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Serotonin has been implicated as a modulator of feeding

behavior. This experiment was designed to alter brain

serotonin levels through dietary means in hypothalamic

ventromedial-lesioned and unlesioned rats. Daily food,

water, and animal weights were measured. The purpose was to

determine if VMH lesions altered the feeding pattern found

in unlesioned rats. Although food intake for tryptophan-

enriched diets and tryptophan-deficient diets did not differ

from their respective control groups, in some cases gross

animal weights did differ significantly between experimental

and control groups and between lesioned and unlesioned

groups. A proposed model explains how a "low" energy signal

and a "high" protein signal cycles amino acids through

gluconeogenesis to comPensate for an energy deficit.
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CHAPTER I

INTRODUCTION

Lesioning the hypothalamic ventromedial (VMH) nucleus

in rats produces a syndrome of overeating (hyperphagia)

which leads to obesity (Brobeck, Tepperman, and Long, 1943).

The effect of VMH lesions is more pronounced in female rats

than in male rats (Cox, Kakolewski, and Valenstein, 1969).

However, Gold (1969) reported that males may become as obese

as females, but that the rate of weight gain between the

sexes is different. Males gain faster initially, but soon

females overtake the males. Food intake patterns can be

altered by adulterating with quinine (bitter), hypertonic

salt solutions (salty), or with sucrose (sweet) (Graff and

Stellar, 1961). The rats will greatly decrease food intake

with salt and quinine, but greatly increase it with sucrose.

Graff and Stellar (1961) called this pattern of taste-

induced changes "finickiness", and found that finickiness

could be produced by leaving the medial portion of the VMH

intact.

These early studies defined an animal model- of

hyperphagia. Most recent studies attempt to discover the

1
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underlying mechanism of hyperphagia and obesity, and much

attention has been given to neurotransmitters which may be

involved in the process.

The neurotransmitter serotonin (5-hydroxytryptamine, or

5-HT) may modulate feeding behavior as a secondary

inhibitory agent (Hoebel, 1976). Norepinephrine (NE),

known to inhibit feeding, appears to be the primary

neuroregulator (Sizidien, 1977). It is known that

intraventricular para-chlorophenylalanine (p-CPA) a specific

depleter of brain serotonin (Koe and Weissman, 1976),

produces hyperphagia, a syndrome of excessive food intake

leading to obesity (Saller and Stricker, 1976). Hoebel

(1976) has observed an inverse relationship between feeding

patterns and the diurnal variation in brain serotonin in

rats. The food intake is greatest at night when serotonin

is at its nadir and lowest during the day when serotonin is

at its peak. Latham and Blundell (1976) found that

injections of tryptophan significantly decreased the size of

the first meal of a food-deprived animal and greatly

extended the duration of the post-meal interval. Bare (1958)

noticed that even in a food deprived animal, the rate at

which it eats is determined largely by the time of day.

Food intake drops during the day whether the animal is on an

ad-lib diet or a food-deprived diet.
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The idea of serotonin as a modulator of feeding

behavior is strongly suggested by Coscina and Stancer

(1977). They observed in rats that lesions of the dorsal

and medial raphe4 nucleus in combination with VMH lesions

attenuate the hyperphagic syndrome; that is, lesions of the

raphe' and VMH tend to return the high food intakes to

normal, causing the rats not to become obese. This seems

suprising in light of previous findings. It has been

supposed that 5-HT acted to inhibit feeding. Thus injection

of p-CPA, which would inhibit the synthesis of 5-HT,

increases feeding. In the Coscina and Stancer (1977)

experiment lesioning the raph e, a nucleus which produces

the majority of all brain 5-HT, produced the opposite

response--a decrease in feeding in VMH-lesioned

rats. They did observe, however, that raphe and VMH-

lesioned rats showed the same enhanced sucrose acceptance

and quinine rejection and exaggerated weight gain on a

high-fat diet as raphe-sham and VMH-lesioned animals.

raphe lesions and VMH sham did not alter feeding behaviors

compared to raphe sham and VMH sham controls. Their

concusion was that serotonin plays an important role in

mediating weight regulation after VMH damage, especially in

the ingestion of foods, though perhaps not in the feeding

pattern. Coscina and Stancer (1977) measured forebrain

levels of 5-HT of raphe and VMH lesioned animals and found

significant correlations of weight gain with 5-HT and
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5-hydroxy-indole acetic acid (5-HIAA), a 5-HT metabolite,

and no correlation with either norepinephrine or dopamine

one week after VMH lesions. Seven weeks after VMH lesions,

results showed significant correlations with only NE and not

with 5-HT or DA. No other groups showed correlations

between weight changes and assay results. Thus, it seems

5-HT is only a short term or secondary modulator rather than

primary modulator in VMH hyperphagia.

Serotonin Synthesis

Serotonin is synthesized in vivo in the brain from its

precursor amino acid, tryptophan (TRY). It is a two-step

conversion process by way of two enzymes: tryptophan

5-hydroxylase [E.C.l.14.16.4] which adds a hydroxyl group to

the five position on the benzene ring, and aromatic L-amino

acid decarboxylase FE.C.4.1.1.281 which removes the carboxyl

group from the amino acid (see Figure 1, pp. 6 ).

Although 5-HT itself cannot cross the blood-brain-

barrier (BBB), brain serotonin concentrations may be

manipulated. Several methods will induce an increase in

5-HT: 1) intracranial injection of 5-HT or one of its

precursors (Breisch, Zemlam, and Hoebel, 1976), 2) systemic

or intraperitoneal injection of precursors such as

5-hydroxytryptophan (5-HTP) (Blundell and Lesham, 1975) or
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Figure 1. The chemical pathway converting tryptophan to
serotonin. Enzymes are named to the side of the arrow.
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tryptophan (Fernstrom and Jacoby, 1975), 3) and dietary

manipulation of tryptophan (Fernstrom, 1976). There are

several methods available to induce decreased levels of

brain serotonin. Most commonly p-CPA, an inhibitor or

tryptophan 5-hydroxylase (Jequier, Lovenburg, and Sjoerdsma,

1967), is injected either intraventricularly (Breisch, et

al, 1976) or intraperitoneally (Jequier, et al, 1967).

However, there are problems associated with injecting p-CPA,

i.p. It has a low pH (approximately 2) and stresses

the animal when used in the concentrations (300 mg/kg, i.p.,

2 x day) suggested by Koe and Weissmann (1966). Experimental

results tabulating food and water intakes may be biased

since sick animals do not eat as much as healthy ones. The

pH cannot be brought up to neutral or alkaline values. The

solution turns dark and according to Weissmann (personal

communication) p-CPA should not be injected at these pH

values. Another method would be to inject a synthesis

blocker, 5,6-dihydroxytryptophan (Ellison, 1977). A third

method would be to alter serotonin levels by a

tryptophan-deficient diet (Sahakian, et al, 1979). That,

too, has problems associated with it, but they can be

satisfactorily overcome and will be discussed later.

The synthesis of serotonin is dependent to a large

degree on the level of circulating tryptophan and on its

entry into brain cells (Wurtman, 1979). Four factors
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determine the rate of transport across BBB: 1) Vmax (maximal

transport across the BBB), 2) the Km (apparent affinity of

the carrier of the molecule for tryptophan), 3) the

concentration of tryptophan circulating free in the plasma

and bound to albumin, and 4) "f" factor, a calculation of

the carrier affinity for bound tryptophan (Wurtman, 1979).

The rate-limiting step in serotonin synthesis was

believed to be the hydroxylation of tryptophan. However, it

has recently been discovered that the maximal transport rate

is a function of the tryptophan carrier protein

concentration within local capillaries (Wurtman and

Pardridge, 1979). Neither tryptophan hydroxylase activity

or tryptophan availability is rate-limiting. It is the

concentration of the carrier protein in the BBB to transport

tryptophan across the capillary wall that is the rate-

limiting step. Pardridge (1979) observed that thyroid

hormone appears to induce the transport system of the BBB

and suggests that perhaps the carrier protein may also be

induced by low concentrations of tryptophan as well. This

could account for the observation of an increased brain

tryptophan hydroxylase activity in the presence of a

decreased plasma tryptophan concentration (Neckers,

Biggio, and Moja, and Meek, 1977).

The carrier protein that transports tryptophan also

transports other large neutral and aromatic amino acids such
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as valine, leucine, isoleucine, phenylanine, and tyrosine,

(Kiely and Sourkes, 1976). All these amino acids compete

for the carrier molecule (Fernstrom, 1979). If one amino

acid is proportionally higher in concentration in the blood,

it is preferentially taken across the BBB. Thus a diet

depleted of tryptophan would deplete the brain of tryptophan

and 5-HT. Similarly, a diet enriched with tryptophan would

cause an accumulation of tryptophan and a concomitant

increase in 5-HT. Other large neutral amino acids (LNAA) in

the brain would change according to their plasma

concentrations and affinity to the carrier proteins. Green,

Greenburg, Erickson, Sawer, and Ellison (1962) observed

competition between phenylalanine and tryptophan. By

feeding a diet depleted of tryptophan and enriched with

phenylalanine, they produced a greater depletion of brain

tryptophan than with a diet depleted of tryptophan only.

Similarly, the reverse would be expected to occur with a

diet depleted of phenylalanine and enriched with tryptophan.

