
HYPOTHALAMIC AND WHOLEBRAIN MONOAMINE
LEVELS IN BATS: SOME ASPECTS OF

CENTRAL CONTROL OF THERMOREGULATION

Item Type text; Dissertation-Reproduction (electronic)

Authors Shaskan, Edward G.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 10:09:12

Link to Item http://hdl.handle.net/10150/290217

http://hdl.handle.net/10150/290217


This dissertation has been 
microfilmed exactly as received 69-16,895 

SHASKAN, Edward Gregory, 1940-
HYPOTHALAMIC AND WHOLEBRAIN MONO
AMINE LEVELS IN BATS: SOME ASPECTS OF 
CENTRAL CONTROL OF THERMOREGULATION. 

University of Arizona, Ph.D., 1969 
Zoology 

University Microfilms, Inc., Ann Arbor, Michigan 

© COPYRIGHTED 

BY 

EDWARD GREGORY SHASKAN 

1969 

iii 



HYPOTHALAMIC AND WHOLEBRAIN MONOAMINE LEVELS IN BATS: 

SOME ASPECTS OF CENTRAL CONTROL OF THERMOREGULATION 

by 

Edward Gregory Shaskan 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF BIOLOGICAL SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN ZOOLOGY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1969 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by Edward Q« Shaskan . 

entitled Hypo thai ami o and Wholebrain Monoamine Levels in Bat a: 
A 

Some Aapeota of Central Control of Thermoregulation 

be accepted as fulfilling the dissertation requirement of the 

degree of Dootor of Philosophy 

tation Director 

f Qf / 9 6 
Date 

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance.-" 

, i, /#/f 

> - f e ?  

/ y - 6 ?  

tyfotfiAe# fi.LUjdiL *7 

?This approval and acceptance is contingent on the candidate's 

adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 

performance at the final examination. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment 
of requirements for an advanced degree at The University of Arizona 
and is deposited in the University Library to be made available to 
borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable with
out special permission, provided that accurate acknowledgment of 
source is made. Requests for permission for extended quotation from 
or reproduction of this manuscript in whole or in part may be granted 
by the copyright holder. 

/ 

SIGNED 



1 

ACKNOWLEDGMENTS 

In prefacing this sincere debt of gratitude to just a few of 

the many persons who helped directly or indirectly in this investiga

tion, I am compelled to conclude that any deficiencies of this disser

tation can not possibly be attributed to a paucity of generous 

assistance or encouragement. 

First of all, my sincere gratitude is expressed to Professor 

Joseph T. Bagnara who permitted me to work in his laboratory on my own 

creation albeit highly divergent from his own field of experimentation. 

Secondly, I am indebted to many fellow graduate students and 

faculty members of The University of Arizona for their technical and 

theoretical assistance. In particular I wish to thank Professor Charles 

H. Love and Dr. Mac E. Hadley for their critical suggestions early in 

the tenure of this research. To Dr. Konrad Keck I am indebted for 

procedural suggestions and interpretations of the DNA, MA and protein 

estimations. Professor Quintus Fernando of the Chemistry Department kindly 

afforded the use of his Aminco-Bownan spectrophotofluorometer. I am also 

grateful to Mr. George C. Mitchell and Mr. Edward P. Lincoln for assist

ance in collecting many of the animals used in this study and to Mr. 

Michael Vodkin for helpful criticisms on the first draft of this dis

sertation. 

I feel a special gratefulness to Dr. Solomon H. Snyder of the 

Johns Hopkins University School of Ifedicine whose critical, assistance 

iv 



V 

and encouragement were bountiful even from afar. Also, I am deeply 

indebted to Dr. Michael Wells of the University of Arizona College of 

Medicine for his critical reading of this dissertation and most poignant 

editorial comments. 

Finally, I am forever grateful to my wife, Kathy, for her 

assistance with many of the details in this research including the 

orderly maintenance of an exhaustive literature file on the subject of 

thermoregulation; most of all I am indebted to Kathy for her sustained, 

quiet encouragement during these, our post-graduate years. 

I gratefully acknowledge financial assistance from the Depart

ment of Health, Education and Welfare in the form of a Pre-doctoral 

Fellowship, number 1 F1 GM - 22, 782. 



TABLE OP CONTENTS 

Page 

LIST OF TABLES viii 

LIST OF ILLUSTRATIONS ix 

ABSTRACT xi 

INTRODUCTION 1 

MATERIALS AND METHODS 10 

Collection and Maintenance of Bats .......... 10 
"Set-Point" Changes ........ 11 
Dissection Procedures and Weighing 15 
Chemical Procedures. ...... ...... 17 

Extraction and Estimation of None aminos 17 
Protein, DNA and RNA: Extraction and Estimation . 24 
RNA Estimation by Absorption Spsctrophotomatry. . 25 
DNA Estimation by Diphanylamine Colorimstry ... 26 

RESULTS 27 

Inferences on "Set-Point" Changes. 27 
Dissection Procedures 29 
Specificity of Extraction Procedures ... 33 
Seasonal Differences in Monoamines 35 
Monoamine Changes: Increased "Set-Point" ....... 36 
Monoamine Changes: Decreased "Set-Point" 3& 
Monoamine Changes: Relationship to Protein, 

DNA and RNA 40 
Wholebrain Measurements on Other Species ...•••• 41 

DISCUSSION 46 

Inferences on "Set-Point" Changes. . 46 
Dissection Procedures. .. ..... 49 
Specificity of the Monoamine Extraction Procedure. . . 50 
Seasonal Differences in Monoamines 51 
Monoamine Changes: Increased "Set-Point" •• 52 
Monoamine Changes: Decreased "Set-Point" ....... 53 
Monoamine Changes: Relationship to Protein, 

DNA and RNA 59 

vi 



vii 

TABLE OP CONTENTS (Continued) 

Page 

Monoamine Measurements on Other Species ••••••••• 61 
Monoamine Changes: Possible Correlates to 

Sleep Patterns 63 

REFERENCES 77 



LIST OF TABLES 

Table Page 

1 Gross effects on rectal temperature of monoamines 
injected into the brains of various species as 
reported in the literature 5 

2 Reproducibility of dissection procedures ......... 18 

3 Mean 5-HT and norepinephrine concentration (Fall 
1967) in the hypothalamus of the bat, Antroaous 
pallidus. under three different acclimation conditions . . 22 

4. Mean 5-HT and IS concentration (+ S.E.M.) in the 
hypothalamus of Antroaous pallidus adult females under 
three different acclimation conditions (Spring 1968) ... 30 

5 Mean vholebrain minus hypothalamus 5-HT and KE 
concentrations (+ S.E.M.) of Antroaous pallidus 
females under different acclimation conditions 
(Fall 1967 and Spring 1968) 31 

6 Protein, RNA and DNA content expressed per brain in 
Antrozous pallidus adult females during the active 
state and after one week in hibernation. 34 

7 Protein, DMA and RNA concentrations in the brain 
of Antroaous pallidus females during the active 
state and after one week in hibernation. L,Z 

8 5-HT and ME concentrations of vholebrain of active 
and hibernating Antrozous pallidus females expressed 
per DHA concentration. 4-3 

9 Mean vholebrain 5-HT and KB concentration (+ S.E.M.) 
and 5-HT/KS ratios (+ S.E.M.) of representative 
species of three families of bats and one squirrel, 
Citellur. teritecaudus (a hibernator) 4-5 

viii 



LIST OF ILLUSTRATIONS 

Figure Page 

1 Ventral aspect of the brain of Antrosous pallidus 
magnified about ten times (one unit on the scale 
to the right equals one millimeter) .......... 66 

2 Flight activation relationship of an adult female 
bat, Antrozous pallidus, in an ambient temperature 
room of 30°C. ..... ........... 67 

3 Cross-section of Antrozous pallidus brain showing 
the anterior limit for dissection of the hypothalamus. 
NBF. Gallocyanin-Phloxine. 15 Jl 68 

4 Cross-section of A. pallidus hypothalamus dissected 
free from brain; infundibular region. NBF. 
Gallocyanin-Fhloxine. 12yC( 63 

5 Cross-section of A. pallidus brain showing the dorso-
medial limits for dissection of hypothalamus. NBF. 
Weil-Weigert. 20# 69 

6 Cross-section of A. pallidus hypothalamus dissected 
free from brain. NBF. Weil-Weigert. 20ju ..... . 69 

7 Cross-section of whole-brain (undissected) of 
A. pallidus showing mid-hypothalamic regions. 
Bouins. Gallocyanin-Phloxine. 15/i • • 70 

8 Cross-section of brain of A. pallidus with hypo
thalamus dissected out. NBF. Gallocyanin-
Fhloxine. 15 JU. 70 

9 Emission spectra of authentic 5-HT (100 ng), 
reagent blank, 5-HT extracted from three pooled 
hypothalami and 5-HT extracted from one wholebrain 
minus the hypothalamus of Antrozous pallidus which 
had been in hibernation for six weeks at an ambient 
t e m p e r a t u r e  o f  5 °  ±  0 . 5 ° C  . . .  . . . . . . .  7 1  

10 Emission spectra of authentic 5-HT, reagent blank 
and 5-HT extracted from three pooled hypothalami 
and wholebrain of the bat Antrozous pallidus. ..... 72 

ix 



x 

LIST OF ILLUSTRATIONS—Continued 

Figure Page 

11 Emission spectra of authentic NE, reagent blank, 
and NE extracted from three pooled hypothalami 
and one vrholebrain of Antrozous pallidus 73 

12 Wholebrain (empty rectangles, solid line) and 
hypothalamic (shaded rectangles, dotted line) 5-HT 
to NE ratios of Antrozous pallidus under various 
ambient temperature conditions and during various 
times in hibernation ............. 74 

13 Hypothalamic 5-HT and HE concentrations expressed 
in/ig/gm wet weight of Antroaous pallidus 75 

14- Wholebrain 5-HT and IE concentrations expressed 
in jKg/gm wet weight of Antrozous pallidus under 
various ambient temperature conditions and during 
various times in hibernation ..... 76 



ABSTRACT 

Wholebratn and hypothalamic norepinephrine and serotonin 

levels were studied in the vespertilionid bat, Antrozous pallidas 

tiallidus. following inferred changes in the animals* "set-point" 

temperature or central body "thermostat". A slight increase in hypo

thalamic serotonin concentration was correlated with an 1°C per minute 

increase in rectal temperature during flight activation, but no change 

in either amine could bo positively correlated with the drop in body 

temperature during entrance into hibernation. Therefore only limited 

support is afforded the hypothesis (formulated originally for honao-

thermlc mammals) that the ratio of hypothalamic serotonin to norepi

nephrine determines the "set-point" for central control of thermo

regulation. The importance of future tests of this hypothesis utilizing 

heterothermic mammals ideally suited for thermoregulation studies is 

discussed in the light of recent advances in turn-over studies of brain 

monoamines. 

