

% Kruger, 1954).

' Intracellular distributlon of serotonin

About 60 percent of the serotonln in ultracentrifuged hanogenates
_of brain is in the mitochondrial fraction (Baker, 1958 Walaszek & Abood,
1958; Giarman & Schanberg, 1958). This has been equated with the bound
form of the amine,Whereas‘the renaining 40 percent is assumed to_be.
in the free form. |

~ Further separation'of the mitochondrial fraction nsingla density

gradientbrelative to sucrose has revealed a number of'distinct'sub-
fractions (Hebb & Whittaker, 1958 de Robertis, 1962) Serotonin
. and ACh are found primarily in those subfractions rich ‘in-nerve endings,
kfwhich have abundant synaptic ve31cles (Whlttaker, 1958 1959, Michaelson
& Whittaker, 1962 de Robertis9 1962) Further separation has not been
‘.accomplished so that 1t 1is not known whether either substance is
.actually contained w1th1n the synaptic vesicles.

It can be tentatirely_concluded from. this line of research that
| serotonin exists in at 1east two different cellular compartments° First,
fa’cytoplasmic compartment:thatlmay correspond to the free form of the
anine, and second, a particulate compartnent that mayvrepresent the
bound form of the aminevahis;latter compartment appears to be synaptic

.vesicles located mainly in nerve endings.

Ontogenetic development of serotonin

~ Serotonin concentration incréasés inthe brains of rats—from early-

foetal life to adulthood in a somewhat irregular manner (Kato, 1959;
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Karki, Kuntzman & Brodiey 1962;NaChmias, 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
behav1oral, phys1ological and morphologlcal transition, adult levels are
rapidly approached during the next five to ten days° A similar pattern
- of development occdrs in ﬁhe mabbit but the new porn guinea pig which
is well developed at birth has adult levels of serotonin, This corres-
pondence of serotonin levels and behavioral development 1ed Karki et al.
(1962) to suggest that serotonin'ls involved in primitive physiological
processes. | . 7 | _v" v |
| However, goat fetuses taken 15 to 25’days before birthvhad higher
Brain levels of serotonin than their motners (Pepeu & Giannan, 1962),
In addition. neocortical afeas were richer in serotonin than certain
'subcortical nuclei, ﬁhe reverse of the adult'patter"n° This finding;
if substantiated, is puzzling indeed. |
MAO parallels quite closely the development of serotonin (Nachmias,‘:
1960; Karki et al., 1962).No evidence of MAO activity was found in }
15—day old rat fetuses u51ngalnstochemical technique GMimizu & Morikawa,
1959). Guinea plgs were found to have adult activities at birth. On the )
other hand, the capacity to“Synthesize serotonin is well developed at
oirth in both rats and guinea pigs (Karki et al., 1962), 5-HTPD activity
increasing only slightly post-natally. |
The ontogenetic development of the serotonin system in the species
studied lacks the consistencles necessary to deduce its physiological
role. Perhaps most important in this respect is the lack of corres—vv
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 parallelldevelopment of serotonin
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~with primitive behavioral patterns may be secondary rather than causal.

Blochemistry of serotonln

In this section theé main route of synthe31s and metabolism of
_Hserotonin will be discussed. The 1mportance of this discussion lies in.
the fact that endogenous serotonln can be altered by 1nterfer1ng with
any of the steps in the metabolic pathway of serotonln, A large amount
loffresearch has been directed_towards the dlscovery of inhibitors of
crltical‘enzymes in the synthesis and metabolism.of serotonin and the
subsequent observation of changes in be'hz.‘a;vior,f The efforts of these
studies have been thwarted to a large extent by the discoVery that the |
enzymes‘involVed are not emclusiVely'utiliied by the serotonin system°
Therefore, 1nterference with serotonln levels also results in alterations
'vof other naturally occurlng substances and it has not been possible to
completely separate the effects of one from the other°

The major pathway in the synthe81s and metabolism of serotonln is

shown in Flgure l Braln tlssue in gitgg.has been observed to catalyze
all of the reactions except the conver31on of dletary trybtophan to
'5—HTP which may occnr;hmthe liver or gut,

The relatively small amount of serotonin in brain is offset to same
'extent by its extremely rapid turnover in this organ,aThe estimated “
half-life of serotonin in brain is 10 to 30 minutes compared to 33

to 48 hours in blood platelets and spleen, 17 hours in stomach mucosa,
'and 11 nours in intestinal mucosa (Udenfriend &:Weissbach,'l958),.8uch

a rapid synthesis and metabolism suggests animbortant'functiono

Biosynthesis of serotonin

An enzyme system capable .of converting dietary. tryptophan to 5-HIP
has been isolated from the intestinal rucosa ‘of rats and guinea pigs. (Cooper

& Melcer, 1961), . Freedland, Wadzinski, & Waisman (1961) also found
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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

“hydroxylasev(Renson; Goodwin, Weissbach,& Udenfriend, 1961),

Uptake of 5-HTP by brain

The product. of hydroxyiation of tryptophan, 5-HTP, which is not

"hnonnally detectable in the circulation, 1s apparently tranSported into

braln tissue by an active mechanism (Schanberg & Glarman, 1960 Schanberg,

'Mcllroy,& Glannan, 1961; von Wartburg, 1962) This is indicated by«'

(l) an enhancement of uptake of 5-HIP by brain slices in the presence
of oxygen ard glucose, (2) the interference of this uptake by ‘dinitro-
phenol and (3) } substantlally diminished 1ncorporation of 5-HTP by.
brain slices at O°C Areas of rat brain known to be rich in serctonin
and 5-HTP are most active in taking up S-H_'I‘P—luCo A number of agents

that alter serotonin metabolism ar brain metabolismwin general do not

naffect this transport, whereas Lrtryptophan,é;tyrosine and pL-3,4-di-

hydroxyphenylalanine (DOPA) caused a marked inhibition. Phenylalanine,
a-methyl DOPA, glutamic acid and y-aminobutyric acid were.also

ineffective.

Decarboxylation of SmHTP to serotonin

_,Once in the braln 5—HTP 1s decarboxylated to serotonin by 5-HTPD

(Clarh, Weissbach & Udenfrlend, 1954). This enzyme was origlnally

‘thought to be quite specific; but recent evidence sugéests otherwise

(Yuiller,- Geller & Eldusen, 1959, 1960; Werle & Aures, 1959,
Rosengren, 1960; Lovenberg, Weissbach & Udenfriend, 1962) In fact,

1t is now agreed that the metabollsm of 5-HTP and DOPA make use of the

- same enzyme° This discovery has resulted in the solution of several

problems but 1t has created several mor'eo Identlty “of” 5—HTPD and'—

DOPAD means that the levels'of products formed 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 sincevtissuebdevoid
of the product normally may synthesize it under these conditions° Third,
the results of inhibiting the enzyme are ambiguous since more than one -

product is:affected.

Distribution of 5-HTPD

5-HTPD is found in most parenchymatous tissues., Its regional distfiQ
*hution is shown for cat and dog brain in Table 2. The:enzyme has been |
found exclmsively in the non-particulate fraction of ultracentrifuged
hancgenates (Hagen, Weiner, Ono,& Lee, 1960; Giannan, 1956) and
vrequires pyridoxal~5-phosphate as a coenzyme (Buxton & Sinclair, 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 |
et al.,9 1959) as well as by other catecholamines (Smith, 1960). Phenyl—
alanine and 1ts metabolites 1nhibit the enzyme, and the resulting
alteration in serotonin levels may be important in the behavioral

symptans of the disorder known as phenylketonurla (Fellman, 1956; DaV1son
&Sandler'9 1958), Various degrees of 1nhib1tion are noted with aqnethyl—
amlnes They apparently act by 1nactivation of the coenzyme (Sourkes, 1954),
Unfortunately, the a-methylamines also produce-other effects such as
releading noradrenaline which linits their usefdlness'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. Theoretically, the bound amine is'physiologically

" inert and protected from enzymatic degradation; Then, -after an .adequate
stimulus, it is thought to be released into the free form in which state
it is physiologically'active and may combine at some réceptor site or
be oiidlzed by MAO. Operationally, two notions have been prevalent. To
the pnannacologist binding means that the substance is not available
at an active site as reflected by tne absence of an observable pharma-.
_ cologloal response. To the biochemist who ls intent on measuring the
amine in-the twoistatess-binding means the combination of the substance
with cell particles as reflected by the amount of serotonin found in
the partlculatelfractlons of ultracentrlfuged homogenates°

A combination of results from both fields suggests that_tnere are
actually two bound forms: one, a reserve pool in whicn the amine is
canplexed with intracellular . components, and a seoond,.mobile'pool in
equilibrium with the first from which the amine is released acoording
to ph§siolcgical»need, The mobile pool ‘is assumed to be maintained by
‘ a”specialized transport system 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”fraétiOn'containing ACh and serotonin releases about 50
‘percent of both amines whereas more drastic measures are needed to remove

the remalnlng 50 percent (Whlttaker, 1959) .

Release of serotonin by reserplne

_ The dlscovery that serotonln is depleted from all body depots by

' © Pletscher,
reserplne (BrodleJ& Shore, +1955) led to theaproposal that thls was a
major action of this potent tranquilizer, The course of sedation caused

- by reserpine paralleled quite closely the depletlon of serotonin° Brodie

& Shore (1957) assumed-that reserpine released serotonin from the bound
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form and that the free amine then acted on neural receptors of the'para—
sympathetic nervous system., ‘ |

This hypothesis has been widely criticized, Most damaging 1s the fact.
that reserpine aiters the levels of a number of naturally occurring sub-
stances in brainnrAdrenaline, noradrenaline, dopamine, y-aminobutyric
acid, 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'(Carlss0n
& Hillarp, 1956; Holzbauer & Vogt, 1956) has not been verified. Indeed,
the reduction of noradrenaline‘pgg_sg_does not. cause sedation, AdminStra;u~
_tion of o-methylmetatyrosine produces a transient‘failvin serotonin,
corresp01nding to its capacity to inhibit S—HTPD and a long—lasting,
complete depletion of noradrenaline resulting from the blockade
of this amine's storage 31tes, but no: sedation results In such a nora-
drenaline—depleted anhnal subsequent administration of reserpine
1mmediate1y produces sedatlon with a corresponding 1oss of serotonin
(Gessa, Costa, Kuntzman, & Brodie, 1962)

Further objection to the Brodie & Shore hypothesis that reserpine
causes sedation by depleting serotonln arose from the observation that
5—HTP is a poor antagonist to reserpine whereas DOPA has strong awakening
effects on reserpine-treated mlce (Blascko & Chrusc1e1 1960 Carlsson,
Lindquist & Magnusson, 1957) However, it would seem that Just such a
predlction would be made by Brodie & Shore, since they postulate that
free serotonin stimulates parasympathetic certers whereas noradrenaline
stimulates sympathetic centers, the function of which would include

arousal.,

Metabolism of serotonin

Serotonin is conyerted to 5—hydroxyindoleacetaldehyde (5-HIAALl) by
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MAO and is then further degraded to 5-hydroxyindoleacetic acid (5-HIAA)
'.by aldehyde dehydrogenase or oxidized to pigments;-Other‘routeS‘Of metabolism
'gfexiSt,'but their participation in mammalian brain has not been demonstrated‘
and in all probability is_quite small or non-existent (Erspamer, 1961)«
The convers1on of the acetaldehyde to the acid is rate limiting. When

_ purified aldehyde dehydrogenase is added to a mitochondrial MAO system

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

: MAO is apramptlyacting enzyme with no known coenzyme requirements..

. Although the investigation of MAO has been primarily in vitro
‘uhhusing.the.liver enzyme, this route‘of metabolism occurs in brain in vivo.
- Rabbitvbrain‘stem.contains 0.5 to;0°9u ug 5-HIAA per gram which fnereases

g'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 spec1fic enzyme, being capable . of ox1dizing

| ;tyramine, catecholamines and aliphatic amines., Therefore,it cannot be
simply coneluded that MAO serves a unitary function in any given tissue
‘where more than one of these substratesa:tapresent However, it appears

vthat the relative specificity of the enzyme may not be unique in this
:reSpect The relatlve speclficlty of MAO for a number of substrates is
vrquite different dependlng on the source of the enzyme (Weiner, 1960 a,b;

v. Blaschko, Rlchter & Schlossman, 1937) This may be true because the

renzymes are not chemlcally 1dentica1 as'Weiner (1960b) has suggested, or the
tlssue canpos1tion ‘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 nearly all
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parenchymatous tissues of vertebrates and a number of tissues of
inVertebrates_(Blaschko9 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 MAOfis 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 does not appear to.meet the anatomic requirenents for terminating
synaptlc transmission, AChE is definltely not mitochondrial (de Robertis,
1962), thus dlstinguishing 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 accomodate the nonqnembranous MAO system°

Drugs that innhibit MAO

Drugs that inhibit MAO can be classified as to their relative
potency, whether they are .fast or slow abting and whether they are
reversible or nonreversible° Iproniazid (Mersilid) is‘the prototype
of the slow-acting, nonreversible ‘inhibitors, It produces a relatively
slow rise of cerebral serotonin whlch 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, Specton, &. Shore, 1957). | | v

Alpha-methylphenethylhydrazine (Catron; JB516) is a non-reversible,
fast-acting inhibitor which is equipotent 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,



~ Dubnick, Kramer, & Scott, 1959; Brodie, Spector, Kuntzman,& Shore, 1958).
Firially, the harmala alkaloids are very potent, very fast, reversible
inhibitors of MAO, Harmine and harmaline are 100 times as effective as
iprohiaZidésA~ccnspicucus rise of serotonin in rat brain occurs within
ten minutesvend the'effects are gohe after only six hours (Udenfrierd,

| Witkop, Redfield, & Weissbach, 1958).

‘The early: enthusiasm for MAO ‘inhibitors in studying the functional
rcle of serotonin in brain has had to be tempered with extreme caution,
ivAs'wss”pointed_cut,-MAO’is'very non-specific so that its inhibition
effects a number of'systemso In addition,‘the inhibitors themselves
are hot specific, 50 that unambiguous interpretations cannot be made.
These facts have for the most’ part been ignored with the consequence

’ﬂthat‘undue speculatioﬁ as to the mode by which these drugs produce
' their behavioral effects has resulted

It is clear from this discussion of the pathways 1nvolved in
serotonin synthe51s and metabolism that whatvappears 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 1nvest1gation of
enzymeslin this systemvfor the purpose.of discoverlng the fuhctional

role of serotonin in neural tissue has not been successful.

- Factors affecting endogénous brain serotonin: ‘chenical

Dﬁugs that interfere with the synthesis, storage or metabolism of
sefotonin were discussed in connection with the enzymes or mechanisms
invblved; In additicn,e fumber of other substances alter brain levels
'cf senotonin,vbut the mechanisms by which they act are largely unknown.

" Profound altérations in consciousnéss accompany iicrogram quantities
--of LSD. 'The propOSal that.LSD actsiby'displacing seyOtonih_mclecules in

" brain (wcolley*&'Shaw,'l95H) was;diSCreditedwwithvthe discovery that the
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bromine derivative of LSD was without psyohic effects in spite of its
~antagonism to serotonin on smooth muscle (Gaddum & Hameed, 1953)°

No .changes in rat brain serotonin were observed after LSD‘by'two 1
groups of investlgators (Brodle, Shore, & Pletscher, 1956 Paasonen &
Giarman, 1958). However, Freedman (1961) u51ng more anhnals and a
more refined analytical technique has reported that as litt;e as 130
ug/kg LSD produces a small but significant rise in serotonin within o
10 to 120 minutes following injection, The effect‘nas more pronounced
in animals pretreated 22_h0urs earlier with’reserpine and‘dependedron
the doses of both drugso.Sincevthere were no measurable effects on;
5-HTFD or MAQ,and since the increase was restricted to the particulate
fraction, it was concluded tnat LSD indnced binding of serotonin°

Chlorpranazine does not alter normal levels of brain serotonin
but antagonizes the rise of‘serotonin and noradrenaiine'after treatment
w1th iproniazid (Ehrlnger, Hornikiewiez, & Llchner 1960 Pletscher o
& Gey, 1960; Morpurgo, 1962) and the depletlon after reserplne (Costa,
Garattini, & Valzelli, 1960)° The suggestion that chlorpromazine:_affects
the permeability of the monoamine storage granules was questioned by |
Bartlett (1962) who found a 1owered _exeretion of 5-HIAA whiic‘h sugge‘stéd
a reduced turnover, Further the reduced accumulation of serotonin was
pardlleled by hypothenmia (Morpurgo, 1962), When hypothennla was
prevented. the effect did not oceur,

A large number of chemlcally unrelated central nervous.system
depressants cause a 51gnificant rise in brain serotonln° These depressants-
1nclude chloral hydrate, ethyl alcohol, dlethyl ether, cloralose and
also the anticonvulsants diphenylhydantoin, pentobarbitol, phenobarbitol,
and sodium bromide (Bonnycastie, Giarman,& Paasonen, 1957; Bonnycastle,

Anderson, & Bonnycastle, 1959).
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Pentobarbitaluproduced'a 100 per cent increase in brain serotonin
after only fivevminutes, followed by an egponential return to normal.
'Serotonin rose more slow1§'after phenobarbital; reaching a peak after
two_hours and subsiding slowly thereafter. A comparable increase
. reQuired‘2O minutes'with'ether anesthesia., To determine whether the
respiratory'depressant properties of these drugs might account for
hthe'results, rats Were exposed for 20 minutes to 6.75 per cent'COé
"u"8 to 10 per cent 02 or a mixture of the £wo with negative results.
_'_Rats sacrificed immedlately after loss of the righting reflex from
: pentobarbital had normal levels of serotonln, suggesting that the |
;;dchange 1n serotonln was secondary rather than causalo_ ‘
Anderson & Bonnycastle (1960) suggest ‘that "the decreased central

'cact1v1ty caused by these depressant compounds,'uv031mp1y decreases o
o the amount of serotcnln being released" and thus allows it to |
vaccumulate. Support for this view is glven by Turker and Akcasu (1962)
'Whoffound a depletlon of serotonln in cat brain after morphinea In
' theicatvmorphine causes excitation, The stimulant properties of
-amphetamine are well—knoWn and this drug in high doses also causes
;'a'deCrease in serotonin (Paasonen & Vogt, 1956). '
R Ethanol injection causes a small increase in brain serotonin in the
rat '(Paas}o'neh'& Giarman, 1958) but a similar treatment results ina
marked decrease in brain serotonin in the rabbit (Gursey, Vester,&
Olsoh, 1959). Lower doses of ethanol given to rabbits for seven_
dayé'haVe_the sameddepleting'effect on brain serotonin (Gursey &
;Olson; 1960). No changes in brain serotonin of C57/BlCrgl mice
dwere'Obserued‘after three months' forced drinking of a 10 per cent
ethanollsolutiOn;althoughVa;marged increase im 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'becdﬁing
| increasingly more evident; however, is that any agent that results
in an alteration of normal levels of serotonin, also hasvavprofound
behavioral consequence, although the reverse may hot always be true.
The question then becomes ohe of discovering whether the'chénges in
Serotonin are secondary or causal. Evidence of this nature has been

lacking for the most part.

Factors affecting endogenous serotonin: physiological—environmental

In this section, physiological and envirommental factors that
alter brain serotonin will be discussed. These range frdn such drastié‘f
measures as electro-shock and adrenalectany to such subtle;events'as
the time of day; |

It has been reportedvthat adrenalectony increases (Sofer & f
Gubler, 1962), leaves unaltered (Towne & Shennah, 1960) or decreéses
cerebral serotonin (Put & Meduski, 1962), The discrepancy in these
results may lie in the time course of the changes and, cohsequeﬁtly;
when after adrenalectomy serotonin was measured since Put & Meduski
(1962) found the response to be dual in nature. First, they found én
Increased turnover of serotonin, detected as an increased urinary -
excretion of 5-HIAA, and perhaps reflecting a responsé to stress
in general. No change in brain serotonin need occur during this
phase which might accoﬁnt for the negative results of Towne &
Sherman (1960), Second, they found a decrease in sérotoﬁin which :
théy attributéd to a loss in the binding capacity of brain tissue

which could be prevented by corticosteroid therapy.
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Thyroidectomy is without measurable effects on brain serotonin,
_ 5-HTPD activity or MAO activity in rats. Nor does feeding animals a
f diet.containing 0.15 per cent. desiccated.thyroid or 0.15 per cent
fprOpylthiouraciLlead to changes in brain levels of the substrate or
its ‘enzymes (Skillen, Thienes, & Strain, 1961).

A- A small, though significant, decrease (12 to 15 per cent) in
rat brain serotonin was detected 35 days following-electrolytic |
v-lesions that interfered with fibers of the medial forebrain bundle
_(Heller, Harvey, &. Moore, 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

o existence of central 'serotonergic' fibers whose sectioning results

“;in 'central denervation' analogous to that seen in peripheral adrenerglc
nerves (Cannon & Lissak, 1939, Goodall, 1951, von Euler & Purkhold,
©1951). Toh (l960)ifoundrno_effect on brain serotonin in rats
sacrificed three days after having "bilateral electrolytiC'lesions' |
placed in the hypothalamus,". This suggests that thebtime course of
_the-effects is critical, just as was the case‘with adrenalectomy°
The effects of convulsions on brain.serotonin are uncertain°
g‘A conspicuous increase (200 to 300 per'Cent) in rat brain serotonin
has been reported following electroshock or leptazol convulsions
(Garattini &ﬁvalzalli, 1956, 1957; Fresia, Genovese, Valsecchi, &',
_Valzelli, 19573 Jori, Velsecchl, & Volzelli, 1957; Garattihis 1958).
Much less striking affects were reported by Bertaccini (1959) after
similar treatments (20-30 per cent increase), whereas Bonnycastle
gg‘él,(l957) were unable'to detect any change, Convulsions;in rabbits
!produced by insulin hypoglycemia led. tb an_increase of serotonin in

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 onbbrain serotonin resulted
fran anoxia, sleep, food or water deprivation, conditionedvavoidanceb
vtraining or aversive doses-of ‘electroshock to the feet (Freedman,.
Barchés, & Schoenbrun,_1962)° Opposed to this is the report that rats
given "1ight.electrical shocks...by means of anvihductorium"vfor 15
minutes show a slight increase in braiﬁ sérotdnin"(Toh, 1960)} AlSo,‘
rats given faﬁdohly 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 followlng 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 increése'in:
brain serotonin and a 20 per cent decrease in noradrenaline (Freedménv
et al,,1962). Exposure to extreme heat (40° to 50° c) br.extreme cold
(1° C) for 30 minutes reduces brain serotonin in rats (Toh, 1960).

In additibn to the changes 1in brain seroténin seen.after the
rather extréme physiologlcal and envirormental conditions reported
above, it 1s apparently true'that there is a cylic rise and fall
in brain levels of the ahine corfesponding to sane -aspects of the .
normal 24-hour period (Albrecht, Visscher, Blttner, & Hélbefg, 1956).,
A small but significant decrease was noted in mice just priof
to the usual period of onset of increased éCfivity (beginniné’of the
dark period). Highest levels of brain serotonin oceurred during' ‘
the middle of the light cycle. The authors suggest a relation between
brain levels of serotonin and the behavioral periodicity via the
adrenal-pitultary axis; the adrénal glands show an‘increésed

activation at the same time that levels of brain serotonin decrease.



48
‘There iS some support?fof this hypothesis. Reserpine causes a 75
' per cént loss of ACTH fram the pituitary within 20 hours resulting
in "a biological picture almost indistinguishable from the classical
: stress‘résbonselévbked by. cold" (Westerman, Maickel, & Brodie,"1962);

'This reSpone was shown not to be a result of the acconpanying

depletion ;_;ﬁbradrenaiine,

| 'ThréevéﬁﬁCIQSions'are tehtatively”warranted fraﬁbﬁhe'results
of the studiéé;presentéd in this section. First, théré appears
to be a short term ‘response of brain serotonin to conditions that
’ éreIChéracteriQed by incréésed neural acti;vity° Second, there appears
to. be a’ long temm response of brain éerotonih to conditions that - |
'chfoﬁiCally reduce spécific patternS'of neural or Honhoﬁal'acéivity.
- Third, Serofohih may:be‘implicatéd in the regulation of certain
cyclid'phenoména, either as'a‘secohdgry factbr or in a causal

;' capacity.

-Effects of serotonin on neural activigz

’ In previous sections altgrations in bréin sefotoniﬁ were
reporteq_to aécompany increased or decreasedvneural activity. The
implidatipn Wés ﬁhét these changes are'relaﬁed in_séme way to neural
functioﬁ° in this section the reversevappfoaqh'will be ﬁakén, 

‘and.sﬁqdies in&estigéfing the‘effecté of serotonin on neurai activity
will be reviewed. vStérting with the peripheral nervous system and
working ihto the spinal cord and brain, it will be shown that serotonin.
,..can affect,neu:al,activity at all levels of the nervous system,
However, it will also be pointed out aﬁd,emphasized thatvtheleffects
of»s¢?9tgn;n on neural activity have not been_studied inﬂsuch_a:way
as tq_distinguish unambiguously direct from indirect actions of‘the

amine. Why this 1s so can be summarized briefly.
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Serotonin is able to elicit physiological responses‘fran a large
number of non-neural tissues primarily through its action on smooth
muscle, . This makés the study of the effects of serotonin on néura1_ 
tissue extremely difficult'vsince the amine 1s usually administered :
parenterally. AThe’difficulty is compounded by that fact that'serotonin o
enters the braln only very slowly due to the biood—brain barrier; |
necessitating iarge dosesvthat flood the periphery‘Causihg ah '

unphysiologic environment (c.f. Erspamer, 1961),

Effects of serotonin ongperipheral and spinal nervés

The most common resonse of periphefal nérvés and ganglia to
serotonin is'expitation or potentiation, Large bursts offimﬁuises v
are eliditédvfrcm Vagal»afférent fibers of thevcat-lung (Paintal, 1955)_.
and the gastro-intestinal tract (Douglas & Ritchie, 1957),.bat this
may reflect non—néural receptors. _A potentiation of the réspoﬁSe |
of the superior cervical gariglion of the cat to tﬁe'sub-maximum_pre-i
ganglionic stimulation and to injections of ACh 1s seen after intra=
arterial injection of serotonin (Trendelenburg, 1957). This and thé
increased spontaneous electrical actiVit& of post-synaptic fibers‘ |
of the inferior»mesenteric ganglia (Gyermek, 1961; Gyennek &'Bindler,
1962) 1is due to non-chblinérgic receptors, but does not reflect normal
activity sinqe_serotonin has not been detected in peripheral ganélia.

SeVeral stﬁdies indicate that ;myelinated afferent somatic .
nerves‘involved with pain and mechanoreceptors are sensitive»to
serotonin but non un-myelinated fibers from mechanoreceptors, heat
or cold receptors (Armstrong, 1957; Fi;llbrandt & Iggo, 19_59)° No
effect is seen oﬁ the excitability or conduction pf the_frogband rat

sclatic¢ nerves (Casella & Rapuzzi, 1957 a, b, c¢), "
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~ Serotonin produces a marked transient inhibition of the patellar
reflex in unanesthetized, vagotomized high spinal cats followed by
faoilitation, but the effect is more irregular in intact animals
(Kissel & Damino, 1957).  An initial increasevin amplitude and tone
'~o£%the flexion reflex is‘followed'by a gradual, marked depression
In lightly anesthetized low spinal cats (Little, de Stefano, &
_ Leary, 1957) or cats with the cord divided at both C-2 and T-1
(Slater, Davis, Leary, & Boyd, 1955). |
Close intra-arterial injections of serotonin have a predoninantly
depressant effect on reflexes from dorsal roots to corresponding ventral
roots (Curtis, Eccles, & Eccles, 1955, Carels, 1962) The amplitude
of the strech refiex fron_the_hind legs of oats 1s affected by |
serotonin givenvinto the.carotid artery whioh Koella % Czicman
(1961) interpret as evidence that serotonin modulates the down—

ward discharge fran the reticular fornation.

Effects of serotonin on evoked potentials of the brain

 As littie as 1.0 mg/keg serotonin injected into the cammon
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 plcture was seen after
endogenous serotonin'wastincreased by inhibition"of~MAvaith
iproniazid (Gluckman, Ross, Hart, & Marrazzi, 1957). - Serotonin
was found to be much mere effective than adrenaline or noradrenaline
in producing the effect. Nelther carotid bodynor carotid sinus inter-
fered in the production-of the depression (Rodriguez,’Hart, & Marrazzi,

1961) ' As a result of these experiments Marrazzl and co-workers have

- argued that serotonin is an inhibitory transmitter in brain°



51

The results of Marrazzi & Hart (1955) have been confirmed by N
Koella, Smythies, & Bull (1959, 1960) with optically evoked potenﬁials'
récorded fran both visual cofticeseb They concluded that sérotohin'
injected into the carotid artery had threé sites of action; the
carotid sinus receptors, centers in the brain stem reticular‘fonnatioh‘
and the cortical synapées themselves° The depressioh seeh bvaérrazzi
& Hart is thought to be the resultant of these three separateieffecﬁs; 
| Intraventricular injection of 50 ug serotonin decreased the |
amplitude of cortical surface negative waves from stimulafion of
cutaneous nerves in lightly anesthetized cats. A biphasis response--
depression f'ollowed by enhancement——resulted ffan a much 1afger dose
(300 )., Since there was also mafked dilation of the.véssels of
the exposed cortex and edema, the direct effects of serotonin cahnot'
be assessed (Malcolm, 1958).