Consumption of a carbohydrate meal elicits insulin release

and increases total plasma tryptophan concentrations in the

blood,while lowering that of other LNAA (Fernstrom, 1979).

Tryptophan gains the advantage competitively and brain

serotonin levels increase. Pardridge (1977) demonstrated

with kinetic studies that these amino acids compete for the

same site. It seems that amino acid competition is more

important in determining tryptophan uptake than
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albumin-binding (Yuwiller, Oldendorf, Geller, and Braun,

1977).

Tryptophan is unique compared with all other amino

acids in that it is carried in the blood approximately 10 to

20% in a free form and 90 to 80% in a form bound to albumin

(McMenamy and Oncley, 1958). The free form passes the BBB

readily; bound tryptophan can be stripped off the albumin

because the carrier protein has a greater affinity for

tryptophan than albumin. The free tryptophan pool is

dependent upon concentrations of various hormones, drugs,

and substances such as heparin and salicyclic acid

since tryptophan can be displaced by these circulating

substances (Tagliamonte, Biggio, Vargiu, et al, 1973).

The "f" factor is the fraction of albumin-bound

tryptophan that can be stripped off albumin by the carrier

protein (Wurtman, et al, 1979). It is calculated by

comparing the capacity/affinity ratio of the BBB to that of

albumin. The capacity/affinity ratio is a measure of how

tightly tryptophan is bound, or attracted, to a protein.

Calculation of the capacity/affinity ratio for tryptophan's

binding to the carrier protein may be as high as 12.5 in the

absence of competing amino acids, or as low as 3.5 in the

presence of usual plasma LNAA. For albumin the ratio is on

the order of 2.4, which is considerably lower than that of

the BBB and indicates that tryptophan is readily stripped
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off albumin. The calculation requires knowledge of the

concentrations of the protein to which the tryptophan will

bind, the number of tryptophan binding sites on the

molecule, and the dissociation constant of tryptophan and

the protein. The amount of non-esterified fatty acids

(NEFA) may also affect the ratio because NEFA competes for

binding sites with tryptophan and elevates its dissociation

constant.

Consumption of a carbohydrate meal, which releases

insulin, or the injection of insulin alters the amount of

tryptophan in the plasma. Insulin increases tryptophan

concentrations in the blood, while it lowers the plasma

concentrations of LNAA (Fernstrom, 1976, 1979).

Simultaneously, insulin lowers serum concentrations of NEFA.

This frees up binding sites on albumin where tryptophan can

and does bind. Consequently the bound tryptophan pool

increases and the free tryptophan pool declines (Fernstrom,

1979). Madras, Cohan, Missing, Manro, and Wurtman, (1974)

performed a dose-response curve by adding fat to the diet.

They found that with increasing fat, brain tryptophan levels

remained constant despite an increase in the bound form of

tryptophan. Thus, the importance in determining brain

concentration of tryptophan lies in the level of the total

tryptophan pool, rather than free versus bound levels. It

is interesting to note that the raphe and VMH lesioned rats
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in Coscina and Stancer's experiment did not gain substantial

weight on the Ralston Purina rat chow but did gain

substantially on the high-fat diet which would increase the

amount of circulating albumin bound tryptophan.

Dietary manipulations have their own problems. Diets

with an amino acid imbalance tend to depress food intake

(Harper, Benengva, Wohlheuter, 1976). Tryptophan fed to a

rat in excess of 3 to 5% by food weight causes

nephrotoxicity. Quantities greater than 1.5% by food weight

depress growth;. quantities less than 1% by food weight are

tolerated quite well (Harper, et al, 1976). The minimum

daily requirement is 0.15% by food weight (Lewis, Peo,

Cunningham, Mosser, 1977). According to Harper, et al

(1976), diets deficient in tryptophan also depress growth

and food intakes although a nicotinic acid deficiency

develops before the adverse effects of the amino acid

deficiency is seen. Tryptophan is converted to nicotinic

acid, a vitamin necessary for growth. If threonine, an

amino acid that seems to alleviate the effects of an amino

acid imbalanced diet, is supplemented in quantities as small

as 0.1% by weight, growth is stimulated and all available

tryptophan is used for protein synthesis. This results in a

deficient amount of tryptophan available for conversation to

nicotinic acid. This deficiency becomes evident in

approximately three to four days, after which food intake
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and growth are depressed. Without a nicotinic acid

supplement to a tryptophan-deficient diet, the same result

is seen, depressed growth and food intake within three to

four days. If nicotinic acid is supplemented to a tryptophan

deficient diet, food intake and growth are depresesed within

one day, but Animals on such a diet would eventually

increase their food intake and adapt to the diet. When

growth is depressed, plasma tryptophan levels remain

relatively unchanged.

The Ventromedial Nucleus

Since lesioning of the VMH nucleus was discovered to

result in hyperphagia and obesity, attention has been

concentrated on the hypothalamus to discover its role in

feeding behavior. Lesions of the lateral nucleus of the

hypothalamus (LH) were found to result in aphagia and

adipsia, (Rabin, 1972). The finding that stimulation of the

LH produced hyperphagia while stimulation of the VMH

produced hypophagia lended support for the following theory.

A theory was advanced stating that the VMH was a satiety

center which inhibited feeding in a satiated animal and the

LH was a feeding center which initiated feeding in a hungry

animal. Futhermore, it was advanced that these two nuclei,

which were interconnected with a series of inhibitory
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neurons, modulated feeding behavior by mutually inhibiting

one another. This theory has passed by the wayside as no

pathway could be established either anatomically or

physiologically which connected the VMH to the LH (Rabin,

1972).

The VMH nucleus contains two cell types: large

multi-polar cells within the nucleus which have a low

spontaneous firing rate, and smaller bipolar cells with

axons projecting toward the interior of the nucleus (Murphy

and Renaud, 1969). They found these latter cells to be

inhibitory interneurons spiking at low frequencies (3/sec).

Stimulation of the bipolar neurons via the amygdalofugal

pathway or the stria terminalis, or direct local stimulation

of these cells, appears to inhibit the spontaneous firing

pattern of the large multipolar neurons.

Several attempts have been made to identify the pathway

mediating the "satiety" functions of the VMH. The median

forebrain bundle (MFB) appears to be the most likely

candidate because it is anatomically related to the limbic

system and stimulation along its diencephalic projection

appears to alter feeding drives (Morgane, 1961). The MFB is

a serotonergic pathway coursing from the midbrain to the

frontal cortex regions (Morgane, 1961). Information

regarding the innervation of the hypothalamus via the MFB is

controversial. The MFB is so interconnected with the
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lateral nucleus of the hypothalamus that they cannot be

separated (Morgane, 1961). According to Millhouse (1969),

collaterals from the MFB arch medially over the VMH and into

the periventricular system.

Morgane (1961) proposes that a crossing fiber system

from the globus pallidus is responsible for mediating

consummatory behaviors since interupting the MFB anterior

to, posterior to, and at the level of the VMH had no effect

on feeding. Thus,the MFB does not appear to mediate feeding

directly, but possibly indirectly via collaterals to other

nuclear systems. Additional support for this view comes

from Moore, Wong, and Heller (1965) who observed that

lesioning the VMH does not affect 5-HT levels, either in the

diencephalon, frontal cortex, occipital cortex, septum

caudate,amygdala-hippocampus midbrain, or pons-medulla.

Other pathways and nuclei possibly involved in mediating

feeding behavior are the amygdalofugal pathway, the stria

terminalis, the globus pallidus, and the periventricular

systems (Morgane, 1961).

VMH Lesions

Producing lesions in a specific neural area is a tool

of the researcher to determine centers of control for

various observable animal behaviors. There are several
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types of lesions available to the researcher: direct

current (DC), radio frequency (RF), and knife cuts. A knife

cut separates tissue from surrounding tissue, disrupting

pathways. A big controversy arose over differences between

DC and RF lesions. In DC lesions cells are destroyed by

heat, which coagulates cellular proteins. In addition,

molecules of the metal electrode become deposited in the

lessioned area. It was believed that these molecules

irritated the tissue and any behavior changes were the

result of the tissue being irritated. The RF lesion was

developed to eliminate the "irritative" issue. In RF

lesions cells are destroyed in the same manner, but without

metal being deposited in the tissue. Thus it was designated

a "non-irritative" lesion. Marks and Remley (1972) compared

the effects of the two types of lesions on motivated

behavior of VMH-lesioned rats and found no differences

between the two types of lesions. They observed that both

types of lesion produced obesity and concluded that the

decrease in motivated behavior associated with hypothalamic

hyperphagia is more a function of the lesion itself than of

the method used to produce the lesion.

The obesity that develops as a cause of VMH lesions is

attributable soley to the increased body fat (Harrel and

Remley, 1973) which follows an increased appetite (Brobeck,

Tepperman, Long, 1943). The increased body weight is not an
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inability to metabolize lipids because obese animals

deprived of food for a period of days will utilize stored

fat at a rate equivalent to their caloric intake (Brobeck,

et al, 1943) .

A VMH-lesioned animal's food intake is related to the

palatability of its diet (Carlisle and Stellar, 1969) and to

its body weight (Corbit and Stellar, 1964). VMH-lesioned

animals are reknown for their "finickiness". Normal animals

reject foods adulterated with quinine and sodium chorlide,

which have a bitter and salty taste, respectively, and

readily accept a sweet, dextrose-adulterated diet.