During prolonged hibernation the monoamine levels of the brain 

were observed to change significantly whether expressed on a wet weight 

basis or on a DNA basis, the latter reflecting a cell constancy in the 

brain during hibernation. Although less dramatic, the changes in the 

concentration of hypothalamic amines paralleled those in the wholebrain, 

Wholebrain serotonin levels nearly doubled by five days hibernation at 

an ambient temperature of 5° + 1°C and, when expressed perJUg DNA, 

displayed continued increase after six-weeks hibernation. On the 

xi 
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contrary, norepinephrine levels displayed a 35$ decrease by five days 

hibernation (P<0,001) and then increased to high levels following six-

veeks hibernation. This biphasic response of wholebrain norepinephrine 

is discussed with reference to published reports on the general metabolic 

role of "non-specific" increases in norepinephrine during long-term cold 

acclimation in several tissues of homaothermic mammals. Thus attention 

was focused on the possible physiological significance of the amine 

changes by five days hibernation. 

Since the significant increase in serotonin and decrease in 

norepinephrine by five days hibernation did not temporally correlate 

with the inferred "set-point" change (usually found to occur within 

hours following exposure of A. pallidas to low ambient temperatures), 

the possible correlation of these amine changes to sleep processes was 

sought. Based on the author's observations on maintained muscle tonus 

in hibernating bats and published reports on the relationship between 

brain monoamines and sleep patterns in homeotherms, the conclusion was 

reached that the predominant state of sleep during deep hibernation is 

of the slow-wave (non-rapid eye movement) pattern, 

Wholebrain serotonin to norepinephrine ratios were determined 

for bat species from families other than the vespertilionids and for 

one species of hibernating ground squirrel. Although the comparative 

aspects were not so extensive as to give unequivocal results, a tend

ency towards a high 5-HT/N3 ratio in bats (considerably lower in the 

ground squirrel, Citellus teritecaudus) suggests a correlation to the 



bat's adaptation to flight rather than to its heterotherraic habit. 

This suggestion is discussed in relation to high brain 5-HT/1E 

ratios published for the chicken and the pigeon. 



INTRODUCTION 

Two unifying concepts in the study of mammalian thermoregulation 

have directed research in this field for over a century. On the one 

hand is the concept of a central control in the brain - specifically, in 

the hypothalamus, while on the othor is the concept of a "set-point" or 

reference temperature by which the homaostatic mechanisms of the body 

respond in order to maintain a relatively constant body temperature. 

The historical origin of the former is traced to Bergmann'a hypothesis 

in 1845 on the role of the brain in temperature regulation, but this hypo

thesis was not experimantally defined until extirpation experiments on 

the rabbit hypothalamus showad that the integrity of this brain region 

was needed for thermoregulation (Isenschmid and Schnitaler, 1914). 

Liebsrmeister (i860) introduced the concept of a "set-point" temperature 

and later realized the variable nature of the "set-point" by observations 

on febrile patients (Liebsrmeister, 1875). Both of these concepts have 

received considerable experimental support, and recent methods have suc

cessfully quantified the "set-point" under varying environmental condi

tions (Hammel, et si., 1963). 

A detailed review or discussion of either of these concepts is 

beyond the scops of this thesis and would, in fact, add little to the 

excellent review recently presented by Bligh (1966), However, in order 

for the reader to grasp the basic premises upon which my experimental 

work is bassd, a brief discussion of "set-point" is necessary. 

1 
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Elementary to the understanding of "set-point" control of body 

temperature in mammals is the realization that the variable which has 

been called the "set-point11 temperature can not be directly measured by 

thermosensitive elements. An analogous physical example common to all 

of our experience is the inapplicability of thermosonsitive elements -

i.e., a direct reading thermometer - to the direct measurement of the 

temperature setting of a wall thermostat. Nevertheless, the "set-point" 

temperature of the vail thermostat can be reasonably inferred by simply 

cooling the immediate region of the thermostat and then measuring the 

increase in the room temperature in the vicinity of the thermostat un

til the latter turns off the furnace. 

According to Hardy (i960), there is always some thermal load or 

deviation between "set-point" and hypothalamic temperatures and it is 

implied that the body temperature will likely differ from the "set-

temperature", the result being that homeostatic mechanisms of the regula

ting system will operate to minimize this difference. U3ing the thermal 

load concept a3 a model, Hammel et aL. (1963) have attempted to quantify 

shifts in "set-point" temperature by experimental manipulations in the dog. 

The success of their experiments depended upon the development of the so-

called thermal clamp technique, which permitted the localized heating 

or cooling of certain regions of the hypothalamus of the conscious dog. 

Briefly, their results indicate that when the "set-point" temperature 

(TSet) is greater than the hypothalamic temperature (T̂ yp) - i.e., after 

cooling the hypothalamus - the thermoregulatory system acts to increase 

the body temperature. Likewise, if •̂ set is less than Thyp " 
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following a locally heated hypothalamus - then the system is observed 

to respond in order to decrease the body temperature: the dog begins 

to pant. 

In the above experiments on the dog the thermal load was changed 

by manipulation of one of the variables - viz., the hypothalamic temper

ature. The other means by which the thermal load can be changed is to 

vary the "sot-temperature". By turning the calibrated dial on the wall 

thermostat, man controls the temperature in his room. If for soma 

physiological reason, for example response to bacterial infection or 

disease, man's body temperature needs changing, the probable absence of 

physiological means by which the hypothalamic temperature can be appre

ciably changed, as in the thermal clamp technique, imposes a change in 

the "set-temperature" as the physiological mechanism. The question 

then arises, what controls the regulation of the "set-point"? 

Probably the major difference between cybernetic systems in the 

engineers' experience and those of the biologist is that in the former 

the components are almost exclusively electrical. Biological feed-back 

and control depends heavily upon chemical messengers as well as elec

trical. Classically, the endocrine system is known as the chemical 

feed-back control system in animals. Recently, the nervous system, and 

especially the brain, has been studied for its dependence on chemical 

cybernetics and modulation (Hyaen and Lange, 1966). At present, however, 

the exact role of chemicals in the modulation of hypothalamic functions 

is not well understood. 

Regional distribution of brain monoamines in mammals indicates 

a relatively high concentration of 5-hydroxytryptamine (5-HTj serotonin) 



and norepinephrine (ME; noradrenaline) in the hypothalamus (Vogt, 1954; 

Amin, Crawford and Gaddum, 1954)• Brodie and Shore (1957) and Euler 

(1961) have proposed that these monoamines in the hypothalamus may be 

related to temperature regulation. 

Based on colonic temperature changes in cats following intra

ventricular injections of 5-HT or ME (Feldberg and Myers, 1963, 1964) 

and later by micro-injections of these amines into the anterior hypo

thalamus (Feldberg and Myers, 1965) an hypothesis of temperature regula

tion by amines in the hypothalamus was proposed (loc. cit.). Effects 

on colonic temperature of similar injections of these monoamines into 

diverse species of homeothermic mammals are presented in Table 1. Be

sides species differences in colonic temperature response to these 

intra-ventricularly administered amines, there is at least one case of 

contrasting results in the same species - the cat (Feldberg and Ifyers, 

1964; Kulkarni, 1967; Table 1). 

To my knowledge, no one has reported the effect on body temper

ature of intraventricular injections of relative amounts of 5-HT and ME. 

Nevertheless, types of evidence as reported in Table 1, along with the 

proposals (see above) of Brodie and Shore (1957) and Euler (1961), have 

helped to mold the hypothesis that it is the ratio of the endogenous 

hypothalamic 5-HT to NE, or the differential release of these substances, 

which determines the "set-point" temperature (Feldberg and Myers, 1963, 

1964). As will become apparent, critical experiments to test this 

hypothesis are thwarted by the very nature of the hypothesis as well as 

by the complexity of central (= brain) control of somatic functions. 



j Table 1. Gross effects on rectal temperature of monoamines injected into the brains 
of various species as reported in the literature. 

Arrows indicate whether the temperature increased (up) or decreased (down). Concen
tration of amines are indicated in parentheses. All animals were in the unanesthetized, 
fully conscious condition when the amines wore injected, and each animal received either 
5-HT or KE but not both. 

Animal Route m References 

Cat Ventricle t (100-200 jug) i (50-100 jug) Feldberg & Myers (1964) 

Cat Hypothalamus t (2-10jug) t (5 /xg) Feldberg & Myers (1965) 

Cat Ventricle (30-500 jug) *(12.5-62.5/ig) Kulkarni (1967) 

Rat Ventricle *(2-20 /ig) f(2-6 jig) 
(10-100 jig) 

Fever(200-500̂ ug) 

Feldberg & Lotti (1967) 

Mouse Ventricle * (10-160 pg) $ (1-20 /i.g) Brittain & Handley (1967) 

Rabbit Ventricle • (200 jig) t (10 /ig) Cooper e$ al. (1965)* 

Rabbit Hypothalamus | (2-20 /ig) f (10/ig) Cooper et al. (1965) 

Sheep Ventricle * (200 jag) t(300yig) Bligh (1966) 

Goat Ventricle b (2.5-12.5 /Ug/Kg) — Andersson et â . (1966)# 

Ox Ventricle *(5 mg) — FindLay & Robertshaw (1967) 

* Cooper, I. E., W. I. Cranston and A. J. Honour (1965). 

# Andersson, B., M. Jobin, and K. Olsson (1966). 
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One approach to testing this hypothesis has been to alter 

brain amine concentration by use of drugs. Somerville and Whittle 

(1967) showed that although reserpine significantly reduced both 5-HT 

and NE levels in mouse brain and simultaneously caused hypothermia, 

neither para-chlorophenylalanine reduction of 5-HT nor aloha-mothyl-

m-tyrosine reduction of IE was found to cause hypothermia. Since the 

combination of para-chlorophenylalanine and alpha-methvl-m-tyrosine 

was similarly without effect on body temperature, those authors con

cluded that the control of body temperature is not necessarily linked 

with brain levels of 5-HT or N3 (Somerville and Whittle, 1967). 

Similarly, the role of hypothalamic monoamines in modulation of 

the febrile response to bacterial endotoxin has bean seriously ques

tioned (De3 Prez and 0ate3, 1963). Pretreatment of rabbits with alpha-

methyl-m-tyrosine, which significantly depleted hypothalamic NE, did 

not suppress febrile responses to endotoxin (De3 Prez, Helman and Oates, 

1966). Likewise, pretreatment of rabbits with para-chlorophenylalaninef 

in doses sufficient to deplete 90% of brain stem 5-HT, did not modify 

responses to bacterial endotoxin (De3 Prez and Oates, 1963). Des Prez 

and 0ate3 (1963) further conclude that the hypothermic properties of 

reserpine are due to other effects of the drug besides 5-HT and NE de

pletion, since reserpine significantly antagonized the febrile effect 

of endotoxin despite its depleting effect on the monoamines. 

There is always the possibility of a very small, highly specific 

pool of biogenic amines in the brain, which may not be affected by de

pleting agents (Carls3on, 1967). Experimental support of the existence 

of specific amine pools come3 from results in which regional brain 
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differences in response to reserpine were observed (Anden, 1967). 

Nevertheless, evidence that a Ipha-iaethy l-.m-tyrosine can produce a much 

greater depletion of brain norepinephrine than reserpine without lower

ing body tempsrature seem3 to be strong evidence against the existence 

of a highly specific pool related to central control of thermoregula

tion (Somerville and Whittle, 1967). 