Several groups of 1nvestigat6rs have reported a decréase.in.evokéd :
potentials from isolated cortex of cats, rabbits and aqgs as a result
of intravenous, intracarotid or topically applied serotonin (de Stéfano,
Leary, & 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 et al. While
serotonin inevitably caused a fall ih both depression of the evoked

potential did not occur until after they had returned to normal.

Effects of serotonin on the electroencephalogram

Effects of serotonin on the electroencephalogram (EEG) range
from enhancement of slow waves to arousal to no effect, depending on
a number of parameters.. Usually the response is complex-sometimeS',
desynchronization followed by synchronization, or sanetimes‘just

the opposite,
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Rothballer (1957) found first a_briefvactivation of the cat EEG,
then.a lon_g_er'9 predominating periqd of deaétiyation?.sometimes‘with.
abnonnaluslow waves. This_was followed by avsgcond‘brief periodvof .
activation when higher doses of serotonin were used. A biphasic
. response iasting for a longer periqd of tjne was also described by
Monnie &,Tissotv(1958)‘fgrvthe rabbit, This response is accompanied by
an iﬁéﬁéase_in excitability»of the intralaminary thalamic system and
a décfeése inhexcifability of the réticular ascending system.

No effectﬁéf sérotonin’was seen on tﬁé_desyﬁchrohized activity
of the 1eﬂpephéle:isoléj orAthe Vqérveau isole'. However, after
syﬁchponizatidn following’bilatefal section of the trigemini, doses
. of éerotonin.as_low‘as 0.25 to loojgg produce an evident arousal
reactlon that pefsiéts_aftervdenérvatiOn of the capotid sinus or
section of thevbrain stem at the distal end of tﬁé 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‘seption
of the reticular formation (Mantegazzini, 1957).
| - No changes in the EEG of consclous cats were seen after 75,to,h
1oo‘pg serotonin injected into the lateral ventricles (Schwarz, Wakﬁn,
& Bickford, 1956), but larger doses (200 to 250 pg) cause an,incfease
in'sloﬁ}rhythms‘ofvthe cortex (Bradley & Hance, 1956; Vogt, 1957).
No changes Were apparent in the ‘encephale isole' at any doses
used (Bradley, 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 ¢omplex, cCosta and Rinaldi
(1958)_observed that 5-HTP injected inttavenously produces a pattern
characterized}by‘monorhYthmid;“diffuée,"high voltage activity. with

the disappearance of cortical fast rhythms and hippocémpai'théta waves.



By

53

Even more complex responses were obtained depending on the dose of
5-HTP used (Monnier & Tissot, 1958; Monnier & Graber, 1960). A
progressive disruption of ﬁhe normal corﬁical activity leading
to a practically isoelectric tracing was seen after high dosés of
5-HTP given fepeatedly to unanesthetized rabbits (Domer & Lengo, 1962).

The intravenous injection of potent MAO inhibitors (JB516 of
SKF385) to rabbits was observed to induce a persistent desynchroniiation
of the EEG (Costa, Pscheidt, van Metef, & Himwich, 1960). No effect
was seen after iproniazid in rabbits or normal monkeys (Costa et al.,
1960; Wada, 1961), but a marked activatioﬁ of spontaneously occurring
eplleptic 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-
cluded that all; taken singly or together, have falled to a gfeatér
or lesser degree, Same of the reasons for this fallure are apparent.

First, the site or sites of action of serotonin injected into_b

the general circulation camnot be controlled or predicted regardless

of the route of administration. Since the amine has an effect on

50 many tissues and especlally on the smooth muscle lining blood veséels,
it 1s virtually impossible to separate indirect vascular actions

from direct action on the neurai tissue itself, In addition, many

of the non-neural tissues affected by serotonin contribute afferent
inflow to the central nervoué system which may interfere with the

response being measured. Denervation is ugg{ul to same extent in this

respect but does not campletely solve the problem,
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Close intra=-arterial injection or injectlon into the;Cerebrospinal

fluid is also.inadequate since local blood supply and‘penneability ,
changes prohibit unambiguous interpretation° |
Second serotonin enters the brain only very slowly;and in addition,

there. are regional differences in this respect. To overcame this
bdifficulty experimenters have employed extremely high doses of serotonin,
thus flooding the periphery with unphysiological levels of the amine.
AOthers have used 5-HTP, which passes readily intovbrain, The general
'assumption'is tnat S—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 eitbér case-
'is the disruption of a complex envirorment 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, nelther the
inhibitors-norrthe 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
takKen into account which they can't be at present because they are
| largely -unknown,

_ The net result of these limitations is that there has been

no adequate way of getting pbysiological 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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Effects of serotonin on single neurons in the central nervous . sSystem

~ 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 prdmise of
circumventing many of these problems has been used recently in the

search for central nervous system transmitters. Miltiple glass

microelectrodes can inject substances ionophoretically onto the

surface of, or within, single neurons while simultaneously recording
theielectrical behavior of the same neuron through another barrel |
(Curtis, 1961, 1962).

Using this technique Curtis (1961, 1962) and'Krﬁjevic & Phiilis
(1961) found thats (1) 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 coﬁsiderations argﬁe.against any of these Substanées _
being actual transmitters; (3) no neurons explored thﬁs faf 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 allvthree, but not in a transmitter-
like manner, | |

Neurons in the lateral geniculate offer the only positive
evidence concernihg serotonin, and even here its role must be
inferred. In this experimeﬁt Curtis & Davis (1961) passed serotohin
as cations fran a saturated aqueous solution (pH 3 to 4) into the

intra-cellular fluid surrounding neurons in this hucleus while

recording from an impaled neuron with one of the other barrelé.
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They found suppression of the orthodramic response to stﬁnulation,
of the opticlner?eo The latency of tne.suppression nes inrerselr
related to the magnitude of the electrophoretic current. Antidramic
spikeﬁkirom stimulation of the optic radiations or the excitation
elicitea'by'glutamic acid applied fram another barrel,; however, were
unaffected by serotonin. Other compoﬁnds including_adrenaline and
noradrenaline acted like serotonin but were less effective, 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 thét
it was depressing the elettrically excitable membrane of the neurons
in some other fashion, It is probable‘that.the.suppressionzwas due
to competitive interaction of serotonin with the natural_trananitter
-at excitatory synapses, or that the release.of the transmitter.was ;

inhibited.

Effectsnof“serotonin on brain enzynee

~ No action is eeen on rat brain alkaline phoSphatase or lactic

or'maiic'déhydrogenase in vitro (Clark‘ FoxgvMarin & Benington, 1956)

nor on ox1dative phosphorylation in vivo (Langgaerde & Skaug, 1958)
The hydrolysis of ACh, butyrylcholines procaine and murexine

by plasma cholinesterase is inhibited by high concentrations of

serotonin (lO' M) in vitro (Erdgs9 Baart, Foldes9 &'Zsigmond 1957)

but markedly potentiated by lower concentrations (5x10" M) (Fried

& Antopol, 1957) |

Serotonin inhibits AChE from rabbit caudate nuclei in vitro

: fron 29 per cent to 100 per cent at final concentrations of 10 3M

to 10~ M (Aprison, 1960)
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Effects of serotonin on gross 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 caéual observation has been the rule,

a number of gross effects have been confirmed.

In general it has been found that serotonin or its precursor
administered in relatively low doses results in a state résembling
sedation and depreséion,.wheréas higher doses lead to excitation
and restlessness. For example, slight drowsiness, hybokinesis,_less
prompt reaction to stimull and decreased gbtention_reaction is seen
in rabbits given 0.1 to l,O_ug/kg serotonin, but an opposite picture
occurs with higher doses (Monnier & Tissot, 1958). Low Qoses cause |
mild sedation and a reductionvbf 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 dosés
of 5-HTP. However, 30 to 100 mg/kg 5-HTP causes éxcitement, dis-
orienfation, loss of light‘reflex and contact plantar reflex, tremors,
ataxia,.apparent blindness, and unresponsiveness to alarming stimuli,
In addition, there is mydrdsis» piloerection, sexual excitation,
tachycardia, salivation, lacrimation, tachypnoea, yorﬁiting and
increased intestinal motility (Bogdanski, Weissbach, Uderfriend, 1958;
Uderfriend, Weissbach, & Bogdanski, 1957;,Mongier & Tissbt, 1958; :
Costa, Himwich, Goldstein, Canham, & Himwich, 1959); A picture
resembling catalepsy is seen in dogs given 40 to 900 ug/kg serotonin
into the cisterna magna after a latency of 10 to 60 minutes and

lasting up to six hours (Sacchi, Garello, Dolce, & Bonamini, 1955).
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These extreme states are not very conducive to delimiting the role
of serotonino |

Cats respond to either intravenous (Bradley, 1957) or intra-
ventriculan.(Feldberg & Sherwood, 1954) serotonin with a tendency
to sit orbiié down, but do not sleep or appear drowsy. The eyelids
remain wide open and bursts of profuse salivation are observed.

Serotonin,injected directly into cerebral tissde of mice produces‘
tachypnea micturation, defecation, piloerection, central depression
and scratching_(Haley, 1957 a, b). Rats respond to injection:or
self—injection,of serotonin into the hypothalamus_by loss of muscu-

lar tone and by apparently going to sleep (Olds & Olds, 1958).

Effects of serotoninlon_conditioniné and maze perfonnance
Cook & Weidley (1957) have studied the'effects of a rnumber of

drugs, including serotonin, on a conditioned avoidance resonse.
sting an apparatus con31sting of a grid floor and a pole they trained
rats to reSpond to a buzzer and uhOCk through the grid by clmnbing
the pole° After reaching a satisfactory criterion of escaping the
shock the anﬁnals 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 methylparafynol
blocked both the avoidance and the escape responses, serotonin (10 mg/kg,
SoCa) selectively blocked only the av01dance response as measured
by the proportion of animals not responding during the 30-second
interval of buzzer alonee

Aprison and co—workers (Aprison & Ferster, 1961 a, b , C; Aprison,
wOlf Poulos, & Folkerth 1962 Hingtgen & Aprison, 1963) have begun
'an investigation of neurochemical correlates -of- ‘behavior,- -and-- they -

have chosen the serotonin system as a starting point.,
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Using pigeons trained tb peck at a disk on a multiple fixed—interval,v

fixed-ratio schedule (Fernster & Skimmer, 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 ug/kg (Aprison & Ferster, 1961 a). The same éffect

was found using serotonin but with much smaller doses, which the

‘authors attribute to the effects of serotonin on-peripheral'circulation.

and intestinal motility (Aprison & Ferster, 1961 ¢l v »

Injections of saline or iproniazld phosphate were without effect
on the pecking response. Howevef, pretréatment with three 50 mg/kg' |
ddses of.iproniazid spaced over a period of 40 hours markedly.en-
hanced the behavioral effect of 5-HTP. This enhancement decreased.l
over a period of 47 days and was inversély correlated with the
recovery of brain MAO activity. The authors concluded that the
beha&ioral effects can be explained in'tenns of ffee serotonin présentv
in the brain after 5-HTP injections (Aprison & Ferster, 1961 b).

In an attempt to correlate endogenous levels of serbtonin with
the observed behavior, the amine was measured 1n four braln sections
of trained pigeons given 50 mg/kg S;HTP and sacrificed at varioué
intervals followlng the injection. A close relation was fbund
between the time course of Serotoninbchanges in the telencephalon
and diencephalonvf0110wing 5-HTP and the time course of the ”

, TR C T T
behavioral response to 5-HIP néted in the same birds during

testing prior to sacrifice (Aprison et al., 1962).‘



60
~ Reduction of endogenous levels of serotonin was also found to
depress the pecking response in pigeons (Hingtgen & Aprison, 1963)

'This was acconplished by administering a«methylmetatyrosine which

" “reduces serotonin levels for about nine hours and in addition depletes

tinoradrenaline 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—
lineo Although the time course of the behavioral effects due to
S—HTP and a-methymetaterSine are distinctly different it appears
that with both compounds more_free serotonin is made ayailable than
~ in the normalbstateg_ |
| -Different reSults_have beenlobtained_using mice and rats, other |
kinds of performance measures and difrerent.methods'of_altering brain
serotonin, _wcolley & vanvder Hoeven,(l963) reported a decrement
in‘performance(by’mice in a simple Thmaze after serotonin was
increased using 5-HTP plus an MAO inhibitor. . They‘found a decrease.
in performance in mice raised on a phenylalanine plus tyrosine diet
fran weaning to adulthood which was attributed to decreased brain
serotonino On the_other hand, the same authors reported that when
serotonin was reduced by administration of reserplne perfonnance was
enhanced. _ v -
~ Louttit (1962) found that rats made phenylketonurio (and who
consequently had reduced levels of brain serotonin) by a diet of
phenylalanine, or whose brain serotonin was raised by isocarboxazid
scored more errors on the HebbeWilliams tests than control groups
but were superior on a successive discrimination problemo
The conclusions that can be drawn,from studies in%estigating
_the effects of altered brain serotonin on behavior are SeY?E?}X_}iﬁif?d
by the lack of specific knowledge as to,the actual sites of action of

serotonin,



It is clear thet gross alterations ig braih serotenin produce ebservable
changes in behavior ofva rather severe nature. However, the methods
used to alter the amine do not allow a clear separation of central
.frcm'peripherel effects, Furthe:, the changes in behavior cannotvbe
correlated with specific neural mechanisms within the central nervous
system. Aprison and co-workerapp°58-60)have found that the changes in
the pecking response are correlated with changes in serotonin in the
telencephalon and dlencephalon, but further delimitation of the effeets_

has not~been made.,

Serotonin as a neurotransmitter

Shortly after the discovery of eerotonin in mammalian brain, its
role as a neurotransmitter in the central nervous. system was preposed
by a number of workers. Marrazzi & Hart (1955) nominated the amine
as an inhibitory transmitter, whereas Bfodie & Shore (1957) proposed
that it functioned as an excitatory substance aﬁ 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 s&stem will be made, and the evidence that serotonin meets

these criteria will be examined.

Criteria for aséessing a Substance as being a neurotransmitter:

evidence regarding serotonin

The critefia that have been suggeéted 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, While'some investigators.haVe relaxed these
criteria somewhat in studylng possible central transnitters the final
ﬁidentification of a substance as a transnitter requires that all
crlterla be satlsfied. A distillation of the criteria suggested by
Crossland (1960)vand Patton (1958) is presented below along with the
evidence showing the'extentvto wnich serotonin meets these Criteria
'in the central nervous systen of mammals.

1. Tt must be shown that there are enzymes within the presynaptic
neuron capable of synthesizing the substance° -

| " The existence of such an enzyme (S—HTPD) has been shown in brain
- for serotonin although it 1s not very. specific. Ultracentrifugation-
Of tissue homogenates suggests acytoplasmic orig%n’for 5-HTPD althongh
definiti&e histological evidence is lacking. |

2. Itvmust be shown that thetsubstance,Féfter‘being formed, is
stored or 'bound' in same appropriate cellulaf compartnent.

The location of serotonin in the particulate fraction of ultra-
centrifuged brain homogenates 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 synaptlc 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 criter'ion° Angelucci (1956) fourd a
substance in the perfusate of the frog spinal cord after stimulation

of the skin that had actions on n the clan heart resembling serotonin, .
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but positive identification Was not made. Later, Benetato, Oprisiu,
Tomas, Bubuianu, & Iluiter (1959) reportedbthat serotonin, ACh and
adrenaline were found in the perfused head of a dog after stﬁnuiation
of the.central ends of the cut vagus and Hering ﬁerves. Even assuming
in both cases that the substance was serotonin, there is no way of
determining its origin.

4, It must be shown that the sﬁbstance mimics the'action‘Of
the transmitter on pdstsynaptic receptors when introduced‘in physio-
logical amounts at these sites,

The only direct evidence for serotonin_regarding this criterion
in the central nervous system 1s mostl& negative. It will be re-
called tﬁat seretonin'injected ionephoretically in the near proximity
of single aeurons.in the’spinal cord and braln stem was without effect.
In the lateral genicalate>nﬁc1eus synapses were found that were_de—_
pressed by serotonin, However, the conclusion was that serotonin hadv
this effect by competing with the natural transmitter for poet-synaptic '
receptor sites; or by depressing release of the natural transmitter B
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 destroying
the substance are present at or near the postmembrane junction to
insure discrete transmission, |

There 1s an enzyme present in bfain cabable of degrading Sero=
‘tonin, namely MAO, but its location on or within’mitbchondria is not‘
canpatible with this criterion. This means that serotonin would sane-
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. Ih either case
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discrete transmission would most likely be lost.
6o Drugs that block the action of the naturally occurring trans-

mitter should block the action of the candidate substance when applied '

S locally, drugs that 1nterfere with the synthesis of the substance

o should lead to failure of the neuron to act on the postsynaptic cell;
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
intimacy with single synaptic events than has heretofore been poss:Lble°

| 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 ex1sts for 5a Therefore, using these
‘criteria, serotonin cannot be consldered a transnitter substance at
present Other authors have used 1ess stringent criteria often
requiring only 1ndirect or circumstantial evidence9 but eventually

any naninee must satisfy all six criteria 1isted above° AS'yet,

no substance completely qualifies in this respect.

Present conceptual status of serotonin in the central. nervous 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
psychotomimetic,  tranquilizers and psychic erergizers all affect
serotonin and the results are striking, to 'say the least, It remains
to be seen, nowevér, whether these agents produce thelr effects. through
their action ori serotonin, or whether the changes in serotonin are
merely fortuitous or a small part of a much larger, more camplex picture.
If it is assumed for‘thetmomentithatwthis—relation—is_indeedncausal,,A

the task of determining the exact mechanisms remains.
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As was just seen;‘it is not poseible et 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 evidencerfor such.a role seems much more convincing in- some |
.invertebrates (welsh, 1957);
A second possibility is that serotonin functions as a‘modulator
of synaptic activity either-(l) by competing with the true transmitter g
for postsynaptic receptor s1tes but not exerting an action itself or |
(2) by somehow regulating the amount of transmitter re;eased, or (3)
by interfering with the synthesis of destruction of the transmitter.
The evidence for this possibility is slightly stronger than tnat
glven for the role of'serotonin asua neurotransmitter. The-experi- '
ment by Curtis & Davis (1961) showing Just such a.modulatOry effect ”
on sites in the iateral geniculate by serotonin add Support‘to this
hypothesis. Further, the fact that MAO is mitochondrial is not

incaompatible with this interpretation.
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CHAPTER III

Strain Différences in Non»Chollnerglc Systems

| In Chapter I evidence was'presented suggesting that the ACh-AChE
;éyétem is related to measurable aspects of behavior in the rat. ‘In this
chapter certain non-cholinergic systems will be investigated in this respect.
ThlS’Will be ‘done by-comparlng_d;fferent»strainSvof rats, known to differ
" in maze performanbe,ias'tbvleVels of sérotonin and activities of the enzymes
DOPA decarboxylaset(DOPAD)s‘monoamine oxidase (MAO), and glutamic acid
decarboxylase (GAD) in bréih'tiséueo : | '

A differehée'in brain biochemistry between strains of animals that-
also exhibit a measurable behavioral différence is suggestive evidence
that the two variables are causally related, For this reason, strain
differences can be used 4s ‘a starting point in such an investigation.

Thé strainfcdmbéfiéon'apﬁfbaCh Was'heévily,relied:upon in establishing
even a nominal relation between AChE and leafning‘as.discussed”in Chapter
I, |

Evidence for considering serotonin to be importantly involved in
neurai function was presented in Chapter II. While the exact role of
éerotonin in the central nervous system is uncertéin at ﬁresent, the
evidence suggests an involvémént of the serotonin system in behavior
characterized by a large auﬁohanic component . Brodie & Shore's (1957)
hypothesis that serotonin is the chemical transmittér for the central
representatioh of the parasympathetic nervous system has considerable
iﬁdirect Supportd Even if a transmitter role for serotonin is not assumed,
the sﬁriking changes seen in the behavior of animals after injecﬁion of
drugs that raise or lower brain serotonin lead one to suspect that
‘this amine iS'involvéd'in“some"way‘with'the“regulation“of‘whatf‘“"'“

may loosely be termed "emotional behavior",
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Three reports of strain differences'in‘brainfserotOnin have
been made, (15 Caspari“(1960) reported that C57/BLIOJ mice had
a higher mean concentration of serotonin in whole brains than BALB/cJ
mice, (2) This could not be confirmed by Maas (1963) using wholé |
brains, but (3) when'a section including diencephalon, mesencephalon,
and pons was analyzed separately, . the BALB/cj’mice'weré found to
have higher-levels of ‘serotonin than the-C57/BLIOJ mice (Maas, 1962).
The BAﬁB/c-strain has:been reborted.by‘severai'investigators to |
be more emotional“(anmeasured;by“defeeationvsCores<inwa6'open fiéld)
thaﬁ-the'057/BL strain (Maas, 19633 McClearn,; 19593 Thompson, 1953;.
Thiessen, 1961),

The discrepancy between Caspari'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, Schlesinger, & Calhoun (unpublished observations)
measured the levels of“brain»serotoninﬁin Berkeley'lihes of'these 
two strains along with“fburfother’inbredwstrains*of”mice1bhat were
available: ‘A/Crgl; C3H/2Crgl, DBA/2Cfglb and RIIT/Crgl. Animals
from the six strains-had*previously been' rated on an-"emotionality
scale The“rater“was*instrucﬁed“to catch“andwhandle“the animal and-
return it to its*hpme*cage;»then”hefwasﬂasked”tO“judge“the animal on
alto5b scqle-as*tbz(lb"difficulty in catching the animal, (2) diffi-
culty in handiingbﬁ(3)“muécular‘tension,“(M)”amount”of“defecation and
urination-while~beiﬁgmhandled5'and“(S)'reacﬁioh"tO“probing*with a pencil,
This admittedly naivevmeasure»of“"emotionaiity"’waS“quite reliable
| between raters~(coéfficientS“of"concordance”in”threé*repiications were
0.60, 0.72, 0572;'215501)~and"betweenﬂgroups‘Of“animals*(coefficient
of concordance between the mean ranks ofthe six'strains for three

replications was 0,775 p <.01),
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Rellable differences between the six strains with reSpect to total
" serotonin, wet weight of tissue and serotonin concentration were found,
although the four middle strains did not differ among themselves; There
were no dffferences between the CS7/BLCrgl mice and the BALB/cCrgl mice
in whole brain serotonin ‘thus supporting Maas (1963). When the ranks of
| the means of brain serotonin“were~compared with the‘mean7ranks-obtained
| on the emOtionality scale, a high negative porreiation'Was-found'(rho=‘
0. 9“) suggesting an inverse relation between: brain levels of serotonin
and this measure of. em.otionalityo | ‘

'Three“experiments investigating’strain-differences in rats

will be’reported in this chapterb First a comparison will be made
| between the Sl and 83 strains at two different ‘ages: with respect to
" brain serotonin. Seconds other groups of Sl and S rats will again be
.compared with respect to brain'serotonin,:and in addition, they will |
be-COmpared with respect tc the brain enzymes ChE, AChE; dihydrox-
phenylalanine decarboxylase (DOPAD;’the‘enzyme‘reSponSible for the
synthesis of serotonin), monoamine‘oridase (MAO; the enzyme responsible
for the metabolism of serotonin) and L-glutamic acid decarboxylase (GAD;
the.enzyme responsibleffor the synthesis of ywaminobutyric'acid)o Third,

3
strains will be compared with respect- to brain serotonin and the- five

~ the. Sl and S. strains, the RDH and RDL: strainsD and the OMB and OMD

enzymes_Just mentioned.

‘Experiment T

Comparison of Sl and S strains-of rats with respect to brain serotonin
v 3 o

As a beginning“in the investigation of possihle'nonecholinergie
systems and behavior in-rats, brain serotonin concentration was compared

in the Sl and S - strains of rats° There were several reasons for
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seiecting these two strains. First, it was known that they differed with -
respect.to brain ACh and AChE (c.f. Chapter I) and ChE (Bennett, Krech,
& Rosenzwelg, 1963). Second, it was known that they differed ih.brain
weight (83 >S,). Third, it was known that they differed on a &ariéty of
behavioral measures » .including emotionality (S varle, 19ﬁ9; Rosenzweig,
1963). Fourth, it was known that the strains did not differ in the
glycolytic enzymevLDH (Bennett gz.gl,; 1958) or:per'centipfotein in the
brain (Bennett, et al., 1961). |

Thus;'with thesé two-straihs about which so much Mas.alfeady known,
both behaviorally and biochemically, the serotonih asséy'would"provide
a partial test of whether\nOn—cholinergic'systemS“were“ianlved in
_behavior. If the two strains did'not diffef in'bfain serotéﬁin;’tﬂen
this system could be-considered doubtful aS“a'biochemicallmediator of
normal behavior. -If, on the other hand, the two strains did differ
in brain serotonin, then-a furthér‘investigaticn“of this syétem would
be justified.

In this firsﬁ eXperiment brainwserdtonin“was measured in énimals
- from the Sl and S3~strainS"at“two diffefént“ages;" The- animals were
being used in other expefiments in progreés at-the-time and thé'
chemical analyses'were-perfor'med"'at“wid’ely“separa’ced“‘cimes° “Since
results'from experﬁnents‘performedwat5different”timeS"did not appear
© to give comparable“absolute~va1ues5'only'the'strain comparisons will
be considered.andmnot the effects of age.” Animals from both strains

within a given group were comparablé in age.

METHOD
Subjects
The subjects were male rats of the S and S strains, descendents

_ 1 3 .
of Tryon's (1940, 1942)=mazé—bright"(sl)‘and‘mazeadull"(S3)'strainso
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Animals in Group I were«apprcximately,UO-days,old when sacrificed and
‘were part of an experimentrin_which the effectsvof'crcssafostering cn
.AChEsactiV1ty and serotonin was being ccnductedo At hirth some of the
animals had been placed w1th mothers of the other strain from which

paht or all of therups had been removed° ‘Other animals_from each
“fgéfain,were raiSed«by'their;natural,mothers as controls. Due to
differential survi§a1 of therhupsvunder the variousvcon‘d_itions9 the.
effects of cross~fostering could not be'reliably'assessed‘andg,therefofe,'
‘ only‘fesults_dealing with strain comparisons will:hewreported’here or
elsewhere. Animals in=Group*II-wereﬂapproximately'1551days old»when
-sacrificed and had spent 20 days in activity wheels-(from'95{to’115~days)

in an experiment comparing the twosstrains_on~this'variableo

Sacrifice and dissection

All animals were Sacrificed“bycdecapitation5; Their brains were
rabidly'femovedg'weighed*to“the'hearest“Otl'mg"usihg“a""seminmicro",
direct feading,“analytical*balance“(SartoriuSWSeiecta);“frczen on dry
'ice'and stored -at é22°C’until;they”were“analysedsfor serotonin,

Gfoss‘dissectionmof4thefbrains”of animals-in Group-I was as-‘follows:
The dorsal corteXVwas“peeledccff"and~constituted“theﬂsecticn“labeled
Dorsal CorteX“(DC)?'thewventralﬁcortex;‘including“amygdalasﬂhippocampus
and corpus calloéum*was-aissectéd”free"ana“censtituted'the'section
labeled Ventral-CorteXW(VC);“the cerebellum was4remoﬁedb'weighed and
used to carry tissué*standards;“the\remaihing'tissueiincludihg olfac-
tory bulbsy caudate nuclei thalamusn hypothalamus, other basal ganglia
and brain stem constituted the section labeled Subcortex I (sC 1).

Gross dissection of the brains of animals in group II was as
- follows< The;cerehellum}was;remcvedngeighed;anufusedr&gjggzgy;tissue'

standards; the restwoftthe*brain~constituted“thejsecticnflabeled Total
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Brain I (TB I).

Due to different coat colors of the Sl'and S strains;5sacrifice

3
could not be done blind. All chemical determinations were carried out

usiﬁg code numbers that did not reveal the strain of the animal.