VMH-lesioned animals respond in a similar manner, though to

an extreme. They will avoid quinine-adulterated food for

longer periods of time and consume a dextrose-adulterated

diet to excess. This suggests that palatability strongly

modifies food consumption of VMH-lesioned rats. Graff and

Steller (1962), found that the size and placement of the

lesion determines the degree of finickiness and hyperphagia.

They concluded that:

"The degree of hyperphagia is a function of the
degree of destruction of the ventromedial complex.
When less than one-half of the complex is
destroyed, no measurable hyperphagia is produced.
Measurable finickiness is produced by lesions
damaging as little as one third of the
ventromedial complex bilaterally. As the lesion
involves more and more of the ventromedial
complex, finickiness increases, but so does the
hyperphagia. If the lesion is large enough to
involve the most medial portions of the
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ventromedial complex, hyperphagia predominates and
very little finickiness is produced. The
suggestion is that the medial portion of the
ventromedial complex be spared in order to produce
maximum finickiness. Thus, the neural mechanisms
for hyperphagia and finickiness are separate, but
overlapping (Graffand Stellar, 1962, pp. 424) ."

This "finickiness" appears to be related to taste (Mook

and Blass, 1976) (Corbit and Stellar, 1964). These authors

have demonstrated that normal and hyperphagic rats respond

to stimulus properties of food and post-ingestive satiety

mechanism in a similar manner. Both tend to regulate gram

food intake on the basis of caloric density by increasing

intake when calories become dilute and decreasing intake

when calories become concentrated. Palatability plays a

role when animals are given a choice between two diets.

Hyperphagics prefer oil diets over pelleted diets, but an

oil/powder diet is prefered over a plain oil diet (Hamilton,

1964).

The accumulated fat in a VMH-lesioned animal appears to

have an inhibitory effect on food intake. There are two

pieces of evidence to support this. First, obese

VMH-lesioned animals trained on variable-interval (VT) work

schedules did not maintain their high body weight when

forced to work for their food (Porter, Allen, and Aazie,

1974; Marks and Remley, 1972). Second, food intake

decreases as animals reach the static phase. Two mechanisms

have been proposed. Corbit and Stellar (1961), believes
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food intake is inversely related to ambient temperature. As

body fat accrues, the body becomes insulated and thus cannot

radiate its heat easily, increasing body heat. Scalafani

(1971) has proposed an increased "appetite" and a normal

"hunger" drive. He found that obese VMH-lesioned, animals

on a work schedule rewarded with sucrose for their efforts,

responded at levels equivalent to controls. Non-obese

VMH-lesioned animals responded at a greater level,

increasing their response with increasing concentrations of

sucrose.

The VMH syndrome can be divided into time frames on the

basis of meal patterns. Immediately following surgery, the

animal exhibited an extended bout of continuous eating which

lasted for 10 hours (Balagura and Davenport, 1976). They

found that animals deprived of food for 36 to 52 hours

similarly ate an extended meal, though not quite as long. In

comparison, the food deprived animals were not as ravenous

or preoccupied with feeding as the VMH-lesioned rats. They

designated this phase of eating as the "acute dynamic

period".

The second phase, the chronic dynamic period which

lasts up to 3 months, is characterized by discrete meals but

with changes in the number and frequency of meals (Balagura

and Davenport, 1976). The number of meals in a given 24

hour period increased, both during light and dark hours for
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male rats. Meal size, however, remained relatively constant

within a given 24 hour period for male rats. The intermeal

interval decreased dramatically (by 50%) during the daytime.

During the night, though, there was only a small tendency to

decrease intermeal interval. In addition to regulating meal

number, the VMH must also regulate circadian feeding rhythm

since its destruction disrupts that rythm. The feeding

pattern is not totally random, but is regular, with the

intermeal interval similar for both light and dark periods.

Therefore, other neural systems regulating feeding behavior

must still be intact (Balagura and Davenport, 1976).

Weight is gained rapidly in the dynamic period, but a

plateau seems to be attained in the third phase, the "static

period" (Balagura and Davenport, 1976). Food intake drops

to pre-operation levels. It seems the animal has a new

weight setpoint (Brooks, Lockwood, and Swiggins, 1945) (King

and Gaston, 1977). However, although they maintain body

weights at fairly constant levels for long periods of time

and return to their former obese weight after force feeding,

they do not defend it against work requirements or

adulteration of the diet (King and Gaston, 1977).

After maintaining an elevated weight for a period of

several weeks to months with near-normal food intakes

(static period) several female rats have been observed to go

into another dynamic period spontaneously (King and Gaston,
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1977). Animals which had at least doubled their

pre-operative weight tended more to go into another dynamic

period than the less obese animals. However, not every

animal in this category displayed another dynamic period.

The onset varied greatly, from 11 to 31 weeks after

lesioning. No explanation is possible on the basis

lighting, palatability, temperature, or humidity since all

were held constant throughout the course of the experiment.

Neither was there a discernable difference between lesions

of animals who did and did not undergo another dynamic

period. The animals continued to gain weight during the

renewed dynamic period until they essentially killed

themselves with food.

Statement of the Problem

The purpose of this experiment was to determine if

patterns of food intake and body weight can be altered

through changes in dietary levels of tryptophan, a precursor

of serotonin, in both normal and VMH-lesioned rats, and to

try to correlate any changes with endpoint measurements of

levels of hypothalamic serotonin. Coscina and Stancer

(1977) found that raphe lesions, which would tend to deplete

brain 5-HT levels, attenuated the VMH syndrome. Could the
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VMH syndrome possibly be attenuated by a decrease of brain

serotonin precipitated by dietary means as well as by raphe

lesion?

This experiment was designed to increase and decrease

brain 5-HT levels by dietary means and to monitor body

weight and food and water consumptions as 5-HT levels were

being altered. A correlation between 5-HT levels and body

weight and food consumption would, it was hoped, become

evident. Animals were VMH-lesioned to determine how this

"satiety" center might alter the pattern observed in the

unlesioned animals.



CHAPTER II

MATERIAL AND METHODS

Animals

A total of 144 male Long-Evans hooded rats from Blue

Spruce Farms weighing between 200 and 250 grams each upon

arrival were used in this experiment. The animals were run

in two replications called run #1 and run #2 of seventy-two

animals each within a two month period (July thruough August

1980). Each rat was individually housed and given free

access to food (Ralston-Purina Lab Chow) and tap water upon

arrival until the experiment was begun. No experimental

manipulations were made for at least one week after their

arrival. During the course of the experiment the light/dark

cycle was twelve hours each, with the lights coming on at 7

a.m. and going off at 7 p.m. The rats were randomly

assigned to one of eight groups and named on the basis of

two independent variables. L or UL designated lesioned or

unlesioned rats, respectively. Diet was designated as

follows: C for control; FD for food-deprived, TD for

trytophan-deficient; and TE for tryptophan-enriched. The

23
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group names are: unlesioned tryptophan-deficient (ULTD),

lesioned tryptophan-deficient (LTD), unlesioned

food-deprived (ULFD), lesioned food-deprived (LFD),

unlesioned control(ULC), lesioned control (LC), unlesioned

tryptophan-enriched (ULTE), or lesioned tryptophan-enriched

(LTE). Hypothalamic ventromedial lesions were performed on

those rats so designated.

Lesions

Bilateral hypothalamic ventromedial (VMN) lesions were

made in the thirty-six (36) rats in each run at least three

days before the experiment was begun to allow the animals to

recover after surgery. Lesions coordinates were estimated

from Konig and Klippel (1970), Figure 34. In performing

test lesions to determine coordinates it was found that

these heavier rats required moving posterior 1.6 milimeters

and ventrally 1.0 milimeters from the coordinates calculated

using Figure 34. Coordinates were determined with the head

level in the sterotaxic apparatus for the skull landmark

bregma which lies directly over the anterior commissure:

anterior/posterior--4.4 millimeters posterior to bregma,

medial/lateral--0.6 millimeters lateral on either side of

the sagittal suture, dorsal/ventral--10.0 millimeters below

the level of the skull. After locating the anterior/
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posterior and medial/lateral coordinates on the skull, a

small hole was drilled into the skull by means of a size #65

drill bit held in a pin vise. A stainless steel electrode

(500 micron diameter), insulated to within 500 micron of the

tip, was lowered to exact dorsal/ventral coordinates and an

anodal current of 2 milliamperes was passed through the

electrode for 15 seconds by a Stoelting Lesion Maker. The

electrode was resharpened between lesions. The scalp was

then closed with two or three Michael wound clips. This

surgery was performed under sodium pentobarbital anesthesia

(42 milligrams per kilogram body weight, i.p.).

Diet

The experimental period consisted of a two-week period

in which the rats were fed one of three diets before being

killed (see Table I). Two groups, ULTD and LTD, were

fed a tryptophan-deficient diet purchased from Bioserve,

Inc. Four groups were fed the tryptophan-deficient diet

supplemented with the minimum daily requirement of 0.15%

tryptophan by weight (Lewis, Peo, and Cunningham, 1977) and

is hereafter called the control diet. Two of these groups,

ULFD and LFD, were given only limited quantities of the

control diet. The rats in these two groups were matched for

food intake to a rat in the tryptophan-deficient group
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TABLE I

DIET COMPOSITION BY GROUP

TD FD C TE

Lesioned Bioserve* Bioserve Bioserve Bioserve
+ 0.05% + 0.05% + 0.05% + 0.05%

and Saccharin Saccharin Saccharin Saccharin
+ 0.15% + 0.15% + 1.0%

Unlesioned TRY TRY TRY

* Bioserve diet #1366--tryptophan-deficient, high casein,

powdered diet

because the rats in the latter group tend to decrease their

food consumption on a tryptophan-deficient diet. Thus a

control was established to account for anomalies in brain

serotonin (5-HT) levels which might otherwise be attributed

to a decreased food consumption. The other two groups, ULC

and LC, were given unlimited access to the control diet.