Brain amine determinations in rats rendered hyperthermic or 

hypothermic by acute and/or chronic exposure to ambient temperature ex

tremes has been used as a more direct means of testing the central 

hypothesis. Rats exposed to 32°C, 80/5 humidity displayed no change in 

hypothalamic NE (Cession-Fossion, et el., 1966), although wholebrain 

levels of rats exposed to 33°C for four hours have been reported to 

significantly decrease in norepinephrine concentration concomitant with 

an increased colonic temperature (Beauvallet, Fugazza and Legrand, 1967). 

Ingenito and Bonnycastle (1967) have measured both 5-HT and 1© 

in rats exposed to both acute and chronic ambient temperature extremes. 

No change in either 5-HT or NE was found in the wholebrain or hypo

thalamus during acute (one to three hour) exposure to 4-0°C nor during 

chronic, twenty-four hour exposure to 34.°C. Likewise, there were no 

discernible differences in hypothalamic or wholebrain amine levels 

following acute exposure to 3°C. Only after several days of cold ex

posure did wholebrain N3 significantly increase over room temperature 

controls (P4 0,01), and this increase coincided with a general tissue 

increase in catecholamines following the cold stress (Ingenito and 

Bonnycastle, 1967). There was no significant change in wholebrain 5-HT 

levels in the cold-acclimated rats (ingenito and Bonnycastle, 1967). 



In a more recent study Ingenito (1968) has shown slight in

creases in hypothalamic NE by 15 days cold-acclimation at 1°C ambient 

temperature. This increase appears to precede that observed in the 

medulla oblongata and midbrain, but the eventual increase of I© in 

these latter areas by 30 days cold-acclimation demonstrates that the 

increases are not uniquely confined to the hypothalamus (Ingenito, 1968). 

Finally, it should be noted, that in both of the above publications a 

mean colonic temperature decrease of between 0.8 and 1.5°C wa3 reported 

for the cold-acclimated rats (Ingenito and Bonnycastle, 1967} Ingenito, 

1963). Whether or not this hypothermia reflects a change in "set-point" 

is debatable. It is well to remember the cautionary note sounded by 

Hardy (i960): "Depending on the environmental conditions, the degree by 

which (the thermal load) is minimized will vary, and it would be pre

sumptuous to infer that the temperature difference observed is reflec

tive of a changed 'set-point'." 

The original hypothesis upon which the foregoing research is 

based was that hibernating mammals, and especially bats, have the 

ability to change their deep body temperature within hours of exposure 

to ambient temperature extremes. Since there is considerable evidence 

that heterotherms - i.e., animals maintaining one relatively constant 

temperature when active but a lover temperature when resting - may have 

evolved from homeothermic ancestors (see Twente and Twente, 1964 for a 

review of this concept), it is reasonable to assume that the adaptation 

of a variable "set-point", as already well documented in homeotherms 

(Hammel, et al., 1963), was "inherited" by the heterotherms and modi

fied to include an extended or broadened range. 
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The proposed range for the "set-point" in man is from about 

36°C (Spealman, 1945) to about 4l°C (Dubois, 1949). Evidence in favor 

of the broadened "set-point" range in heterotherms is found in cir-

cadian temperature variations (around the "set-point" ?) in bats at 

rectal temperatures of 3S°C (Kulzer, 1967) as well as during hiberna

tion at 5°G (Menaker, 1959). Temperatures of actively flying bats 

have been estimated at 40 to 41 °C (Reeder and Cowles, 1951), but may 

even be higher judging from recent radio-telemetric data on pigeons in 

flight (Hart and Roy, 1967). 

A basis premise of the experiments to be described in this 

dissertation is that the large body temperature changes of the bat ob

served under various experimental conditions result from, or are 

associated with, changes in the "set-point" temperature. Secondly, 

since injections of 5-HT or NE into the brain produce changes in the 

body temperature of several mammals (see Table l), it is assumed as a 

working hypothesis that any endogenous changes in hypothalamic mono

amine concentrations produce a change in the "set-point" and not vice 

versa. Therefore, a measured change in the bat brain monoamines cor

related with an inferred change in the "set-point" is considered to be 

a cause of, rather than a result of, the inferred "set-point" change. 

The physiological role, if any, of brain monoamines in central 

control of temperature regulation in mammals remains to be clearly de

fined, The present work on the bat permits a means by which the 

"monoamine-set-point" hypothesis can be evaluated in a mammal during 

normal, physiological responses to extreme changes in the ambient 

temperature. 



MATERIALS AND METHODS 

Collection and Maintenance of Bats 

Antrozous pallidum and Eptssicua fuscus, both members of the 

family Vesportllionidae. wore hand netted in attics and other man-made 

structures in the environs of Tucson, Arizona and ware maintained in 

captivity by the methods reported by Davis & Luckens (1966). Gallon 

jar3, each containing about one inch of wood shavings covered with 18 

cm. diameter filter paper, served a3 cages for the bats; no more than 

two bats were kept in each jar. The Jars were kept in the Biological 

Science building attic, which best resembled their natural edificarian 

habitat. A slat-wood casement facing to the north permitted enough light 

into the attic to provide a natural light-dark periodicity. Temperatures 

in the attic were on the order of 30-35°C during the summer months and 

25-30°C during the fall and spring months in the day, but did not fall 

as low as outside nocturnal temperatures. 

The diet consisted of approximately equal volumes of canned dog-

food, farmer-style cottage cheese and ripe bananas or applesauce mixed 

thoroughly with added multiple vitamins and crickets (Davis & Luckens, 

1966). This diet was prepared in large quantities and stored frozen in 

100 gram packages for subsequent use. Between the hours of 8 and 12 FM 

every night about three grams of diet per bat were placed in each jar, 

after changing the filter paper. Water vas given ad libitum. 

10 
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The bats were kept for a minimum of one week under the above 

described conditions before beginning the experimental procedures. 

During this "acclimation" period in which any unhealthy bats might die, 

the majority of them were observed to gain weight and invariably dis

play a much better physical appearance than at time of capture. This 

fact may have been due to an increased opportunity for grooming behavior, 

causing a steady decline in ectoparasite number. Individual bats were 

banded for recognition purposes during the period of acclimation and 

for subsequent protocol. Almost all the bats collected were females, 

and unless otherwise noted, females were exclusively used in the experi

mentation. 

Other bat species x/ere also collected in the environs of Tucson 

and in Sonora, Mexico. These included the following species: Myotis 

velifer (Vespertilionidae), Glossophagua soracina (Phyllostomatidae)} 

and Tadarida brasiliensis maxicanum (Molossidae). No attempt was made 

to maintain these other species in captivity and experimental work was 

begun within twenty-four hours of capture. 

Western round-tailed squirrels, Citellus teritecaudu3. were live-

trapped near Tucson and maintained in the laboratory with Purina rat feed 

and fresh apple. 

"Set-Point" Changes 

In the bat, Antrozoua pallidus pallidas, three distinct "set-

ppint" temperatures can be inferred. The central "set-point" temperature 

is that around which the bat regulates when resting. From here the bat's 

"set-point" can either move up for active flying or move down for 
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hibernation. In the following procedures rectal temperature was recorded 

using a calibrated Shultheis, fast-reading Centigrade thermometer, gradu

ated from zero to 50°C in 0.2°C steps. 

The change to the high "set-point" is inferred from observations 

on resting bats removed from their cage to a vantage point in the labor

atory permitting flight. Before flight, intermittent bursts of shiver

ing activity are clearly displayed. This mechanism, possibly in con

junction with other heat producing processes, raises the body temperature 

of the torpid bat to the minimum level necessary for coordinated muscular 

activity (see Figure 2, point a). Once flight begins, at a rectal tem

perature of between 34- and 35°C in A. pallidas, the body temperature 

increases at a rate greater than 1°C per minute. Reeder and Cowles 

(1951) observed a rate of 1.7°C per minute of flight in Myotis 

yumanensia. the rectal temperature going from 33 to 40°C in four minutes. 

The inferred change in "set-point" in bats exposed to low ambient 

temperatures (3 to 5°C) is more apparent than that change occurring in 

preparation for flight. Upon being placed in the cold-room, separately 

in gallon jars, each bat immediately commences shivering and thereby 

maintains a body temperature at the level existing just prior to entry 

into the cold. As the aggregate of energy necessary to maintain a 

reasonable thermal load becomes less economical, the bat finally reaches 

a point where an observable cessation of shivering occurs. At this 

point the inference drawn is that the "set-point" is shifted downward; 

subsequent measurements of the rectal temperature support this inference, 

since a rapid decline of rectal temperature is observed culminating at 
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values just above the ambient temperature. The fact that the hiber

nating bat continues to maintain a differential between its body temper

ature and the ambient temperature over extended periods of time is 

further evidence for a highly developed thermoregulatory mechanism -

i.e. "set-point" control, and cautions against the equating of hetero-

thermy with poikilothermy. 

Once the "set-point" change is inferred, the animals are quickly 

sacrificed and the subsequent measurement of the brain monoamines is 

common to any one temperature procedure. Due to the lengthy procedure 

for the amine determinations, including dissections and weighing, all 

temperature changes were induced prior to 1000 hours and animals vere 

sacrificed between this time and 1100 hours. Thus, any variations in 

brain monoamine concentrations due to endogenous circadian rhythms could 

be ruled out. Unless otherwise stated the bats used in the "set-point" 

change experiments were Antrosous pallidus pallidua adult females. 

In the first procedure bats were moved to a 30°C constant tem

perature room of dimensions which permitted easy capture of flying bats 

(6* x 12' x 81), After 24-hours in this room, the bats' rectal tempera

tures averaged about 32 + 1°C. Half of the bats were then removed from 

their jars and induced to fly around the room. Preliminary experiments 

(see above) indicated that approximately ten minutes of continuous 

flight assured rectal temperatures of 4-0°C or slightly higher (Figure 2). 

Therefore, after approximately ten minutes of flight, the bats were 

caught individually by hand in mid-air and sacrificed by decapitation. 

Rectal temperatures, essentially unchanged by the decapitation, were 

then quickly recorded. After all the flying bats had been sacrificed, 



the control bats were then removed from their jars, sacrificed and 

temperatures recorded as above. After sacrifice, subsequent handling 

procedures were standardized and are described below under "Dissection 

Procedures and Weighing". 

In the second "set-point" change procedure bats were again 

moved from the attic to the 30°C constant temperature room and accli

mated for twenty-four hours. One bat was then removed from each jar, 

leaving its mate for the control, and placed into a clean one-gallon 

jar. These bats were then moved to a cold-room (3-5°C) and placed 

linearly on a shelf for easy observation. The "set-point" temperature 

change was inferred to be at the time that the bats stopped shivering 

(see above), but this time varied considerably between individuals, 

ranging from thirty minutes to two hours after being placed in the cold 

room. Once shivering stopped, the rectal temperature began to decrease 

very rapidly and was below 10°C within five to ten minutes. Bats were 

sacrificed during the latter interval and their body temperatures 

ranged from 6 to 10°C. The control bats in the 30°C room were then 

sacrificed. Subsequent dissection procedures were then performed in 

common for both experimental and controls. 