Chemical'analzsis

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‘thevextracf_was done
‘according to the me’chod-ofméogdanski--_e_gg}_° (1957) . ‘

- Tissues were homogenized‘in:1’t0’2~ml€001 N HCL that had been
saturated with NaCl.- Hbmogenization*was performed'in“SG“ml lﬁcite‘or
glass centrifuge~tubeS“uSing”a“motor“dfiven“teflon“tissue homogehizer
fitted to the~tubész‘¢Fifteen“ml'n-butanoi’(washed with 1.0 N HCL,

1.0 N NaCH and diétiiled*H-O, andisaﬁurated‘With NaCl) were ‘added to.

2
the mixture and homogenization-was continued. - One gram of solid Nacl

was addedkto insure“saturétions“*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 at2500 rpm for ten minutes°

A 15 ml aligquot-of themorganic*phase“was-transferred-to a glasse
stoppered, 50 ml-conical, gléss,;centringe tube‘using a glass syringe
and number 19 stainless-steel needle. The centrifuge tﬁbe contained
1.0 ml 0.1 N HCL and 30 ml n-heptane. After vigorous shaking by hand
for 1 to 2 minutes, the-phaseS“wére'separated by centrifugation at
1200 rpm for 10 minutes. The organic phase-was aépirated off and
discarded.

A 600 m1 aliquot'of'the“aqueous*phaSe“was transfefred~to-a one=half

dram.viai and 200 ul concentrated'HCL‘weré'added:jusﬁ“prior to analysis,
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For analysis an aliquot (0.3 to 0.5 ml) of the acidified mixture (now
3N with respect to HCL)»waS‘transferred by aQdisposable;gléss'pipette
taba:rpundlquartz cuvette~and“placedvin-fhefcell-éompartméntfof an
| Aminco~Bowman»spéctropbotofluofometer; 'The;samé_cuvette'was ﬁsed for
all aﬁéiysesn(being~wéshed‘thoroughly-betweén‘sampleS‘with distilled
HQQ and acetone) and-wéSvcarefully positionéd using a'plastic<setéscrewo

The mixture was‘éxcited'by-305'mu light*from-a'xenOn“s0qrceeA The .
resulting flucrescence was read in relativé~fluorescénce~units at 550
my. The cuvette compartment was maintained at"room»témperaturé(ip;1°c)
by a circulating water“baths *The“light"path was directed in and out.
of the cell compartment by slit arrangement number 3-(American Instrument
Co., Instruction and'Service:ManualﬁNoa>768§;V'A'yélloW“filter was |
inserted in the shutter in front-of ‘the photomultiplier tube to cut
6utfscattefed'1ight'that"overlapped*thewserotonin'fluoréscencee"The
filter did not -intérfere-with the- fluorescence-of the-sample, After
'béing‘positioned-in thecell compartment; the shutter was opened and _
the reSulting*fluorescence*read~immediately'tb“avoid*ldss froém photo=-
decomposition,

.Cerebelli were pooled-and-used as-tissue-blanks-and to carry

known amountSaofﬁserotonin“through=the*entire procedure.

" RESULTS
‘ _when serotonin is measured- in Ool:Q;HCL“the peak fluorescence is
at 350 muo A number of other substances found in brain and extfacted
by this metﬁod.élso fluoresce at this wavelength. Reduction of pH
causes a shifé in the fluorescence of-Sahydroxyindoies but.does hot
affect the fluorescence-characteristics-of the-other qompounds.
(Bogdanski et 'g_; oy 1957)% This?-‘s‘hift jin»‘_th'e‘* Fluorescence of sérotonin

as a function of pH is shown in Figure 2.
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RELATIVE FLUORESCENCE (ARBITRARY UNITS)
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Fig. 2. Shift in the fluorescence of serotonin as a function of
pH (exciting wavelength, 295 my).

serotonin measured in 4 g HCI1

---------- serotonin measured in 0.1 EI HCI.
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The procedure used here also extracts 5-HIP which has very similar
fluorescence properties to serotonin. - Bogdanski et al., (1957) removed
émHTP 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 ékpériments-showed'no-detectable'diffefences-in‘measured Sero-
tonin whéthér~the:bofate@Wash”waé uséd“or"not;aﬁd“therefore, the borate
- buffer wash was eliminated; |

Fluérescence Spectra“of*authentinserétonin"afe*shownvin Figuré
3 for seVeralQCOncentrations*'togetherwwith“the“spectrum'of“a'bréin
sample extracted by the method used“herez““Fluoreséencejof authenﬁic
serotonin was linear-over-a-considerable range-of-concentrations. Figure
4 shows a»standard‘cuPVe'obtained by'carrying;known:amountSfof-serotonin
through the extraction procedure in tissue: The‘linearity“seeh'in“this .
~ standard curve was not always evident, especially at the-IOW‘concentrations;
. The reason for the -frequent departure frpm'linearity is beliéved"to be
poor extraction due to-insufficient shaking'duringvthe extraction, In
‘later'experiments;'such aS"the“one“fromwwhich“the:curve in Figure 4
was-obtained,vthis difficulty was overcome., The problem did not arise
when aétual samples- were -extracted since part-of the-homogenization‘wés
"perfbfmed in the presence of-butanol., For ﬁhiS“reason‘ valueS“obtained
from some experiments are: probably too high' thus prohibiting the-com-
- parison of separate experimehtS“on’an'absolute:basisb “Nevertheless,
-‘withinnexperiment comparisonsremain fully Jjustified.

These procedures“permitérécoveries'of*added"serotonin ranging from
90 to 100 per ceﬁtd “TablewBTgives-thezresults 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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Fig, 3. Fluorescence spectra of several concentrations of authentic
serotonin and extract of rat brain (exciting wavelength, 295 my).

HZO blank —— —— 500 ng serotonin/ml
------ 100 ng serotonin/mi — — — 1000 ng serotonin/ml

-+ — rat brain extract (1.5g)
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Fig. 4. Standard curve obtained by carrying known amounts of
authentic serotonin through the extraction in cerebelli
homogenates. '
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Table 3

Reproducibility of Methods,Used for Extraction and Analysis

of Serotonin in Rat Brain

vg Serotonin Added to . 1. 0 ml Aliquots
of Rat Brain (356 mg/ml)

Relative Fluorescence
(arbitrary units)

Mean

Mean Minus Tissue Blank

00 0.065 0.3
38.0 53.0 . - 65.0
k2.0 50.5 - 6L.0
41.0 55,0 60,0
43.0

b1,0

40,5

K.9 528 62.0

—_— 119 21.1
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Comparison of S and S rats
-1 3

Table 4 shoWs the means and standard deviations with respect to
wet weight of tissue and serotonin concentration for both groups of
5, and 83 rats. |

The adult S1 rats had a signlflcantly higher concentration of
braih sefotonln than the adult S3 rats in TB I. None of-the differences
Jin bralnvserotonln between the 40 day old rats were statistically

significant, although the means of the S.s were higher in all three

1

brain sections than the means of the corresponding SectibnS'of'the'S3se
In both the young and adult groups, the 83 animals had signifi-

éantiy heavier brain weights than' the Sl'animals.--In'spite of the

'S, they had over

significantly lighter-brain-weights of‘_‘che*adult“Sl

ten per cent more-total-serotonih'than the S3s.

DISCUSSION
The results-of- thls experlment ‘indicate that-at: least by the time

. Sl and $3 rats reach- adulthood their-brains dlffer in serotonln con—

centration with the”Si

gram tissue than the S3 strain, - It ‘may be that this difference appears

strain“having“significantly“more‘serotonin per

ear'liérD but dueto~the-much-greater variability present-in-the younger

animals, such a conclusion“was prohibited-at this time.
Comparisonsrbetween~§oungerﬁand~olderfanimalsfwereﬁnot made in

- this experiment since agewas complétely’ confounded with time of

sacrifice and time of-analysis:  Other experiments-have~indicated that

’abshlute values from analyses: performed-at widely separated times-

~cannot be compared.



Table 4

Means and. Standard Deviations of S, and S3 Strains with

Respect to Wet Weight of Brain Tissue and Serotonin Concentration
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S, Strain Sy Strain

Age Section Wet Weight of Serotonin Wet Weight of Serotonin

: Tissue (mg) (ng/g) Tissue (mg) (ng/g)

X (n) sb X (n) SD | X (n) SD " X (n) sD

4  DC 374%% (18) 17.8 329 (17) 131.0 402 (11) 9.7 306 ( 9) 131.0
aays vC ‘273* (19) 14,6 321 (17) : 74,0 291 (11) 19.4 310 (11) 91.6

sc I 500%#% (18) 20,3 704 (18) 91.8 538 (11) 20.4 700 (11) 79.7
110 TBI 1380%* ( 9) 33.3 594*%#(9) 55,6 1538 ( 8) 39.0 478 ( 8) 47.0
days N _ .

*p<.05

¥ p < 01

1
{
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The difference in brain meight between-the»sl and-S3 animals was
as expected and conformed to that foundrby'Bennett et al. (1958).
Interpretatiom of the differences in brain serotonin'between the_
two strains cannot.be made-‘without recourse to experiments to be
reported?later; It appears, however, that blochemical differences

~ between. the Sl and S3 strains are not restricted to the ACh—AChE ‘system.

'Experimeﬁt'II._

Comparison of S, and S, rats with respect to brain serotonin, AChE,

3
ChiE. DOPAD, GAD and MAO

- The results of* Experiment I shdwed that by adulthood the sl
strain of rats differs-from'the?S"sﬁrains in;ievels of brain sero-
tonin, Two experiments5were?performedrtO'confirmzand extend this
finding. First;'serotoninwwaS“again“measuredﬁin the SI and S3
'strains,and in>addition;-the‘enzymesvof~synthesis (DOPAD) and
metabolism (MAO) of serotonin were measured ‘together: ‘with GAD, AChE
.and ChE. Second; having found-a difference in brain serotonin between
the Sl and 83 strains,.tw0“other"pair3“of'strainS"were*investigated
with'respect-to~brainf‘sero’conin'and“these"-five"brain"‘enzymes° 'Compari-
sonS'between'thessi'and“SB-strainslonly will'befreported'here; compari-
sons involving other-strains”will be reported-in Experiment ;IIa

Analysis- of serotonin'prohibitS“the‘simultaneous analysis of most -

‘enzymes, since the-amine-is extracted in 0.1 N HCL in'order to prevent
its metabolism by MAO. - For this reason littermateS'were‘used in -
this experiment; one animal maS'anélysed for AChE, ChE, DOPAD, 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 L-glutamic acid to wamihbbutyric acid (GABA).
GABA has a unique occurence in the central nervous systems of .
vertebrates and may play a direct or indirect role in the reguiation'
of neural activity. For this reason it, as well as serotonin; is a
candidatévfor a non-cholinergic neurotrahsmitter role in the central
nervous system. It has beén'ShggéStéd tha£&GABA causes an increase
in the membrane conductance'of-neurons-related‘to an increése in
_perneébility to.Chloride-aﬁd/or potassium ions. Low‘coﬁéeﬁtraﬁiOns
of.éABA mimic the effects §f stimu1ation of the-inhibitory nerve on

~ the crayfish stretch receptor, (Roberts, & Eidelberg, 1960).

METHOD

Subjects

The subjects used in this experiment were 10 littermate pairs

of male Si ratS’ana“l3'littermate"pairS"of'male$S3~rats;" One ahimal
of each pair was7assigned"at'weaning to either a Social Control (SC)
condition or a'SocialﬁTesting“(ST) condition. - Littermates were
housed together,4twowper~cage“with“food'and'watermavaiiable'gg.;;g.v

| ST animals Were~testedfin'a“variety“ofmsituations'beginning at
95 days of age.- Theftesting*program“inciuded measures of activity,
emotionality and-discriminationareversal"iearning;“details of this
‘testing program-will be-given in Chapter- IV.  ~3C animals were not
handled except when-being weighed or' during cage c¢leaning.

All animaIS'werebllu“days'of”age"when‘sacrificed“for‘biochemical

'analysiso Brains-of the ST-animals-were analysed for'serotonin,and
brains of the SC animals-were- analysed for DOPAD, GAD, MAO, AChE,

and ChE.
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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 mgag The
dissections were performed as follows: After removal of the“caIVarium,

‘a specially designed miniature plastic T-square was placed on the brain

to delimit the _les to be removed from the Visual and‘somesthetic

areas of the ¢ 3 ex"(Figure 5). The boundaries of each cortical section
were first circdmscribed with a scalpel and then the cortical tissue |
was carefully peeled free of the white matter° Samples were taken from
both hemispheres and constituted the sections labeled Visual Cortex (V)
and Somesthetic Cortex (8). 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
bulbs, medulla and'pons~constitntedjthe”sectionjlabeled~Total“Brain IT
(TB II) For animals~inrthe”ST“group“the~TB~II section-waS‘immediately
extracted and analyzed for serotonina For animals in ‘the- SC group the

TB IT section- was” frozen on dry ice and stored between two- blocks of

‘dry ice until the follow1ng day when they were analyzed for DOPAD GAD

MAO AChE and ChEo

" Chemical analyses

' Serotonin
Serotonin was determined in TB II sections from-animals-in the

ST group by. the procedures-described in Experiment I.

Enzyme essays

TB II sectionsﬂfromwanima1S“in*thefSC~group*werefhomogenized in

: 0}03’M,potassiumtphosphatewbhffer"(pH*?wO)“to:affinal~concentration:
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Fig. 5. Left, a diagram of the dorsal aspect of the rat brain, showing
how the samples of the visual area (V) and of the somesthetic 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/ml. Appropriate aliquots were taken for simultaneous deter-
minations of DOPAD, 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)vto a final concentration of 3 mg/ml.
Only AChE and ChE activitieS‘were“detérmined"onﬁthese:sections,‘“ﬁupli- .

cate  determinations were-made for-all assays wherever possible.

AChE and ChE

| AChE and ChE activitieS“were”determined“by“the"spectrbphotometric
method described~by~Ellmén3ﬁCourtney5jAndrbeS'&'Featherstoﬁé (1961)
. as modified by Bennett-et-al., (1963). |

For ACHE, acetylthiocholine-iodide (AcSCh iodide) was used as
substrate in the presence of 5,5' dithio=bis=(2=nitrobenzoic acid)
or DTNB. Thiocholine;-the'enzymatic“product;freactS“with'DTNB forming
the yellow anioh, 2anitrothiobénzoate, which'absorbS"maximally at
412 mye. - | | |

" For ChE, butyrylthiocholine iodide (BuSch iodide) was used as
substrate in the presence of DINB and a selective inhibitér of AChE,
' 1:5-bis-(4-trimethylammonium-phenyl) pentane=3=one"diiodide (Bﬁrroughs
Wellcome Code number 62CU7).

All assays were-done-using a Beckman DU spectrophotometer equipped
with a Gilford Automatic-Cuvette positioner,.- The=éamp1es were pre-
incubated for 10 minutes at 37°C, the substrate added and the reaction
rates recorded for 10 minutes. Four samples were analyzed simuitane—
ouslyvand their absorbances, as a function of timeb“were recorded on
a strip chart. Blanks-were obtained-by substituting buffer in place

of the samples and the non-enzymatic rates of hydrolvsis recorded.



THIS IS A BLANK PAGE

8l



85
Specific amounts of reagents and tissue used in this experiment

were as follows:

AChE -V and S sections

Tissues were homogenized in 0,1 M_potéssium-phosbhate buffer
(pH 7.9) t§ a final concentration of 3 mg/ml. An aliquot coﬁtaining
l.8lmg tissue wés transferred-to 1 cm light-path quartz-cuvette contain-
ing 2,57 ml 0.1 M‘potaSsium phosphate buffer. Fifty ul of a 4 mg)ml
solution of DTNB (40 mg DTNB blus-lS_mg NaHCO3‘dissolved in 10 ml
0.1 M_sodium,phpsphate buffer, pH 7.0) were addedAand;the'mixture pre-
incﬁbated for tén minutesvat 37°C: Fifty ul pf’a 10.4 mg/ml‘solufiqn
of AcSCh'iodide were.added“and”thé“reaction rate recorded for ten |

minutes,

ChE~V and S sections’

Three ml of the-homogenate-were transferred to a1l cm light-path
quartz cuvette. Fiftylul'Of'a“Z mg/mlssblution"of”DTNB containing ;
7.1 mg/ml,62047'(specifiC“iﬁhiﬁitor“ofAChE)“wére“added“and the mixture.'
preincubated for 10 minutes~at-37°C," Fifty ul of a 200 mg/ml solutibn

of BuSCh iodide-were*added“and<theyreaction“rate“recorded“for'ten minutes.

AChE - TB II sections

Tissues were homogenized—in 0.03 M;potassium‘phosphate buffer (pH
7.0) to a final concentration-of 20 mg/ml, - An aliquot containing 2 mg
tissue was transferred to a1l cm light-path-cuvette contéining 2,57 ml
0.45 M potassium phosphate buffer (pH 7.53) méking the final pH of
the mixtﬁre 7.5. Fifty ul of a'ﬂ“mg/ml“301ution of DINB were added and
the mixture preincubated ‘for ten minutes at 37°C. Fifty ul of a 10.4
mg/ml solution of AéSCh iodide were added and the reaction ratevrecorded'

for ten minutes.
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ChE - TB I1 séctions

One ml of the homogenate containing 20 mgbtissue was transferred
to a1 em light-pathvcuvette containing 2 ml 0.0j M'po@assium |
phosphate buffer (pH 7.0).. Fifty ul of a,2 mg/ml soldcion of DINB
with iﬁhibitor were added and‘the mixture pfeincubated for ten minutes

oas 376C; iFifﬁy ul of a 200 mg/ml.solution of BuSCh icdide were added

and'the3féaction'rate recorded for ten minutes.

'Calculatlon of' AChE arid ChE activ1t1es

Reaction rates for AChE and ChE were calculated using the following

formula:"
Moles substrate o AOD-Blank « L ' TV
hydrolysed/min/mg — T E = * @
Where,
AOD = Change in optical density of the solution
t = Time (normally 10 minutes)
E = Extinction coefficient of reaction product = 13, 600
TV = Total volumeof"the 1ncubation mixture (1)
W = mg sample used

- De¢arboxylase activities

Decarboxylations were run in special one=arm flasks having a total
volume of approximately 6 ml (Figure 6). For assays; 0.1 ml of stock
substrate solutiop* was added to the side arm of the cell and 0.1 ml
pyridoxal phosphate to the-main compartmeot; :Homogenate plus bdffer
were added to the-main compartment to a total volume of 1.2 ml. The
side arm was capped~wiﬁh“avrubber serum cap (#F=1) and the cell
attached»to anrevacuating'apparatuS“(Figure*7)“by"a'2 inch length of
rubber-tubing;"CellS“werefevacuated to 2°to 3 cm Hg1pressufe_and

~.the gaseous'phase'replaced“by”NQ;_ The evacuation was-repea’c_e‘d,twice°

, ' 14
¥The stock substrate solution-contained equal amounts-of =~ C labeled
D and L isomers; but only the L isomer was a substrate for these
enzymes,
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Fig, 6. Diagram of special one-arm flasks used to runv‘carboxylations.
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Fig. 7. Diagram of special evacuating apparatus used in decarboxylase
assays. ’
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Each cell.was thén placed under a slight vacuum and sealed by a screw
clamp-on the rubper tubing. After incubation at 37°C, the enzymatic
reaction wés terminated by addition of 0.3 ml 5N H,S0, using a syringe
and number 23 stainless steel needle.

To collect evolved CO5, 2 ml of phenethylémine'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, 0.5 mM of NaliCO, were added to the acid-killed
homogenates with a syrihge and number 23 stainless steel needle
through the serum cap. Nitrogen gas was then passed through the
cell to insure complete recovery of 002° The.entire collection
period for ten cells required 25 minutes., Scintillation fluid
number 2 (toluene, 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.

DOPAD

The fact that DOPAD and 5-HTPD are identical was discussed in
Chapter II. Since the rate of decéfbbxylation~of DOPA'by this enzyme
is 6.4 times.thét of 5-HTP, DOPA was used as substrate. Optimal
 conditions for this enzyme werepH 7.0 and a final concentration of
DL~ DOPA of 5 X 107 M, For assay 0.2 uc of QETDOPA—l‘luC was used
 per ceil° Pyridoxal phosphate was required as a cofactor with 0.1
.mg giving maximal“activityo Uéder these conditions, activity decreased
after two hours to approximately 75 per'cenﬁ 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
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3700 in a metabolic shaker (117 strokes per minute), All cells were
given é twokmihute preincubation and the reaction-initiated by mixing
the DOPA.with the homogenates. The reaction was stopped‘after‘two

hours by addition of 0.3 ml 5 N H S0,

] "}. it

S

v Oﬁf{ﬁéi conditions for this enzyme were pH 8.0 and a final con-

~ centratidn of DL-glutamic acid of 1 X 10™M, For assay 0.2 uc of

Eirglutamic’acid C was used per Céllg' Pyridokal phosphéte was
required as a cofactor with 15 ugxgiVing'maximal activity. In an
atmOSphere‘of air initial,activity‘was 40 per cent of the éctivity

in a nitrogen atmospheré, Activity of the enzyme was ﬁot stable

when stored for one week at -22°C, No loss in activity was apparent

' if tissues were kept on dry iée overnight., - Assays were routineiy run
at 37°C and é pH of 7.0 in an atmosphére 6f‘“N2° “All cells were given
a two minute preincubatioh and the reaction initiated by mixing the
vglutamic acid with the homogena__te° The reaction was stopped afterv

one hour by addition of 0.3 ml 5 N H SO .
o ’ -2 0y

Calculation of decarboxylase activities

Reactibn rates- for:DOPAD-and~GAD" were calculated using the
following formula: |

2

net- dpm-of substrate in
incubation mixture

ug substrate«decarboxy1ated/hr/g"é@net“dpm“of evolved CO,

ug substrate in
incubation mixture
tissue used (g)

- net dpm of evoived“COé'="cpm“of,evolved CO, - blank
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het dpm of substrate in _  cpm of 100 ul stock

incubation mixture -  substrate solution - background
2
blank _ “ = c¢pm of non—enzymatic decarboxylatlon
background | = cpm of scintillatlon 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 flask and made up to a total volume of
1.0 ml with 0.03 M potassium phosphate buffer (pH 7). After a two minute pre-

incubation»period in a metabolic shaker, 20 ug 5—hydroxytryptamine—2—luc—oxalate

_ (speoific 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

iu a boiling water bath. The reaction mixture was held at 100°C: for five
minutes after which the tube was centrifuged for 20 mimutes 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 experlments
.that much of the radioactiVity remained at the origin on subsequent chromato-
graphy if the spots were dried by the conventional warm air method, Therefore,
the spots were dried by drawing room temperature air through the paper, which -
resulted in a greater amount of the radiocactivity 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 ﬁas avﬁf value of 0,51 and its oxidative,

deaminated

The stock substrate solutlon contained equal amounts of both the D and L
isamers, but only the L isomer was a substrate for these enzymes,
necessitating the division by 2.
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product, 5-HIAA, has aRf of 0.82, Internal standards were used with
each experiment and were carried in boiled tissue, Radioactivity was

counted using an automatic spot counter (Moses, Lonberg—HoLn 1963) .

Calculation of MAO activity.

sources of radicactivity were counted for each sample
(Figﬁr 8?5 A = the origin which accounted for about 10 to 20 per

" cent of the total radioactivity, B-a minor spot (less than 5 per
cent of the total radioactivity) assumed to be»a-reactiOn product,
possible corresponding?to-5;hydroxyindoleaoetaldehydeg-C - the smdt
’associated withvunmetaboliZedﬁserotonin~Whichﬂusuai1y~accounted fof"
- over 50 per cent of the total-radioactivitys andD =-the spot asso-
”’ciated'withfthe~major“enZYmati0”product$of“metabolism;"SeHIAA, which
accounted*forw20~to#46*perocent“of*the'totai”radioactivityo A fifth
~ spot, accountingtfor”less“thanWSdper“cehtvof“the“totai“activitys'can
be seen'abovewthe~BéSpot~but?waS”not5couhted”sinceJits'identity‘was

unknown. Thewreaction“rate“of“MAO“was*calculated'as féliowss

per cent serotonin/hr/gm_ ‘cpm B’ +. cpn DY - 1
metabolized- g ““cpm A"+ cpm BY + cpm Cv + cpm 5 *ETssue
used (g)
Where,

cpm X' = cpm X" = background

' background . cpm-of“mylar-fiim-with no spot.

Results
Chemical _
The methods*usedwfortthe*determination“ofiChE“and AChE were
| modified slightiywfromﬂthoseeofﬁEliman”et"aiz“(1961)'and Bennett
et al° (1963) in order-to- be ‘compatible~ with the DOPAD ‘GAD and

MAO assays. For thisreason- the results of “some’ preliminary
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& 7

D- 5-Hydroxyindole-
acetic acid

E- Unknown

G- Unmetabolized {lE
Serotonin

B- 5-Hydroxyindole-
acetaldehyde

A- Origin ‘ e ‘

100 pl of supernatant 50 100 pl
from rat brain internal standards carried
homogenates in boiled tissue homogenates

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 of pH for two different buffers at
37°C. For both AcSCh and BuSCh the rate of non-enzymatic hydrolysis
was greater when 0.1 M 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 AeSCh (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 M 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 M potassium phos-
phate buffer (pH 7.0) to accomodate the decarboxylase assays, a less
than optimal¥* pH was selected for the AChE analysis. Table 5 shows
the results of comparing a 0.15 M potassium phosphate buffer (pH 7.4)
or a 0,45 M potassium phosphate buffer (pH 7.538) with a 0.2 M
sodium phosphate buffer (pH 7.3 or 7.1) on the rate of AcSCh hydro-
lysis. Also included 1s a comparison of the rates of hydrolysis of
BuSCh in several strengths of buffer.

There was no appreciable difference in the rate of hydroljéis of’
BuSCh over these ranges so that the ChE assay was run in the same
buffer in which tissues were homogenized.

¥ Tn the sense that a higher net rate of hydrolysis could be
obtalned at a different pH.
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pH of solution at 37°

MU-33106

Fig. 9. Rate of non-enzymic hydrolysis of AcSCh and BuSCh as a
function of pH in two buffers. e AcSCh; o BuSCh; — 0.2 M sodium
phosphate buffer; -~ — — 0.1 M tris buffer,
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700

.GOOF"

AO.D.|o min minus blank

BuSch
[ ]

N ]
6.6 7.0 74 78 8.2
pH of solution at 37°

MU-33107

Fig, 410. Net rate of hydrolysis of AcSCh and BuSCh by 2 mg rat
brain in 0.2 M sodium phosphate buffer as a function of pH.
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Rates of Hydrolysis of AcSCh and BuSCh as a Function of Buffer, Molarity

and pH

Buffer Sodium Phosphate Potassium Phosphate
Molarity 0.2 0.2 0,03 0.15 0.4
pH 7.3 7.6 7.0 7.4 7.53
Net Rate :

of Hydrolysis  AcSCh 483 500 - 499 534
“OP 20! pm am - 198 - 195
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The 0,45 M potassium phoéphate buffer (pH 7.53) allowed the highest net
rate of hydrolysis of AcSCh whilevmaintaining a constant pH against
addition of at least 250 ul 0.03 M potassium phoSphate buffer per

2.7 ml, including 2 to 6 mg tissue.

Strain comparisons - total serotonin and enzyme total activities

The animais used in fhis éxperiment were divided into two groups,
SC and ST. Comparisons between stréins, however, will be made only
| within a”giVen group, since possiblé differences between conditions
would increase the variance within strains and tend to mask between
- strain differences.

The neans and standard deviations for the S and S3 strains
. . 1

with respect to body weight, bfain weights, total serotonin content
and enzyme total activities are shown in Table 6. The S, animals

were heavier in body weight than the S, animals but had lighter

bfains. In the sensory cortex (V and S) the S.s had higher AChE

1

- and ChE total activities than'the'Sés in spite of the fact that the

:S3$ had heavier tissues; although not-significantly so (p> .10).

There were no significant differenCQS'betWeen the two strains in

the total activities of ChE and AChE in TB II.

© fotal activities of DOPAD and GAD did not significantly differ-

v.’entiate tho tWo=strains, but that”of“MAO did with the S3s having
significantly higher total activities than the S;s (ps .05). The

Sls had 7f6 per'cent"more-total‘serotonin in the TB II section than

»,

3
Two attempts were made to compare the strains on a purely bio-

| the S_s but this differsnce was not statistically significant.

chemical basis, uncontaminated-(in-some sense) by tissue weight.

First, the traditional ratio of serotonin or total enzymatic activity
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per unit welght was used, Second, serotonin and enzyme total activities
were compared between strains after the covariance associated with
tissue weights were partialled dut.'

Strain comparisons - serotonin concentration and enzyme specific
activities

A comparison of the two strains on serotonin concentration and
enzyme specific activities (i.e. activity per unit weight) is shown
in Table 7. In all comparisons, thevSls had higher means than
the S3s. Individual tests of significance (Mann-Whitney U statistic)
showed thesé differences to be statistically significant for all
variables except DOPAD, GAD and MAO specific activities., Serotonin .
was higher in the-Sl‘strain than the S3 strain by 18.2 per cent |
(p £,002). The usual differences between the two strains in AChE
specific activities were appare;t"in'all three brain sections.
Similar differences-were"foundffor;ChE specific .activity.