The last two groups, ULTE and LTE, were given the Bioserve

diet enriched with 1.0% tryptophan by weight and is

hereafter called the tryptophan-enriched diet. To increase

the palatability of the diets, 0.05% by food weight of

saccharin (Sweet and Low) was added to all diets.

Food consumption, body weight, and water intake of each

rat was measured daily in the late afternoon before lights

out. The diet was powdered and could not be pelleted due to

the casein protein source. The food was placed in a metal

bird seed cup attached to the front of the metal cage.
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Spillage was accounted for by scraping the papers underneath

the cage and recovering the spilled food.

Most of the animals were killed by decapitation on

the 14th day of the experiment between 12 noon and 2 pm.

The brains were removed and the hypothalami dissected out.

The hypothalami were then wrapped in foil, labelled, and

frozen in liquified nitrogen for use in the radioenzymatic

assay for serotonin. One fourth of all lesioned animals

animals were sacrificed by perfusion for use in lesion

verification.

Radioenzymatic Assay

A radioenzymatic assay for serotonin was set up to

measure the endpoint values for hypothalamic 5-HT. The

assay converts 5-HT to radioactive melatonin by way of two

enzymes, N-acetyltransferase [Arylamine N-acetyltransferase,

E.C.2.3.1.51 and Hydroxy-indole-o-methyl-transferase

[Acetylserotonin methyltransferase, E.C.2.1.1.41. N-acetyl-

transferase requires Acetyl Coenzyme A as a cofactor;

Hydroxy-indole-o-methyltransferase requires tritiated S-

andenosyl-L-methionine (Amersham, Arlington Heights, Ill.).

The enzymes were extracted according to the method of

Saavedra, Brownstein, and Axelrod (1973) with minor modifi-
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Figure 2. Standard curve for serotonin radioenzynatic

assay. This curve is taken from an assay performed on

November 1, 1980.
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cations. Internal standards were used by adding 2, 3, and 4

nanograms 5-HT to samples with tissue. The blanks used

omitted Acetyl Co A rather than tissue. It was found that

Acetyl Coenzyme A blanks gave lower counts per minute (cpms)

than tissue blanks. Figure 2 (pp. 29) shows an exampleof a

standard curve from an assay performed on November 1, 1980.

Histology

Lesion locations were verified in one-fourth of the

lesioned animals of each group; the other brains were taken

for the serotonin assay. The animal was overdosed on

pentobarbital (approximately I cc, i.e.) and perfused with

approximately 200 mls of a saline solution and then

approximately 350 mls of a 10% phosphate buffered formalin

solution. The brain was then removed and allowed to stand

in formalin for approximately one week before cutting frozen

sections. Fifty-five micron sections of the brain were cut

using an American Optical Cryo-Cut II cryostat at -18 to -20

degrees Celcius and floated onto gelatinized slides. The

sections were allowed to sit in formalin vapor in a

laboratory oven between 50-60 degrees Celcius for twenty

minutes before staining with cresyl violet acetate (Nissl)

according to standard procedures.



CHAPTER III

RESULTS

Lesions

Lesions were confirmed in approximately one-fourth of

all the lesioned animals. All the other brains were taken

for the serotonin assay. Histology sections were compared

to figures from Konig and Klippel (1976); the VMH nucleus

extends from 4.62 mm anterior to ear bar zero (EBZ) through

3.43 mm anterior to EBZ. On the basis of brain anatomy, the

sections were assigned to a figure as being representative

of that figure. The lesion on the slide section was then

drawn onto the section figures in an attempt to reconstruct

the lesion into a three-dimensional conception on paper.

Figures 3 and 4 (pp. 33 and 35, respectively) are the

reconstructed lesions of four rats representative of the

first run. Figures 5 and 6 (pp. 37 and 39, respectively)

show the reconstructed lesions of four rats representative

of the second run.

First run lesions were anatomically different from

second run lesions. They began more anteriorly (4.38 mm

31
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Figure 3. Reconstructed lesions of two animals represen-
tative of Run #1. The numbers in the middle give thedistances (in microns) of each adjacent section from EB7 inthe Konig and Klippel atlas. The (A) after each numberindicates the Section is anterior to Et3. The numbersunderneath the brain sections refer to the rat number.
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Figure 4. Reconstructed lesions of two animals representa-

tive of Run #1. The numbers in the middle give the

distances (in microns) of each adjacent section from EBZ in

the Konig and Klippel atlas. The (A) after each number

indicates the Section is anterior to EBZ. The numbers

underneath the brain sections refer to the rat number.
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Figure 5. Reconstructed lesions of two animals representa-

tive of Run #2. The numbers in the middle give the

distances (in microns) of each adjacent section from EBZ in

the Konig and Klippel atlas. The (A) after each number

indicates the Section is anterior to EBZ. The numbers

underneath the brain sections refer to the rat number.
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Figure 6. Reconstructed lesions of two animals representa-

tive of Run #2. The numbers in the middle give the

distances (in microns) of each adjacent section from EBZ in

the Konig and Klippel atlas. The (A) after each number

indicates the Section is anterior to EBZ. The numbers

underneath the brain sections refer to the rat number.
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anterior to EBZ) and did not extend posteriorly past 3.43 mm

anterior to EBZ. They were generally localized in a small

area encompassing the VMH nucleus. A large lesion track of

destroyed tissue was seen in only one brain. One rat did

not show a lesion or a lesion track. Lesions generally

included the hypothalamic ventromedialis nucleus, the

arcuatus nucleus, portions of the hypothalamic dorsomedialis

nucleus, pars ventralis, and sometimes the periventricularis

nucleus. Lesions averaged an anterior-posterior distance of

approximately 1500 microns.

The second run lesions generally were much larger and

damaged a much greater proportion of the diencephalon.

Lesions were often visible in section 4.23 mm anterior to

EBZ though not in the VMH nucleus. Usually if the lesion

appeared so far anteriorly, it was dorsal to the VMH. Often

it would be seen in or above the hypothalamic dorsomedialis,

pars dorsalis. Usually around 4.23 mm anterior to EBZ, the

lesion would begin to encroach upon the VMH nucleus.

Generally, it would obliterate all of the posterior portion

of the nucleus and often extended back as far as 3.18 mm

anterior to EBZ or even 2.97 mm anterior to EBZ (not shown)

which includes the nucleus mammallaris medialis, pars

lateralis. The lesion generally included the hypothalamic

dorsomedialis nucleus, pars ventralis and pars dorsalis, the

ventromedialis nucleus, the arcuatus nucleus, the
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periventricularis nucleus, and sometimes extended so far

laterally that it hit parts of the hypothalamic lateral

nucleus. Sometimes, the lesion tracks were large and

obliterated quite a large pathway. The lesions averaged an

anterior-posterior distance of 2000 microns. Because of

differences in lesions, data for the two runs were analyzed

separately.

Diet

Statistics

A separate three-way analysis of variance (ANOVA) was

performed for each run on the independent variables DIET,

LESION (lesioned and unlesioned conditions), and DAY, for

the dependent variables water intake, food intake, and gross

animal weight. (See Figure 7, pg 43). DAY was a repeated

measure for each of the three dependent variables, and

LESION and DIET were random factors. Significant

differences were found for LESION and DIET. For this reason

the three-way ANOVA was broken up into two two-way ANOVAs.

First, LESION was compared for each dependent variable over

the fourteen day period for each diet. (Figure 7B,pg 43).

Second, DIET was compared for each dependent variable over
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Figure 7. A diagramatic representation of the statis-

tical evaluation. A shows the manner in which the 3-way

ANOVA was performed comparing unlesioned 
and lesioned to

each of the diet groups for the fourteen 
day experiment l

period. B and C show the 3-way ANOVA broken down into two

2-way ANOVAs. B shows how lesioned and unlesioned animals

were compared within individual diets. 
C shows how diets

were compared within either lesioned 
or unlesioned animals.
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the fourteen-day period for unlesioned and lesioned animals.

(See Figure 7C, pg. 43.)

These statistics were performed on an IBM 3033 computer

using the SAS Institute.Inc. Statistical Analysis System

(SAS) package. The general linear model (GLM) procedure was

used to perform ANOVA statistics on unbalanced data. The

descriptive statistics (MEANS) and endpoint plot (PLOT)

procedure were used to generate Figures 8-13.