In the third "set-point" change procedure the bats were weighed 

and tagged for recognition and placed into a controlled low tempera

ture chamber (B.O.D. refrigerator) at 5 + 0.5°C. Two bats occupied 

each jar, which was provided with wire screening in a vertical position 

from which the bats could hang. Water was placed in castor dishes in 

the bottom of each jar to provide a humid environment, which is 



considered necessary for successful hibernation in bats (Hock, 1951)• 

After appropriate intervals (one day, five days or six weeks) in the 

hibernating state, the bats were weighed and sacrificed. 

Djgssction Procedures and Weighing 

Bats were sacrificed by decapitation and the head3 were packed 

in crushed ice for periods up to one hour before removing the brain. 

All subsequent dissection procedures were performed in the cold room 

at approximately 4°C. 

Small, sharp-point3d scissors were inserted into the opened 

cranium on either side of the medulla oblongata and two short incisions 

permitted the posterior cranium to be reflexed over the cerebellum. 

Next, blunt scissors were used to make lateral incisions on either 

side of the cranium extending from the lateral margins of the superior 

colliculi to th3 olfactory lobes; the remainder of the dorsal cranium 

was then removed. Under low magnification of a dissecting microscope, 

the ventral regions of the brain could then be teased free from the 

ventral cranium, beginning ventro-caudally at the medulla oblongata: 

cranial nerves were severed as necessary for freeing the brain. Moving 

rostrally, th3 infundibular stalk was severed leaving the pituitary body 

in the sella turcica and essentially freeing ths medial ventral part of 

the brain. With further slight reflection of th9 brain the optic nerves 

could be clearly seen extending rostro-laterally; these were severed 

near the optic chiasm, permitting the subsequent removal of the intact 

brain. The brain was then placed on a metal plate covered with alumina 

foil and laying on crushed ice in a "3tyrofoam" box with cover. 



Dissection of the hypothalamus was than performed under a 

binocular, dissecting microscope at 50X magnification. The dissection 

procedure is diagramatically presented in Figure 1, which illustrates 

the following description. 

The brain is placed ventral side up vith the rostral end away 

from the investigatorj an incision with micro-scissors is made about 

0.5 mm. rostral to the optic chiasm and about 2 to 3 mm. deep (dashed-

line, Figure l)j longitudinal incisions are then made on either side of 

the hypothalamus, following the carotid arteries toward the Circle of 

Willis (dashed-lines, Figure l)j the mammillary bodies, representing 

the caudal boundary of the hypothalamus, form a natural cleft separat

ing the latter from the brain stem, so that by gently reflexing the 

mammillary bodies rostrally with the edges of forceps a natural trans

ition between texture and color of the hypothalamus and surrounding 

brain regions permits a rough delineation of the former. Guided by this 

distinction, a line of dissection is continued rostrally until the ros

tral incision (0.5 mm. rostral to the optic chiasm) is reached, result

ing in a roughly rectangular piece of tissue primarily representing the 

hypothalamus. 

In each experiment one brain with its dissected hypothalamus 

was chosen from the series of dissections by an impartial observer and 

fixed in 10$ neutral buffered formalin for histological confirmation of 

the dissection procedure. After two days fixation in formalin, the 

tissue was than placed in 2.5% potassium dichromate for an additional 

two days. The tissue was then washed in running tap water overnight, 

followed by a graded alcohol series for dehydration, cleared in toluene 
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and embedded in paraffin. Paraffin sections (12 - 20̂ ) were processed 

and stained by either the Weil-Weigert stain for myelin sheath (Lillie, 

194.8) or by the Gallocyanin-Phloxine procedure after Einarson (1951). 

Immediately after the completion of the dissection procedure, 

the "styrifoam" box containing the tissue on ice was moved to the 

laboratory where the tissue was weighed and homogenized. Total time 

elapsed from sacrifice to homogenization was between two to three hours. 

Wet weights of wholebrain were rcsaaured on a Mettler, top-

loading milligram balance (Model # P 120) with a standard deviation of 

less than + 0.5 mg. Wet weights of the hypothalamus were measured on 

a Precision, torsion balance (Roller-Smith type) with readings to 0,02 

mg. Consistency in the dissection process was further checked by a 

comparison of the wet weights of each hypothalamus within any one 

experiment (Table 2). 

• Chemical Procedures 

Extraction and Estimation of Monoamines 

Extraction and estimation of wholebrain and hypothalamic 

5-hydroxytryptamine and norepinephrine followed the method of Maickel 

et al. (1968). Wholebrain of three pooled hypothalami were homogenized 

in 3.5 ml. ice-cold, acidified n-butanol (0.85 ml, concentrated HC1 

dissolved in one liter of n-butanol) using an all glass horaogenizer. 

After centrifuging the homogenate for five minutes at 2000 R?M 

(1,000 x g.) in a refrigerated International centrifuge (IEC Model 

# PR 2), 3,0 ml, of the n-butanol were transferred to clean, glass-

stoppered centrifuge tubes containing 6.0 ml. of n-heptane (Spectral 
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Table 2: Reproducibility of dissection procedures, 

Mean weights + standard errors in milligrams are given for 
both the hypothalmic and wholebrain minus hypothalamus weights. The 
number of determinations for each mean are reported in parentheses. 
All wholebrain (minus hypothalamus) measurements were made on the 
Mettler top-loading, milligram balance (Model P 120)j those hypo
thalamic weights bearing the asterisk (*) were also measured on the 
Mettler. Beginning with the experiments of April 29, 1968, all 
hypothalami were weighed with the Precision, torsion balance. 

Date 

11/10/67 

11/10/67 

12/27/67 

4/29/68 

4/29/68 

5/2/68 

5/2/68 

Treatment 

30°C 
(Controls) 

3-5°C 
(Acute exposure) 

5 ± 0.5°C 
(Six-weeks) 

22-23°G 
(Controls) 

5 + 0.5°C 
(24 hours) 

5 + 0.5°C 
(five days) 

5 t 0.5°C 
(five days plus 
arousal) 

Mean Weight in Milligrams + S.E.M. 
Hypothalamus Wholebrain - Hypothalamus 

19.9* + 0.5a (15) 197.6 + 8.9d,e,f (7) 

18.3* + 0.4a (15) 189.1 + 5.2d (7) 

9.9* ± 0.6 (15) 260.6 + 7.8f (5) 

12.18 ± 0.80b(18) 260.3 + 2.1e,e (6) 

11.43 ± 0.69 (19) 253.8 + 3.4 

8.57 + 0.44c(l8) 273.8 + 3.8§ 

9.48 + 0.37°(17) 272.2 + 3.8 

(6) 

(6) 

(6) 

a» g) significantly different P 4,0.02 

e, f) significantly different P 4.0.001 

b, d) not significantly different P̂ 0,4 

c) not significantly different P̂ O.l 
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grade, Fisher) and 0.5 ml. of 0.1N HG1. The tubes were then stoppered 

and shaken on a modified test tube shaker (Fisher Scientific Co.) for 

five minutes and then centrifuged as above. The organic phase vas then 

aspirated including the tissue disc at the interface and discarded. 

Aliquots of 0.2 ml. of the acid phase were then transferred to two 

series of 12 X 75 mm test tube3 for 5-HT and Norepinephrine determina

tion, respectively. 

For the 5-HT determination 1.2 ml. of 4 mg £ o-phthalaldehyde 

in 10 N HG1 was added to each 0.2 ml. aliquot of the 5-HT series. The 

mixture was heated for 15 minutes in a boiling water bath and cooled 

in tap water. Fluorescence was measured in a quartz cuvette in an 

Aminco Bowman spectrophotofluorometer at activation 365 ejU and emission 

470 igtt (uncorrected). Stable readings were made up to three hours 

after reaction with the o-phthalaldehyde. 

For norepinephrine determination the following steps were 

carried out. To the 0.2 ml. aliquot was added an equal volume of 0.1 

M sodium EDTA (disodium salt) in 1 N sodium acetate, pH adjusted to 

6.7 - 7.0 with NaOH. The following additions were timed and only eight 

tubes were carried through the procedure at an interval, the addition 

of reagent to each tube being staggered by 10 seconds. Thorough mixing 

of each solution followed the addition of the successive reagents. To 

the mixed solution of the aliquot and the EDTA reagent 0.2 ml. of 

0.1 N in 100;o ethanol wa3 added. After two minutes, 0.4 ml. of 

alkaline sulfite reagent (0.25 gm Î SÔ  in 1 ml. distilled water, 

freshly diluted with 9 ml. of 5N NaOH) was added. After 1.5 minutes, 



0,4 ml. of 5N acetic acid was added, and then the solution was heated 

for two minutes in a boiling water bath. The tubes were colled in tap 

water, and fluorescence was read in an Aminco Bowman spectrophoto-

fluorometer. at activation 385 nip ancl emission 4-70 iyi (uncorrected). 

Although stable readings could be made up to three hours after the 

oxidation by 1̂ , for uniformity in the experimantal procedures the 

norepinephrine samples were always read before the 5-HT samples. 

Emission peaks were considered diagnostic of the respective 

amines and were compared to those found using known standards. The 

standards were prepared by appropriate dilutions of stock solutions of 

norepinephrine-HGl (100 ;ug/ml) and 5-hydroxytryptamine-creatine sulfate 

(5-HT concentration = 20 ̂ig/ml). Stock solutions were kept tightly 

stoppered in the refrigerator and were made fresh each month. Compar

able stock solutions of these amines have been reported in the litera

ture to be stabile for several weeks (Shore and Olin, 1958). 

Each experiment was accompanied by a percent recovery determina

tion of an internal standard which was added to an aliquot of the 

individual homogenates and extracted according to the same procedures. 

Using the amount of amine measured in the respective tissue samples as 

the apparent brain amine level per milligram brain weight, the amount 

of amine found in the aliquot to which the internal standard had been 

added, with the necessary calculations for volume changes, permitted an 

estimate of percent recovery for each amine. Then in recalculating the 

absolute value for the concentration of each amine in the wholebrain or 

hypothalamus the recovery coefficients were applied. Since recovery of 
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an added amine vould tend to giva higher values than the percent ex

traction of the endogenous amine, for which thex*e is no direct method 

of calculation, the absolute endogenous levels determined by this 

procedure would be at the lover limit of the true endogenous amine 

concentrations (Welsh 1964, pg. 357). Therefore, the values reported 

in the tables are probably a little lower than 'true' endogenous 

concentrations. 

Calculation of either amine concentration in the final aliquot 

is accomplished by substituting the fluorometric values, minu3 the 

appropriate reagent blank values, into the following equation: 

Amine Cone. = LS Cone. - LS Cone, x (LSrea(j - Samplerea(i) 

(*̂ read "" ̂ read̂  

where LS Cone, is the low standard concentration in nanograms, L3rea<i 

is the value read on the fluoroneter for the low standard, HSrea(j is 

the high standard reading, and Samplerea;j is the sample reading; all 

values correspond to the same sensitivity setting on the microphoto-

meter and have been corrected for their appropriate blanks. 