Strain comparisons - discriminant function analysis of total
serotonin and enzyme total activities.,

The previous analysis, using the ratio of serotonin or enzyme
total activity to tissue weight, was 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'terms-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-were scaled-to presumably comparable units by

using wet weight-of-the-tissue-as the divisor.
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Comparison of Sl and S3 Strains with Respect to Body Weight, Brain Weights,

Total Serotonin and AChE, ChE, DOPAD, GAD and MAO Total Activities

Sy
Variable : Section o ' R o
| X s.D, X S.D.
Body Weight (g) 335%%% "31.1 - 298 30.3
Brain Weights (mg) V 76,7 b8 79.2 4,84
8 57.9°  3.55  59.4 3,30
™ II 1,308%%% 77,7 11,435 67.0
Serotonin (ng) B II 851 72.7° 789 137.1
ACKE (M x 108/min) v 4,808%%% 326 3,018 117
_ S 3.962% 292 3,U33 301
™ II 183,350 8,570 187,760 8,060
ChE (M x 108/min) Vv 256 18,7 2k 17.7
.S 201%% 18,7 188 10.1
™ II u,771 573 840 325
DOPAD (ug/2 hr) 8 II 685  THO" T35 71,8
GAD (ug/hr) B II 973 209 928 227
MAO (percent metabs:iB..IT 5,714%% 655 6,169 318
olized/hr)

<
¥ p < .05; "
< .02; "

"

.10; two talled test using the Mann-Whitney U statistic
on
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Comparison of Sl and S3 Strains with Respect to Serotonin Concentration

and AChE, ChE, DOPAD, GAD and MAO Specific Activities

Sy

Variable Section p
% S.D. X S.D.
Serotonin (ng/g) ™ II 651%%% 43,5 551 98.3
ACE (M x 103%/min/mg) v 61.3%%* 3,05 52.9 4,91
S 68,5%%* 3,43 62,5 4,59
TB I 141,3%%*% 4 96 = 1324 3,22
ChE (M x 1019/min/mg) v 3.34% 0,17 3.06 0,13
S 3, ho*** 0,22 3,17  0.16
™ II 3.71%%% 0,12 3,46 0,16
DOPAD (ug/2 hr/g) T8 II 534 57.0 ° 527 49.5
GAD (ug/hr/g) 8 II 756 157 666 166
MAO (percent/hr/mg) ™ II 4,45 o.41 4,42 0,23

< .10; two tailed
< ,05; u
< .02; n

"

test using the Mann-Whitney U statistic
" .
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The result was a 'concentration' or 'specific activity' for that
- section which céuld be compared directly to the concentration or
| “specific activity of another section., The follqwing two assumptions
‘are usually not considered in this common way of éxpressing substraté
levels or enzyme activities: (1) that the tissue is homogeneous
wlth respect to the substrate or enzyme activity being measured
and (2) that a linearrelation exists between the substrate or enzyme
activity and the weight of the tissue. Thus, two samples'would |
differ in concentratidn only if the slopes of the regression between
substrate or enzyme=activity'and'tissue“weight differed.

If the first assumption- of homogeneity is correct for a given
tissue section, then~it-should-be possible-to-check the"second'assump-
tion by examining-the-correlation-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
andvindividual differences- this correlation would not be expeéted
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'betweeﬁ‘tissue'weights and
total serotonin or enzyme activities for the‘Sl and*S3 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-of the-other correlations were very low,
including those for AChE and ChE in the S section. ~Assuming the
tissue welights to be accurate, either the methods-of measurement
‘were inadquate;“or“the”as§gmption3"discussed“above were not

realized,
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Table 8

Correlations Between Total Serotonin, Enzyme Total Activities and Wet

Weight of Tissues for S; and 83 Strains

v S B II, T8 I
s sty s, s, % S| S,
Serotonin - T8 II, v .59 .06
AChE v .T1¥%,39
S .07 .38
B II, .69%% 66 %
ChE v (T2R* B3%#
S .57 =02
B II, |  Blx Thxs
DOPAD B I, - .28 .26
GAD B Iy .31 =12
MAO 8 II, .60% ,36

a and b for littermates, ie., a littermate analyzed for serotonin and b

littermate analyzed for enzymes,

*
1o

< .05
< .01

*
*
o

+
o}
|

= 10 for S5 throughout

++ n = 13 for S3s ‘chroughout
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In any case, a technique~%hat dées-ﬁotfrequire“these~assumptions
or is based upon-the-observed~corre1atioﬁs-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
ﬁhe observed léw correlations, tﬁe7results and conclusions must
suffer adcordinglyo : |

- .._Another, perhaps more important, reason for resorting to
multi&ariate analysis should be mentioneds This concerns tests of
significance made on a number;of-variablesnthat~are~not statistically
independent., ‘Unlike the situations- where multiple comparisons are
made on a single dependent variable’émong-several groups, or where
é”single variable is measured a*nUmbér_offtimes on the same subject
(i.e., repeated measures designs); this-problem occurs-when several
dependent variables-have-been measured on- the- same- experimental
material and these~variabies~are5interre1ated to-some degree. -

Clearly, if two highly-correlated'variables*are*meésured in the
same material and'the-means~compared'betWéen two groups, both will
differ in the same way: Interpretation’of"the"differences, however,
may not be apbarenbwhenrseparatejunivariate-tests=have-'beenmade°
Techniques are‘needed“that“will”ﬁake=intd'account*the“intercorrelations
between variabiles.: Mﬁltivariate‘techniques=dOﬁjustmthiSfand therefore
will be relied upon-heavily here.

Appendix Awshows~thewcomput&tionélpéteps*for'computing the
discriminant function and-Wilks®-(1932) Lémda“test”of'the signifi-
cance of the~discriminant%'“Such“a"discriminant“functionfwas computed
between the Svs~andeﬁS"forfweightsrof-TB;Ilg;"TB IIb (a and b for

1 3

littermates i.ew, littermate:a was analyzed for serotoniir}]' anc%1 Jtittt -
mate b was analyzed for the five enzymes), total serotonin and tota
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activities of AChE, ChE, DOPAD, GAD and MAO. The Lamda test

resulted in an F8, = 4.36 (p <.01)., Thus, these variables

taken together: were able to disgrhninate the two strailns when the
difference between mean vectors was maximized by an appropriate weigh-
ting of the varilables dependent upon the respective intercorrelations.
even though only MAO total activity, by itself, was significantly .
different between stralns, ,

The question was then asked whether the blochemical 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 5, 16 = 2.07 (.,10< p <.20).
Table 9 shows the original mean vectors and the adjusted mean
Qectors after tissue weights had been partialled out. The S s
have higher adjusted mean AChE, ChE and DOPAD activities andltotal‘
serotonin than the $3s, as-was found when specific activities and
concentration were used,

Univariate comparlsons on the adJusﬁed'means showed ChE to be
significantly different- (p-<.01) between strains after weight was
partialled out even though the six variables taken together were

not.

Correlations between welght, substrate and enzymes

Table 10 shows the correlations between-tissue weights and the
seven blochemical variables (total activities) for the S and S
strains in this experiment. Above the diagonal are the %ull seg
of correlations and below the dlagonal 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 S; and S3 Strains with Respect to Tissue Wéight,
Total Serotonin and Total Activitiés_ of AChE, ChE, DOPAD, GAD and Mao

‘Original Meané » ) | Agijl;tsted Meaﬁs

Variable Strain 7 stram

s os; s sy
TB II (mg) 1,307*%% 1,434 ‘ | - -
™I () L2 Ly - -
Serotonin (ng) S 851 8 a3 167 |
£§g§ M x 105/ 1,833 _': 1,877 _‘ o ‘. 1,819  ;,832
o (o x 08w 4,840 TR fu,991f?* e
DOPAD (ve/2 br) 685 7% 7106 T3
GAD (ug/hr) o3 98 989 910
| l\grA()) (per cent/ | 5,71u%* 6,169 o ' 5,963 6,009

¥*p .05

*
*
o
Ia
o
'._l



107

Table 10

2

Correlationsl and Partial Correlations~ Between Tissue Weights and

Biochemical Variables for the Sy and S3 Strains

1B II TB IIp AChE ChE Serotonin DOPAD GAD MAO

B II, S;° 5% 52 TTHE 59 .35 15 U6
85" 69%% .28 ,60% 06 .31 ,06 .05
B I, S .69%  Buxx 58 28 .31 .60
53 .66%  ,73¥% 01 26 =12 .36
ACE 8 .57 62 .12 -,09 .31
S5 .39 27T =10 -.20 .38
ChE S, .01 330 .59 .55 .31
S3 -.13 337 43,20 - 43
Serotonin S; . M2 = U3 : L1 -,02 .58
S3 J2 g 14,06 ,58%
DOPAD S -.07  .68% 08 STT¥%2,13
S3 -.34 o34 | 013 O6%% 60%
GAD Sy . =50 ..B5% .22 ,BuEx .07
S, | -.11 Lo NURIN L .09
MAO 81 -.19 =44 -39 -.37 =.18
- S3 A1 34 .68%%  65% 22

1 Above the diagonal

2 Below the diagonal

3n=10
4 n=13
¥ pg,05

**p < 001
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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 indicat¢ somewhat different patterns for
" the two strains. The essentially zero correlations between AChE

and ChE for both strains (r = .01 for the S.s and r = -,13 for

1 .
the'S3s)'suggést that these two-enzymes operate independently of each
other. |

Sérotonin was positively correlated with AChE and MAO for

" both strains, but little relation was apparent between serotonin

and DOPAD or GAD., .

Serotonin was positively correlated with ChE in the S3 strain
(r:= -149) but négatively correlated in thg Sl strain (r = =.U43).
Neither of these correlations were, howe&er, statistically signi-
ficant. ChE was moderately correlated with DOPAD (r = .68 for
the Sls and r = 034 forlthevSés)“and*GAD (r="465 for the Sls
and r = 40 for-thewSés)zy“AChE‘waS’slightly-negatively correlated
with these,enzymeS%v~The~highestfcorreiationsiwere*between DOPAD

and GAD (r = ¢84 formthe-Siswand:r*=“a7l“for the S3S)e.

DISCUSSION
The.differencewbetween“brain“serotoninrconcentration in'the Sls
and'S3s foundvinﬂExperiment"T“wé$~suecessfuiiy“repiicated'in:this
experimento~ ThevSithadvabout"189per“cént%morefserotonin pervgram

5]

tissue than themS§S%~“WhenftotaiﬁserotoninrwaS”considered, the Sl

- still had»morensgrobonigithan“theﬂS§S"but“notfsignificantly S0

The same resultfwas*seenﬁwhenmtissueﬂWeightvwaSTpartialléd out

statistically;butvagain*the“difference"was*not*significant;
Somewhat similarwresuitS’wereffound'fOr'the%énzymeS‘AChE, ChE,

DOPAD, GAD and MAO, In all comparisons--the'SiS'had”higher enzyme
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specific activities than the S_s, but when total activity was con-

3
sidered the differences decreased or even reversed depending on
the particular correlations between enzyme total activities and'
tissue weight. When fissue welght was partialled out statlstically,
the S s tended to have higher AChE, ChE and GAD activities but
lowerlMAO activity than the S s.

Considering the serotonii 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 ,
989; 83, 910), The S3s, however, had a greater capacity for .
metabolizing serotonin as reflected by the higher MAO activity
(s1 »5,96355,6,009)and the lesser amount of unmetabolized serotonin
(Si, 873; Sé, 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 serotonin
available than thelS3 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 Sl strain has higher values than the
S3 strain in both the ACh-AChE system and the serotonin system

might reflect a causal relation between the two neurochumoral

systems.,

Experiment III

Comparison of Six Strains of Rats with Respect to Brain Serotonin,
AChE, ChE, DOPAD, GAD and MAO

In Experiments I and II a difference in brain serotonin was

found between the Sl and S strains., In Experiment II. the cholinergic
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enzymes, AChE and ChE, and the non—chdlinefgic enzymes DOPAD, GAD
and MAO were investigated in these strains. This experiﬁent extends
this investigation to two other pairs of strains of-ratso In
addition, the regional distributions of these enzymes will be
investigated.

The tpree pairs of s;rains chosen for this experiment were
the S, =S, RDH-RDL and OMB-OMD strains.* Reasons for these

3 |
choices were as follows: First, the S, -S, strains were known

173
to differ in AChE,'ACh and maze-performance? _ThevS1 strain has
'highér brain ACh levels, higher AChE specifié éctivity and is
superiof on most learning tasks to the»S3 strain° These facts
‘were mainly responsible for the hypothesis that the ACh-AChE
system was positively related to learning. Second, the RDH strain
(Roderick Dempter High:AChE)‘was.éeleCtiVely_bred-for high cortical
AChE compared tbvthé RDL strain-(Rode£i¢k Deﬁptér Low AChE;
‘Roderick; 1960)5 When'tested fof_maze p¢ffofmaﬁcthhe RDL
strain wasAfound:to be ‘slightly suberiof:£0‘the.RDH'Strain
‘(Rosenzweig et al., 1960): These facts Qere'mainly resbonsible for
the hypothesis that the ratio of ACh to-AChE was positively
related to learning (c.f. Chapter I). ‘Thirdgithe OMB strains
(Olsdn Maze—Bright)"were~se1ected“f6r performance on the Lashley
III maze and thus;are'superior‘tb“tﬁé @MD“strainS“(Olson Maze-Dull)
in this respect, but'in;one'of“the lines-(line V), the two strains
' did,notvdiffer~With*respect“t0“éither.ACh'offAChELand~in the other

line (line II),~the'OMD-strain"waS”actually higher in brain ACh

% OMB and OMD strains-were selected by Richard Olson in a joint
project with the Department of Psychology and Genetics, University
of California, 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 reéult 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 blo-
chemical events underlying an animal's 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“reflectediin=the-erroré'an“animal makes and how
fast he performs.,

The purpose-of this experiment was to see whether 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



112

includes these non-cholinergic systems,

- METHOD

Subgects

The subjects in this experiment were ten littermate pairs of

male rats from each of the fbllowihg six strains: Sl, S,s RDH, RDL,

38
OMB and OMD. A special breeding schedule was arrangéd 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, ear-
punched for identification,and placed 3 to 4 per cage under colony
conditions, including food and water §Q.li§ﬁ Males‘wefe 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 Sl, S3,‘RDH-and-RDL Strainso Breeding stock from both the
II and V lines of the OMB and OMD strains were obtained with the
intention of selecting ten littermate-pairs from each of the four
strains. Reproduction waS“so*onr;?however,-that-this plan-had to be
abandoned. None of the OMB' pups from"thé IT 1line survived, 'so that
only OMB animals from the V line were avéilable@ Ten pairs df'males
were selected from the five OMB iitterS‘éf the V line that sur§ivedo
Five pairs of males were“selected”fronlthe“three'OMD litters of the
V line that survived and five pairs of maleS'weré:selected from the
four OMD litters-of-the II line:that: survived:,: This resulted in the

pairing of five sets of OMB 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 litterhate palrs of animals from each of the
six strains were brought from the colony to a room near the bilo-
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. Animalé were sacrificed for
serotonin analysis in the morning in blocks of six, including
one animal from each strain. Cerebelli were removed; welighed 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. Animais
in Group I were approximately 87 days old.

Group II - After Group I had been éacrificed;-it was discbvered that
one of the enzymes, "GAD, "was not stable when stored frozen fof
periods over several days. - Consequently, it was decided to
sacrifice animals for enzyme analyses not-more than 24 hours
pfior to analysis. -The remaining 36 animals for serotonih

analysis were sacrificed as in Group I and the extraction was
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'performed immediately; They were aopfoxﬁnately}90'daysvold'and
constituted Group Ii. | o o
Grou27iIIv- Littermates of animais in group II:were sacrificed

as follows, Six animals, one from each strain were sacrificed

per day. Their brains were rapidly removed; dissected, weighed and

frozen cn dry ice. Half of the sections were‘analyzed the same
- day and the other half were stored betweeh two blocks of dryvice
until the foilowing day when they were analyzed. This schedule
X 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 bralns 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 Experdment II and constituted the
sections labeled ‘Visual Cortex (V) and Somesthetic Cor'texl(S)°
Remaining dorsal cortex was peeled off down*tO'the_temporal
-ridge and constitutedﬂthe~sectionflabeledvRemaining Dorsal
Cortex (RDC)¢--VentralﬂcorteX°andvsurrounding structures, inclu-
ding hippocampus”“amygdala'andncorpus callosum were separated
and constituted the- section labeled Ventral Cortex (VC)o The
cerebellum was: removed by ‘severing its peduncles and constituted
the section labeled Cerebellum (Ce) A'section 1abe1ed Hypo;
thalamus (H), was~ taken by circumscribing the area bounded by

the optic chiasm anteriorly the optic tracts laterally and the

K>
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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
besal ganglia, olfactory tubercles, and olfactory bulbs consti-

tuted the section labeled Remaining Subcortical Brain (RSB).

Chemical analyses

All chemical analyses were performed according to the
techniques described in Experiment‘II;, 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 blo-
chemical analysis and duration of tissue storage. Therefore,
theseusources 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 for each block»of six animals was
computed ‘and subtracted from the grand meén computed over all
ten blocks. These deviations frbm the grand mean were then
added to the values of each animal within that block. This
adjustment procedure equalized the meané for blocks while
leaVning the means for strains unaff‘ectéd° Variances within

strains was, of course, reduced accordingly.
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Table 11

Concentration of‘quogenates and Amounts of Tissue Used

in Experiment III

Concentration of Amount of Tissue Used per Assay (mg)

- Section. Hanmogenates*

| | AChE*# ChE¥#%* DOPAD GAD Mao
' 10 2 6 - 10 10
S 10 2 6 - 10 10
RDC - 20 2 20 20 10 10
vo 20 2 20 20 10 10
H | 5 110 5 5 5
M+ P 20 2 20 20 10 10
RSB 10 1 20 10 10 5
Ce 20 3 20 - 10 10

¥ A1l tissues were homogenized in 0,03 M potassium phospﬁé’te buffer,
"pH 7.0,

¥* 0.U5 M potassium phosphate buffer, pH 7.53.

' #%% 0,03 M potassium phosphate buffer, 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.

Body weights and brain tissue weights

Mean body welghts and brain tissue welghts 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 sectlions were not divided, consti-
tuting a single section.

The Sl and S3 strains showed the usual diffgrences in brain weight
found earlier (Experiments I and II, Bennett et al., 1958), even though
they did not differ in body weight. For all eight sections the S3s
had heavier brain tissue weights than the Slso The RDLs were heavier

in body weight and brain weights than the RDHs, and the OMBs were

heavier in body weight and brain weights than the OMDs.

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. The Sls had significantly more serotonin per gram
tissue than the 83s (10 per cent). The RDHs had a higher mean concen-
tration of serotonin (815 ng/g) than the RDLs (795 ng/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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Means and Standard Deviations of S1s S3, RDH, RDL, OMB and OMD Strains with Respect

to Body Weight and.Brain Tissue Weights

Variable

Cortex

‘ Strains
Sy S3 RDH RDL OB OMD
X sb R % SD X sp X SD X sD

Body(:iight* 302 26,6 298 30.5 . 234 Li,4 324 25.3 372 42.2 312 18.7

V#* (mg) | 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

?ot?l 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 u.é 62.5 7.1 63.3 6.1 59.4 6.3

M+ PH¥ (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 3.6 482.0 ‘41.1 417.7 19.5 1461.0 15.3 534.9 20.5 488.1 24.3

Total Sub- 661 47.6 719 43.7 62556.2° 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

?ot?l 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

10

1]

% 1.
ny

¥% ., =
ny 6



Table 13
Means and Standard Deviations of S» S3, RDH, RDL, OMB AND OMD Strains with

Respect to Total Serotonin and Serotonin Concentration in TB I

Variable Strain

81 S3 RDH RDL __oB

_ _ SD X SD
X SD X SD ¥ Sb ¥ SD X :

Wet Weight 1399* 70.4 1570 81.7 1366% 55.2 1480 87.3 1597 55.8 1526 61.5>

of ™ I (mg)

Total Sero- 1147 49,6 1157 32.1 1100% 41.1 1160 35.3 1133 55.2 1114 43.4
tonin in '
™ I (ng)

Serotonin . 829% 31.7 752 U5.6 815 22.7 795 64.3 713 50.2 T4 43,5

conc. in

B I (ng/g)

¥ p < .02, two-tailed test using Wilcoxon matched-pairs test of différence
between pairs of means

6F7
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‘Enzyme total and specific activities

Appendices Dl to 123 show the means énd standard deviations for the
six strains with respect to enzyme total and specific activities in the
eight brain sections. Begause 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 obtalned
from the correiation matrix of tissue weights.and_enzyme total activi-
ties for ali-six strains combined, GAD total activities were not in-
cluded in this analysls since four of the ten samples for each section
were lost, M+P ahd RSB sections were combinéd into one section for pur-
poses of this analysis. | | |

The faétor analysis resulted in six féctors or dimensions thét
accounted for over 95 per cent of the covafiancé between variables;
Table 14 shows the factor loadingS"of”body”weight;~brain5tissue weights
and enzyme total agtivitie3von~thesefsix diﬁensionsx'iTheﬂfirst factor
is apparently a weight~dimension&that*inéiudes~both“body.weight and
‘brain tissue weightso"“Mény*ofwthevenzyme“totai activifies were also
' highly correlatgd with-this-factor;- The;seéond"factorwislcommon to
the VC andAH sections;?‘Both'tiSSue'weightS"and’enzyme'total;activities
; for the VC and H sections?wereﬂhigh1§~correlated"with“it;'vThe-rgmaining
: four factors appear to~be'épecificvt0ﬁtota1'enzyme'activities with
relatively little relation~to-tissue weights.

On the basis of this~factorwana1ysis~thewfollowiﬁg”variables and
linear compésites of"variabieswwere-retained”as accounting for nearly all
the'iﬁformation contained“inwthevoriginai“54 variables: - Body welght;
tissue Weights - VC, H, V + B8+ DC-{Dorsal Cortex3DC), M + P + RSB

(Subcortex II SC3II); 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 from Principal Axis Factor

Analysis
Variable Dimension
1 2 3 Uy 5 6
Body Weight -.78 .11 .06 .30 .03 =24
Weight of V -.83 -.10 .10 -.20 .01 -.25
S -.73 -.14 -.02 - by -.09 -.14
RDC -085 7005 “’009 027 oou 13
Ve -.62 .22 .18 .29 - 41 -.14
H -.b45 .76 -,13 -.24 .20 _oou
Ce -.89 -.02 .27 08 .06 -,08
M+P+RSB -.93 -.15 .01 .09 .17 -,08
ChE ' ~.27 -,18 .14 -.71 -.12 .15
S .07 -,10 -.17 -.65 -,23 .27
RDC ~. 40 -.11 -.26 .26 .15 .46
VC olo "’033 “902 -010 l)'l "’037
H -.17 .65 -.03 -.16 A7 W47
Ce -.38 -.26 .48 -.26 -.23 .45
M+P+RSB -,60 -.38 .13 -0l -.14 o34
AChE \' -.31 -.06 -.62 -.29 -.27 -.13
S -.23 -.11 -.80 -.21 ~.25 -.16
RDC -.50 -.62 - 72 .28 -.16 .14
vC .07 .63 -,10 .17 -,5U -,11
H =,16 .83 -,19 -.27 .20 -.07
Ce -.75 -,06 -,06 .02 -.37 .2h
M+P+RSB -, 71 -.16 ~-.29 .01 .28 -.00
DOPAD DC -.38 .09 .45 04 .15 .14
VC .0l Y .28 .10 -.01 -,01
H -, 49 .59 .10 -.05 .18 .18 ;
M+P+RSB ~.63 .15 .17 .05 -.16 -.16
MAO v -.63 -,26 .14 =.21 -.13 -.13
S -. T4 ~-,13 .01 -,30 -.07 -.07
RDC -, 77 -.00 -.19 .26 ,16 .16
Ve -.33 -,06 .21 .22 -. 41 -4
H -.33 976 -.06 =24 -006 -,06
Ce =.75 .0l .38 -,06 -.07 -.07
M+P+RSB -.82 -.23 -.07 .06 -.07 -.07

Serotonin "023 "‘002 007 “ous _029 -029
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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 activities for these composites
were computed by dividing the sum of the total activities by the sum

of the component weights.

Cdmparison of Sl and S3 strains-- enzyme- total activities

Table 15 shows the means and standard deviations -of the S1 and S3
strains with respecé‘tO'VC, H,'DC~and'SC“II'brain'tissue’weights and the
corresponding enzyme total activities.--The two strains did not differ |
‘significantly in VC or H tissue weights. The S3s; however, were ten
per cent heavier than the S s in DC and SC II sections (p< 0.05).

Enzyme'total activitiei did not differ'significantly between the
Sls and S s in any of the brain sections. The means for all five enzyme
foﬁal activities in the DC and SC II sections weré, however, slightly
higher in the S3s than in the Sis." These differences probably reflect
thé-significantly greater -tissue weights-of these'sectiqns in the S3s
compared to the Sls,

_ A discriminant function was computed-for—-the two $trains composed
of body weight, DC and SC II tissue weights—and the-corresponding
enzyme'total.activities~of-ChE;'AChE;“DOPAD; and"MAO, The test of
significance of the discr':lm:'man’c"1'*(—:‘31,1_11_:ed-in.an'li‘ll’8 =-3.33 (pz .05).
To determine whether the significant-discrimination reflected only tissue
weight differénces, a second discriminant- function was computed with
body weight and tissue weightéfpartialled out, The F = 2,00 waé

8,11
not significant (p >.05), but the adjusted means were higher for the
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Means and Standard Deviations of S; and S3 Strains with Respect to VC, H,

DC and SC II Tissue Weights and Corresponding Enzyme Total Activities

. #
Variable Sect]._on Sl S3 Fl,N—2
X SD X SD
Brain Weights Ve 319 27.9 340 34,4 2,22
(mg) ny = 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 Ve 910 180 926 190 .04
Activitg H 365 53 350 45 .50
(M x 10%/min) DC 1138 69.8 1194 76.6 2.83
n; = 10 SC II 3192 43 3352 281 .95
AChE Total Ve (x10~1)3774 892 34b5 830 .75
Activity H 5613 606 5366 8836 .60
(M x 10%/min DC (x10™1)2139 104 2179 1h5 43
ny = 10 SC II (x10-2)1177 119 1246 100 1.96
DOPAD Total Ve 122 U3.3 111 43.4 .33
Activity H 54,8 2.8 577 789 .09
(ug/2 hr) RDC 69 9.2 71  18.0 1.21
ng =10 SC II 600  62.5 634  78.5 1.15
MAO Total Ve 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%
ng =10 SC 11 3658 349 3880 309 2.52
GAD Total Ve 239 29.4 242 19.1 .00
Activity H 58.0 7.5 58.7 7.0 .00
(ug/hr) DC 418 17.6 42 38. .27
ng =6 SC II 749 124, 758  141.1 .01
(N-2) (1-M) Wii
# Fl,N—2 = A , where A, = Til ¥*p<.10
Wii = within groups deviations ¥*% p < .05
Tii = combined groups deviations ¥¥%¥ p < .01
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Sls than the 83s in all cases (Table 16). This suggests that there are
enzyme components independent of weight that are higher in the Sls than
in the Sgs°

Three further discriminant functions were computeq. One.was composed

of VC and H weights and the corresponding total activities of ChE, AChE,
- DOPAD and MAO. Another included VC and H tissue weights and the corres-
ponding total activities of GAD. Neither of these.two discriminant
funcfions were statistically significant. 'The third discriminant was
composed of body weight, DC and SC II weights and~the-cofresponding
total activities of GAD. The test of this discriminant resulted in
an'F5D6 = 7,79 (p 2.01), After-body-we?ghf and tissue welights were
partialled out significant-discriminatinggpoWer remaihed (F299 = 5,293

p < .05). This was largely due to-the-difference-between adjusted means

in the SC II section (pairwise F, ; ='10.52; p < .01).

Comparison of S

1 and S3 strains - enzyme specific activity

Table 17 shows the means-and-standard-deviations- for-the Sl and S3

strains with respect to specific-activities of the five enzymes in the

iS'had higher

355‘.On1y‘tWQ'of these comparisons

were statistically significant. AChE was-significantly higher in the

four brain sections. In all but- three- comparisons the S

enzyme specific activities thén*the-s

Sis than in the S3s in-the H and DC sectionS"(p';OOS), whereas MAO was

significantly lower in the.S.s than in’the‘S3S'in'the H section (p <.01).