Run #1

Water Intake.--Figure 8 (pp. 46) shows a plot of the

mean daily water intakes for each group. Unlesioned and

lesioned groups are plotted separately in A and B,

respectively. A comparison of DIETS for water intakes

over days for lesioned animals indicates three signifi-

cantly different (F = 10.58, df 51 and 3, P < 0.0001)

groups of diets. FD animals comprised the group of

animals with the highest water intake; TD animals, the

group with the lowest water intake. C and TE animals did

not differ in their water intakes. DAY was also highly

significant for lesioned animals (F = 3.45, df 51 and 12,

P < 0.0001). On days 2 through 5, water intakes were

highest; generally, days 12 through 14 had the lowest

water intakes. In the unlesioned animals, there were no

significant differences in water intakes for any of the
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Figure 8. A plot of mean daily water intake in milliliters
(mls) for animals in Run #1 by diet group. Unlesioned
animals and lesioned animals are plotted separately in A and
B, respectively. N = 9 for all unlesioned groups. N = 6 for

LFD, N = 9 for LC, LTD, and LTE.
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four diets. Though there were no significant differences,

they tended to follow the pattern C > FD > TE > TD. There

was no DIET by DAY interaction for either lesioned or

unlesioned animals.

Water intakes were significantly different for

comparisons between unlesioned and lesioned animals in two

diets (C, F = 5.61, df 25 and 1, P < 0.02; TD, F=7.48, df 25

and 1, P < 0.001). LC animals drank approximately 10 mls

water less than ULC animals for days 2 through 5 of the

experiment, then water intakes for LC began to equal that of

ULC animals. LTD animals also drank less on days 2 through

5 (approximately 12 mls less) than ULTD animals. DAY was

also found significantly different for all diets: (C;

F = 2.67, df 25 and 12, P < 0.05; FD, F = 1.81, df 25 and

12, P < 0.05; TD; F = 2.22, df 25 and 12, P < 0.02; TE;

F = 3.59, df 25 and 12, P < 0.001). Highest water intakes

and lowest water intakes correspond to those days previously

mentioned. There was no L by DAY interaction for any diet

which indicates no rate of change differences between

unlesioned and lesioned groups.

Food Intake.--Figure 9 (pp. 49) show a plot of the mean

daily food intakes for each group of animals. Unlesioned and

lesioned groups were plotted separately in A and B,

respectively. DIET (F = 84.83, df 55 and 3, P < 0.0001),

DAY (F = 4.85, df 55 and 13, P < 0.0001), and the DIET by
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Figure 9. A plot of mean daily food intake in grams for

animals in Run #1 by diet group. Data for unlesioned

animals and lesioned animals are ploted 
separate n A and

B, respectively.N - 9 for all unlesioned groups. N = 6

for LFD, N = 9 for LC, LTD, and LTE.
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DAY interaction (F = 4.24, df 55 and 39, P < 0.0001) was

found to be highly significant for all unlesioned animals in

the first run. DIET was found to contain two significanty

different pairs of groups: TE and C,TD and FD. For the C

diet and the TD diets, highest food intakes occurred on days

5, 6, and 8. FD animals followed the same pattern with a one

day lag period due to the one day lag in pair-feeding the

rats. TE animals followed a totally different pattern;

their highest food intakes were at the beginning of the

experimental period, days 2 through 5, and also showed their

lowest food intake at the end of the experimental period,

days 12 through 14. There was a significant DIET by DAY

interaction (F = 1.70, df 55 and 39, P < 0.01) for lesioned

animals which indicates a differential rate of change of

food intake consumed during the experimental period. The

pattern appears to be one of high food intake at the

beginning of the experiment which falls toward the end of

the experiment. A comparison of DIET for lesioned animals

showed both DIET (F = 3.79, df 55 and 13, P < 0.0001) and

DAY (F = 3.79, df 55 and 13, P < 0.0001) to be highly

significant. Again, the same significant pairs of diet

groups (C and TE, FD and TD) were noted except for the fact

that control was slightly lower than tryptophan-enriched,

though not significantly different. The same daily pattern

was observed in the lesioned animals as observed in the

unlesioned ones. The significant DIET by DAY interaction
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indicates a differential rate of change of food consumption

during the experimental period.

Food intakes are significantly different between

lesioned and unlesioned animals only for control diet

animals (F = 4.86, df 25 and 1, P < 0.05). ULC animals ate

approximately 1 gram per day more than LC animals. Food

intakes for the FD, TD and TE animals did not differ

significantly between lesioned and unlesioned animals. DAY

was found to be a significant factor for all diets; (C,

F = 8.28, df 27 and 13, P < 0.0001; FD, F = 3.78, df 27 and

13, P < 0.0001; TD, F = 5.17, df 27 and 13, P < 0.0001; TE,

F = 4.06, df 27 and 13, P < 0.0001) and followed the same

pattern mentioned earlier with highest food intake on days

5, 6, and 8 for C and TD diet groups. FD lags one day

behind. TE had highest food intakes on days 2, 3, and 5.

TD diet only showed a significant difference for LESION by

DAY interaction (F = 1.81, df 27 and 13, P < 0.05) . This

significance most probably reflects an anomaly that occurred

on day 8 and 9 in the ULTD group. Something happened on day

8 to boost food intake to approximately double normal food

intake. Since the animals gorged themselves on day 8, they

ate very little the following day. There really is no

explanation for this since LTD animals were fed from the

same batch of food.
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Gross Animal Weight.--Figure 10 (pp. 54) is a plot of

the daily mean gross animal weights. Unlesioned and

lesioned groups are plotted separately in A and B,

respectively. A comparison of DIET for both unlesioned and

lesioned animals showed a significant difference in

unlesioned (F = 96.57, df 59 and 3, P < 0.001) and lesioned

(F = 60.48, df 59 and 3, P < 0.0001) groups. The pattern of

significant differences between diets were identical:

C diet groups weighed more than TE groups, but not

significantly more. Both of these groups weighed more than

the FD group which weighed significantly more than the TD

diet groups. DIET by DAY interactions were significant for

both unlesioned (F = 3.47, df 59 and 42, P < 0.001) and

lesioned (F = 2.37, df 59 and 42, P < 0.0001) groups which

says that the rate of change of body weight within each

group varied significantly. DAY was not significant for

either unlesioned or lesioned animals.

A comparison of lesioned versus unlesioned animals for

each diet showed gross animal weights were significantly

different for all diet groups (C, F = 40.27, df 29 and 1,

P < 0.0001; FD, F = 35.79, df 29 and 1, P < 0.0001; TD;

F = 57.53, df 29 and 1, P < 0.0001; TE, F = 64.49,df 29 and

1, P < 0.0001). This can be partially explained by the

difference in starting day weight between lesioned and

unlesioned animals in each diet group. Lesioned animals
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Figure 10. A plot of mean daily gross animal weight in
grams for animals in Run #1 by diet qroup. Data for
unlesioned animals and lesioned animals are plotted
separately in A and B, respectively. N = 9 for all
unlesioned groups. N = 6 for LFD, N = 9 for LC, LTD, and
LTE.
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lost weight after VMH lesion surgery due to post-surgical

trauma. Though there were no LESION by DAY interactions to

indicate a rate change in weight gains and losses between UL

and L animals,the LFD animals lost 21 grams while the ULFD

animals lost only 8 grams; the LTD animals lost 57 grams

while the ULFD animals lost 49 grams; and LTE animals gained

only 21 grams while ULTE animals gained 31 grams. LC and

ULC animals gained 20 and 22 grams, respectively. Change in

rate of gross weight gained or lost over DAYS was

significant within C diet (F = 3.69, df 29 and 14,

P < 0.0001), TD diet (F = 10.06, df 29 and 14, P < 0.0001),

and TE diet (F = 4.72, df 29 and 14, P < 0.0001). FD diet

did not show a signigicant difference with days because

basically these animals maintained their weight over time.

C and TE diets show a growth pattern. Animals weighed least

at the beginning of the experiment and weighed most at the

end of the experimental period. The TD diet group showed a

weight loss. The animals weighed the most at the beginning

of the experiment and lost weight at a continuous rate

through the end of the experiment. As Figure 10 shows,

(pp. 54), the FD animals lose weight during the first three

or four days of the experiment, then seem able to maintain

their weight at this lower level. The sudden weight

increase seen on day 9 is explained by the amount of food

received on that day following the increase in food eaten by

the LTD animals on day 8 (refer back to Figure 9, pp. 49)
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remembering that these animals are pair-matched for food

with a one day time lag.

Run #2

Water Intake.--Figure 11 (pp. 58) shows a plot of the

mean daily water intakes for each group. Unlesioned and

lesioned animals are plotted separately in A and B, respec-

tively. A comparison for water intake in lesioned and

unlesioned animals shows three diet groupings significantly

different from each other (L, F = 33.88, df 51 and 3,

P < 0.0001; UL, F = 16.82, df 51 and 3, P < 0.0001). C is

significantly different from both TE and FD which are

significantly different from TD. Table II below shows the

mean experimental water intakes for each diet for unlesioned

and lesioned animals. Control animals drank significantly

TABLE II

MEAN EXPERIMENAL WATER INTAKES (MLS/DAY) FOR RUN #2

DIET TYPE L UL

C 31.02 32.26
TE 18.16 25.17
FD 15.99 22.22
TD 10.34 16.90
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Figure 11. A plot of mean daily water intake in milliliters

(mls) for animals in Run #2 by diet group. Unlesioned

animals and lesioned animals are plotted separately in A and

B, respectively. N = 9 for all unlesioned groups. N = 7

for LFD, N = 8 for LC and LTE, and N = 9 for LTD.
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water than other diet groups. DAY was significnt for both

unlesioned (F = 3.95, df 51 and 12, P < 0.0001) and lesioned

(F = 5.09, df 51 and 12, P < 0.0001) animals. Water intakes

increased toward the end of the experiment, days 9-14.