The following sample calculation represents the extraction of 

three pooled Antrosous pallidas hypothalami from the six-week cold-

acclimation experiment (Table 3) and corresponds to the emission spec

trum for 5-HT labelled "pooled hypothalami" in Figure 7: 

5-HT = 100 ng. - ilPOn*) ,(H=3l 
(33-14) 

= 100 ng - 26.3 ng 

= 73.7 ng. 
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Table 3: Mean 5-HT and norepinephrine concentration (Fall 
1967) in the hypothalamus of the bat, Antrozous pallidus. under three 
different acclimation conditions. 

The mean 5-HT/NE ratio•(+ S.E.M.), found by dividing the 5-HT 
of each determination by the norepinephrine of each determination, is 
also presented. Paired comparisons are made using the Student's t test, 
and the probability that the two means are not significantly different 
is represented by the MP values". Number of animals used in each ex
periment was 15, allowing for 5 determinations of each of the mono
amines; therefore, N = 5. (S.E.M, = Standard Error of the Mean) 

Monoamine Concentration in.ftg/gm 
Treatment 5-HT 5-HT/KE 

24-hours 
at Ta = 30°C 1.57 + 0.11a,b 2.43 + 0.27C,d 0.67 + 0.06® 

Acute exposure 
(leas than three 
hours) at 

2.10 ± 0.09a 2.89 ± 0.22d T = 3-5°C 
& 0.74 ± 0.04 

Six-weeks 
7.18 + 0.47b 6.70 + 0.63° 1.09 + 0.05® at Ta = 5°C 

(hibernation) 

a) significantly different, P 4.0.01 

b, c, e) significantly different, P <0.001 

d) not significantly different, P"> 0.2 
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This calculation reasonably compares with a direct reading from the 

emission trace (Figure 7), the latter of which does not take into ac

count the slight non-linearity between the low standard (=100 ng.) and 

high standard (=200 ng.) readings, respectively 14 and 33 relative 

fluorescence units. 

Absolute concentrations of the amine is then calculated by 

applying appropriate adjustments for loss of the amine due to volume 

losses in the partitioning of the solvents during the extraction pro

cedure and losses due to the destruction of the amine as estimated by 

percent recovery determinations of known concentrations of pure stand

ards added to an aliquot of the wholebrain or hypothalamic homogenates. 

Since 3 ml. of 3.5 ml. of the butanol phase and 0.2 ml. of 0.5 ml. of 

the final acid phase represented the partitioning of the amine during 

the extraction, the correction factors are 3/3*5 and 2/5, respectively. 

In the sample calculation chosen a mean recovery of 9of 5-HT was 

found, which appears as the factor 0.98 in the calculation. The com

bined wet weight of the three hypothalami was 29 mg. 

Total 5-HT = ig x _1_ x 2 
0.98 3.5 5 

= 258 ng. 

Total 5-HT = 258 ng. 
wet wt. 29 mg. 

= 8.7 ng/mg or 8.7/ig/gm. 

A similar procedure was followed for the norepinephrine 

calculations. 

In applying Student's t test for the frequency distributions, 

P =0.05 vas accepted as the level of biological significance. 



Protein, DNA and RNA: Extraction and Estimation 

Soluble protein and nucleic acid concentrations were estimated 

in parallel in the brains of hibernating and awake Antroaous t>allldus 

following horcogenization of single brains (approximately 250 nig wet 

weight) in 3 ml. of 0.4N perchloric acid. 

For the soluble protein analysis 0.125 ml. of ice cold 50̂  

trichloroacetic acid (TCA) was added to a 0.5 ml. aliquot of the homo-

genate and wa3 mixed well and kept at 4°C for thirty minutes. This 

mixture was then centrifuged at 1420g for thirty minutes and the pellet 

was then resuspended in 10 ml. 0.1H NaOH overnight at room temperature. 

This alkaline solution containing the solubilised protein was then 

centrifuged for 30 minutes at 1420g to remove any debris; then aliquots 

of the clear supernatant were taken in duplicate and the soluble pro

tein was estimated by the method of Lcwry, Rosebrough, Farr and 

Randall (1951)> using bovine serum albumin as the analytical standard. 

The remainder of the homogenate was treated by a modification 

of the Schmidt and Thannhauser (1945) procedure in which the 10% TCA 

precipitate was first washed twice with 5 ml. of chloroform-methanol 

(2:1). The washed pellet was then resuspended in 5 ml. of 0.3N KCH at 

room temperature for 16 hours - i.e. alkaline hydrolysis of RNA. This 

solution was then adjusted to pH 8.0 with 0.3N HCIÔ  and then centrifuged 

to remove the precipitated KGIÔ . The volume of each sample was then 

adjusted with distilled water so that upon addition of concentrated 

HC1 the final 10 ml. solution was 0.5 N with respect to HG1. This 

solution was thoroughly mixed and left at 4°C for four hours and then 

centrifuged at 142Og for thirty minutes to remove the precipitated DNA 
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and protein. The supernatant was stored at 4°C for the RNA 

estimation (see below). 

The pellet containing the precipitated DNA was washed with 

0.5N HC1 and then resuspended in 4 ml. of 5% TCA. This solution was 

then heated at 90 + 1°C for fifteen minutes and stirred once during 

this heating (Croft and Lubran, 1965). The TCA hydrolysate was then 

cooled to room temperature, centrifuged at 1420g for thirty minutes 

and the supernatant was decanted and saved; hydrolysis of the pre

cipitate was repeated in 3 ml. of! 5% TCA as above and the resulting 

supernatant was combined with the first and the total volume recorded. 

The hydrolysates were frozen until needed for the diphenylamine re

action for DNA estimation (see below). 

RNA Estimation by Absorption Spectrophotometry 

Using a Beckman HJ spectrophotometer, optical densities at 

260 mju. were determined for the alkaline hydrolysate samples which had 

been adjusted to 0.5N HC1 and stored at 4°C. A molecular weight aver

age, micromol&r extinction coefficient (£/) was calculated from pub

lished extinction coefficients (&260, pH 2) for each of the four 

common nucleotide 3'-phosphates in RNA (Beaven, Holiday and Johnson, 

1955). This extinction coefficient was then adjusted for the approxi

mate 10 - 20# increase in absorption at 260 in alkaline hydro-

lysates of RNA - i.e. the so-called hyperchromia effect (Schmidt, 1955). 

Therefore, from Beer's law and using quartz cuvettes of 1 cm optical 

path length, the following relationship was used to calculate the RNA 

content (in micrograms) of each hydrolysate: 
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RNA = °*D,260 * VT , 

V L 

where, is the weight average, micromolar extinction coefficient 

A 
calculated to be 0.031 cm /ug and corrected for hyperchromicity to 

be 0.028 cm̂ ĝj L is the optical path length or 1 cmj and V<j. is the 

total volume of the hydrolysate or 10 cm̂ . 

DNA Estimation by Diphenylamine Colorimetry 

The colorimetric procedure used is a modification of Dische's 

(1930) diphenylamine method, according to Croft and Lubran (1965). 

The frozen TCA hydrolysates were thawed and centrifuged for 

thirty minutes at 14-20g at 4°C to remove any debris that may have 

accumulated due to the freezing. To 0.2 ml. of 60£ (w/v) perchloric 

acid (sp. gr. 1.54) in glass-stoppered test tubes wa3 added 2.0 ml. 

of either the supernatants of each hydrolysate or hydrolyzed standard 

DNA or blank. Blanks consisted of 2.0 ml. of 5% TCA, Three concen

trations of salmon sperm DNA (A grade, CalBiochem) hydrolyzed as above 

in 5% TCA at 90 + 1°C were used for analytical standards. To each 

mixture was added 2.0 ml. of a 2% diphenylamine reagent as prepared 

by Croft and Lubr&n (1965). The samples were then placed in a refriger

ator at approximately 10°C for two days by which time a maximal color 

with minimal interference from sialic acid had occurred (Croft and 

Lubran, 1965). 

Optical density was read at 600 iju. in a Beckman DU spectrophoto

meter. Samples were kept in ice-water until transferred to cuvettes. 

Total DNA was then interpolated from the standard curve and adjustments 

were made for volume changes within the procedure. 



RESULTS 

Inferences on "Set-Point" Changes 

In the bat, Antroaous pallidus pallidum. I was able to infer 

three distinct "set-point" temperatures. The central "set-point" 

temperature is that around which the bat regulates when resting. From 

here the "set-point" can either move up for active flying or move down 

for hibernation. 

The change to the high "set-point" was inferred from observa

tions on resting bats removed from their cage to a vantage point in the 

laboratory permitting flight. Before flying, intermittent bursts of 

shivering activity are clearly displayed. This mechanism, possibly in 

conjunction with other heat producing processes, raises the body tem

perature of the torpid bat to the minimum level necessary for co

ordinated muscular activity. Once flight began, at a rectal tempera

ture of between 34 and 35°C in A. pallidus. the body temperature 

increased at a rate greater than 1°C per minute. Reeder and Cowles 

(1951) observed a rate of 1.7°C per minute of flight in Myotis 

yumanensis. the rectal temperature going from 33 to 40°C in four minutes. 

A typical curve of body temperature activation suggesting a 

change in "set-point" temperature is shown for the temperature increase 

during flight activation in Antroaous pallidus adult females (Figure 2). 

When the bat was removed from its cage and placed on a table top, the 

rectal temperature began to rise even before the first attempt at 

flight had occurred. Since the rectum of mammals has a high heat 

27 
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capacity and a relatively small circulation, the changes in the deep 

body temperature are not immediately reflected in those of the rectum 

(Bligh, 1966); therefore, the slight increase in rectal temperature 

of the bat of 0.3°C after one minute of sitting on the table without 

flight (Figure 2) was assumed to correspond to a greater increase in 

deep body or core temperature. This signifies a concerted increase in 

thermogenosis which may be due to either the observable shivering or 

to some less obvious thermogenic mechanism or, more likely, is due to 

both. Such thermogenic activity was inferred to be a response to an 

altered "set-point". 

The inferred change in "set-point" in bats exposed to low 

ambient temperatures (3 to 5°C) was ju3t as evident as that at the 

high temperature. Upon being placed in the cold room in separate jars, 

the bats immediately commenced shivering and maintained their body 

temperature at the level just prior to entry into the cold. The bats 

finally reached a point where an observable cessation in body shivering 

occurred. At this point the inference was that the "set-point" had 
I* 

been shifted dov/nward. Evidence to support this inference came from 

measurements of rectal temperature in which immediately after the ces

sation of shivering a rapid decline towards values just above the 

ambient temperature occurred. The fact that the hibernating bats con

tinued to maintain a differential between their body temperature and 

the ambient temperature over extended periods of time is further 

evidence for a highly developed thermoregulatory mechanism and cautions 

against the equating of heterothermy with poikilotherrcy. 
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Dissection Procedures 

Since catecholamines and probably also serotonin are rela

tively stable in tissues kept at room temperature (Hokfelt, 1951), 

the absence of special rapid-freezing procedures for the bats' heads 

or brains did not appear to affect the results for monoamine concen

trations in the brain. This contention is supported by relatively 

small standard errors in each experiment (see, for example, Tables 

3, U and 5). 