The discriminant function composed of  body- weight-and ChE, AChE, DOPAD
and MAO specific activities in'the DC-and SC II sections'was statisti-

cally significant (F =-3,73; p <.05), as was the discriminant function
10,9 =
composed of ChE, AChE, DOPAD-and-MAO-specific-activities in-the VC and H

sections (Fl = 3,69; D < »05). ‘Most- of the discriminanting power of

0,9
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Table 16

Adjusted Means of Sy, S3 , ROH, RDL, OMB and OMD 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
Enzyme Section Sq S3 RDH RDL ovB oD
ChE DC 1171 1162 1164 1070 1191 1233
SC II 3411 3138 3348 3144 3507 3555
AChE DC 2192 2124 2100 1934 2397  2u2s5
SC II 1232 1193 1147 1068 1281 1264
DOPAD  RDC 71 69 67 66 69 66
SC II 637 598 580 568 678%% 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 11 870 663 637* 789 855 851

¥ p < .05 for pairwise comparison of adjusted mean differences,

#% p: .01 n "



Table 17

-126-

Means and Standérd Deviations of Sl énd 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 S1 83 Fl,N—2

‘ X SD X SD
ChE Specific VC . 2.82 0.28 2.73 0.41 .09
Activit H 6.09 0.49 5.76 0.48 .22
(M x 1010 min/ DC 2.97  0.17 2.83 0.21 2,41
mg) ny = 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
Activitx H 94,2 4,8 87.7 4,6 1.93
(M x 1040 / DC 55.9 3.8 50,8 4.4 9,35%%#
mg) n; = 10 SC IT 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 9k2,3  93.2 966.0 104,1 .75
(ug/2 hr/g) RDC 262.2 40,3 2b2,1  61.6 .29
n; = 10 SC IT 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 h,57 0.09 4,50 0.14 12,87%#%
g) ny =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 118.9 1038 65.9 3.74%
(pg/hr/g) DC 1077 32.4 1000 107.7 .20
nj = SC II 1233 144,6 1109 161.6 2.79

¥p < ,10
w5 < .05
RER D :<_‘ .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, _ = 6,44 (p <.05). The third

4,7
discriminant function illustrates the increased power often gained using
multivariate techniques since none of the univariate comparisons were

significantly different between the two strains,

Comparison 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 welghts 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, DOPAD, GAD and MAO activities
were significantly higher in the RDLs than in the RDHs in all but three
comparisons. _

The discriminant funcﬁion composed of body weight, DC and SC II
tissue weights and the corresponding total activities of ChE, AChE, DOPAD
and MAO fesulted in an F é = 3,42 (g <.05), When'body weight and brain
weights were partialled i&é, the F8.18 dropped to 0.66 (p > .05), suppor-
ting the interpretation that the higher total activities in the RDLs

were primarily dependent upon tissue weight.
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Means and Standard Deviations of RDH and RDL Strains with Respect to VC,

H, DC and SC II Tissue Welghts and Corresponding Enzyme Total Activities

Variable Section RDH RDL F1 N2
X SD X SD
Brain Welghts VC 305 40.3 346 21.9 8.15%#
(mg) ‘H 54 5.0 63 7.4 g,23%%#
ng = 10 DC 375 23.5 426  11.6 39, UgHxs
SC II 571 58.6 645 25.5 13, 30%*#*
ChE Total Ve 1177 736 863 20U 1.69
Activity H 305 T 365 64 4,00%
(M x 10%min) DC 1113 116 1125 105 .05
ng =10 SC II 3183 253 3307 365 7
AChE Total  VC (x1071) 2677 733 2925 465 .81
Activitg - H 5011 631 5635 T34 4,18¢%
(M x 108/min) DC (x10~Y) 2055 98 1986 152 1.16
n; = 10 SC II (x10-2)1099 95 1117 101 .18
DOPAD Total  VC 86 29.4 126 36.6 | 7.20%%
Activity H 48,0 10,6 59.4 6.7 8.21%%
(ug/2 hr) RDC 57 16.1 75 18.1 5.02%%
ng = 10 SC II 53 69.0 612  55.9 7.2Th%
MAO Total Ve 1755 304 1803 129 .22
Activity H 401 41 480 65 10, 58%%#
(per cent/hr) DC 1763 137 1825 uy3 .18
n, = 10 SC 1T 3494 529 3903 274 b, 73%%
GAD Total Ve 219 41,5 249 28,6 2,08
Activity H 57.4 4,5 69.3 5.7 16,0l %%
(ug/hr) DC 375 18, L4y 31.7 20, hor##
ny =6 SC II 640 25,7 751 30.1 N7 ly7ees
¥p<.10
*¥% B < ,05.
R¥% é '_2_ .01
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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 = 4440 (p <.01). When tissue

weights were partialled ogt, the F = 4,83 was still significant beyond

2,9
the .05 level of confidence, due largely to the contribution of GAD

total activity in the SC II section (c.f. 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 sectignso 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 AChE.

DOPAD and GAD specific activitles wéfe higheb in all four brain
sections in the RDLs than in-the RDHs; but in only one comparison (GAD
in H) did the difference reach an acceptable level of significance
(p < .05), |

The discriminant function composed-of body'weight“énd ChE, AChE,
DOPAD, and MAO specific activities in the-DC and SC II sections was
=2,U48; D > .05), in spite of the highly signi-

18

not significant (F1
. 9
ficant univariate weight differences. A second discriminant fungtion

was computed excluding DOPAD and MAO total activities. The F5 y = 6,22
e : 1
. 9
was significant beyond the .01 level of confidence, supporting the
interpretation that the failure of the first disctiminant 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—-Z
X SD % )
ChE Specific Ve 2,77 0.46 2,48 0.30 2,74
Activity H 5.65 0.79 5.83 0.48 .35
(Mx1010/min/mg) DC 2.98 0.29 2.65 0.24 T.75%%
ny =10 SC II 5.60 0.40 5.12  0.61 L, 20%
AChE Specific Ve 87.6 13.9 83.8 10.9 U8
Activity H 93.0 6.6 90.1 4.1 1.38
(Mx1010/min/mg) DC 55.1 4.3 46.7 3.2 25,25% %%
ny = 10 SC II 192.9 11.7 173.1  11.1 15,08% %%
DOPAD Specific Ve 279.1 68.7 360.8 92.7 .75
Activity, H 899.4  153.3 947.9 115.6 .61
(ug/2 hr/g) RDC 220.6 55.3 252,0 61.8 1.46
ny = 10 SC II 939.1 61.9 950.0 T72.5 .22
MAO Specific - Ve 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
ny = 10 SC II 6.09 0.27 6.05 0,30 .13
GAD Specific Ve 725 81.9 74  52.6 .15
Activity H 1163 70.9 1317  65.4 15, lyxxx
(vg/hr/g) DC 987 54,1 1021 73.8 .82
ny =6 SC II 1109 70.7 11484 49,4 1.11
¥p < .10
¥ 5 < 05
*%¥ é E .01

~Y
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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
(F10,9 = 2,663 p >.05). The discriminant function composed of GAD

specific activities in the four brain sections also fell short of an

acceptable level of significance (FM . = 3,485 .05 < p < +10).
9

Comparison of OMB and OMD strains = enzyme total activities

Table 20 shows the means and standard deviations for the OMB and
OMD strains with respect to VC, H, DC and SC II tissue weights and the
corresponding total activities of the five enzymes. As was pointed
out in the Methods section (p.112), five OMB 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 indefensiblesfé comparison of the
mean differences between the OMB 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. Therei"or'e9 further
statistics were computed ignoring this methodological error., Extreme

caution must be exercised, however, in interpreting these differences.

“The OMBs had significantly heavier VC and SC II tissue weights than the

OMDs.  The saﬁe direction of differences observed for the DC

‘and H sections, but the differences-did not reach an acceptable level

of-significance (p > .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 (p <.01),



Table 20

-132-

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 OVB oD F1,N-2
% SD b4 SD
Brain Welghts VC 368 18,7 348 20,2 5. 4y
(mg) H 63 6.4 59 6.6 1.87
ny = 10 DC 446 21,6 429 26,6 2.39
SC II 696 26.5 658  4h,1 5, U7%%
ChE Total Ve 1040 179 1076 401 .07
Activity H 326 60 324 70 .02
(Mx108/min) DC 1203 107 1221 97 .14
' ny =10 SC II 3544 308 3516 380 .0l
AChE Total ve(x10-1)3328 422 3084 323 2,11
Activéty H 5563 636 5269 705 .97
(Mx10°/min) DC(x10-1)244Y 168 2374 169 .85
n; = 10 SC II
(x10~2) 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%%
(ug/2 nr) H 59.8 7.4 53.5 9.8 2.59
ng = 10 SC II 678 16.8 568 66,4 18.22%%#
MAO Total {0 1928 156 1782 59 7.60%%
Activity : H 1460 53 Los  lo 2.68
(per cent/hr) DC 2050 109 1998 130 .94
ng = 10 SC II 4302 221 4071 201 6.,03%%
GAD Total Ve 278 31.7 259 24,2 1.36
Activity H 69.0 7.0 58.5 7.3 6.37%%
(ug/hr) DC 505 35.8 25 48,6 10, 37%¥x
ny = SC 11 947 119. 799 113.0 b4, 79%
¥ p < ,10
¥ p < ,05
¥%% p T 01



e

133

Differences between the OMBs and OMDs in subcortical (SC II) activities

were significantly different for AChE, DOPAD and MAO (p < .05) and

approached an acceptable level of significance for GAD (Fl 10" 4.79;

.05 <p <.10).

The discriminant function composed of body weighf, DC and SC II
tissue weights and the corresponding total activities of ChE, AChE,
DOPAD and GAD resulted in an F 13 = 5.59 (p £.025). When body weight
and tissue weights were partiailed out, the F = 4,55 was still

8,11
sginificant (p <.05), due largely to the contribution of DOPAD in

the subcortex (pairwise F = 14.60; p <.01).

1,16
ChE, AChE, DOPAD and MAO taken together in the ¥C and H sections

were not able to differentiate the two strains (F = 1.80; p >.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_ , = 3,803,05< p <.10),

5,6

but the test of the discriminant was reduced to'F, 5" 2.46 (p ».10)
3

when body weight and tissue-weights-were partialled out.

Comparison of OMB and OMD strains-= enzyme specific activities

Table 21 shows the means and’standafd deviations of the OMB and
OMD strains with fespect-to-specific activities of the five enzymes in
the four brain 'sections. None of the comparisons between the OMBs
and OMDs with respect to ChE,AChE or MAO specific-activities reached
an-acceptable level of significance (p->.05).. The means for the OMDs

were slightly higher in ChE-specific-activities than the OMBs, whereas
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Means and Standard Deviations of OMB and OMD Strains with Respect to Specific

Activities of ChE, AChE, DOPAD, GAD and MAO in VC, H, DC and SC II Brain

‘ Section
Enzyme Section VGWB OMD Fl,N—Z
% SD % SD
ChE Specific VC 2.83 0.23 3.09 0.98 .67
Activity H 5.23 0.63 5.30 0.71 .65
(Mx1010/min/mg) - DC 2.73  0.26 2.86 0.26 1.15
ny = 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/mg) - DC 55.0 2.9 55. 4 2.73 .16
ny = 10 SC II 190. 4 6.5 185.9 17.0 .59
DOPAD Specific  VC 303.4  57.5 263.9  48.2 .95
Activity H 964,8 132.3 905.1 117.1 1.15
(vg/2 hr/g) RDC 227.3 4o,1 216.1 38,7 J4o
ny = 10 SC 11 981.9 81.2 864,5 116.5 16,86%#%
MAO Specific Ve 5.21  0.22 5.11 0.16 1.11
Activity H 7.29 0.59 7.19 0.42 .15
(per cent/nr/g) DC 4,59 0.10 4,57  0.16 .56
ng = 10 SC 11 6.21 0,14 6.29 0.27 .65
GAD Specific \(® 752  63.0 741 4y, 2 W11
Activity H 1208 99.7 1120 53.8 3.48%
(ng/hr/g) DC 1087 46.9 972 66.0 12,10%%%
ny =6 . SCII 1311  110.8 1182 124,7 3.59%
¥*p <.10
¥ p < .05
®E¥ ? E .01

14
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the means for AChE specific activities were almosﬁ 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 (F = 16.86; p < .01). GAD specific activities were also

1,18

higher in all four sections in the OMBs than in the OMDs. In the cortex

(DC) the difference was significant (F1 10 = 12.10; p < .01), and in the
s Pz

subcortex (H and SC II) the differences approached acceptable levels of

significance (F = 3.48; .05 <p < .10; Fy 15 = 3.59; .05 < p < .10).
s

1,10
The discriminant function composed of GAD specific activities in the four
brain sections approached an acceptable level of significance (Fu’7 = 3,043

.05 < p < .10).

Comparison of high and low maze performance strains - enzyme total activities

‘The S;, RDL and‘GWB 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 nppe of finding morphological and/or biochemical factors
common to the high.and low performance strains the animals in this experiment
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 totalvand 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 S., RDL and OMB stfains) and the

l’
Low Performance strains (LP; animals from the S3, RDH and OMD strains) with
respect to body weight, VC, H, DC ard SC IT brain tissue welghts 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 pér cent) was signi-
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Table 22
Means and Standard Deviations of HP and LP Combined.Strains with Respect to
VC, H, DC and SC II Tissue Welghts and Corresponding Total Activities of

ChE, AChE, DOPAD, GAD and MAO

Variable Section HP | P F1,N=2
X SD T SD
Brain Weights Ve 345 30.4 331 36.9 2.54
(mg) H 62 6.4 58 6.8 5.04%#%
ng = 30 DC 418 32,4 409 33.3 1,18
SC II 648 52.7 629 63.7 1.36
ChE Total Ve 938 196.8 1060 490.5 1.24
Activity H 352 59.8 327 63.5 2.77
(Mx108/min) DC 1156 98,6 1176 105.3 .58
ny = 30 sc II 3348  389.7 3351 329,2 .06
AChE Total . .VC (x10~1) 3342 . 702.7 3069 717.5 1.55
Activity H 5604  638.6 5215 719.7 y, Blux
(Mx108/min) DC (x10~1) 2190  238.2 2203 190. 4 .12
n; = 30 SC IT (x10™2) 1206  125.9 1189 1244 .29
DOPAD Total Ve 120 34,1 .96 32.0 7. 76%%#%
Activity H 58.0 6.2 53,1 10.0 5,18%#%
(ug/2hr) RDC 72 12,6 64 15.9 3.83%
ng = 30 SCII . 630  63.8 580 80.5 7.25%%%
MAO Total Ve 1797  182.1 1759 200.3 .29
Activity - H 457 53.7 431 52.U 3.58%
{per cent/hr) DC 1877 290.7 1800 168.1 .06
n; = 30 SC II 3954 386.2 - 3815 434, 4 © 1,73
- GAD Total Ve 255 33.0 240 32.7 1.94
Activity ‘ H 65.4 8.3 58.2 6.0 8.67¥%%
(pg/hr) DC 455 46,6 409 43,0 9, U1%¥k%
n; = 18 sc II 816  134.9 732 121.1 3.78%
¥p<.10
* % 5 < 05
***‘é E .01
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ficant beyond the .001 level of confidence (Fl,58 = 18,51). It should be
pointed out that the RDHs lowered the mean of the LPs considerably and
the (MBs raised the mean of the HPs considerably. The strains showing the
most consistent behavioral differences, namely, the S; and S3 strains, did
not differ in body weight in this experiment. |

The HPs also had slightly heavier brain tissue weights than the IPs,
although not significantly so (_Q' > .05). This finding is probably not in
itself inlportéht in maze performance, since the S3s show consiSteh’cly
heavier brain weights than the S;s. |

ChE, AChE and MAO total activities did not differentiate the HPs
from 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 activitiles in all four brain
sections than the LPs. The differences were significant for DOPAD total
activities in the VC (p < .01), H (p <.05) and SC II (p < .01) sections.
The differences for GAD total activity were significant in“the H (p < .01)
and DC (E < .01) sections and approached significance for the SC II section
(Fp 3y = 3.78; .05 < p < .10).

The discriminant function composed of body weight, brain tissue
weights and the corresponding total activities of ChE, AChE, DOPAD and
MAO msulted in an F21,38 = 1.93 .(g < .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 F4930 = 11,59 was still highly significant

(p < .01),
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Comparison of HP and HL animals - enzyme specific activities

. Table 23 shows the means and standard deviations of the HP and LP
animals with respect to specific activities of the five enzymes in the
four brain sections. ChE, 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 ail four brain sections in the HP
than in the LP animals, but the. difference reached an acceptable level of
Signifiqance only in the H séctioﬁ (F1,58 = 5973 p 3;.01)5 GAD specifi¢
activities were also higher in the HP than in the LP animals in all four
brain sections. The differences weregstatistically significant in the
'DC (Fp 3y = 11.15; p < .01) and SC IT (Fp 3y = 5535 p < .05) sectlons and
approached an acceptable level of significance in the VC (F1’3u = 3,08;
.05 £p < .10) and H (Fy 5 = 3.28; .05 < p < .10) sections.

For easy réfEPence the méans with respect 66 bd?AD and GAD specific
activities for the six strains that constituted the HP.and LP combined
groups are shown together in Table 24, Each stréin categorized in the
HP group was highér in DOPAD and GAD specific activities than the
éorrespoﬁding strain cétegprized in the LP group in all brain sections
but H,

The mean concentratioh of serotonin in TB I of the HPs was 781 ng/g
compared to 769 ng/g in the LPs. The Fl,58 = 4,70 was spatistically
sigpificant (E 5,905), dﬁé largely to the differeﬁce between S;s and

S3S.

Relative regional specific activities of ChE, AChE, DOPAD, 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

percentage 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 Stralns with Respect
to Specific Activities of ChE, AChE, DOPAD, GAD and MAO in VC, H, DC, and

SC IT Brain Sections

Enzyme Section HP LP Fq JN=2
X SD X SD
ChE Specific Ve 2.71 0.31 2.86 0.66 1.28
Activity H 5.72 0.63 5.57 0.68 .75
(Mx1010/min/nr) DC 2.78 0.26 2.89 0.26 2.67
ny = 30 SC II 5.14 0.60 5.37 0.46 2.73
AChE Specific Ve 97.5 23.5 93.0 18.6 .70
Activity H 90.8 4,7 90.2 5.9 .17
(Mx1010/min/hr) DC 52.5 5.3 53.8 4.3 1.04
ng = 30 SC II 186.3 13.5 189.6 12.7 .87
DOPAD Specific Ve 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
ng = 30 SC II 975.4  69.6 923.6 93.2 .99
MAO Specific Ve 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 .00
ng = 30 SC II 6.11 0.30 6.11 0.27 .58
GAD Specific Ve 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%%%
ny = 18 Sc II 1229  124,1 1133 122.5 5.53%%
*p < ,10
**}_f)) ':' .05
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Table 24

Means with Respect to DOPAD and GAD Specific Activities for the Six Strains

Constit;uting the HP and LP Combined Strains

Enzyme Section HP P

Sy RL H S; RMH OL

DOPAD RDC. 262 252 227 242 221 216

VC 381 361 303 334 279 264

H © 9h2 948 965 966 899 905

SC II 994 950 982 967 939 864

GAD vC 796 740 752 695 725 T4l
H 1021 1317 1208 1038 1163 1120

DC 1077 1021 1087 1000 987 972

SC IT 1233 1144 1311 1109 1109 1182
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Table 25

Relative Reglonal Specific Actlvitles* of ChE, AChE, DOPAD, GAD and MAO in

Rat Brain

Section Enzyme
ChE AChE DOPAD MAO GAD
Vv 62 21 L 72 60
S 61 25 e 70 67
RDC 60 25 25 T4 79
vC 59 s 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 e 67 64

* Expressed as per cent specific activity found in RSB,
¥* Tnsufficilent 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
regions than in qortical regions, AChE.and DOPAD were the most unevenly
distributed off;ﬂé five enzymes in ﬁheir relative regional specific activities.
Both enzymes had‘abbut 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)oyThe 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 experimente The
distribution of AChE differed from DOPAD in brain stem structure. 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 hypothalamusvas 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 DOPAD, ChE had a relatively high specific
activity in the cerebellum (83 per cent of the specific activity found
in RSB). The highest ChE sﬁéoifié 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).

MAO specific activity was lowest in the brain stem (58 per cent of the
specific activity foundvin RSB).and highest in the hypothéiamus (118 per
cent of the specific acﬁivity fbﬁnd in RSB). Older cortical structures

(VC) had slightly higher MAO specific activity than neocortical structures

i)

-
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(DC), whereas the cerebellum had slightly lower activity.

DISCUSSION

The results of this experiment and Experiments I and II can be
sumarized as follows:

(1) The S 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 experiments with
respect to serotonin are shown in Table 26 for easy reference.

(2) The S, strain was lighter in brain tissue weights and had lower
DOPAD and MAO total activities thanutheus3ﬂstraiﬁ,abutdthé reverse was
true for GAD total activities throughout most of the brain.

(3) No differences were apparent between the S; and S3 strains with
respect to ChE and AChE total activities,

(4) The RIH 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 OMD
strain,

(7) The OMB strain had higher DOPAD and GAD specific activities than the
OMB strain, but there were no significant differences between the two strains
with respect to ChE, AChE or MAO specific activities or serotonin concen-
tration,

(8) The high performance strains tended to have heavier body weights

and brain weights, and higher DOPAD and GAD total and specific activities
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Caomparison of Means between Sl and S3 Strains for Four Replicatioﬁé with

Respect to Total Serotonin and Serotonin Concentration

Strain
83 Per cent
L ) : Difference
Experi- Age Section Total Serotonin Total Seroctonin Total Serotonin
ment Sercotonin  Conec. Serotonin  Conc. Sero- Conc.
(ng) (ng/g) (ng) (ng/g) tonin
I 40 DC 123 329 123 306 0 8
vC 88 321 90 310 2 b
SCI 352 704 377 100 7 1
110 TB I 820 594 %% 735 478 11 24
I 114 T8 II 851 651%# 789 551 8 18
IIT 88 TB I 1147 . B2g%# 1157 752 1 10
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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, but the enzymes differed considerably from
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 differencés 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 not-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 épecific
activity - namely, that the Sls had higher AChE specific activity than
the S3s, the RDHs had higher AChE specific activity than the RDLs and the
GWBs‘did not 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 generations.

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 must 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).
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Table 27 _
Ordinal Comparison of S$1-S3, RDH-RDL and OMB-OMD Strains with Respect

to a Number of Biochemical, Morphological and Behavioral Measuf'es

i

Variable Strain
81—83 RDH~RDL OMB-OMD
Body Weight 2% e >
Brain Weight (TB I) . < < >
ACh Concentrationl- (1B I) > - N <
AChE Total Activity (TB I) ~ v >
AChE Specific Actilvity > > <
-~ (B I)
ChE Total Activity (TB I) < ‘ < ~
ChE Specific -Activity > > A
(TB I)
DOPAD Total Activity (TB II) < < >
DOPAD Specific Activity > < >
(TB II)
Serotonin Concentration > N v
(1B I) ' ;
MAO Total Activity (TB I) < < >
MAO Specific Activity o BN N
(1B I)
GAD Total Activity (1B I) v < >
GAD Specific Activity > < >
(1B I)
IDH Specific Activity® ~
(V,S,TB II)
Percent Protéin3 n
Maze _Pez’for'manceu”5 > < >
Locomotor Activity <
Seizure 'I"l'me:shold6 < <

*Comparison uncertain due to conflicting results.

lBennett et al.(1960). “Rosenzweig et al. (1961).
2Bennett et al. (1958). 5R. Olson, personal communication
3Be'nnett et al. (1961). 6Woolley, Timiras, Rosenzweig,

Krech and Bennett (1963).



147
decarboxylates 5-HTP to serotonin and DOPA to 3,4-dihydroxyphenylethylamine
(which is further converted to noradrenaline} and GAD decarboxylates
L-glutamic acid to GABA. This suggests a greater capacity of the HP animals
to synthesize neurochumors 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 and metabollze 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
ﬁhe strains with the higher ratio should have had higher serotonin
concentrations. For the S; and S3 strains this was the case. The S;s 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 coﬁcentration did not
conform in these strains to the prediction made on the basis of the
ratio of DOPAD to MAO activity.:

The capacity to form and degrade serotonin may be more imporfant in
terms of functional significance than the actual gross amounts of serotqnin
present. Since serotonin exists in two forms, free and bound, and since
the technique used to measure serotonin does not differentiate the two,
it 1s not known whether the strains differed with respect to binding
capacity. The extent to which:the serotonin system was being activated
Jjust prior to sacrifice in the six strains was also unknown. If there
were a differential releake 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 Sq and S3 strains are relatively less excitable than the RDH, RDL,
OMB ‘and OMD strainsa If it is assumed that serotonin is involved in para-
sympathetic qéﬁﬁrolg then serotonin measured in the Sl and S3 strains might
reflect primarily the bound form, and would therefore correspond to the
synthetic capacity of the system. The other four strains, 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, i.e., the system would be in a greater state of flux in these four
strains than in the S;s and S38, |

Information from the experiments reported in this chapter for the ACh
arid GABA systems involve only one enzyme in each case. Consequently, an analysis
involving the ratio of synthetic capacity to metabolic capacity cannot be
made for these systems. On the basis of available data somé spectulations are,
however, possible. AChE did not consistently differentiate the high maze-per-
formance strains from the low maze-performance strains. 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, 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 strains. ACh is ngher.in the S1 strain than in the-S3 strain, and,
using: the same argument;?ér serotonin, it can be assumed that this reflects
the activity of ChA. The ratio of ChA to AChE would thus also be higher in

the S, strains than in the 83 strain., For the other four strains ACh may not

1
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. On the basis of maze performance, however, the preédiction 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 OMDs.

GAD total and specific activity was higher in the high maze-performance
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strains than in the low maze-performance strains. Therefore, the predictién
would be made that the activity of the enzyme responsible for the degradation
of GABA (GABA-t-ketoglutarate transaminase) 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 large mass of neural tissue,
whereas the nervous system is composed of discrete units, and, presumably,
functibns in tems of discrete units. The measurement of enzyme activities in
these discrete units is prohibited except on a very limited sampling basis.

In order to overcome thé 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 (c.f. Rosenzweig et al., 1959).

Associated 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 (i.e., 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 (c¢.f, Chapter I). A similar
approach was taken here; and , in addition, the attempt was made to partial
out the tissue welght parameter statistically.

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 -
threevapproaches is most satisfactory, i.e., describes the functional
actiVity'of'eﬁé§mes in brain.

Clearly, tﬁe conclusions to be drawn may be different in many cases
depending on the measure selected. For example, the RDHs had highef AChE
specific activity in all four brain sections than the RDLs, but the reverse
was true for AChE total activity, except in the c¢rtex° The RDHs and
RDLs were selectively bred for differential cortiéal'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 lspec‘lf‘ic 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
respohée to selection for AChE specific activity could have occurreds (1)
as a result of‘changes in AChE total activity, (2) as a fesult 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 aétivity"° 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 S;ys than in the S3so
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(2) Independent ChE, AChE, DOPAD and MAO total activities tended to be
higher in the RDHs than in the RSLs, but the reverse was true for GAD,

(3) No clear differences were apparent between the OMBs and OMDs
with respect to independent ChE, AChE or MAO total activities, but the
OVMBs had higher independent DOPAD and GAD total actiVities than the OMDs.

(4) The HP combined strains did not differ 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 strains,

These results suggest that the three pairsvof 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 perfonnancevis positively related to independent DOPAD
and GAD total activities., In the next chapter, correlations between a

number of behavioral measures; serotonin concentration and enzyme activities

will be examined in animals within the Sl and S3 str'ains°
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Chapter IV

Within-Strain Correlations Betweeanrain

’Morphplogy, Biochemistry and Behavior

Differences in brain serotonin concentration between the Sl and S
strains were reported for three experiments in Chapter III, In additiop,
the brain enzymes ChE, AChE, DOPAD, MAO and GAD were measured invthese
and four other strains known to differ in maze performance. Only DOPAD
and GAD consistently differentiated the high performance from the iow
performénce strains. It was suggested that the ratio of the capacity
to form and destroy a neurchumor be used as an index of the efficiency
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 yeported 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 ser&ed as'additional bio=
chemical variables, together with: the respective“tisSue weights and body
weighta"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'suggested“that"within-stfain correla-
tions might be expected. Krech et al. (1962) found that the cortical to
subcortical ratio of AChE specific activity was significantly correlated
with mean errors per reversal problem in'the Krech Hypothesls Apparatus

within the S, strain of rats (r = .8l; p <.01). These animals had been

1
raised for 30 days from the time of weaning7in an enriched enviromment.
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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 training 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 avoldance learning task. In that
experiment rats were required to press a lever to avoid being shocked.

- In Chapter III {pp67-68) a negative correlation was reported between
the mean ranks of six inbred strains of mice with respect to brain
serotonin and rated emotionaiitya 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, unpublished observation).

The results reported in Chapter III also encouraged a search for
within-strain éorrelations between behavior and chemical measures.