There were no LESION by DAY interactions indicating that no

rate of change in water intake occurred.

A comparison of unlesioned and lesioned animals within

each diet group showed water intakes were significantly

different between unlesioned and lesioned animals for three

diets: FD (F = 7.41, df 25 and 1, P < 0.01), TD (F = 15.05,

df 25 and 1, P < 0.0001), and TE (F = 8.95, df 25 and 1,

P < 0.005). LC and ULC did not drink significantly different

amounts of water. LFD animals drank approximately 2 mls per

day less water than ULFD animals; TD animals, 6 mls per day

less than ULTD, and LTE animals, 5 mls per day less than

LTE. DAY was found to be significant for the C diet

(F = 3.57, df 25 and 12, P < 0.001), the TD diet (F = 2.79,

df 25 and 12, P < 0.002) and the TE diet (F = 4.53, df 25

and 12, P < 0.0001). DAYS having the highest water intakes

were generally at the end of the experimental period,

especially days 13 and 14. Days with the lowest water

intakes were generally near the beginning of the

experimental period, especially days 2 and 3. Only FD diet

showed any significant LESION by DAY interaction (F = 2.47,

df 25 and 12, P < 0.01) which means that between lesion
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types of the FD diet there are significantly different 
rates

of change in water intake.

Food Intake.--Figure 12 (pp. 62) shows the mean daily

food intakes for each group of animals in the second run.

Unlesioned and lesioned animals are plotted separately in A

and B, respectively. A comparison of diet for lesioned and

unlesioned animals showed significant differences for DIET,

DAY, and DIET by DAY interactions. DIET for unlesioned

animals (F = 173.48, df 55 and 3, P < 0.0001) showed two

significantly different pairs of groups: C and TE differed

significantly from FD and TD. DIET for lesioned animals

(F = 135.53, df 55 and 13, P < 0.0001) showed the same

groupings: TE, C > FD, TD. DAY for unlesioned animals

(F = 9.37, df 55 and 13, P < 0.0001) showed highest food

intakes on days 6, 10, and 12, and lowest food intakes at

the beginning of the experimental period days 1 through 4.

DAY for lesioned animals (F = 4.98, df 55 and 13,

P < 0.0001) gave the same results, except highest food

intakes were on days 5,12, and 13. DIET by DAY interactions

were highly significant for both UL (F = 3.45, df 55 and 39,

P < 0.0001) and L (F = 2.13, df 55 and 39, P < 0.0002).

This shows that there was a highly significant difference in

the rate of change in food consumption for both lesioned and

unlesioned groups.
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Figure 12. A plot of mean daily food intake in grams for

animals in Run #2 by diet group. Data for unlesioned

animals and lesioned animals are plotted separately in A and

B, respectively. N = 9 for all unlesioned groups. N = 7 for

LFD, N = 8 for LC and LTE, N = 9 for LTD.
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A comparison of unlesioned and lesioned animals within

diet groups shows lesion to be significant for two diet

groups, FD (F = 8.36, df 27 and 1, P < 0.02) and TD

(F = 6.93, df 27 and 1, P < 0.001). In both cases the UL

animals ate approximately 2 grams per day more food than the

L animals. DAY was significant for all diet types: C

(F = 10.49, df 27 and 13, P < 0.0001), FD ( F = 2.17, df 27

and 13, P < 0.02), TD (F = 1.89, df 27 and 13, P < 0.05),

and TE (F = 10.80, df 27 and 13, P < 0.0001). Two patterns

of food intake are evident. C and TE follow each other. TD

and FD, of course, mirror each other with a one day lag in

FD. C and TE have highest food intakes at the end of the

experimental period especially days 11 and 12, and lowest

food intakes at the beginning of the experimental period,

especially days 1 through 4. The pattern for TD and FD

groups is reversed. Highest food intakes were at the

beginning of the experimental period (especially days 2 and

5 for TD, days 3 and 6 for FD), and lowest near the end of

the experimental period, especially days 13 and 14 for TD

animals, and day 14 for FD. There were no significant LESION

by DAY interactions for any diet types which means that rate

of food consumption did not differ between unlesioned and

lesioned animals.

Gross Animal Weight.--Figure 13 (pp. 65) shows the plot

of mean daily gross animal weight for each group.
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Figure 13. A plot of mean daily gross animal weight in
grams for animals in Run #2 by diet group. Data for
unlesioned animals and lesioned animals are plotted
separately in A and B, respectively. N = 9 for all
unlesioned groups. N = 7 for LFD, N = 8 for LC and LTE,
N = 9 for LTD.
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Unlesioned and lesioned groups are plotted separately in A

and B, respectively. A comparison of diet with lesioned and

unlesioned animals indicates that diet is highly significant

for both UL (F = 209.68, df 59 and 3, P < 0.0001) and L

(F = 96.03, df 59 and 3, P < 0.0001). All four diets are

significantly different from one another and follow in order

TE > C > FD > TD for lesioned animals. For unlesioned

animals order was changed slightly: C > TE > FD > TD. ULTE

and ULC are reversed from the order that was expected, but

can be explained if daily weights are taken as a ratio of

the starting weight. Both ULTE and ULC animals gained an

average of 40 grams over a fourteen-day period. ULTE and

ULC gained weight at the same rate. LTE and LC did gain

significantly different amounts over the fourteen day

period, 41 and 57 grams respectively. Remember that food

intakes were not significantly different between LTE and LC.

DAY is significant for only L (F = 15.92, df 29 and 14,

P < 0.0001). DIET by DAY interactions for unlesioned and

lesioned animals were highly significant (L, F = 3.79, df 59

and 42, P < 0.0001; UL, F = 8.92, df 59 and 42, P < 0.0001),

which indicates significant rate changes in gross animal

weight .

Gross weights were significantly different between

unlesioned and lesioned animals within each diet (C,

F = 448.87, df 29 and 1, P < 0.0001;FD, F = 131.50, df 29
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and 1, P < 0.0001;TD,(F = 534.49, df 29 and 1, P < 0.0001;

TE, F = 151.93, df 29 and I, P < 0.0001)- However, the

difference between groups can be explained 
by taking

the daily weights as a ratio of the starting 
weights.

In Table III, data from food-deprived 
animals is shown to

illustrate the point. Other diets showed similar results.

The gross weights are different 
from one another, but it is

due to post-surgical trauma following 
lesion surgery. There

are no LESION by DAY interactions, 
indicating that no dif-

ferential rate of change of gross weights occurred 
for any

TABLE III

GROSS ANIMAL WEIGHTS AS A RATIO OF STARTING 
WEIGHT

FOR FOOD-DEPRIVED GROUP, RUN #2

-ULFDFD

DAY Weight Ratio Weight Ratio

0 296 ----- 257 -----

1 289 0.980 256 0.996

2 281 0.950 250 0.973

3 278 0.942 248 0.965

4 278 0.942 249 0.965

5 273 0.922 245 0.953

6 281 0.949 256 0.973

7 277 0.939 244 0.949

8 279 0.943 243 0.946

9 275 0.929 241 0.938

10 286 0.932 241 0.938

11 288 0.950 241 0.938

12 273 0.932 241 0.938

13 283 0.959 243 0.942

14 283 0.956 245 0.953



is significant between unlesioned and lesioned animals 
for C

diet (F = 12.28, df 29 and 14, P < 0.0001), TD (F = 15.92,

df 29 and 14, P < 0.0001), and TE diet (F = 11.71, f 29 and

14, P < 0.0001). C and TE animals weigh the most at the end

of the experiment, days 11 through 14, and the least at the

beginning, days 0 through 4. The reverse pattern is seen

for TD animals; they weigh the most at the beginning of the

experiment, days 0 through 3, and the least at the end of

the experiment, day 14. Although DAYS is not significantly

different for FD, these animals follow the same patterns as

the TD animals. Since DAYS is not significant, it indicates

that these animals are trying to maintain their body

weights.

TABLE IV

SEROTONIN VALUES FOR
RAT HYPOTHALAMUS

Unlesioned Lesioned

ug 5-HT/g ug 5-HT/g

Control 0.576 + 0.30* 1.167 + N.A.**

Diet N =3 N = 1

Food-Deprived 1.369 + 0.26 0.902 + 0.36

Diet N = 4 N = 3

Tryptophan-Deficient 0.842 + 0.07 0.968 + 0.53

Diet N = 6 N_= 3

Tryptophan-Enriched 1.167 + 0.35 0.576 + 0.03

Diet N=3 N_=3

* 5-HT value given + standard error of the mean (SEM).

** N.A. - SEM can not be calculated for N = 1.
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Serotonin Measurements.--Endpoint measurements of

serotonin were obtained for only part of the second run of

brains. The results of the assay were analyzed by a two-way

ANOVA, comparing LESION by DIET. Table IV shows the results

of the assay. There were no significant differences between

any of the diets or lesion types.

Animal Mortalities

There were six mortalities throughout the course of the

experiment. Three deaths occurred after lesioning before

the start of the experiment and can be attributed to

overdose of anesthesia. One of these animals was a member of

the first-run LFD group and the other two were members of

either the LTE or LC of the second run. The other three

died during the course of the experiment. All three were

members of the LFD group. One animal was a member of the

first run and the other two animals were members of the

second run. These animals grew weaker as their allotment of

food, as determined by their pair-match, declined.