Regarding dissection procedures of the hypothalamus, it should 

be obvious from the description in the methods section that, despite 

the relatively clear surface boundaries for the hypothalamus from the 

ventral aspect of the brain (Figure 1), anatomical boundaries especially 

in the adjoining region between thalamus and hypothalamus are absent. 

The absence of microanatomical distinctions in this region, as well as 

lateral boundaries of the hypothalamus, is well documented in the 

literature by a lack of consensus among microanatomists as to a precise 

definition of what constitutes the hypothalamus in any mammal (Zeman 

and Innes, 1963; Kuhlenbeck, 1954). 

Despite these difficulties, microanatomical investigation of 

unbiased selections of my dissections of the bat hypothalamus showed a 

fair consistency in the technique (see Figures 3-8). The anterior 

dorsal limit of the hypothalamus was defined by the anterior commissure 

(Figure 3)j although it was often damaged in the procedure, the anterior 

commissure or areas anterior or dorsal to it were not observed in 

serially sectioned, dissected hypothalami (Figure 6). The posterior 

limit of the hypothalamus vas clearly delineated on the surface by the 
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Table 4: Mean 5-HT and NE concentration (+ S.E.M.) in the 
hypothalamus of AntroEous pallidus adult females under three differ
ent acclimation conditions (Spring 1968). 

Three hypothalami pooled for each determination. N = 6 for 
each acclimation condition.. Paired comparisons were made using the 
Student's t test vith P = 0.05 taken as the level of biological 
significance. 

Monoamine Concentrations in Aig/gm vet weight 

Acclimation 

Five days at 
22-28°C 

2.96 + 0.03a,c 

5-HT 

3.36 + O.Hb 

5-KT/NS 

0.89 + 0.04d 

Four days at 
22-23°C followed 
by 24 hours at 5°C 

3.47 + 0.24a 4.02 + 0.13b 0.87 + 0.05 

Five days at 5°C 4.11 + 0.23c 4.04 ± 0.33 0.98 + 0.05d 

Five days at 5°C 3.81 ± 0.11 3.91 + 0.37 1.00 + 0.07 
followed by arousal 
to a rectal temper
ature greater than 
20°C 

a) significantly different P =0.05 

b,c) significantly different P<0.01 

d,e) not significantly different 0.2/>P>0.1 
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Table 5s Mean vholebrain minus hypothalamus 5-HT and HE 
concentrations (+ S.E.M.) of Antrozous -pallidus females under dif
ferent acclimation conditions (Fall 1967 and Spring 1968). 

Number of determinations in parentheses. Paired comparisons 
vere made using Student's t test, and the probability that the means 
are not significantly different is given by the "P - values". 

Monoamine Concentration Injqg/gm vet weight 

Acclimation 5-HT NE 5-HTAE 

Five days at 1.37 + 0.06a 0.74- + 0.02° 1.86 + 0.04 
22-28°C. 
Spring 1968 (6) 

24 hours at 1.40 + 0.08b 0.66 + 0.05d 2.18 + 0.18e 
30°C. 
Fall 1967 (7) 

Acute exposure 1.48 + 0.04 0.73 + 0.05 2.06 + 0.12 
(less than 3 ~ ~ 
hours at 3-5°C. 
Fall 1967 (7) 

Four days at 1.4.0 + 0.02 0.70 + 0.04 2.03 + 0.10 
22-23°C, followed 
by 24 hrs at 5°C. 
Spring 1968 (6) 

Five days at 2.68 + 0.1la O.46 + 0,03° 5.86 + 0.30e'̂  
5°C. Spring 
1968 (6) 

Five days at 2.80 + 0.16 0.51 + 0.05 5.73 + 0.41 
5°C, followed 
by arousal to 
rectal tempera
ture greater 
than 20°C. 
Spring 1968 (6) 

Six-veeks at 2.50 + 0.12b 1.11 + 0.05d 2.26 + 0.05f 

5°C. Fall 
1967 (5) 

All paired comparisons of the means (a through f) are highly 
significant, P4.0.001 



mammillary bodies (Figure 1) and, therefore, did not present a problem. 

Dorsal and lateral limits of the hypothalamus were the most difficult 

to define; however, even in these regions a fair consistency of 

dissection was substantiated by the microanatomical results. Dorsally, 

the nucleus habenularis and the entirety of the fasciculus retroflexus 

were excluded from the dissected hypothalamus and left intact in their 

respective positions (compare Figures 5 and 8 with Figure 7). Likewise, 

the lateral boundaries of the hypothalamus were defined by the exclu

sion of the globus pallidu3 (Figure 5). Besides the mammillary bodies, 

the dissected hypothalami were characterized by the infundibulum and 

both the ventromedial and dorsomedial nuclei (Figure 4) and the optic 

chiasm and area anterior hypothalami (Figure 6). 

From a purely technical standpoint evidence of microanatomical 

necrosis due to handling of the tissue before fixation and delays in 

fixation are readily apparent (Figures.3, 5 and 8), as compared to the 

wholebrain fixed in situ immediately after sacrifice of the bat 

(Figure 7). For reasons as discussed above there is no reason to 

assume that these observed necrotic changes had any effect on mono

amine concentrations. 

The other means by which consistency of dissection was eval

uated was by comparing hypothalamic wet weights within any one 

experiment (Table 2). Therefore, in any one experiment, the first 

"hypothalamus" that was dissected set the pattern for subsequent 

dissections for that particular day. Somewhat subjectively, it should 

be pointed out that the dissection procedures improved with experience 



and this contention is borne out by the statistical analysis of the 

data in Table 2. 

In addition to hypothalamic wet weights those of the whole-

brain minus the hypothalamus were also recorded (Table 2). An 

unexpected result was that the wholebrain minus the hypothalamus 

mean wet weight of control bats was significantly lower (P-̂ 0.001) 

than that of bats which had bson collected at the same time but had 

been placed into hibernation for six veeks (Table 2), This increase 

in brain wet weight during hibernation occurred despite a mean de

crease in body weight of 17.9£ (range: 11.7;2 to 25.3,?). The increase 

in brain wet weight associated with hibernation also occurred in the 

spring 1963 experiments when bats were placed into hibernation for 

only five days (Table 2). This significant increase in brain vet 

weight (P ̂ 0.02) could not be correlated with any significant increase 

in brain soluble protein nor could it be due to hyperplasia as shown by 

comparable DNA contents in both hibernating and active bats (Table 6). 

Specificity of Extraction Procedures 

In general fluorometric readings of extracted bat brain tissue 

displayed characteristic activation and emission peaks similar to those 

of unextracted 5-HT and NE standards or to those obtained from internal 

standards added to brain tissue. Although the extraction of only one 

wholebrain minus its hypothalamus was sufficient to give characteristic 

peaks for both monoamines, the pooling of a minimum of three Antroaous 

pallidus hypothalami was necessary to obtain similar peaks (Figures 9, 

10 and 11). The emission spectra under the respective oxidation 



Table 6; Protein, RNA and DNA content expressed per brain in Antrozous nallldus adult 
females during the active state and after one week in hibernation. 

Protein and DNA wore estimated by coloring try, while RNA was estimated by absorption 
spectrophotometry (see Materials and Methods section). The results are tabulated as the mean 
+ the standard error. Number of determinations are in parentheses. P = 0.05 was considered 
the level of biological significance and n.s. indicates that the difference between the two 
means is not significant. 

Content of Macromolecule in One Brain 

Macromolecule Active Bats Hibernating Bats 

24.3 + 0.3 (6) 

P 

Lowry Protein 
(in milligrams) 

23.2 ± 0.9 (7) n.s. 

DNA 183.6 + 17.0 (5) 217.6 + 7.0 (5) n.s. 
(in micrograms) 

RNA 439.5 + 6.7 U) 519.6 + 9.2 (5) < 0.001 
(in micrograms) 
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procedures for each amine are quite specific and neither amine inter

fered with the determination of the other (Maickel et al., 1968; 

Figures 9> 10 and 11). 

A comparison of the Maickel, Cox, Saillant and Miller (196S) 

technique (used exclusively for the monoamine determinations on bat 

brains) to the Shore and Olin (1958) technique - homogenization 

performed in 0.1N HG1 and monoamines extracted into salt-saturated 

butanol - was performed to determine the specificity and sensitivity 

of the former method. It was found that the Maickel et al. (1963) 

procedure gave specific 5-HT and IE emission peaks similar to those 

obtained by the Shore and Olin (1958) method, although only a compari

son of the 5-HT spectra are presented (Figures 9 and 10)j furthermore, 

the former procedure was approximately twice as sensitive as the latter 

in detecting nanogram amounts of tissue monoamines. Cue to an over

sight by the author, only the spectra for N3 extracted from wholebrain 

and three pooled hypothalami by the Shore and Olin (1958) method are 

presented (Figure 11). Although a characteristic IE emission peak for 

the pooled hypothalami is absent (Figure 11), such a peak was routinely 

obtained in the Maickel et al. (1968) extraction of pooled bat hypo

thalami by manual readings around the emission peak. 

Seasonal Differences in Monoamines 

Tables 2-5 present results of experiments on A. nallidus adult 

females performed at two distinct seasons of the year - i.e., bats col

lected in the fall before natural hibernation and bats collected in the 

spring immediately after natural hibernation. These times correspond 
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to months at vhich Menaker (1962) demonstrated that true hibernation -

in contrast to hypothermia - was effective for Kvotl3 lucifugus females. 

There was no significant difference between control 5-HT and KE 

concentrations in the vholebrain in the fall as compared to the spring 

(Table 5), despite large differences in vholebrain wet weights (Table 2). 

However, significant seasonal differences (P 40*001) between control 

monoamines in the hypothalamus were apparent (Tables 3 and 4)• 

Despite a significant difference in the absolute amine concen

trations in the hypothalamus of control bat3 during the fall and spring, 

the hypothalamic 5-HT to I® ratio remained and behaved remarkably 

similar in both cases (Tables 3 and 4). This relative constancy of the 

5-HT to IS ratio permitted an averaging of certain values to give a 

composite, hypothalamic 5-HT to 1® ratio curve during the entrance into 

and maintenance within hibernation (Figure 12). 

Monoamine Changes: Increased "Set-Point" 

Hypothalamic monoamines were measured in control bats, whose 

mean rectal temperature was 30.6 + 0.2°G, and in bats induced to fly 

for ten minutes (mean rectal temperature = 40.1 + 0.1°C), For unknown 

reasons two of the bats which had been induced to fly only increased 

their rectal temperatures to slightly above 34°0j upon measurement of 

hypothalamic 5-HT one was observed to have no measurable amine, while 

the other gave a hypothalamic 5-HT value significantly lower than the 

other flying bats - i.e., 1.07 jug/gm vet weight. These two individuals 

were not included in the reduced data. 