‘While the substrate, serotonin; was-not consistently related to maze
performance, the ratio of DOPAD to MAO-'was,' Furthermore, the concen-
tration of serotonin reflected this DOPAD/MAO ratio in the Sl and S3
strains: 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 controlb"of‘the'serotoﬁin system,

The evidence presented in Ehapter:II“suggests*that“serotonin is
involved 1in the regulation of behavior-in whicha' large emotional
component 1s present. For this reason some of the behavioral tests were
chosen in such a way as to maximize emotional components. For example,

the open=field defecation test might  be- expected to have a high loading
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on'an:emotionality factor. Also, the discrimination-reversal problems
were motivated by éscape or avoidance Qf an electric shock,_whiqh pre-
sumeably involves emotional responses.

Others tests Qere chosen that could be considered relatively free
of:emoﬁionél involvement. These included locomotor activity in a re-
volving wheel and exploratofy behavior in a standard colony cage. Also,
the'discrimination-reversal problems could be considered tc have non- |
emotional camponents, but separation of emotional and non-emotional
components in tbis apparatus might-be difficult, Another-test, gkplora—
tory gctivity in the Dashiell maze, probably also;involves emotibhal as

well-as' non-emoticnal components.

Although these teéts’by no means~exhaust‘é rat's behavioral reper-
toire; they do sample a fairly-large' number of responsesc'-lt was_hoped
that -these tests sampled enough resonses to maximize the chances of
-finding»signifi?ant within-strain correlations with brain serotonin,

-if -they'do’indeed exist. Tasks-involving deprivation of any kind
were avoided, since the effects of-deprivation on-brain-serotonin are.
largely unknown.

“A"problem encountered-in~investigating correlations between be-

“havioral and physiological variablesis-that-the physiology may be
altered “in the process ofmmeasuringmthembehaviore*'In“an'axtempt to
“avoid this problem, littermates-were-used:; “One'iitterﬂmme"waéLtested
behaviorally, and the other-served .as a control for possible effects of
the testing procedures -on-brain serotonin.- ‘Both~animals were then
sacrificed, their brains anslyzed-for serotonin-and these values corre-
 lated-with the behavioral measures-ofthe-tested littermate. |
'In'ordéf for this procedure-to-be-valid the assumption must be

made-that the correlation between littermates under-naive conditions
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is very high, 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 animals. Therefore, this
approach was abandoned and only those correlations obtained from the

same animals will be reported.

METHODS

Subjects

Subjects were run in two groups about two months -apart. The first’
group consisted of ten littermate pairs of male S rats. They were
selected from ten sets of quadruplets at the timelof weaning on the
\ basis of matching body welghts. The other pair from each litter was
used in aﬁ experiment testing the effects of an enriched versus an
impoverished environment on brain serotonin to be reported in Chapter V.

The second group consisted of ten littermate pairs of male S. rats and

1
thirteen'littermate palrs of male S3 rats,

Littermates were assigned to either a Social Testing (ST) group or
a Social Control (SC) group. Assignment to groups-waé semi=random with
the restriction that mean body weights be as nearly equal for the two .
-groups as possible., Littermates were housed together, two per cage from
weaning until sacrifice with food and water available ad lib, The light-
dark cycle was controlled artificially with 12 hours light and 12 hours

dark,

Testing Apparatus

Qgenufield

The operi-field consisted of a 30" x 30" wooden enclosure supported
on four legs. . The walls were 3 1/2 inches high, and the device was

covered by a 1/4 inch thick piece of -clear plastic. The floor -of the
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’ enclosure was painted yellqw and divided in@o 5 -inch squares by thin

Iblack 1inés° Four 25 watt lights, diffused through a 15" x 15" x 1/4"
frosted plastic cover and suspended 18 inches above the_top of phe |

apparatus illuminated the open-f'ield°

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_thé wheel operated an attached digital counter,

Dashiell . checkerboard maze

This apparatus has been described by Dashiell (1925). The version
used here consisted of a 36" x 36" x 4" wooden énclosure covered by a
1/4 inch thick piece of clear plastic,..The‘floor of the enclosure
was painted white“aﬁd dividea into 4 inch squares by thin black lines.
Every other square was covered by a 4" x 4" x U"'wooden barriér
painted a flat black. Four 25 watt lights, diffused through a le'x
15" x 1/4" frosted plastic cover and suspended 18 inches above the top

of ‘the apparatus illuminated the maze,

Colony=cage activity

Colony-cage activity was sampled in an 8" x 13" x 8" animal cage
similar in all respects tO"those”;p~which-the animals were normally
housed, ‘A metal tray covered with wood shavings served as a .floor.
The sides and top were copstructed‘of 1/10 inch diameter bars spaced
2/5 inch apart.

A photocell was positioned'SO'thatfthe beam from-a seven watt
frosted white globe struck it 5/8 inch above the 1lip of the'meﬁal tray
and b;sected the long dimension of the cage. The photocell was pro-

tected from extraneous light by a:wooden housing. Light from the
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exciting source was directed onto the photocell by a one and one-hiklf

inch length of 3/4 inch tubing. Breaking the beam caused an electric

. digital counter to be advanced.

Ten of these unlts 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 i11luminated
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 Figure1l). For a given trial an electrically

operated door opens allowing‘the"subject~acce55 to the 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 conditloned

stimulus. The cues provided by the apparatus are spatial (i.e., right

or left compartment correct) or visual (i.e., light or dark compartment

correct) and these can be programmed independently 5y the operator. Photo=-

cells are located in positions to record the animal's inltial cholce and

to terminate a trial after the animal 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 cholce point, Correct choices and
cunulative latencies are recorded automatically on a control panel
located in an adjoining room.

The paramétéfs 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 seguence.

. Testing procedure

Behaﬁioral'testing began when the animals in the first group were
approximatély 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 differentvsche-
dules were: (1) thefapparatuses for measuring colony-cage activity were
not available at the time of testing the first groupyand (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.

Testing schedule for animals in first group

Days 1 and 2:

v A. At approximately 9:00' AM each animal was placed singly in
an opeh—field. After five minutes the animél 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.
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B. At approximately 11:00 AM, each animal was placed in a
revolving wheel. Assignment to the wheels was fandom; 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 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:

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, (2) five seconds
at the beginning of the trial after- the doors were opened and before
the conditioned stimulus was' turned ongand (3) another five second inter-
‘val during which the conditioned stimulus was-on before- 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 programmed at one-time, the-animal was left in the apparatus;
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the program reset and'the same sequence of HO"triélsvwas begun again.
Correct responses, latencies on each trial, cumul&ti&e laténcies
and the number of avoldance responses. were recorded. The 1ightéd;“
féﬁﬁbartment coincided with the correct, left éompartment on haif bf the
.f;ialso The order of appearance together of the corréct and the lightéd'
compartment was a semi-random sequence. The same sequence was used |
for all animals and for all problems. |
Day T: |
Same as Day 6 but with right compartment correct.
Day 8: | |
Same as Day 6.
Day 9:
Same as Day 6 but with right‘compartmeﬁt correct.
After the last day of testing the animals remained in their'homé

cages until they were sacrificed three days later,

Testing schedule for animals in.second group

Days 1 and 2:

A, Same as for first group. tAt“approximately"9:OO AM each
animal was placed singly into-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,

B. At approximately 11:00 AM about one=third of the animals
(including Sls and S3s) were-placed in revolving wheels. Assignment
to the wheels was Semi-random'with'the“restrictiohfthat two animals
‘from-the same strain did‘not*occupy“adjacentVWheelswz'Another one-third

of "the animals was placed"in-colonyecage”activity”devices,located in -

I3
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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 fépeated 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
pericd.

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 S, and

1
S3 strains were run alternately.
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.Day T

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.

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
- known to the persons performing the dissections and analysés, Litter-
mates werevsacrificed and analyzed in blocks, the order being randomly
‘determined within blocks.

After sacrifice by decapitation the brain was exposed and a
sample from each hemisphere was removed from the visual (V) and somes-
thetic (S) areas of the cortex. These samples were weighed to thé
nearest 0.1 mg, frozen on dry ice and stored-at =22°C until they
were assayed for ChE and AChE-activities. The-cerebellum was removed,
weighed and used to carry tissue-standards through the serotonin
procedures, The rest of the-brain including the remaining dorsal
cortex (TB II) was weighed and-extracted immediately-for serotonin
in the first group of animals:--In the second group-of-animals the
TB IT 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. 80-109.
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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 III. Tissues were homogenized in 0,1 M
sodium phosphate buffer, pH 8.0, to a concentration of 3 mg/ml.
Assays were fgn in the same buffer using 9.0 mg of tissue for ChE
and 1.8 mg of tissue for AChE determinations.
RESULTS

For convenience the results of this experiment will be divided
into several sections. First; a comparison of littermates from the
two groups of Sls and the one group of S3s will be made with respect
to morphological and biochemical characteristics.  These comparisons
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 variables. In addition,
a comparison of the two groups of Sls will be made which will show
that they cannot be considered comparable on an absolute basis.
Second, the groups will be compared with respect to the behavioral
tests, This will include both a comparison of the two groups of
Sls’ which will show that they also-differed behaviorally as well
as morphologically and biochemically, and-a comparison of the two
strains on these behavioral tests; -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 variables. -Finally, the correlations of
the morphological and biochemical vafiables'with'the'behavioral

variables will be presented-to'see-how-these-two sets of variables

- might be related.
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Comparison of littermates with respect to morphological and biochemical
variables '

~ Table 28 shows the means and standard deviations- for littermates
(ST and SC) of the first group of ten S1 rats with respect to body
weight, brain tissue weights, serotonln levels in the-TB II section,
and ChE and AChE activities in the V and S sections. Also, the per-
centage of palrs of littermates in which-the ST  value was greater
than-the SC vaiues is indicated,

~ Most of the differences between means were in a direction-that
would be expected from the experiments of Krech et-al. (c@f°~Chapter I)
investigating the effects of environmental complexity on brain
morphology and biochemistry. -The SC‘animals‘tended-to be heavier.
but"had'lighter brains, less serotonin“and'lower'ChE‘and AChE
total activitieéz especially“in'the-viéual cortex; than their tested
littermates. These differenceS“were”apparent'in“spite of the fact
- that the testing érogram lasted'only*nine“déyS"(c;f;‘Zolman5 1963) .,

Table 29 shows the meansb‘standard"deviationS"and“the percentage
of pairs 6f littermates in-which the ST-value was greater than the
: SC”Qalue for the second group-of"tenwsis'with‘respect“to body "weight,
brain tissue weights, and ChE and AChE activities in the V and S
sections, Serotonin was measured in only”one“of'the“litﬁennates and
has; therefore, been omitted from this table: In“ail‘comparisons
‘except ‘body weight and AChE“specific~activity'in’the A and;S secfions
the tested animals had a higher mean value than their untésted
littermates. Only one of- the comparisons was, however,'statiStically
significant (ChE total activity in the V section; p < ;01)°
Both groups of Sls showed-similar'patterns;of differences

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"
Sis 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

_ — Littermates
Variable Section X SD X SD in which
ST > SC
(n = 10)
Body Weight 299 16.3 285  21.7 30
(g) '
Brain Weights \' 66.6% 4,38 69.8 4,75 70
(mg) S 57.1 2,48 56.6 2.96 50
TB ITI 1258 43,5 1280 34,7 50
Ce 232 12.5 231 7.4 40
Total Seroto- ™ IT 881 67.3 903 50.0 70 .
nin (ng)
Serotonin T IT 708 59,3 706 38.7 4o
Concentration
(ng/g)
ChE Total ' 204 % 18.0 221 18,0 80
Activit§ S 179 14,5 183 15,1 50
(M x 10°/min)
AChE Total vV 3810 342 3928 366 60
Activit§ S 3590 245 3610 255 40
(M x 10%/min) .
ChE Specific A 3.07 0.18 3.16 0.17 60
Activity S 3,14 0.20 3.23 0.19 60
(M x 1010/minmg)
AChE Specific \' 57.1 2.12 56,2 2.95 30
Activit 62.9 3.91 63.8 - 3.60 60

{ S
(M x 1010/min/mg)

*p <05
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Table 29

Means and Standard Deviations for SC and ST Littermates of Second Group of
Sls.with Respect to Body Weight, Brain Tissue Weights, and ChE and AChE

Activities in the V and S Séctions

Social Control Social Testing Per Cent of

= — Littermates
Variable Section X SD X SD in which
ST > SC
(n = 10)
Body Weight 338 39.9 336 31.1 20
(g) : _

Brain Weights v 73.5 4,81 76.7 4,48 70

(mg) S 56.6 4,55 57.9 3.55 70

B II 1285 69.6 130 T7.7 80

' Ce 245 10,2 248 12.9 60
ChE Total v 241%*% 15,2 256 18.7 90
Activity S 195 18,1 202 18.7 50
(Mx108/min)
AChE Total v 4522 312 4698 326 60
Activity S 4oyt 383 3962 292 50
(Mx10°/min)
ChE Specific v 3.28 0.11 3.34 0:17 70
Activigy 3.45 0.25 3,49 0.22 4o
(Mx10+Y/min/mg)
AChE Specific \' 61.5 1,48 61.3 3.05 4o
Activity S 71.6 4,85 68.5 3.43 20
(Mx1010/min/mg)

¥p<.05
m*? < .01
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sign-test (Siegél, 1956), then a number of the comparisons were statis-
éically significant, Body weight was:higher for thé‘SC;than‘for the
ST3énimals (p <.02), Whereas the revérse was true of V (§ 50025,

S (p £.13) and TB II (p < .06) tiésue‘weighﬁsa, Total activities of
ChE tg <.001) and AChE (p <.13) were-higher in the ST than in the SC
animals in the V sectlon. ChE specific activity in the V-section
was also higher in the tested animals than in the untestéd anﬁﬁéls
(BE i006),.but AChE specific activity was lower (p < .13). o

While the pattern of differences between littermates was very
similar for the two groups of Sis, it;was nevertheless true that the
two groups differed from each other on-an absolute basis. ;Thé seqond

group of S.s was heavier in-all respects than the first grdup_of Sls

1
except'inlthe S section. It-will be"pointedjoﬁt later that the two
groups-also differed with respect to the behavior tests.  The second

' group ‘was eight days older'than~the-firsﬁwgroup”throughout the
experiment. Body weights of'the'SiS“iﬁ’Groqp"I-eight'dayS'after the
‘start of Fhe experiment were- very- comparable to' the body weights 6f
the“Sis in Group II at the-start-of-the experiment. This éuggests
‘that differences in age maynhave.been'responsible for the- observed
differences in morphoiogy, biochemistry and behavior.

- Table 30 shows the means, standard deviations and the percentage
of ‘pairs of littermates in which the ST value was greater-than the SC
value for the 13 S3s with respect;to-bodyzweight, brain tissﬁe"weights,
and ChE and AChE activities in the 'V and S sections, Differences in
brain-tissue weights were in the direction expected from the results
obtatned for the S s. In the TB'II section 85 percent of the ST
vanimals-had heaViei tissue weights than~their~sci1ittermate5”(p"§005).

None of the other differences in morphology  or blochemistry 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 b SD X SD in which
: ST > SC
(n =13)
Body Welght 294 33,4 298  30.3 46
(g)
Brain Weights \Y 78.4 4.99 79.2 4,84 62
(mg) S 58, 4,61 59.4 3.30 62

B 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
Activity S 189 15,5 188  10.1 L6
(Mx10%/min)
AChE Total v 4000 417 4184 397 46
Activéty S 3604 301 3704 304 69
(Mx10%/min) :
ChE Specific v 3.14  0.16 3,06  0.13 16
Activity S 3,25 0,27 3,17  0.17 31
(Mx101Y/min/mg)
AChE Specific v 52.3  3.80 52,9 4,91 L6
Activity S 62,1 14,75 62.5 4,59 62
(Mx1010 /min/mg)

¥p < ,05
** § < .01
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Differences between Sls and S3S~With respect to morphglogy and
brain biochemistry were reported and diécussed in Experiment II; _
Chapter»III for theJSC animals. Similar differences between the
;strains*were'apparent for the ST animals - namely, the S3s had
heavier brain tissue weights but lower serotonin 1evels; and ChE
and ACHE total and specific activities than the S s. |

Correlations between littermates with respect to morphological and
biochemical variables, ' '

Table 31 shows the cortelations beﬁween SC and ST littermates
for the two groups of S s aﬁd-the oné group.ofAS3s with respéct to
body weight, brain_tissie welghts ,and CHE and AChE activities in the
V and S sections. Also included are the*average correlations combined
by using Fisher“s z-transformation (c.f, Guilford, 1956) for_the
two groups of Sls and the three groups disregarding strain...

The average correlation  for the two groupS'of'Sls with réspect
to body weight was .56 (p 2.05). For TB II and“Ce-tissue-weights
' the average correlations were .65 and .76, respectively (p< @Ol)°
Somewhat -lower correlations were found for weights ofvthe.V (r= .41)
and S (r = ,19) sections. Combining the three groupé, disregarding
strain, resulted in similar average"correlatiéns for body weighﬁ

(r = .62), T II weight (r = .66), Ce weight (r = .71), and V. and S
‘weights (r = ,37 and r = .17, respectively).

For'the two groups of Sls the average éorrelations between
littermates for ChE and AChE total activities in‘the V section were
.65 (p <.01) and .45, respectively. The corresponding values in
the S section were .25 and .1ll, neither of which was statistically
significant, ChE specific activity was correlated .50 (p <.05) in the

-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 Sys and

the one Group of S3s

First Second Group Average Average

Variable Section Group Group of S3s of Sys  of S1s
of S48 of $5s and S,s
: 1 1 3
Body Weight .30 LTU% . T2% 56% LH2%#
Brain Welghts \' .59 .20 .28 LUl .37
S oSu -021 oll 519 017
™ II .29 . B5%# 60% LO5%# OO %%
Ce . T3% . T8¥%% .60 L TO¥*# o T1E%
Total Serotonin 1B II .62 - - - -
Serotonin B II .58 - - - -
Concentration
ChE Total \' .5l . T5% 017 B65% 1%
ACtiVity S 945 003 -ou3 025 002
AChE Total ' .T3¥% .05 .09 U5 .3
Activity S .10 012 L U5 .11 .23
ChE Specific v .51 .48 .25 .50% . 4o¥
Activity S .55 o1 51 .36 JUL¥
AChE Specific \' .69% -.39 .26 .21 .23
Activity S 41 -,01 .63k .22 ", 38%
¥p < 05
#a §_ < .01
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activity was correlated .21 and .22 in the V and S sections, respec-
tively, between littermates.

Combining the three groups, disregarding strains, 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, qu ChE specific activity in the V and
S sections the correlations were °42_(_;3'5_ o05)‘and=-°lll (p <.05),
respectively, and .23 and .38 (g <,05) for AChE specific activity.

The interpretation of correlations between littermates in ’
this experiment iS»soméwhat ambiguous due to the different treat-
ments administered to each littermate. If the observed correlations
can be assumed to reflect the relations between nailve littermates,
then it must be concluded that the reliability of littermates on
the variables measured in this experiment are only moderate-to low.
Body welght and brain tissue weights were more' reliable in this
respect than enzyme activities. If the experimental treatments
~attenuated the correlations between littermates then the observed
correlations may represent a lower-bound, but the upper bound is
unknowr.

Comparison of S and S strains-with-respect to-behavioral tests
1 3 L

Comparisons of the two strains with respect"tO'fhe behavioral
tests will be made on two levels. - First; the groups will be' com-
pared on total scores obtained~on"each“behavioral-tgft'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 standardjdeviationS‘for the two

groups of Sls and the one group of S3s with respect-to total scores
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Means and Standard Deviations for S; and S3 Strains with Respect to a

Number of Behavioral Tbsts_

Variable

S1 Strain

3

S. Strain

First Group
(n = 10) (n=

Second Group

(n = 13)

X SD X

SD

X

SD

Open Fleld Test
of Emotionality
(Total Boluses +

urinations)

. Revolving Wheel

Activity
(Total
Revolutions)

Colony-Cage
Activity
(Total Beam

Interruptions)

Dashiell
Activity
(Total Lines
Crossed)

ATLAS
Total Errors
to Criterion

ATLAS
Total Trials
to Criterion

ATLAS

Total Cumulative

Latency to
Criterion

8. o%*¥# 5.8 15.0%###

468 209 356%##

- - 382

155.5%% 26,8 98,2%*

87% 19.0 109 -
18 10.6 32

2147#% 925 3767

6.9

249

94

60.2

30.0.

‘13,6

1740

7 0‘2

1333

397

159.5

114

32

3894

8.1

911

111
34,6
32.1

15.9

2009

L
kK %
foloro
fAlAlA

Sk
3
i

O

.10

.05
.01

comparison of two groups(of Sls.

## For comparison of Sys 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 Sls, it 1s seen that the first group
made lower scores in the open-field test (p <.05) and was, in general,
superior in terms of the spatial reversal-discrimination problems to
the second group, The first group made fewer errors <E <,10), took
fewer trials and had shorter latencies (p <,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 (p <.05)., All tests of significance were made
using the Mann-Whitney U-statistic (¢.f. Siegel, 1956).

Comparing the two strains in the second group, the‘Sls made
significantly higher scores in the open=field test than the S3s
(‘g"f_oOS)° The S.s were significantly less-active in the revolving

1

wheels (p-<.05) and Dashiell -maze (p <.05) than the S_s, but there

3
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 falled to reach a criterion-performance in a reasonable number
og‘trials or time and training was-discontinued for that problem,
whereas all Sls reached the preestablished criterion.- Conversely,
several S3s performed much better than the average Si'so that the
means did- not differ between strainss This large difference in
variance displayed by the two strains-in- the ATLAS has-been observed

by-others in this laboratory (H. Markowitz, personal communication).
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Figure 12 shows the mean number of defecations made in the open-

field during each fivs minute period on four daysvfor the twb groups of
Sls and the one group of S3s° The first group of Sys had a pattsrn sim-
ilar to the S3s which tended to decrease slightly as a function of
successive exposures to the situation, The second group of S;s (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

S,s was decidedly different in the open=field test from the first group of

1
S.,s and the S.s.

1 3

Figure 13 shows the median number of revolutions made during successive
15 minute periods by the second group of Sys and the S3s on the second day
of testing. Both strains reached a very léw level of activity by'the end
of one hour, The S3s maintained a relatively high degree of activity for
the first HS minutes during the morning testing period, but in the evening
activity was reduced to almost zero after only 15 minutes., The Sys showed
little difference between day and night activity and were essentially in-
active after 15 minutes in either case,

Pigure 14 shows the mean number of revolutions made by the two groups
of Sys and the one group of S3s during each successive morning and even-
ing test over four days. Although the first group of Sys 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 Sls to be seen fram this graph, is the more
pronounced day-night cycle in the 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,



-175-

5k
4}
n
b
D s
3 3
o
@
ot
l =
| ] ] i
I 2 3 4
DAYS
MU-33109
Fig, 12. Mean number fecal boluses in an open-field during a

five minute period on each of four days. e First group of S, s;
. : 1
o Second group of Sis, .S3s.



-176-

H
(@]
{

REVOLUTIONS
W
(@]
L}

n
(@]
1

MEDIAN
o
I

15 30 . 45 60
TIME IN WHEELS (min)

MU-33110

Fig. 13. Median number of revolutions made dui‘ing successive
15 minute intervals on second day of testing,

*—o Second group of Sis, morning test,
0---0 Second group of Sis, evening test,

88 S3s, morning test,

‘0O---0 S3s, evening test,



-177-

300F
" 250
<
o
S 2001
S]
> =
w 190
x
z 'or
<
w
< 50F
] | L 1 i 1 ] 1
Day Night D N D N D N
| 2 3 4
DAY OF TESTING
MU.33111
Fig. 14. Mean number of revolutions made during successive

morning and evening tests, over four days.
e First group of Sis.

o Second group of Sis.

| S;s.



178

in contrast to the S s, the S3s showed a definite increase in mean

1
revolutions over successive days.

The results of this experiment with respect to differences in
revolving wheel activity between the S;s and S3s confirm and extend
earlier results. In a series of three experiments involving a total of
21 Sys and 22 S3s, the S3s consistently made more revolutions than the
Sys regardless of whether the animals were locked in the wheels or had
free access to the wheels. In these experiments aétivity was measured
over several days and the animals were exposed.tb the wheelsféontinuonsly
over each 2U hnur period. The mean number of revolntions made per day
over all four groups by the Sls 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 Succéssive.15 minute peridds on the second day
of testing for the second group of Sys and SBSo Both strains showed more
beam interruptions in the first 15 minutes than any other period. Thé
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 Sls in the first
15 minute period, and both stréins had higher scores in the morning than
in the evening, | |

Figure 16 shows the mean number of beam interruptions made by the
two strains on successive one hour tests over four days. First, ifvis
apparent that the two strains performed in quite‘similar fashions when one
hour was taken as the time unit. Second, both strains showed a‘very
marked day-night cycle, with more beam interruptions being made in the
morning than in the evening, Third, 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 S1s maintained a
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constant low number of revolutions over days, and the 83s 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 Sys and the one
group of S3s° While bcth groups of Sls 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 groups of Sys 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
iatencies to criterion showed very similar patterns. The superior per-.
formance of the first group of Sls compared to the second group of Sls and
the S3s was apparent on all four probiems° All groups found the first
reversal most difficult and then improved cn the’tWo succeeding reversals.
‘The Sls were superior to the S3s on the first two problems, but this
superiority was reversed on the last two problems.

Intercorrelations of morphological and biochemical variables

Two sets of intercorrelations were obtairied from each group of
animals (i.e., cwo groups of ten pairs of Sls and one group of thirteen
pairs of S3s), Since each group was small (10 or 13), the four sets of
correlations from the S;s were averaged using Fisher s z-transformation
as were the two sets of correlations from the S3s° The separate correla—
tion matrices can be found in Appendices E; to 53,

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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Table 33
Average Intercorrelations of Biochemical and Morphological Variables for

SC and ST Groups of Sp and S3 Strains

L)
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g8 = = 8% 4% 8% &3
Variable Strain A= > 0 B 88 2 & =&
V Weight Sy .35%
S3 .27
S Weight Sy .13 .24
S3 -.08 03)4
8 II 81 JT6%% Loxx 2]
Weight 83 6o%% 32 .27
Total Sy 14 .19 .03 27
Serotonin 83 =01 .32  =.04 .06
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ChE Total S1 J36%  ,83%% 06 Juo* .28
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sections, 'The patterns are fairly similar for both strains. Body weight
and TB II weight were correlated .76 for the Sys and .69 for the 838
(_1;_)5001)o 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 welghts were
.83 and .85 for the S;s and S3s, respectiveiy, in the V section, and .67
and ,50 for the Sls and S3s, respectively, in the S secﬁion° 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 Sys and S38, respectively, in the V section, and
63 and .34 for the Sls and S3s, 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
activifies in the V and S sections. ChE total activity in the V
- section correlated .66 and .40 for the S;s and Sgs, respectively, with
AChE total activity in the same section, For the S section these correla-
tions were .37 and -.17 for the Sls and S3s respectively.