CHAPTER IV

DISCUSSION

There were several differences between Run 
#1 and Run

#2. The anatomical differences between lesions 
is the basis

for analyzing the runs separately. A second reason is shown

in Table V. It is easy to see that all animals on the C and

TE diets in the first run did not reflect as great a weight

change as those animals in the second run. In the second

TABLE V

MEAN DAILY WEIGHT CHANGES BY RUN AND BY GROUP

GROUP DESIGNATION
gm/day gm/day

LC 1.760 3.232

LFD -1.190 -1.117

LTD -3.964 -3.194

LTE 1.738 4.018

ULC 1.633 3.020

ULFD -0.612 -0.869

ULTD -3.194 -3.639

ULTE 2.099 2.944

run, LTE animals gained substantially more weight 
than ULTE

animals. All the lesioned animals in the second run

70



71

weighed less at the start than those in the first run. This

can probably be explained by anatomical differences between

lesions. The LC and LTE animals in the second run had

larger weight gains than the same groups in the first run

although food consumptions were similar between groups.

Water intakes in the first run were larger in the first run.

This can be explained by the storage time of the first-run

food. It was purchased several months prior to the

beginning of the experiment and was kept in cold storage

where it lost moisture. Second-run food was purchased

immediately before use and did not lose moisture.

A comparison of the two runs (see Table VI, pp. 73)

shows several similarities. First, hyperphagia was not

observed in the lesioned animals of either run or group as

expected. This could be due to one of several things. The

recovery time after surgery (3 to 5 days) may not have been

long enough, although most investigators that report

hyperphagia observe it almost immediately after surgery. A

more likely possibility would be that the animals were

switched to a new diet on the first day of the experiment.

They had been maintained on Purina Laborotory Chow which was

pelleted and were switched to a powdered diet. Food intake

was minimal on the first day the new diet was presented.

This was reflected in the gross animal weights on day 1.

Most animals lost a considerable amount of weight that first



72

day. Hyperphagic animals may underconsume food if even a

textural change in food is presented to them, such as a

switch from pelleted to powdered food (Carlisle and Stellar,

1969). Perhaps the textural change in the diet masked any

hyperphagia characteristic of VMH-lesioned animals. The

addition of fat to the diet may have unmasked any effect of

an unpalatable diet, but would have ruined the experiment by

increasing plasma tryptophan levels (refer to Introduction)

which, in turn, increases 5-HT levels. Although hyperphagia

was not observed in the lesioned animals, the animals did

display the aggressive behavior expected in such animals in

that they would attack a gloved hand. Histology verified

that the VMH nucleus was lesioned, at least the posterior

portion, as well as several other nuclei.

Secondly, both runs showed similar patterns for water

and food intakes and gross animals weights. (See Table VI,

pp 73). Animals on the control diet drank more water than

animals on either of the three other diets. Food intakes

followed a set pattern in both runs with two pairs of diets

significantly different from each other: TE and C > FD and

TD. Although food intakes for TE and C animals were not

different, nor did FD and TD animals differ from one

another, their gross animal weights were significantly

different from one another. TD animals tended to lose

weight while FD amimals were able to maintain their weights



SUMMARY OF
TABLE TI
EXPERIMENTAL RESULTS

ULC ULFtD ULTD ULTE LC LFD LTD LTE

RUN # 1

298.56 296.75 303.44 296.00 282.13 286.17 290.00 274.99

321.06 288.56 254.78 327.22 301.78 265.25 233.50 294.83

1.60 -0.63 -3.19 2.10 1.76 -1.19 -3.96 1.7

24.40 16.63 16.01 24.02 22.64 17.91. 17.39 23.1.1

31.72 30.71 28.26 30.13 27.01. 34.87 21.51 28.53

RUN #2

298.17 295.56 313.56 290.39 246.00 257.07 257.56 250.13

341.89 282.50 261.89 330.50 287.19 245.21 209.21 306.38

3.02 -0.87 -3.64 2.94 3.23 -1.12 -3.19 4.02

25.79 16.35 16.02 26.01 25.67 14.56 14.26 24.83

32.26 22.22 16.90 25.17 31.02 15.P9 10.34 18.16

Mean
Starting
Weight

Mean
End
We eight

Mean
Weight
Change
Der Day

Mean Amt
Food
Consumed
Per Day

Mean Amt
Water
Consumed
Per Day

Mean
Starting
Weight

Mean
End
Weight

Mean
Weight
Change
Per Day

Mean
Food
Consumed
Per Day

Mean
Water
Consumed
Per Day
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even though they consumed similar amounts of food. This

occurred regardless of whether the diet group was lesioned

or not. Several other trends were noticed. Though food

intakes between lesioned and unlesioned groups did not vary

significantly from one another, animal weights did. In the

first run, lesioned and unlesioned groups of the FD, TD and

TE diet groups lost or gained different amounts of weight.

In the second run, unlesioned and lesioned animals of the TE

diet groupd gained significantly different amounts of

weight.

In order to explain these results, a model is

proposed to explain a relationship between serotonin,

norepinephrine, and the VMH nucleus which accounts for the

observed weight gains and losses. The model proposed

suggests two centers in the hypothalamus. One regulates

total energy intake and and the other regulates the

proportion of total energy taken in as protein. When an

energy deficit and a protein excess is sensed, excess

amino acids are shunted through gluconeogensis, a pathway

normally closed off. Literature supporting the mechanism is

cited to fill in details. Anderson (1979) has evidence

to support his view that the rat is able to regulate its

protein intake when given the choice between two diets

differing significantly in the proportion of protein.

Because the TRYPTOPHAN:LNAA ratio correlates directly with

brain 5-HT, Anderson considered 5-HT as an agent mediating
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protein intake, though not total food intake or energy

intake. Anderson also supports the view that the rat is

able to regulate both its energy intake and protein intake,

but will preferentially regulate energy intake. The plasma

TRYROSINE:PHENYLALANINE ratio have been positively

correlated to energy intake by relating blood composition to

total energy intake over time. However, dietary studies by

Woodger, Sirek, and Anderson did not bear this relationship

out (1979). On the other hand, Wurtman and Wurtman, (1977)

found that drugs which increase brain 5-HT (fenfluramine and

fluoxetine) increased the proportion of energy selected as

protein.

There is considerable evidence to suggest that the VMH

is a center that senses the energy level of the animal.

Glucose is the energy unit for the body. Mayer (1953)

proposed a hypothalamic glucostatic theory for control of

food intake. He showed that VMH cells responded

with an increased firing rate in response to hypoglycemia

and a decreased glucose utilization following an increase in

food intake precipitated by plasma insulin. Marrozzi (1976)

confirmed the increased firing of glucoreceptors in the VMH

with locally applied glucose. Anderson (1979) summarizes a

theory that Leibowitz proposed concerning the role NE plays

in regulating feeding behavior: an alpha-noradrenergic

system lies in the ventromedial nucleus of the hypothalamus.
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Gold (1973) found that small lesions near the rostral tip of

the VMH were most effective in producing obesity. It is in

this area that a group of noradrenergic fibers from the

ventral noradrenergic bundle pass through. It may be

possible that adrenergic efferents from the VMH join this

bundle or perhaps these fibers synapse in the VMH.

Since amino acids are not conserved in the body,

excessive levels of amino acids must be rapidly removed to

prevent toxicity. Excess amino acids cause the induction of

liver enzymes which then degrade excess amino acids to urea

(Harper, et al). Tryptophan pyrrolase, ornithine

transaminase, threonine dehydratase, phenylalanine

hydroxylase, and phosphoenolpyruvate (PEP) carboxykinase are

among those enzymes induced. The latter enzyme is an

important catalyst for gluconeogenesis. However, tryptophan

and one of its metabolites, quinolinate, effectively inhibit

this pathway (Harper, et al, 1970). Therefore, high levels

of amino acids are effectively degraded and excreted through

the urine. High levels of tryptophan in the plasma also

cause increased levels of brain tryptophan and 5-HT (Wurtman

and Fernstrom, 1976). Though the serotonin measurements in

this experiment were inconclusive, the literature has many

examples of how a tryptophan-deficient diet decreases brain

5-HT (Sahakian, et al,1979; Wurtman and Fernstrom, (976) and
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et al,197 9 ; Wurtman and Fernstrom, (976) and how a

tryptophan load increases brain 5-HT (Kantak, Hegstrand, and

Eichelman,1980; Wurtman and Fernstrom, 1976). NE was not

measured in this experiment since the original hypothesis

involved only 5-HT. Any statements in the explanation of

the model regarding levels of NE are take from the

literature. The lack of significant differences in brain

5-HT levels between groups (see Table IV) appear to arise

from tissue storage problems, and difficulties encountered

in the assay itself.

These observations from the literature combine to form

a model which can explain results of this experiment. An

animal fed a diet deficient in one essential amino acid

would show limited growth due to the lack of an amino acid.

Intake of a meal results in an increase in plasma amino

acids, but the proportion of amino acids is not normal

relative to the deficiency. Thus, there is an excess of

many amino acids which must be disposed of before they build

up to toxic levels. Liver enzyme induction cannot occur

because of the lack of tryptophan unless tryptophan can be

mobilized from peripheral sources. Peripheral protein is

broken down to make the enzymes to dispose of the excess

amino acids. TD animals are unable to maintain their weight

due to breakdown of peripheral protein. FD animals are able

to maintain their weight because the minimum tryptophan in
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the diet is sufficient is prevent peripheral protein

breakdown.