In this experiment only one hypothalamus was extracted for each 

determination of the amines, and valid norepinephrine determinations 

could not be made since the fluoronetric readings were not significantly 

above the reagent blanks. On the other hand, all the 5-HT readings were 

significantly above reagent blank but characteristic emission peaks were 

generally absent. Nevertheless, the presence of broad emission peaks in 

the highest readings were similar to emission peaks obtained from read

ings on exceedingly small amounts of authentic 5-HT - i.e., less than 

20 nanograms per ml. (see Figure 9). Calculated concentrations of the 

hypothalamic 5-HT per gram weight included an estimated 35,5 recovery for 

the amine, which was based on the best extraction of 100 nanograms of 

known 5-HT in the absence of tissue. 

Statistical analysis of the data gave a mean hypothalamic 5-HT 

concentration of 1.15 + 0.29 jug/gm at the resting body temperature and 

a mean 5-HT concentration of 2.86 ± 0.70 j.\g/gm hypothalamus at the flying 

temperature. Application of Student's t test, with eleven degrees of 

freedom, showed a significant difference between the two means, P̂ -0.05. 

The mean 5-HT concentration calculated on the basis of the extraction 

of only one hypothalamus from the bat resting at an ambient temperature 

of 30°C - i.e., 1.15 + 0.29,/ig/gai. - was not significantly different from 

the mean 5-HT concentration based on the pooled extraction of three 

hypothalami of A. pallidus at a similar ambient temperature - i.e., 

1.57 + 0.11jug/gm (Table 3), although the variation was much greater when 

only the one hypothalamus was extracted. 



38 

Monoamine Changes; Decreased "Set-Point" 

Exposure to ambient temperatures of 3-5°C for less than three 

hours - also referred to as "acute exposure" - significantly increased 

hypothalamic 5-HT levels (P<£ 0.01) but did not significantly alter the 

NE levels (Table 3). Due to the greater variation in the NE measure

ments, however, the significant increase in the 5-HT level in the hypo

thalamus was not reflected in the calculated 5-HT to MS ratio which 

remained unchanged (Table 3, Figure 12). 

Despite the higher values for the absolute concentrations of 

hypothalamic 5-HT and IE during the spring determinations, the signifi

cant increase in both 5-HT and NE after 2/+ hours hibernation (P = 0.05 

and P<0.01, respectively; Table 4) are consistent with the results 

obtained in the fall (Table 3). By five day3 in hibernation, the sig

nificant increase in hypothalamic 5-HT while NE remained essentially 

unchanged resulted in a substantial increase in the 5-HT to HE ratio 

but this increase was not quite up to the selected (P = 0.05 level of 

biological significance (0.2>P>0.1; Table Figure 13). 

There were no significant changes in the hypothalamic nor whole-

brain 5-HT or HE concentrations nor in the 5-HT to NE ratio of bats 

which had been aroused from five days hibernation to rectal temperatures 

greater than 20°C (Tables 4 &cd 5). Finally, by comparing the six week 

hibernation data collected in the fall with those results of the spring, 

the increase in hypothalamic 5-HT and NE concentration at six weeks 

hibernation as compared to either the controls or the five day hibernat

ing bats is highly significant (P 4,0.001). 
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The hypothalamic 5-HT to NS ratio by six weeks hibernation also 

increased significantly over either the control values of the bats 

studied in the fall, P ̂ 0.001 or the control values of bats studied 

in the spring, P4 0.02 (Tables 3 and 4-J Figure 12). This steady in

crease in the hypothalamic 5-HT to IE ratio during hibernation is in 

contrast to the wholebrain 5-HT to NS ratio which displays a tremendous 

increase during the initial stages of hibernation but returns to normal 

values by six v/eeks hibernation (Figyre 12). 

Wholebrain 5-HT and NE levels during the cold-acclimation ex

periments are presented in Table 5 and Figure 14.. No significant alter

ation of either aiaine's concentration was observed after tho acute ex

posure to cold nor during exposure to 24. hours of cold (Table 5). These 

results contrast with the findings of the 5-HT and NE concentration 

changes in the hypothalamus during the same acclimation conditions 

(Tables 3 and 4-)» On the other hand, a significant wholebrain increase 

in 5-HT (P̂ O.OOl) and decrease in NS (P 4.0.001) was found after five 

days hibernation (Table 5j Figure 14.). 

By six weeks in hibernation the IE concentration in the whole

brain rose to significantly higher values (P 4,0.001) as compared to any 

other time studied; however, despite this large change in wholebrain NE 

concentration, there was no change in wholebrain 5-HT concentration 

(Table 5; Figure 14.) which resulted in a return of the wholebrain 5-HT 

to NE ratio to that found in active bats (Figure 12). This phenomenon 

is discussed in the light of evidence that supports a general increase 

in the NS concentration of various body tissues in animals exposed to 

acute cold for extended periods (see Discussion). 
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Monoamine Changes: Relationship to Protein. DNA and RNA 

Although the monoamine data was expressed per wet weight- of 

brain (Tables 3, 4 and 5) which has been the common practice in the 

neurochemical literature, a more critical procedure might be to express 

monoamines in terms of some more stable brain constituent. Such a 

practice seems to be justified, especially in the light of the wet 

weight changes found in the wholebrain during hibernation (Table 2). 

Of the multitude of brain constituents which might be used in this 

respect, cell number as quantified by DNA content was considered to be 

the most constant. This selection was made on a priori reasoning, since, 

at least in other mammals, it can be assumed that adult neurons do not 

generally divide (Hydbn, 1967). In addition to DNA estimations RNA and 

protein estimations were made on active bats and bats which had been 

hibernating for one week. 

Table 6 summarizes the DNA, RNA and protein content as expressed 

per brain of active vs. hibernating Antrozous pallidus adult females. 

Neither the DNA nor the protein was significantly different (P 0.1 for 

both macromolecules) when comparing the active with the hibernating bats. 

On the other hand, RNA content showed a highly significant (P<0.001) 

increase in the brains of hibernating bats as compared to the active con

trols. 

Table 7 reports the concentrations of DNA, RNA and protein as 

expressed per wet weight of brain. These calculations were performed 

and reported, since estimations of the respective macronolecules in 

other mammalian brains have been expressed per wet weight of tissue 



(see Discussion). Again, DNA and protein appear to remain constant, 

whereas RNA significantly (P< 0.05) increased in the brains of the 

hibernating bats (Table 7). 

Assuming that the DNA content of the bat ,brain during hiberna

tion continued to remain constant beyond one week hibernation, Table 8 

faithfully portrays the monoamine changes in Antrozous pallidus adult 

females expressed on a DNA basis. The general trends for both 5-HT 

and NE concentrations expressed in this way are similar to the concen

trations expressed on a wet weight basis (compare Table 8 to Table 6). 

The principal difference is that the 5-HT and IE concentrations on a 

DNA basis after six weeks hibernation appear to increase to higher 

relative values than do the 5-HT and NS concentrations on a wet weight 

basis. 

Wholebrain Treasurer,ents on Other Species 

In the course of the above experiments it was found that the 

wholebrain 5-HT to IS ratio (5-HT/NE) in Antrozous pallidus was con

sistently above 2.0. The wholebrain 5-HT to NS ratio is 1.00 and 1.10, 

respectively, in the rat and the rabbit, and tends to be fairly clo3e to 

1.00 in other mammals studied (Brodie, Bogdanski and Bonomi, 1964-). Since 

birds have a wholebrain 5-HT to NE ratio of close to 2.00 (Brodie, 

Bogdanski and Bonomi, 1964), the high 5-HT to NE ratio found in the 

wholebrain of A. pallidus might correlate with its adaptation to flight, 

but it might also be correlated with its adaptation to heterothermy. 

To distinguish between these possible correlations, 5-HT to NE 

ratios were studied in vholebrains of other bat species - both 
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Table 7: Protein, DNA and RNA concentrations in the brain 
of Antrozoug nallidus females during the active state and after one 
veek in hibernation. 

Protein vas determined by the Lowry mathod and is expressed 
as percent of wet-v;aight. DM was determined by a modified dipheny-
lamine method and RNA was determined by absorption of the alkaline 
hydrolyzate at 260 15U. The results are tabulated as the mean + the 
standard error. Number of determinations are in parentheses. See 
text for full description of extraction and chemical estimation of 
protein, DNA and RNA. 

Concentration per v;at weight of brain 

Active Bats Hibernating Bats P 

Lovry Protein 8.80 + 0.21̂  (7) 9.30 + 0.15$ (6) n.s. 

DNA 0.72 + 0.0ô Ug/mg (5) 0.81 + 0.04 ̂g/mg (5) n.s. 

RNA 1.72 + 0.06 jag/mg (4) 1.92 + 0.05 jug/rag (5) A
 
o
 

•
 
o
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Table 8: 5-KT and NE concentrations of wholebrain of active 
and hibernating Antrozou3 pallldus females expressed per DNA concen
tration. 

Mean values + the standard error are presented with the 
number of determinations in parentheses. The DNA value used for all 
the determinations was 0.765Jig or the average value for the two mean 
DNA concentrations for active and hibernating bats (see Table 7). 

Monoamine Concentration 
(nanogram amine per Ms DNA) 

Acclimation 
Conditions 5=HT NB 

172 + 16.5 (7)d,e 24-hours 
at Ta = 30°C 

345 ± 16.6 (7)a,b 

Acute exposure 
(less than 3 h 
to 3-5°C 

hr) 
368 + 10.2 (7) 182 ± 10.8 (7) 

One day at 346 + 5.8 (6) 174 ± 9.0 (6) 

5 days at 703 + 22.4 (6)a,c 120 + 5.8 (6)d 

T = 5°C 
a 

Six weeks at 887 ± 32.5 (5)b,c 394 ± 13.0 (5)d,e 
Ta = 5°C 

a, b & e) significantly different, P4.0.001 

c) significantly different, P̂ O.Ol 

d) significantly different, P̂ O.02 
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hibernators and non-hibernators, as well as in one heterothermic mammal 

not adapted to flight - i.e., the round-tailed ground squirrel, Citellus 

•teritecaudus. The methods of measurement for 5-HT and NS are the same 

as those described above. No attempt was made to change the "set-point" 

in these experiments. 

The results of wholebrain determinations on additional bat 

species at ambient temperatures between 22 and 23°C are presented in 

Table 9. All bats thus far studied, with the exception of Tadarida 

braziliensis. have a wholebrain 5-HT to IE ratio greater than 2.00. 

The 5-KT to NE ratio in the normothermic ground, squirrel, Citellu3 

teritecaudus. a hibernator, was 1.42 ± 0,11 (Table 9)* 
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Table 9s Mean vholebrain 5-HT and NE concentration 
(+ 3.E.M.) and 5-HT/ME ratios (+ S.E.M.) of representative species 
of three families of bats and one squirrel, Citellus teritecaudus 
(a hibernator). 

All animals under normothermic conditions, i.e., not hiber
nating, Numbers in parentheses represent the number of determinations. 