Only two significant correlations weré found between total serotonin
in the TB II section and the other variables. For the Sjs the correlation
between total serotonin and AChE total activity in the S section was
-.40 (p s;OS)° 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 S;s.,

- Intercorrelations of behavioral variables

One set of intercorrelations was obtained for each group of Sls and
for the one group of S3s on the behavioral variables, Since the samples

were small, the two correlation matrices obtained from the Sys were
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averaged using Fisher's z-transformation, This procedure may not be
fully Juétified 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 some-of the correlations were quite different for the two groups.
Conclusions based on correlations obtained from only one small group but
not feplicated in the other would be without value until they could be

" replicated again, vAveraging the groupé 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 Sls and the oné set of correlations obtained from the S3s with respect
to the behavioral yariableso The two measures taken in the open-field
(defecations and urinations) were intercorrelated .52 (p<.05) for the

S1s and ,78 (p £,01) for the S Revolving wheel activity in the morning

38e
was significantly correlated with the same activity measured in the evening.
For the S;s the correlation was .53 (p<£.05), and for the S3s the cor-
relation was .65 (p £.01) All three measures of performance in the ATLAS
were highly intercorrelated for both strains. Errors to criterion were
correlated .93 (p<.0l) and .92 (ps.01) with trials to criterion for the

Sls and S_s, respectively. Errors to criterion and cumulative latencies

3
to criterion were correlated .90 (p<.0l) and .79 (p £.01) for the S;s and
S3s respectively., Trials to.criterion and cunulative latencies to
criterion were correlated .85 (p£.01) and .84 (p£.01) for the Sys and
,'S3s respectively,

Coiony-cage activity measured during the morning was. not significantly
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related to the same activity measured during the evening for the Sis

(r = ,18), but for the S3s this correlation was .54 (?5 +05)., Colony-
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 S;s the respective correlations were U4 and .48, and for the S38
they were .58 (25005) 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 Sls° For the S3s this measure was negatively correlated with
defecations (r = -.41; p<£.10) and positively correlated with morning
(r = .66; pg.0l) and evening (r - .48; p< .05) activity in the revolving
wheels, and morning colony-cage activity (r = .40; p<£.10),

No significant correlations were found between the open-~-field defeca-
tion test and the activity measures for the Slso 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 S3so

Only one correlation out of the possible 42 between the three measures
of performance in the ATLAS and the other seven behavioral measures was
signif‘icant‘beyond the .05 level‘of' confidence., Thls correlation can
probably be discounted as being due to sampling error,

vioral

Correlations between morphological and biochemical variables and beh

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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Average Intercorrelations of Behavioral Variables for ST Groups of Sy
and 83 Strains
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colony~cage activity. Two sets of correlations were obtained from the
Sl strain, corresponding to the two groups of S; animals. The two
correlation matrices were averaged using Fisher'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 Sls body weight was positively correlated with urinations and defeca-
tions in the open-field (r = ,52; £>5605) and negatively correlated with
revolving wheel activity (r = -.44; p<.05). A correlation of .42 (not
significant) was found between body weight and colony-cage activity for
the Sys, 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 Sls tissue weight of the V section was negatively correlated with re-

volving wheel activity (r = -,41; p £.05),

The S section presented a different picture than the V section,
Correlations between tissue weight of the S section and the measures of
emotionality or activity were not significant for either strain., For the
Sls; 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 £.01); for trials to criterion the average cbrrelation was .79
(g €,01); and for cumulative latencies to criterion the average correla-

tion was .64 (p £.,01). Further, in the two separate groups of S;s these

corresponding correlations were high and statistically significant in all
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Average Correlations of Morphological and Biochemical Variables with
Behavioral Variables for ST Groups of Sj and S3 Strains
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Table 35 (cont.)
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but one case, indicating the reproducibllity of the correlations in spite
of absolute differences between the two groups. For the S3s none of these
correlations with S tissue weight 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 Sys (r = ,50; p £.05) but not for the S3s (r = =,16).
None of the other correlations with TB II tissue weight was statistical-
ly significant for either strain.

A high negative correlation was obtained between both total serotonin
(r = =.71; p £.01) and serotonin concentration (r = ~.6l; p<£,01) in
TB II, and the open-field test of emotionality for the S3 strain, For
the S_ ‘strain the respective average correlations were low and not stat;
istically significant. Total serotonin in TB II was negatively cor-
related with Dashiell activity (r = -.42; p<.,05) for the S,s, but no
relation was observed for the S3s° Other correlationstwith 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 = L47; ps .05) for the Sys 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 S,s but not for the S3so The same

1
was true for AChE total activity in the S section for the Sys reflecting
the high positive correlations between ChE total activity and tissue
weight, and AChE total activity and tissue weight,

AChE total activity was also positively correlated with colony-
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cage activity in the V (r = ,43; p<.05) and S (r = .61; p< ,05) sections
for the S3so

ChE specific activity in the V section was negatively correlated
with Dashiell activity (r = =,40; £3$005) and performance in the ATLAS
for the S;s. In the latter case only the correlation with cumulative
latencies to’criterion was statistically significant (r = 7041;‘95 .05).

A similar pattern was found for AChE specific activity in the S section
for the S;s, but none of the correlations feached statistical significance,
For the 835 ChE spécific 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-
fieldvtest of emotionality (r = .58; 255005) and negatively related to
revolving wheel activity (r = =.61; p¢.01). AChE specific activity in
the S section was negatively related to Dashiel activity (r = -,50; E?sOOS)
and positively related to performance in the ATLAS (errors to criterion,

r = 563 p ¢ .05; trials to criterion, r = ,70; p< .01 : latencies to

criterion, r = .62; p £.05).

DISCUSSION
The purpose of this experiment was to investigate relations between
morphological and biochemical characteristics and behavioral responses
within the S1 and 83 strains of rats; This was done with the intent of
discovering physiologicai ccrrelates cf overt behavior, More specifically,
it was hypothesized that the serotonin syatem was negatively related to
behavioral responses in which,a éubstantial emotional component was present.
. The hypothesis of a negative relation between brain serotonin and
emotionaiity 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 System° On this basis it should be possible to classify
animals with respect to the relative dominance of the two components

of the autonomic system. Animals in which the sympathetlic system is
dominant by virtue of genetic and/or envirommental factors should dis-
play more (or more intense) emotional responses than animals in which
the parasympathetic system was dominant., 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 sympathetic 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 serotonin,

The possible inconsistency in this argument is revealed when the
commonly used open-field test is taken as an index of an animal’s emotional
reactivity, The emotional animal urinates and defecates more in an open-
field than the non-emotional animal, Urination and defecation are,
however, primarily under peripheral control.of the parasympathetic system.
This being the case, the emotional animal should urinate and defecate less
than the non-emotional animal,

This contradiction requires a more careful analysis than was pre-
viously attempted. It may be that the equation of emotionality with the
autonomic nervous system 1s inadequate, If this were the case; then it
is still possible to hypothesize that serotonin is involved in the
control of emotional behavior, but the more specific hypothesis that
serotonin is involved in emotional behavior by way of the parasympathetic
system might have to be abandoned,

A second interpretation that would retain the more specific hypothesis

cah 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 ap,enotional response, The
initial response made by an anhnél in an émotion-brovoking situation is
é massive sympathetic diséharge, ioeag tﬁe "fight-or~flight"freaction°
This results in pupil dilaﬁion, accelerated heart rate, inhibited peristal-
sis, etc. Ths’hechanisms involved in héméostasis require that this
response be affenuatedvqr at.least modified to‘eventually bring the
system back to a neu’cral_stateo To do this, reflex feedback mechanisms
'éause reciprocal discharge of the parasympathetic system. Since the
bladder and rectum have little, if any, sympathetic Innervation, the
result is eliminationveven though this is noﬁnally a non—sympathetic
reactidn° 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 in anvemotidnal situation or not
is an empirical question deserving furfher investigationo |

The results of the open-field test of eﬁotionality were encour-
aging, with respect to the hypothesis of an inverse relation bet@een |
brain serotonin and emotionality. As‘predicted ﬁhe 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 Sis the results were ambiguous_o The first group of ten Sis
conformed to the hypothesis. Total brain serotonin and the open-field
test were correlated -,38 (not_significant)o Serotoﬁin concentration
and the open-fiéld test were correlated -,70 (p £.05). The second group
of ten Sys, however, did not replicate these findings, and in faét, the
corresponding correlations were positive (.47 and .31, respectively),
although not significantiy so; The average correlatipns for the fwo groups
of Sys were éonseQuently low (.05 and -.26, respectively) and not stat-

istically significant.
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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 Sls 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 Sys (r = (10)
or in the S3s (r = =,06), Furthermore, brain serotonin was moderately
correlated with body weight in the second group oflsls only., Therefore,
it is not possible to conclude that body weight per se was responsible
for the observed cor'l"elat.’LonsbO The same argument can be made for tissue
welght 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, Firsf9 there was a
positive relation between brain serotonin and revolving wheel activity

for both groups of S.s, Second, there was a negative relation between

1
brain serotonin and Dashiell activity for both groups of Slso Third,
there was no relation between revolving wheel activity and Dashiell activ-
ity for the S,s, but the two measures were themselves highly correlated
in this strain.

Any simple interpretation of this set of correlations is prohibited
and, perhaps, should be postponed until they have been more thoroughly
verified, The following suggestions may, however, have some heurlstic
value in this respect. Activity, as measured in these various devices; 1s
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, invfact, they may be related to a
large extent in any given situation, -Presumably, all of the factors are

under some degree of genetic control via biochemical and neurological

mechanlsms as well as envirommental 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 neurophysioldégical 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 1s 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
(1.e., a factor expressed as mqvement~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 S; strain., Because of
this, the S3s are more active in both.apparatuses than the Sls° Furthérb
more, since this factor is dominant in the S3s, there 1is little rodm 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
\ 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
over the activity exhibited by this strain., It is still not clear,
however, why serotonin should be positively related ﬁo one measure of
activity and negatively related to another in the Sqs.if serotonin is
related to emotionality. Several speculations are possible, (1) The
observed correlations may be the result of sampling error. This is

possible, especially in view of the large rnumber of variables measured,
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But, the correlations were replicated in two independent groups of
animals thus weakening this interpretation. (2) Serotonin may also be
involved in the control of non-emotional behavior, such as "curiosity"
or "exploratory behavior," This would mean that two different factors
were operative for the Sis in the two activity devices, and that both
were correlated with brain serotonin but in opposite directions.,
(3) The "emotionality" factor may interact differently with the other
factors determining activity, depending upon the specific situation,

Brain serotonin was not significantly related to any of the
measures of performance in the ATLAS within either strain. Brain tissue
welght of the samesthetic cortex was, however, highly correlated with
performance in the ATLAS in both replications within the S1 strain. This
finding is potentially of considerable importance in that discrimination
problems in the ATLAS were spatial. 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 learning. Krechevsky
(1935) showed that removal of the visual cortex in rats caused a shift to
spatial hypotheses in the Krech Hypothesis Apparatus, and that destruction
of the somesthetic cortex caused a shift to visual hypotheses, The
apparatus used here is an adaptation of the Krech Hypothesis Apparatus,
and it is very tempting to veiw the results of the present experiments
in terms of the results obtained by Krechevsky. Further, Krech et al.
(1963) have shown that enucleation of rats at weaning results in an
increase in the weight of the samesthetic cortex; suggesting some sort
of compensatory mechanism that operates when visual cues have been surge
ically removed.

The correlations between S tissue weight and performance in the

ATLAS were positive. In other words, animals with heavier somesthetic
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cortices made more errors and took more trials to learn the correc response
than animals with lighter somesthetic cortices. The heavier S section
was also associated with higher ChE and AChE total activities,

' Two interpretations of these results are possible, First, tissue
wéight and the associated enzyme activities could be considered causal
in producing poorer performance in the ATLAS. This interpretation is
not iﬁtuitivély appealing, although there is'no a priori reason for
supposing this not to be the case, Krech et al. (1962) have shown that
EC animals héve heavier cortices and are superior learners in visual
discrimination-reversal problems in the Krech Hypothesis Apparatus than
IC animals, Preliminary results indicate, howévér, that EC animals do
poorer on visual problems in the ATLAS than IC animals (Rosenzweig,
personal communication). - Aléo9 S3s are superior to Sys on Visual probe
lems in the ATLAS (Markowitz, personal communiéation)g It appears that
the ATLAS gives diametrically opposed results to those obtained in the
Krech Hypothesis Apparatus. Differences in apparatus and/or motivation
(hunger versus escépe or avoidance of shock) may interact in some way
with the effects of envirommental stimulation and genetic factors to
preduce these rather puzzling results, In any case, this interpretation
cannot be discounted without further experimentation.

Second,; the direction of causality might be réversed° Performance in
the ATLAS might differentially affect ﬁissue weight and enzyme activities
in the same way that ECT affects brain morphology and biocherhistry° It
is a fact that animals are differentially stimulated in the ATLAS
depending upon how long it takes them to solve the problem, “Aﬁd, the
stimulation is of a rather severe sort; i.e., shoék to the feet, This
would account for the positive correlations observed, In other words,
animals that take longer to solve a problem are stimulated more than

animals who solve the problem right away, Further, it 1is 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.
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Chapter V
Effects of an Enriched Versus an

Impoverished Environment on Brain Serotonin

'In this chapter results of experiments testing the effects of an
enriched versus an impoverished envirbnment on brain serotonin in §;
and S3ﬁrats will be reported. Much of the work done by Krech, 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
assunptions 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 received, and that animals housed commun-i
ally with opportunities for exploration and training in mazes (ECT
condition) would réceive more envirormental stimulation 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., increasing levels of ACh
induces greater synthesis of AChE; and (4) increases in envirormental
stimulation and, hence, neural activity associated with the ECT conditions
would result in more or better neural connections (in some sense) and,
therefore, ECT animals should benefit from the experience in terms of
having a greater capacity to learn or adapt to new situations than IC
animals. |

The results of experiments testing these assumptions indicated
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that: (1) ECT animals had heavier cortical weights and higher cortical
and subcortical AChE total activities than IC littermates; (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 animalsg-(3) the changes in brain tissue
weight and enzyme 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) there was no period beyond weaning when these morphological and
biochemical changes could not be induced by differential envirormental
exposure; (5) visual experience, per se, was not necessary to produce
the observed changes resulting from the ECT and IC conditions, but
visual experience did add to the other forms of experience to produce
greater changes; and (6) the EC condition 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 envirormmental 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 neurchumor serotonin..

In considering the results of the ECT-IC experiments Krech,
Rosenzwelg and Bennett_have maintained that envirormental stimulation

results in an "intellectually" superior animal, and that the changes
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obsérvéd in brain tissue weight and AChE activity are the underlying substrates
of this superiority. In othér words they have -assumed, ét least.implicitly,
that an alnmal’s performance ih a maze is predominantly a fﬁhctibn of a
factor psychologists have.called intelligpnce, and that this féctor is at
least partly dependent upon the participation.of the ACh-AChE system and its
role in neuréi transmission. They have also assumed that this intellectual
facﬁor is under genetic and environmental control via cholinergic mechanisms.,

It has become increasingly more evident in human psychométrics that
ihtelligence 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 alsortrue of an animal's performance in so-
‘called learning tasks. It is clear, for example, that an animal's performance
in a maze‘or discrimination apparatus is partly a function of motivation,
emotionality,'perception; etén And, as was pointed out in Chapter IIT,
any of these factors might determine an animal’s final score. Présumably,
all of these fadtors’interact with éach‘other to result in the formation
of "memory traces', and it is the easé with which the 'memory traces' are
formed that is the basis for ahy purely intellectual factor. It is
cerﬁainly possible that the ease wiéh which "memory traces' are formed is
related to the ACh-AChE systém9 aﬁdttb this extent a felation between the
ACh-AChE system and performance or vice versa may be expected. But, it is
also possible (and therefore must be carefully éonsidered)vthatvother factors
and their physiological sﬁbstrafes are responsible for observed differences
in performance. This being the case, chénges in brain morpholbgy and
biochemistry as a function of.énvironméntal stimulation may be the result
of other, non-intellectual, factoré; |

It was with the above. argument in mind that the experinents to be
reported here were designedo The proposal ﬁhat the serotonin system in

brain participates in the control of emotional behavior has beén
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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 tame9 having
been handled daily over many days, whereas the IC animals tend to be more
Junpy, These observations suggest that thé two groups differ in terms of
an emotionality factor, This possible behavioral difference betweem ECT
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 emotionality, then
differences in brain serotonin should be observed between ECT and IC
animals, Further;, it would be predicted that ECT animals would have
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 environment than by
the relative quiet of the IC envirorment.

To test this hypothesis littermates from the S1 and S3 strains were
placed in the various envirommental conditiohs at weaning, and at the |
completion of the standard 80 day trainipg 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., Two groups of Sys were run. Serotonin was measured in the
RDC, 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 Slso One group of S3s was run in which
serotonin was measured in the DC; 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
Sl strain.» At weaning one animaivfrqn each set of.tfiplets waé 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 aé nearly -
equal for.all groups as possible, |
Subjects in Group II were 10 sets of male littermate quadruplets from _

the S, strain, At weaning one animal from each set of quadruplets was

1
assigned to one of the following four conditions: ECT; SC; Social Testing
(ST); or IC. Assignment was seml-random with the same restrictions as for
Group I. Results comparing SC and ST littermates were reported in
Chapter IV. Only camparisons of ECT, SC and IC littermates will be cone
sidered in this chapter. |

Subjects in Group IIT were 10 sets of male littermate pairs from the
S3 strain, At weanihg one énimal from each palr was assigned to either
the ECT or IC condition. Assigrment was semi-randan with the same

restriction as for Groups@I and IT,

Envirormental conditions

The ECT, SC and IC conditions have been described by Krech et al.
(1960). For easy reference and campleteness they afe repeated in full
below., The only difference in envirormental conditions was the building
in which the experiments were conducted. The gxpefiments reported here
were conducted in Tolman Hail,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 room, 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 room with much less control over
lighting and auditory stimuli.

ECT Condition

"Each ECT group consisted of about 10 rats. When 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 Forgays, 1952). Chow pellets and water were
available ad liqb 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 was present. In both the home cage and the maze the young pups
were frisky and playful. The animals were weighed every few days at the
start, and then every two weeks.,

"When the Sg were about 60 days old, pretraining was started for
testing in the Iashley IIT maze, The rats were run for 13 days in the
Lashley maze, one trial a day; during the last 3 days, the maze was
reversed, Then followed 10 days in the Dashiell maze, one trial a day.
Finally, 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 U4 days the
lighted alleys were again correct, The schedules of scme groups varied
by a day or two in the duration of some of the training procedures. On
each trial of each problem a 50-mg glucose pellet was given as a reward."

(Krech et al., 1960, p. 510),
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IC condition

"At weaning a littermate of each ECT rat was assigned to the IC group.
Tﬁe 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
sheeé métal0 They could never see or touch another rat. Chow peilets
and‘water were available ad 1lib, When the ECT rats recelved glucose
pellet rewards, glucose pellets 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 littermates."
(Kreck: et al., 1960, p., 510),

SC condition

"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 1aboratory
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 wepe’handledfby E. The SC rats had an enviromment whose éomplex-
ity was intermedlate between thét of the.ECT and IC groups, and theyv
received no formal training. The SC groups had Chow pellets and water

ad 1lib., 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
littermates,

"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
80 days in one of the three experimental conditions." (Krech et al.,

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.,

Dissection of brains of animals in Group I (Sls)

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 small, plastic T-square. These sectlions 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) camprised all the remaining
cortical and contiguous tissﬁe, including the hippocampus, amygdala and
corpus callosum, The cerebellum was removed by severing its peduncles,
welghed, and used to carry standards through the serotonin procedures,
Remaining structures, including olfactory bulbs and brain stem, constituted
the section labeled Subcortex I (SC I). 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 (S3s)

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 small, plastic T-square. These sectlons were weighed, frozen on
dry ice, and stored at -22°C 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 (83s)

After exposure of the cortex the dorsal cortex (DC) was peeled off
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down to the temporal ridge (V and S sections were not removed for
enzyme analyses in this group), The ventral cortex (VC) comprised all
- remaining cortical and contiguous tissue, including the hippocamﬁus,
amygdala and cdrpus callosum., The cefebellum was removed by severing its
peduncles,lweighed and used to carry standards through the serotonin |
- procedures. Remaining structﬁres including olfactory bulbs and brain -
stem constituted the section labeled Subcortex I (SC I), The three
| séctions (DC,.VC and SC I)bwere*weighed and imnediateiy ektracted and
analysed for serotonin, .

Chemical analyses

Serotonin was extracted and analysed using the procedures described
in Chapter IIT,

ChE and AChE activities were determined by the photometric tech-

niques described in Chapter III. Tissues were homogenized in 0.1 M
sodium phosphate buffer, pH 8.0, to a concentration of 3 mg/ml. Assays
were run in the same buffer using 9,0 mg of tissue for ChE and 1.8 mg
of tissue for ACEE determination., |

RESULTS

Results obtained from the three groups in this experiment will be
reported separately, 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 deviatlons of the S; animals
in Group I fram 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 littermates 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 envirormental stimulation (F2’22 = 7.18; p<.0l). 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,(Rosenzwelg et al., 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; p $.01), but the weight of the S section was not signifi-
cantly affected by the environmental conditions. The weight of the RDC
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 1421 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 SC I).

The ECT animals had higher means with respect to total serotonin than their

IC littermates in all three brain sections, but the differences did not

reach an acceptable level of significance. The means of the SC animals
were intermediate 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, i.e., ECT (1420 mg)>SC (1381 mg)

> IC (1337 mg). However, the differences among means were not statistically



Table 36

-210-

Means and Standard Deviations of ECT, SC and IC Animals (Sls - Group I# )

with Respect to Body Weight, Brain Tissue Weights, Total Serotonin and

. /2]
ChE and ACHE Total Activities jé g8 3
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(Mx108/min)
¥ p < .05 for F-test
¥*¥ p < .01 for F-test
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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; pg «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 tctal activity
for the ECT animals (348 M x 108/min) was 20 per cent higher than the
SC animals (291 M x 10%/min) and 26 per cent higher than the IC animals
(276 M x 108/min), In the S section, however, there were no significant
differences among the three envirommental 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/min) and
IC animals (4283 M x 108/min)9 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
“concentration"in the RDC, VC and SC I 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 envirormental stimulation. The differences amorg means were not,
however, statistically significant in any of the three sections (RDC,

VC or SC I) or cambinations of the three sections.
ChE specific activity in the V section was significantly higher
" in the ECT animals (4.55 M x 1010/min/mg) than in the SC (3.95 M x 1010/min/mg)

and IC (3.95 M x 1010/min) animals (F, 55 = 5.88; p.01). No significant
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Table 37 ,
Means and Standard Deviations of ECT, SC and IC Animals (845 = Group I#) with

Respect to Serotonin Concentration and ChE and AChE Specific Activities
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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 1019/min/mg) and SC (5,13 M x 1010/min/mg) 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.

1 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 littermates in which the values of ECT> SC, ’ECT 2IC and
SC>IC (n = 10 in each condition),

As was true of the Sys in Group I, boqy weights decreased significantly
as a monotonic function of increasing environmental stimulation (F2,18 =
15.62; p £.01). 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 Sys in Group I, the tissue weight of the
V section increased significantly as é monotonic function of increasing
envirormental stimulation (F2,18 - 3.85; p£.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 (S;s - Group II*) with

Respect to Body Weight, Brain Tissue Weights, Total Serctonin aéld ChE and AChE
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results were also found for the S.s in Group I. The direction of mean

1
differences was reversed in some of the camparisons from those found in
Group I, The mean for the ECT animals (888 'ng) was almost identical to

that of the SC animals (881 ﬁg) and was lower than the IC animals (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 experiments done at different times, usihg 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 (204 M x 108/min) and 15 per cent
higher than that for the IC animals (198 M x 108/min)° The F2,218 = 9,03
for the teét of the différences among these three means was statistically
significant (_g < ,01)., For ChE total activity in the S section the
differences among the three means was also significant (F2,18 = U4,30;

P <.05), Both the ECT (177 M x 108/min) and SC (179 M x 108/min) animals
had higher mean ChE total activities than the IC animals (168 M x 108/m1n)°
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 the ECT animals (3882 M x 108/min) than the SC animals
(3810 M x 103/min), and the latter was higher than in the IC animals (3741
M x 108/min),

Table 39 shows the means and standard deviations of the S; 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 Deviatlons of ECT, SC and IC Animals (Sls - Group 11#) with

Respect to Serotonin Concentration and ChE and AChE Specific Activities_
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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 éctiVities 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/mg) and 7 per ceht higher than for the IC animals (2098.M
x 10'%min/mg). In the S section the means for the ECT and IC animals
were identical (3.14 M x 1010/min/mg), and both were 4 per cent higher
than the mean for the IC animals (3,06 M x 1010/min/mg).
AChE specific activity in the V section was significantly different
“among the three envirormental conditions (F5,18 = 3.89; p£.05). The
mean AChE specific activity for the ECT animals (54.6 M x lOlO/min/mg)
was lower than for the SC (57,1 M x 1010min/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 from the three conditions.

S3 ECT and IC animals in Group III-

_ Table 40 shows the means and standard deviations of the 83 animals:
in Group IIT from the ECT and IC conditions with respect to body welght,
brain tissue weights, total serotonin and serotonin concentrations in
the DC, VC and SC I segtionso 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 ITII. Body welght was
- slightly lower for the ECT animals (295g) than for the IC animals (306g)
as was found for béth groups of Sys, The DC and VC tissue weights were

slightly higher for the ECT animals (420 mg and 364 mg) than for the
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Table 40

Means and Standard Deviations of ECT and IC.AnimaIS'(S3s - Group III#) with -
Respect to Body Weight, Brain Tissue Weights, Total Serotonin and Serotonin

Concentration
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IC animals (408 mg and 348 mg), but the SC I 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 experiments reported in this chapter was to
investigate the effects of differential envirommental stimulation on
brain serotonin. The results indicated that; while an enriched versus
an impoverished envirormment had measureable effects on body weight, brain

morphology and brain ChE and AChE activities in the S, strain, there were

1
no significant effects on the levels of brain serotonin,

It must, therefore, tentatively be concluded that brain serotonin is
not affected by these envirommental conditions., The question must be asked,
however, whether the procedures followed in these experiments provided an
adequate test of the h&pothesis presented in the introduction to this
chapter, Briefly, this hypothesis was that the different envirormental
conditions provided differential activation of the biochemical mechanisms
underlying emotional behavior and, thus, ought to induce quantitative
charges 1n the substrate-enzyme systems involved in these mechanisms.

Serotonin was assumed 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 irrelevané
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 ﬁhe system to respond'in én
emotional situation. More explicitly, conditions at the time the animals

in these experiments were sacrificed may not have permitted an accurate

picture of the normal resting serotonin system., Animals from the ECT
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condition were brought from their communal liying quarters and placed

in small compartments one day before sacrifice; At the same time

| animals from fhe SC and IC conditions were similarly removed from

their accustomed environments and placed in these small compartments.,

It may.be that these abrupt changes in.environment were sufficient to
mask any differences in brain serotonin among animals from the three
conditionsg The hope was that by allowing the aninals 24 hours in this
‘new, confined envirorment, any transient changes that might have occured
as a result would have dissipated by the time the animals were sacrificed.
Two al’cernati{/es_are9 however, possibieo First, 24 hours may not have
been sufficient time for alteretions.in brein serotonin that resulted
from the abrupt changes in environment.to dissipate,  Second; rather than
Jjust an initial response to the ohange in environment, there may have
been a persisting response, That is, the animals may not have adapted

to the new envirorment by the time.of sacrifice; In either case, the
serotonin system may have been in a state of flux, Measurement of brain
serotonin under these conditions could not be expected to reveal the
animals® capacity to fespond emotionally.,

It should also be pointed out that the magnitude of differences to
be expected in the serotonin system as a result of envirommental stimu-
lation may be, as was the case with ChE and AChE, relativeiy small,
Differences of the order of U to 10 per cent might have been masked in
these small samples by the experimental error of the chemical procedures.
If this were the case, then elther further refinement of the techniq?es
are called for (which may be difficult9 since they were being pushed
to the limits of their sensitivify*asvit 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 made, 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 envirormental
conditions, These enzymes are not as labile as serotonin and, therefore,
would not be so apt to change measureably following any abrupt changes

in enviromment just prior to sacrifice. Second, it may be more favorable
to measure brain serotonin in animals from ECTy, SC and IC conditions after
a controlled exposure to an emotional si‘buation° For example, if animals
from the three conditions were exposed to, say, 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 animals' capacity to respond in an emotion-provoking situation.
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Chapter VI

Sumary of Major Findings

The primary purpose of this dissertation was to investigate possible
relations between non-cholinergic neurchumoral systems in brain and -
behavibr;' Three sets of experiments were performed with this in mind,
First, strain differences in brain serotonin, DOPAD, GAD and MAO activities
were investigated together with ChE and AChE activities, and the results
were related to known behavioral differences between the strainé_o ‘Second,
the S 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 environmeﬁtal
stimulation on brain serotonin were investigated in the S1 and S3 Strainso

In this chapter the major results of these three sets of experiments
will be brought together, It should be pointed out'that this,invéstiga-
tion was exploratory in many respects, éﬁd9 cénsequéntly9 ailéfger ﬁhan
usual number of dependent variables was measured in'felatiOn to the number
of subjects used., o

Experimentslll and III reported in Chapfer ITT and fhe experiments
in Chapter IV were designed with this mUltivariaﬁe approach in mindo’ The
sucéess of this approach is dependent upoh reliable measUremenf of the
variables involved and, assuming that to be satisfactory; the reliabilities
of the resulting mean vectors and their asédciatedwvariance-covarianée
matrices, In other words, assuming the measuremgnts to be adequate, the
éstimates”of means, standard deviations and especially ¢drrélations\muét’
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 satisfactorily replicated., With these cautions in
mind the major finding of this dissertation will be sunmarized,

in Experiment I (pp. 68=79) an exploratory attempt was made t§ find
strain differenées with respect to a non-cholinergic neurohumbr in rats.
The brains of young (40 days old) and adult (110 days old) S; 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 thét the mean sero-
fonin éoncentration in the dorsal cortex (DC), ventral cortex (VC) and
subcortex (SC I) was slightly (althoughvnot_significantly), higher in the
SE thén in the S3s° ‘This strain difference was more evident in the

adult animals where the S;s had 24 per cent more serotonin per gram brain

1
tissue (TB I) than the S3s (p<.01): In spite of the fact that the 838
had heavier brains (11 per cent), they also had less total serotonin (11
per cent) than the S8, | |

Brain serotonin was again measured in adult animals (114 days old)

fran the Sy and S, strains in Experiment II (pp. 79-109). The results

3
of Experiment I were successfully replicated on this sample. The Sys had
18 per cent more serotonin per gram brain tissue (TB II) than the S3s

(P<.01). In this sample the Sys also had slightly more total serotonin

(7.6 per cent) than the S,s even though the usual difference in tissue

3

‘ weight was found with the S_s having the heavier brains.,

3
‘In addition to serotonin,; activities of the brain enzymes ChE, AChE,
DOPAD (the enzyme responsible for synthesis of serotbnin), MAO (the enzyme
responsible for degradation of serotonin)and GAD (the
- engyme responsible for synthesis of GABA) were determined in littermates
of the animals on which serotonin was measured, In all comparisons the
S1s had higher enzyme specific activities than the S3s9 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 Sls tended to have
higher>ChE,’AChE and GADbtotal activities but lower MAO totél activity
than the's3é. o h

In Experhnént ITI (pp. 109-143) the results of Fxperiments I and
II were agéin replicated with respect to brain serotonin and the five brain
enthes measured in Experﬂnent IT, 1In addition, twq other pairs of
strains (RDH-RDL, OMB-OMD) were measured on these variables. The
choice of the six strains in this experiment was such that the two
strains witﬁin each pair differed with respect to maze performancehand/or
the ACh-AChE system in the brain. Compared tb the S3s, tﬁe Sls have higher
-ACh coﬁcentrations and AChE acti?ities 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,
vbut when tésted the RDHs were slightly iﬁferidr to'the RDLs in maze
performance, The OMBs were selected to be superior to the OMDs onvthe
Lashley III maze, but in one of the lines the two strains did not

differ in ACh concentration or AChE specific activity, and iﬁ the other
line the OMDs were actually higher in ACh conqentration and AChE specific
~activity than the OMBs.