The difference in weight loss between lesioned and

unlesioned animals on the TD and FD diets can be explained

by the model by considering the VMH lesion. With the

"energy" center ablated, gluconeogenesis is no longer

suppressed in the lesioned animals. Some of the amino acids

broken down from peripheral protein stores for protein

synthesis were shunted through gluconeogenesis. An even

greater amount of periperal protein had to be broken down to

compensate for that loss. ULTE and ULC animals do not have

a depressed food intake and growth for them continues. The

hypothalamus is intact. NE levels are normal and 5-HT

levels are normal for ULC, elevated for ULTE. The tryptophan

load for ULTE induces liver enzymes to metabolize the excess

amino acids. Tryptophan and its metabolite, quinolinate,

shut off the gluconeogenesis pathway. The excess tryptophan

is metabolized and excreted. ULC and ULTE do not

demonstrate any significant gross weight differences.

In lesioned animals, the proposed center in the VMH

that senses the energy state of the animal has been knocked

out and NE pathways possibly damaged. Suppose the lack of

an energy signal from the VMH prevented the suppression of

gluconeogenesis. The tryptophan load would signal a high

protein intake which could be shunted through gluco-
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neogenesis to provide energy to restore the energy/protein

balance. An excess store of energy in the form of glucose

would actually be present. Glucose is readily stored in the

body as fat. Thus, the LTE animals would show a significant

weight increase as the excess tryptophan was stored as fat

while the LC animals would have no high excess in amino

acids to shuffle through gluconeogenesis and store as fat.

Hyperphagia was not observed in these animals and food

intake and weight gain equalled that of ULC animals.

Thus a model is proposed in which two signals are

mediated by two neurotransmitters, 5-HT and NE, which

regulate protein and energy intake, respectively. Though

energy somewhat dominates protein they operate on such a

balanced level that an increased protein level can be

utilized to relieve a deficit in energy by cycling excess

amino acids through gluconeogenesis, a pathway normally shut

off, probably to prevent excess lipogenesis. The energy

sensing center is believed to be VMH-related and dependent

on NE as a regulator. The noradrenergic fibers at the

rostral tip of the VMH nucleus could be efferent fibers

carrying information as to the energy status of the animal

to another nucleus where it is compared to information

sensing the protein status of the animal. The protein

sensing center is most likely found elsewhere in the

hypothalamus and is dependent upon 5-HT as its regulator
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(see figure 14). The hypothalamus has one of the highest

concentrations of serotonin in the brain, and according to

Saavedra (1977), the nucleus suprachiasmaticus (37.2 + 4.7

ng 5-HT/mg protein), the nucleus arcuatus (36.4 + 9.8 ng

5-HT/mg protein) , and nucleus periforncalis (30.0 + 10.9 ng

5-HT/mg protein) have the highest concentrations. These

nuclei would be the most likely candidates for the "protein

sensing" center. The information is received and integrated

at some unknown center and efferent output is sent via the

vagus to inhibit the supression of gluconeogenesis in the

liver should there occur an energy deficit and a protein

excess simultaneously.

This model not only accounts for the present data, it

also can account for other animal models of hyperphagia.

P-CPA induces hyperphagia when injected intracranially in

the rat brain. It has been thought that p-CPA caused

hyperphagia because it depleted brain serotonin. However,

p-CPA is not as specific as it was thought to be. It also

depletes the catecholamines (Saller and Stricker, 1976). In

depleting NE, the animal senses a energy deficit and

overeats in order to compensate. Protein intake was

increased simply by the hyperphagia phenomena. Since energy

is sensed as being low, the gluconeogenesis pathway is

opened up and the excess amino acids are shunted through.

The animal then develops obesity as a direct result of the
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Figure 14. A proposed model depicting the role ofhypothalamic centers in regulating total food intake andprotein intake. One center, the VMH nucleus, senses caloricor energy needs; the other center senses the proportion ofprotein in the diet by monitoring the levels of brain 5-HT.As long as the energy level is sufficient, VMH efferentsmediated by NE inhibit gluconeogenesis via a vagal pathway.Should the energey level be sensed as being "low", caused byeither VMH lesion or a decreased caloric intake, and proteinlevels concurrently be sensed as being abundant, theinhibition of gluconeogenesis is suppressed. Excess aminoacids can be shunted through gluconeogenesis and the energylevel can be compensated.
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activation of the gluconeogenesis pathway and indirectly

through hyperphagia. Simply because an animal is

hyperphagic does not mean he must become obese, but obesity

is the result of increased carbohydrate synthesis and

lipogenesis due to the excess foodstuffs consumed.

Injections of tryptophan are supposed to relieve the

hyperphagia syndrome, supposedly because it raises serotonin

levels which suppresses feeding. According to my model,

hyperphagia is prevented because tryptophan and one of its

metabolites, quinolineate, inhibit gluconeogenesis. Another

possibility would be that the injected tryptophan produces a
plasma amino acid imbalance which would also account for the

decreased hyperphagia.

Another drug used to produce chemical lesions, 5,
7 -dihydroxytryptamine, produces hyperphagia and an

increase in weight gain but the weight gain is related to

increased protein synthesis rather than increased

lipogenesis (Saller and Stricker,1976). If

5, 7-dihydroxytryptamine is a specific 5-HT inhibitor, the

protein signal would be suppressed or lost and perhaps an

increased protein metabolism can be induced.

The results of Coscina and Stancer (1977) are also

explained. The raphe/ nucleus, a major synthesizing site

for 5-HT, was lesioned as well as the VMH nucleus, the
energyy sensing" center. The animal senses a low energy
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state as well as a low protein state, or possibly a low

energy state and an essential amino acid deficit. If the

rat senses the former, there is no excess amino acid from

which to synthesize glucose and if he senses the latter, the

amino acid deficiency would of itself decrease food intake

and weight gains.

It appears that the neural pathway through which the

suppression of gluconeogenesis is inhibited is the vagus.

Evidence for this comes from several sources. Powley and

Opsahl (1974) were the first to report that vagotomy

abolishes VMH-induced hyperphagia and reduced weight levels

down to that of controls. Inoue and Bray (1977) carried the

study a step further. They found a positive correlation

between lowered insulin levels and the decreased food intake

in VMH-lesioned animals after vagotomy. They concluded that

vagotomy reduced food intake. According to the present

model, obesity was reversed because the signal that

suppressed the inhibition of gluconeogenesis never reached

the liver. Glucose was never produced, so lowered insulin

levels was a result of the lack of formation of glucose. The

decreaed food intake was probably due to the damage of the

efferent neuronal system. Inoue and Bray (1977) reported a

sharp decline in food intake for about two weeks after which

a new stable level of food intake was reached. It was

probably due to either the recovery of the neural system or,



more likely, a new homeostatic mechanism took over. Rowland
and Engle (1977) found the VMH syndrome was prevented by

prior vagotomy. They also found that injections of insulin

stimulated hyperphagia and obesity. The model would explain

this observation by reasoning that insulin aided in glucose

uptake and depleted the plasma of glucose. Insulin would

also aid in the uptake of amino acids into adipose cells.

Sensing an energy deficit with no amino acid excess to

provide relief, the animal was forced to overeat to maintain

an energy level necessary for functioning because it could

not activate gluconeogenesis.

This brings us to a discussion of the genetically obese

Zucker rat. Vagotomy does not reverse obesity in this strain

of rat (Opsahl and Powley, 1974). It was reasoned that VMH

damage was not the etiology of the obesity of the Zucker

rat. The obese Zucker rat does not display VMH syndrome

characteristics. He adjusts his caloric intake

appropriately, reacts to adulterations of his food like

normal rats, increases the frequency of bar-pressing to

maintain rewards like normal rats, and increases his food

intake after exposure to cold as do normal rats (Bray,

1977). The only difference found is in the increased

amount of weight he gains per amount of food consumed.

Radcliffe and Webster (1978) found that this increase in

weight is not due to hyperphagia, but to increased fat

deposition, and too little protein and heat production. The
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model can explain this in terms of an unsuppressed.

gluconeogenesis possibly due to a lack of receptors for the
agent mediating the suppression of gluconeogenesis. The
amino acids are being cycled through gluconeogenesis instead
of being used for protein production.

Another article of interest appeared by Marco, Hedo,
and Villanueva (1977) supporting a role for serotonin in
inhibiting glucagon release. Glucagon stimulates release of
glucose into plasma. According to their observations

serotonin acts to inhibit A-cell function of the pancreas
directly. Tryptophan, in contrast, displays glucagonotropic
activity. No conversion of tryptophan to 5-HTP or to 5-HT
has been observed in the pancreass. An interesting side
observation of this experiment showed TD and FD animals had
an atrophic pancreas whereas the C and TE animals showed
normal pancreatic activity (De Sousa, personal communi-
cation). This suggests that serotonin has a glucogono-

trophic action as well as a glucogonotropic action.

In conclusion, though this experiment did not produce
unequivocal evidence that serotonin is a neurotransmitter

involved in mediating feeding behavior, the results of the
experiment led to the development of a model which seems to
explain very well the relationship between 5-HT, NE and the
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VMH nucleus in regulating food intake and correlating pieces

of evidence linking central CNS activity with peripheral

mechanisms.
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