The Sys had 10 per cent more serotonin per gfam tissue (TB I) than |
the S3s, but there was no difference in this experiment in total serotonin.
- This replication constitutes the fourth group of animals in which a_ strain .
difference in brain serotonin between the S;s and S3s has been observed.

In terms of the five enzymes the Sis again exceeded the S3s in mean ChE,
| AChE, DOPAD, MAO and GAD specific activitiés in the four brain sections
considered (DC, VC, H and SC IT; except for DOPAD, MAO and GAD in the H
section). In terms of total activities the results were less consistent
and depended on the pérticular enzyme and brain éection, and the respective

correlations between total activity and tissue weight.
The RDHs did not differ from the RDLs in terms of serotonin con-
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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 sections, 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 straihs was suggested in the subcortex

(H and SC IT). The RDLs tended to have higher mean enzyme total activities
than the RDHs except for cortical AChE (in DC) and ChE (in VC).

The OMBs had slightly more total serotonin than the OMDs; 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 OMBs than in the (MDs. Mean total
activities of AChE, DOPAD, MAO and GAD were also higher for the (MBs 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 (¢.f. pp. 112=113),

To determine whether those strains that were superior in‘maze
performance had anything in common in terms of the morphological and
biochemical variables measured in this experiment; the Sys, RDLs and OMBs
were combined and compafed to the S3s9 RDHs and OMDs,- The high maze
performance strains tended to be heavier in'bod& weight and to have higher
brain weights than the low maze performance strains, The difference in
brain weights, per se, was not, however, felt to be directly related to
_maze performance, since the Sls have consistently lower brain weights
than the S3s bué 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, had higher mean DOPAD
and GAD total and specific activities, and higher Mean total serotonin
énéléerotonin concentration than the low performance strainso. |

It was suggested that the relevant parameters in terms of maze
performance were elther the capacity.to_fonn neurohumors or the ratio of
the capacity to form and déstroy neurchumors (pp. 145-147)5.

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
épproach\gave similar results to those obtained using specific activities,
i.e., fhe high performance strains had higher DOPAD énd GAD independént
total activities than the‘low performénce strains, The degrading enzymes,
‘ChE, AChE and MAO were not coﬂsistently different between the high and
iow maze performance strains in terms of independent total activities.

In Chapter IV the S;s and S3s were'investigated more thoroughly on a

1
nunber of behavioral tests, and the scores were correlated with‘ChE and
AChE activities in the visﬁal (V) and somesthetic (S) cortex, and brain
serotonin (TB II). It was found that the S;s were more active in the
Dashiell‘mazé and revolving wheels; and defecated more in an open-field
than the S3so There were no differences between the two strains in loco-
motor and/or exploratory activity measured by interruption ofya 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 Sls maintained a constaﬁt iow nﬁmber of
revolutions over successive testing sessions, whereas the S3s increased
the number of revolutions made in a liﬁear fashioncl Both étrains were

more active in the morning than in the evening. The two strains showed

a linear decrease in beém interruptions in the colony-cages over
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successive testing sesslons,

The Sys 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 S;s in their performance in the ATLAS, but there were
no differences between the means on any of the four problems.

There was evidence of a negative relation between the open—fiéld 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 Slslin 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 Slé; brain serotonin was positively correlated with re-
volvihg wheel activity but ﬁegatively correlated with Dashiell acti\)itye
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 correla-
ted with brain _serotonin°

Tissue weigﬁt of the S section was positively correlated with per-
formance in the ATLAS for the Sys, 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 scomesthetic cértex 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 bréin morphology and bio-
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chemistry as a consequence of an enriched versus an impoverished
envirorment. The S3s 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
environmént.on brain serotonin and ChE and AChE activities were in-
vestigated in the Sl and S3 strains, ECT and SC animals of the Sl strain
had lower body weights and higher visual cortex. (V) Weights than IC
littermates, thﬁs confiming earlier reports (c.f. Chapter I), Total
actlvity of AChE in the V secﬁion Was also higher (but npt significantly
so) in ECT than IC littermates in both repiications with 10 sets of Sys
in each group. 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.

Both total and specific¢ activities of ChE in the V section were
significantly higher in ECT and SC animals than in IC littermates in
both replications, ChE specific activity in the S section was also
vhigher in ECT and SC animals than in thelr IC littermates. These
results confirm the preliminary report of Bennett et al. (1963).

Neither total serotonin nor serotonin concentration was signi-
fiéantly 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¥*#

’Xlw
2.
Let X =
Nxp
x
. & |

be the N by p supermatrix of scores (measures) of N subjects
on p variables partitioned into g subgroups of n; subjects each.
g ’ .
Then, W= S (X4 X3 - & aja;), the pooled within-groups
N

pxXp 1=l
deviation score cross-products matrix where,

aj=1'X3
1 =an ny; x 1 unit vector
And, T = (X'X - % a'a), the total sample deviation score
crossgggoducts matrix.
And, A = T - W, the among-groups cross products of devia-
pPXDp

tions of groups from grand means weighted by group sizes, n;.
- The multiple-discriminant functions (of which there are g-1

mutually orthogonal) are computed as the vectors (eigenvectors)

associated with the latent roots (eigenvalues) of the deter-

minantal equation:

wla - a1l =o

where, I is an identity matrix.
Wilks' lambda criterion for the discriminating power of the p

variables as a funiction of the Iatent rootS'of3W‘1A is :
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Appendix A (contd.)
‘where . r iSjthe-ﬁankgof w-1 A.

TFHe ad ' N-p-1)(1-A
The associated Fp,y_o_ 3 { pp/& .)_

‘% ¢.f. Cooley & Lohnes, Multivariate procedures for the
behavioral sciences. New York: Wiley & Sons, 1962.
- # Procedures used in'Expéeriments II and III, Chapter III, -
pp. 79-199. _ - o ' : '
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Appendix B
Computational Steps for Partialling Out g Variables

from a p Variable Discriminant Function*#

WolowW

Let W = _mxm ' _mxg_
PXP W oW

gxm | ‘gxq

the within-groups deviation score cross-products matrix
defined in Appendix A Dbe partitioned such that the m vari-
ables to be retained are“in‘the upper left and the g vari-
ables, the influence df‘which are to be removed by regreésion,
are in the lower right.
And T , the total sample deviation score cross—producté

bXp

matrix defined in Appendix A be partitioned similarly.

Then, the ttreeadjusted matrices are:

-1
Wp.q= Wam - Woq Waq  Wop

-1
Am.qz Tm-q - wm.q
And, the adjusted multiple-discriminant functions and tests
of significance are computed as before (c.f. Appendix A) from
the solution to the determinantal equation:

Walq Am.g - AI| =0

* c.f. Cooley & Lohnes, Multivariate procedures for the
behavioral sciences. New York: Wiley & Sons, 1962.

# Procedures used in Experiments IT and III, Chapter III,
pp. 79-199.
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Appendix C
Computational Steps for Partialling Out g Variables
from a p Variable Variance-Covariance Matrix and
Obtaining the Corresponding Partial Correlation Matrix*#
Let C (_l_) W, the variance-covariance matrix obtained
pXp N-1
from N subjects measured on p variables where W is the
within-groups deviation score cross—products matrix deflned
.1in Appendix A.
If C r
PXP Cam 1 Cqq

i1

e . . n am w- n —————

is partitiohed such that the m variables to be retained

is in the uppér left and the q variables, the influenCe
of which are to be removed by regression, is in thelldwer
right,

then the adjusted variance-covariance matrix is:

- -1
Cm°q_=- Cmm Cmq qu Cqm
and the corresponding partial correlation matrix is:
L .

Ry.q= D c pgt

Cm- qQ m-eq  "m°q

where DCé is an m x m diagonal matrix composed of in-
q .

verted square roots of the diagonal elements of C m.q

¥ c¢.f. Anderson,T. W. Introduction to multivariate stat-
istical analysis. New York: Wiley & Sons, 1958,

# Procedures used in Experlment II Chapter IIT pp. 79-

- 109, :
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Means and Standard Deviations of S; and Sz Strains with Respect

to AChE Total and Specific Activities in Eight Brain Sections

Strain

AChE Total AChE Specific AChE Total AChE Specific

Sec- Activities Activities Activéties Activities

tion** (Mx108/min) (Mx1010/ (Mx10°/min) (Mx101Y/

min/mg) min/mg)

X SD X SD b4 SD b 4 SD
v 3,197 278 48.4 3,74 3,030 235 42,0 3.42
S 2,840 222 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
Ve 37,740 8,460 118.5 26.4 34,450 7,880 102.4 22.9
H 5,613 575 9k.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 D; to Dy

contain means and standard de-

viations of Sl‘sgi RDH-RDL and OMB-OMD strains with respect
A

to AChE, ChE, DO

D, 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 ¢lfactory bulbs; Ce-cerebellum.
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Means and Standard Deviations of S; and S3 Strains with Respect

to ChE Total and Specific Activities in Eight Brain Sections

Strain
S1 S3

. ChE Tdtal ChE Specific ChE Total ChE Specific

Som (welodjmin) (w101 (We0min) H ro10)
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 O.2§
S 160 19.9’ 3.03 0.37 158 14.0 2.83 0.17
RDC 776 6&.7 2.94 o0.21 819 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 L.us 0.68
Ce 65.7 4,05 0.22 1,002 73.6 3.75 0.28

965

1
i
1

[Aed
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Means and Standard Deviations of Sy

to DOPAD Total and Specific Activit

-235-

and 83 Strains: with Respect

ies in Eight Brain Sections

Strain
51 . 53
Sec- DOPAD Total DOPAD Specific DOPAD Total DOPAD Specific
tion Activities Activities Activities Activities
(pe/2nr) (ug/2hr/g) (ne/2hr)  (pe/2nr/g)
X SD X SD X SD X SD

RDC 69,140 8,694 262 38.2
VC 122,100 41,031 381 126
H 54,850 2,733 oL42 88.5
M+P 100,117 7,573 600 U45.6
RSB 441,067 42,583 1,022 26.2

71,230 17,076 242 58.5
111,080 41,208 334 138
57,734 7,480 966 98.7
115,250 11,858 584 45.0
500,783 58,291 1,037 73.9
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‘Means and Standard Deviations of S1 and S3 Strains with Respect

to MAO Total and Specific»Activities in Eight Brain.sections

Strain
S1 S5
tion  Activities Activitles  Aetivities  Activicies
- (#/nr) (%/hr/g) (%/hr) - (%/hr/g)

X . 8D X SD X SD X SD
v 201 27.9 4.38 0.16 317 31.9 4L.26 0.32
228 13.5  4.32 0.27 239 14.3 4.30 0.22
RDC 1,238 T4.2 4.68 0.13 1,358 77.7 4.60 0.14
Ve 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 Sl and S3 Strains with Respect

to GAD Total and Specific Activities in Eight Brain Sections

Strain
S4 ‘ ‘ S

tiom  Aotivitiesr  Activities  Activiticsx  Activities

(ng/hr) (ng/hr/g) (ne/hr) (pe/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 L9.1 939 53.0
RDC 2,976 83.6 1,116 31.3 3,141 337 1,091 95.5
Ve 2,387 268 796 69.1 2,415 175 695 9u4.8
H 530 68.1 1,021 119 587 6b4.1 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

* x10°°
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Means and Standard Deviations of RDH and RDL Strains with Respect

to AChE Total. and Specific Activities in Eight Brain Sections

Strain
“RoH | RDL

- AChE Total AChE Specific AChE Total AChE Specific

e e s R i VS

: min/mg) R 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
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
(o 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 6,526 198.3 9.43
Ce 8,274 599 35.4 2.82 8,864 511 32.9 1.46
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Appendix D7

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 Sﬁécific

W bt Chls e bty

min/mg) min/mg)
X SD’ X SD B X Sﬁ”m‘ _EEEWQ—_EBM“
' 205 19.0 3.10 6.27 ' 203 24.4 2.77 0.36
S 164 21.3 3.29 0.46 146 26.7 2.65 0.46
RDC T4h 93,9 2,90 0.31 776 61.3 2.62 0.20
Ve 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 0.38

3T 1,051 97.5 3.90
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Means and Standard Deviations of RDH and RDL Strains with Respect

to DOPAD Total and Specific Activities in Eight Brain Sections

‘Strain

RDH

RDL

Sec- DOPAD Total DOPAD Specific

DOPAD Total  DOPAD Specific

tion Activities Activities Activities Activities

(ng/2hr) (neg/2nr/g) (pe/2hr) (pg/2nr/g)

x SD X SD X SD X SD
RDC 57,501 1,526 221 52.5 75,230 1,717 252 58.7
Ve 85,995 27,924 = 278 65.2 125,860 34,700 361 87.9
H 48,634 1,003 899 145 59,425 6,393 948 - 110
M+P 93,400 9,310 506 97.2 108,983 16,034 561 8u4.7
hSB 418,350 48,055 1,001 108 443,967 33,805 965 66.5
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Means and Standard Deviations of RDH and RDL Strains with Respect

to MAO Total and Specific Activities in Eight Brain Sections

Strain
RDH RDL

Sec~- MAO Total MAO Specific MAO Total MAO Specific

tion Activities Activities - Activities Activities
(#/hr) (#/hr/g) (#/hr) (#/nr/g)

X SD x SD X SD X SD
\' 318 65.9 4.73 0.52 333 17.4 4.55 0.20
222 10.9 4.40 0.29 248 13.4 4.48 0.18
RDC 1,230 91.6 L.4bo 0.29 248 13.4 4,48 0.18
Ve 1,755 288 5.36 0.23 1,775 93.2 5.19 0.19
H Lo6 37.2 7.44 0.51 482 64.6 7.68 0.42
M+P 621 36.7 3.8%3 0.22 T4l 48.9 3.86 0.23
RSB 2,610 182 6.25 0.33 3,017 215 6.54 0.30
1,024 85.3 L.34 0.25 1,184 60.5 4.39 0.19

Ce
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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 4 GAD Specific'. .'GAD Total GAD Specific
tion. Activities* = Activities Activities* Activities

(ng/nr) - (pg/hr/g) (pe/hr) (pe/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 T4.2 549 82.2 990 155
RDC 2,656 173 1,012 68.3 3,247 351 1,669 ok.5
ve 2,193 378 725 Th.8 2,490 262 7H0 48.0
H 574 41,1 1,163 70.9 693 51.8 1,317 65.4
M+ P 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 L40.3

* x10~
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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
el e e
min/mg) min/mg)
b3 SD X SD X SD X SD
\' 3,350 370 4i b 3.51 3,375 319 6.5 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
Ve 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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et

to Chil Total and Specific Activities in Eight Brain Sections

'Strainr
| OMB | OMD
ChE Total  ChE Specific ChE Total Ch: Specific
Sgc— ACthétle° Aot1v1t}o° “Cflv%tleu Activitics
tion (Mx10%/min) (Mx1010/ Mx10?/1in) (1x10107
, min/mg) min/img)
X SD %X sp % SD X 8D
v zoov 29.2 '2.67 0.38 208 29.0 ;.85' 0.35
W7 36.0  2.63 0.60 152 31.0 2.71 0.45
RDC 857 118 2.75 0.34 861 66.5 2.8y 0.30
Ve 1,040 170 2.8% 0.2l 1,076 381 3.00 0.u7
g 326 56.5 5.23 0.59 352 108 5.30 0.71
M+P 955 196 4.61 0.55 577 107 L.obh 0.3
RSB 2,358 242 .50 0.54 2,449 258 5.00 0.34
ce 980 85.4. 3.55 0.33 1,026 132 4.00 0.21
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Appendix Dlj

Means and Standard Deviations of OMB and OMD Strains with Respect

to DOPAD Total and Specific Activities in Eight Brain Sections

Strain
OMB . OMD

Sec- DOPAD Total DOPAD Specific DOPAD Total DOPAD Specific

tion Activities Activities Activities Activities

(ng/2nr) (ne/2hr/g) (ne/2nk) ~ (pe/2nr/g)

X SD X SD X SD X SD
RDC 40,450 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
P 106,300 12,166 554 50.7 96,100 10,852 512 49.8

RSB 531,383 53,520 1.021 119 43,437 33,742 889 63.1
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Means and Standard Deviations of OMB and OMD Strains with Respect

to MAO Total and Speéific Activities 'in Eight Brain Séctions

Strain
OMB OMD

Sec- fﬁlb Total - MAO Specific MAO Total. MAO Specific
tion Activities Activities = Activities Activities
' (%/hr) - (#/nr/g). (%/hr) (%/hr/g)

X  SD X SD X SD b3 SD
v 346 . 35.1 4.58 0.26 321 25.1 L.h3 0.14
s 250 21.0 4.41 o0.11 247 18.2 4.39 0.22
RDC 1,456 72.3 4.63 0.13 1,394 73.2 L.eh 0.21
Ve 1,928 148 5.21 0.21 1,783 55.7 - 5.11 0.15
H 460 50.3 7.29 0.56 bzs 38.3 7.19 0.40
M-P T34 26.7 3.21 0.99 682 70.8 3.78 0.22
RSB 3,363  20b4 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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Means and Standard Deviations of OMB and OMD Strains with Respect

to GAD Total and Specific Activities in Eight Brain Sections

Strain

OMB OMD _
Sec~- GAD Total GAD Snecific GAD Total GAD Specific
tion Activities* Activities Activities* Activities

(pg/hr) (ne/hr/g) (pe/hr) (pe/hr/g)

h_ X sD X sD ¥ _sb X s
v 578 55.5 760 97.4 525 75.0 720 77.7
S 450 26.3 809 62.6 Ls2 95.3 791  120
RDC 4,010 363 1,216 79.5 3,275 313 1,067 58.4
Ve 2,782 290 752 57.5 2,592 221 741 40.3
I 690 63.6 1,208 99.7 586 67.0 1,120 53.8
F-P 1,373 70.5 710 61.3 1,294 98.1 689 31.9
RS3 8,093 1,071 1,534 150 6,702  9T4 1,373 170
Ce 2,648 329 890 84.4 1,947 888

Th3

31.0
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Appendix El#

Intercorrelations of Biochemical and Morphological Variables

for SC and ST Animals of First Group of Sys

109 %
> > S
et 54 5
5 2 a2 0B
& 2 0 5 o 4
o IE) T ] ) « «d L
2 W = ? B 8 B8
~ ot ot — — = =
. ) (3] — @
g =z = 2 | 8
Variable Group q = 0 2] LA @ é 2
V Weight 3C .66
ST -.30
S Weight- SC -.36 -.09
ST -.22 -.27
B IT SC LTO%* Thx - 35
Weight ST .20 -.01 -.18
Total Sc .02 .39 b9 .27
Serotonin ST .08 .12 -.40 -.13
TB II
'ChE Total SC .58 T4 .11 .57 .47
Activity- ST -.21  .76%%-.48 .33 .29
\
ChE Total SC -.28 .09 .67* -.37 .31 .18
Activity- ST -.29 .15 .60 .30 -.21 .32
s |
AChE Total SC A5 83%x-,06 .44 .18  .66% .31
Activity- ST -.20 .QU*x-,25 -.,08 .06 .73* .22
\

s -.17 -.18 .58 .27

38 -.07 .62
21 - 73% -.17 .38 27

AChE Total SC
.13 .03 .44

Activity- ST
s

* .05
*% .01

# Note-Appendices Eq1 to Ez contain separate intercorrelation
matrices of biochemical” and morphological variables for SC
and ST animals of first and second groups of S1s and group
of Sgs. Pertinent information concerning these animals
can be found in ‘. Chapter IV, pp. 152-199.

P <
D <
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Intercorrelations of Biochemical and Morphological Variables

for SC and ST Animals of Second Group of Sis

o
707 2
> > N
= A T
5 ke 2 3
E L 3 Q
© :é 3 < 2 =
) i 4 — — o
D £ B 2 3 S 3 B
= 3 % = S, g g @
g £ 2 587 4 04 F
Variable Group ;8 = %) = e B Lé &) =
V Weight SC .05
ST T2%
S Weight  SC .21 .49
ST T3* 67
TB II SC 85%* .23 .36
Weight ST .89%x 5l JTT*
Total SC 31 04 -.02 .59
Serotonin ST - -- -— --
TB II
ChE Total SC .23 LT72% .01 .19 .06
Activity- 8T B6%  06%%x 6O*% 52 -
V .
ChE Total S8SC ~-.03 .57 L75% .25 -,17 .07
Activity- 8T 57 Ll .65% 66% - .28
S
AChE Total SC .13 .71 .06 .29 -.29 .50 .41
Activity- 8T 63%  Qhxx 51 48 - J72% .38
v ,
AChE Total SC .23 07 JThx 32 -16 -.35 21 -.31
Activity- ST .55 48 9% 63% - 31 .29 A7
S
* p £.05

¥* % pg .01
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Appendix E5

Intercorrelations of Biochemical and Morphological Variables

for SC and ST Animals of Group of 83s

i
§

;;:
T2 &
&> B bar
ot o =3
@ ke ke b
+ + Q
o g) 2 2 2 <
450 3 2 ~ — e
i % & £ & F £ B
= — o — 4 E9 Eg e
Z 2 2 S S i 8
Variable Group & > A S B 8 & =
V Weight  SC .11
ST 2
S Weight SC -.16 54%.
ST .01 .11
TB II SC 68%%x 25 |16
Weight ST .69%% 08 37
Total SC -.01 -.32 -.04 .06
Serotonin ST —- -- -- --
TB II
ChE Total SC .03 .83%x% 41 .35 -.31
Activity- ST 42 86%%- .03 -.14 -
v
ChE Total SC -.61% -.02 5h%x - .35 .34 .01
Activity- ST OlUxx 58% U5 A8* - 47
S
AChE Total SC 35 .39 -.07 .15 =-.50% .10  -.53%
Activity- 8T 16 J7o%x 11 -.23 -- 63% .21
\'s
AChE Total SC .50% .38 .11 A3 .36 05 -.52%  ,89%x
Activity- 8T A5 .05 SHlx 66 % - .08 22 .04
S : :
* p <.05
** p < .0l
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Intercorrelations of Behavioral Variables for ST

Animals of First and Second Groups of Sls

terion

T )
o S > g
n o o nE) 8
Tn ©& B B S
22 38 < < o |
<& s¢ V. 8 o8
o8 gau ' o Do 2 T o
A0 4Hg &pa B « (o] « L _ 455—;
ed 89 5P 55 & 9% 2 a3
O &p sa &¢ 28 =g 9 ot
18 ¥ 95 g5 89 §= 2 48
. > > — & 4 & v
variable Group S8 && 8& 88 8p 85 & &S
Open-Field 1st 50 '
Urinations 2nd S5l
Revolving 1st - .56%- .30
Wheel ond .28 .02
Activity,
Days
Revolving 1st -.13 -.47 .13
Wheel 2nd 24 - 22, 78%x%
Activity,
Nights
Colony- 1st - - - -
Cage 2nd 009 o}‘l'5 _026 "eL,'2
Activity,
Days
Colony- 1st - - - - -
Cage . 2nd oll - -20 el‘l‘L" 948 o .18
Activity,
Nights
Dashiell 1st A2 .25 .08 -.16 - --
ACtiVity 2nd -055 -019 "020 008 "032 -025
ATLAS TO— 1St .07 043 -049 -050 harhad - "008
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*x
to Cri- .
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Lol . P o
. o e Fe} m .m
— —~ 0 L 4+ o
© 0o © © S 5 &
[ R/] e‘.m.v <% < o o]
v £2 £ o 8 ~8 s
9f 93 o7 WF & B2 2 ®e 8%
e 95 53 53 92%® 4 &8 &3
Ee o 548 58 2854 0 har =
. fo 1I'd A5 A ongZ o (3 25
Variable  Crow §& g5 ¢4 °4 L& T %S 30
&8 BE f2 £2 853K 8 Eg =8
ATLAS To- 1st =.02 .33 =.13 =,28 -= —= . ,10 .85%x ,80%*
tal Cumu- 2nd A0 -.15 .08 -.07-34 .18 -.51 .9B#x ,88%x
lative .
Latencies
to Cri-
terion
* p<.05
** p<.0l _
# Note-Information concerning these animals can be found in

(@]

hapter IV, pp. 152~199,
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Correlations of Morphological and Biochemical

Variables with Behavioral Variables for ST

ity-v

Animals of First and Second Groups of Sls n
[0
> 4 g 3
+ ©n + 0 P [e] o
~t + + o & or{ 8
BLH 2% & H_ & &
0 S82 4,828 § ~ & - 5 4, 8
9 & 577 < H4  E¢ def
D A 2?;; O > —~ o oo O« O
2% 28 1§ @ o8 Ty Sgs
Lo o> &5 | & Noad &
ST T B PO P
Variable  Group 88 28 82 a 238 £3 E88
Body 1st LT8%% - 63% -~ .32 19 -.07 .08
Weight 2nd 10 -.21 42 -42 -,14 -.38 -.41
V Weight 1st 33 -.36 --  -.09 .33 .01 .39
2nd -.06 -.35 -47 -.02 .15 .18 .09
S Weight 1st -.44 04 - 21 69% 83 ,68%
2nd Y4 -.48 -.18 -.41 JSTH%%E TERR 50%
™8 II lst .62 -.13 -- 22 -,08 -.34 -.07
Weight 2nd .36 .00 .38 -.55% .08 -,19 -,18
Total 1st -.38 21 -- -.40 .31 .32 .36
Serotonin  2nd ST 52 34 -.45 A4 -,03 .03
B II
Serotonin 1st - T0%* 27 == -.51 .55 .50 W37
Concentra- 2nd 31 63% .10 -.11 .13 14 .21
tion TB II
ChE Total 1st .16 -.49 - -.50 .19 -.07 .05
Activity-Vv 2nd -.20 -.20 -.46 -.03 -.21 -.19 -.2k
ChE Total lst -.39 -.12 -- - .54 .48 .5l 53
Activity-S 2nd .15 -.26 -.15 -.52 LT3%% L 6LUx [ TO*
AChE Total 1st D7 =41 -- -.33 A2 .11 s
Activity-V 2nd -.16 -.%2 -.07 -.07 -.29 =-.33 -.21
AChE Total 1st -.09 -.16 -- -.26 .50% .58% 53
Activity-S 2nd .52 -.32 .07 -.09 4T 49 27
ChE Speci~- ~1st -.17 -.28 -- -.66% -,10 -.11 -.39
fic Activ- 2nd -.18 -.24 -.10 -.05 -.47 -.48 -.44
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Appendix G (Contd.)
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ChE Speci- 18t -.15 =~.20 - -.56% 03 - 05 .11
fic Activ-  2nd -.1l7 .10 =.05 -.36 <34 23 .48
ﬁys '
AChE Speci- 1st .23 -.27 -- -.48 .31 .16 27
fiCACtiV" 2nd “017 °,09 045 "009 “057* “’567 "ouo
ity-v : '
AChE Speci- 1st .27 -.200 --  -.12 © .09 -.06 .02

fic Activ- 2nd .35 .14 .32 35 =-.22 -,16 -.31
ity-S '

* p%.05

** p<,0l

# Note-Information concerning these animals can bée found in
‘Chapter IV, pp. 152-199. ' :
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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