Monoamine Concentration in Atg/gm vet veight 

Species 5-HT NB 5-HT/KE 

Antrosous 1.40 + 0.08 0.66 + 0.05 2.18 + 0.18 (7) 
pallidum 
(Vespertil-
ionidae) 

Mvotis 2.09 + 0.04 0.73 ± 0.02 2.88 + 0.07 (7) 
velifer 
(Vespert,) 

Glossophagu.3 1.14 + 0.03 0.52 + 0.05 2.28 + 0.18 (7) 
soricina 

atidae) 

Tadarida 0.95 ± 0.04 0.73 ± 0.06 1.34 ± 0.08 (7) 
braziliensis 
(MolossidaeJ 

Citellus 0.69 + 0.02 0.50 + 0.04 1.42 + 0.11 (7) 
teritecaudus 



DISCUSSION 

Inferences on "Set-Point" Changes 

The concept of thermoregulation through proportional "set-point" 

control was developed to explain temperature regulation in homsothermic 

mammals (Hammel et al., 1963). The applicability of this concept to 

thermoregulation in heterotherms, however, does not seem to have been 

thoroughly investigated. Nevertheless, the suggestion that hetero

therms evolved from homeotherms rather than vice versa (Twente and 

Twente, 1964) has the logical counterpart that the basic mechanism for 

proportional "set-point" control may be common to both groups of mammals. 

The experiments described herein support this notion and further suggest 

that the basic "set-point" mechanism of homeotherms has simply been 

broadened by heterothermic mammals. 

In the absence of thermal-clamp experiments of the type per

formed in dogs (Hanrael et al., 1963), what is the evidence for the 

existence of "set-points" and, therefore, proportional "set-point" 

control in bats? The existence of a high "set-point" is suggested by 

three main observations: i) the existence of circadian rhythms around 

a high, median temperature of approximately 37.5°C (Kulzer, 1967); 

ii) intense thermogenic activity during arousal from hibernation (Lyman 

and Chatfield, 1956; personal observations); and iii) intense thermo

genic activity in preparation for flight (Reeder and Cowles, 1951; 

Figure 2). Similarly, the existence of a low "set-point" is suggested 

by circadian rhythms around a low, median temperature of approximately 

46 
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6°C (Menaker, 1959). Furthermore, the hibernating bat maintains a 

small differential - sometimes only about 1°C - between its body tem

perature and that of the environment (Menaker, 1959; personal observa

tions). The above facts suggest a very fine control - i.e., "set-point" 

temperature - towards which the thermoregulatory mechanisms of the 

animal approximate by reducing the thermal load. 

As to the intermediate or resting "set-point", one argument has 

been that it does not exist: the resting bat simply fails to reduce 

its thermal load between its body temperature and the high "set-point". 

Against this interpretation, however, is the observation that, even when 

resting, the bat maintains a small differential between its body tem

perature and the ambient temperature, which suggests a "set-point" 

temperature slightly above ambient. More convincing evidence, however, 

for the existence of the intermediate "set-point" are my observations 

on Antroaous mllidus adult females after being moved from the 30°C 

constant temperature room to the cold-room. Immediately after the move, 

the bats began shivering and thereby maintained their body temperatures 

which existed prior to being placed in the cold. The maintenance of 

this body temperature - in some cases for as long as three hours -

strongly supports the existence of an intermediate "set-point" temperature. 

As will be recalled, two inferences as to "set-point" changes 

were particularly germane to the theoretical bases for the experimental 

protocol. On the one hand was the inference relating to the change to 

the high "set-point" - i.e., inferred to occur at the onset of thermogenic 

behavior before flight activity. On the other hand was the inference 

relating to the change to the low "set-point" - i.e., inferred to occur 



shortly after the cessation of thermogenic behavior in bats moved to 

the cold-room. Assuming that the above logical progressions in favor 

of the existence of at least three distinct "set-points" are correct, 

vhat can bs said about the validity of the two inferences on "set-

point" changes? 

Of the two inferences, that relating to the high "set-point" 

change seems the more tenable, since active thermogenic behavior - i.e. 

shivering - could be associated with an increase in body temperature 

resulting in flight behavior. Therefore, the postulate is that the 

observable thermogenic mechanisms are acting to reduce the thermal load 

between the initial body temperature (approximately 30°C) and the 

newly changed "set-point" temperature (approximately /+0°G). 

In contrast, the inference relating to the low "set-point" 

change is slightly weakened by the absence of any observations of a 

positive physiological heat-loss mechanism by which the body temperature 

was actively lowered. Therefore, although unlikely for reasons dis

cussed above, the cessation of shivering could represent a failure to 

maintain the intermediate "set-point" rather than a shift to the low 

"set-point". Nevertheless, the fact that the bats' body temperatures 

do not descend to values equivalent to the ambient temperature in the 

cold-room, but remain at a "safe" point above ambient temperature, 

implies that a lower "set-point" is set at some time between the ces

sation of shivering and the attainment of the new median (with respect 

to circadian rhythms) body temperature. The time course of this latter 

process, a3 reported in the results section, occurred in minutes. 



In unpublished experiments in which Antroaous pallidas females 

were given the drug chlorpromazine (dose = 10 mg/Kg, i.p.) before being 

placed in the cold, it was observed that the bats did not shiver upon 

being placed in the cold and their body temperature fell rapidly to the 

ambient temperature at which point, or shortly thereafter, they died. 

Since there is evidence that the hypothermic effect of chlorpromazine 

at ambient temperatures below thermoneutrality in rats is directly 

mediated by the anterior hypothalamus (Rewerski and Jori, 1967), it is 

reasonable to assume that chlorpromazine acts by abolishing central 

control of thermoregulation. As compared to saline-injected controls, 

the rate of decrease in body temperature in bats treated with chlor

promazine was much greater. These observations on the bat further 

support the existence of a central control mechanism in heterotherms 

which is similar to that in hoasothsrms. This is consistent with the 

report by Hoffman and Zarrov (1953) in which a rapid decrease in body 

temperature was induced by chlorpromazine injection (10 mg/Kg) in the 

rat, hamster and ground squirrel. 

Dissection Procedures 

With respect to the hypothalamic dissection procedure, it should 

be remembered that th9 dorsal and lateral boundaries of the hypothalamus 

are not clearly distinguished from adjacent brain regions (Zeman and 

Innes, 1963). This ambiguity undoubtedly resulted in dissection errors, 

Hov?8ver, sines thermoregulatory centers appear to ba located in the 

anterior and posterior regions of the hypothalamus (Bligh, 1966; Hammel 

et al., 1963) - regions which were invariably included in my dissection 
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of the hypothalamus, I doubt that variability as to slight differences 

in content of dorsal or lateral "hypothalamic" tissue affected the 

overall outcome of the results. Indeed, 5-HT to NE ratios in the hypo

thalamus remained very comparable with respect to seasonal differences 

and the changes of this ratio during hibernation at the two seasons 

vas consistent (Tables 3 and U). Furthermore, dissections made on any 

one day were highly reproducible (Table 2) and this fact, supported by 

the histological evidence (Figures 3-8) and the relatively small 

standard errors for both 5-HT and NE determinations (Tables 3 and U), 

lends confidence to the experimental results. 

Specificity of the Monoamine Extraction Procedure 

Since certain aspects of this discussion have already been pre

sented in conjunction with the results (please see "Results" section), 

the following discussion is limited to the most pertinent features of 

the method. 

Characteristic absorption and emission peaks were obtained for 

both 5-HT and NE extracted from one wholebrain or three pooled hypothalami 

of bats (Figures 9, 10 and 11). Furthermore, recovery of internal 5-HT 

and EE standards, which were added to aliquots of wholebrain or hypo

thalamic butanol honogenates, was of the order of 85 - 100̂  for 5-HT 

and 60 - for NE. 

According to the tests for the specificity of 0 - phthalaldehyde 

performed previously (Maickel et al., 1968), only 5-hydroxytryptophan 

and 5-Eiethoxytryptamine are possible interfering substances in this 

extraction procedurej these latter substances, however, are only found 
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in insignificant amounts in mammalian brain tissue (Maickel and 

Miller, 1967} Bogdanski et al., 1956). None of the common metabolic 

precursors nor metabolites of norepinephrine gave a positive reaction 

with O-phthalaldehyde. Finally, by this method neither amine inter

fered with the determination of the other (Maickel et al., 1968j 

personal observations). 

Seasonal Differences in Monoamines 

Although the question of brain monoamine endogenous rhythms -

daily or seasonal - was not specifically investigated in the bat, the 

fall and spring hibernation experiments permit a reasonable comparison 

of wholebrain (Table 5) and hypothalamic (Tables 3 and A) monoamines. 

Under relatively constant ambient (light and temperature) conditions 

no significant difference between wholebrain 5-HT and NE determinations 

was evident for the control bats studied in the fall of 1967 as compared 

to those studied in the spring of 1963 (Table 5). Moreover, what ap

pears to be a seasonal difference in hypothalamic monoamine concentra

tion expressed per wet weights (compare "controls" Tables 3 and 4.) can 

be accounted for by the decrease in wet-veight (dissection bias ?) in 

the spring. 

Cyclic seasonal differences in brain serotonin and epinephrine 

have been reported for a poikilothermic vertebrate - namely, the toad 

Bufo arenarum (Segura, Biscardi and Apelbaum, 1967). Also, a cyclic 

annual change in cerebral norepinephrine has been reported for the rat 

(Beauvallet, Fugasza and Solier, 1962), although no such change has been 

reported for mammalian brain serotonin. In both of the above cited 



studies care was taken to maintain constant lighting and temperature 

throughout the year. 

Although brain serotonin concentration in Antrozoua mllidus 

increases and norepinephrine concentration initially decreases as the 

bat goes into deep hibernation (Figure 14)> even a similar occurrence 

in the bat in its natural habitat would not imply the existence of an 

annual periodicity in brain monoamines. Thus, a distinction is made 

between endogenous seasonal rhythms and those which depend upon an 

exogenous "Zeitgeiber" - in this case a change in ambient temperature. 

It is quite possible that a seasonal cycle in brain monoamines 

exists in the bat and might be revealed by comparing "winter" bats with 

"summer" bats under constant ambient conditions. The rationale for 

this speculation is founded in Menaker's observations - namely, "true" 

hibernation in Myotis lucifugus is only achieved during one season 

which extends from September through May (Menaker, 1962). 

Monoamine Changes; Increased "Set-Point" 

In the bat, Antroaous pallidus. an inferred increase in "set-

point" temperature was correlated with a statistically significant 

(P 4,0.05) increase in hypothalamic 5-HT concentration. Unfortunately, 

norepinephrine was not adequately determined at the same time and, 

therefore, no evidence exists for or against a change in the 5-HT to 

NE ratio. 

Recently it has been shown in rats that stimulation of the 

caudal midbrain raphe by chronically implanted electrodes results in a 

significant increase in colonic temperature which is correlated with 
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5-HT changes in the forebrain (Sheard and Aghajanian, 1967). These 

experiments on the rat indicate a decrease in forebrain 5-HT and an 

increase in 5-hydroxy-indole-acetic acid - i.e., the catabolic product 

of the action of monoamine oxidase on 5-HT. According to the dissection 

procedures of Sheard and Aghajanian (1967), the forebrain included 

thalamic, cerebral and other structures in addition to the hypothalamus. 

Norepinephrine levels were not reported so it is not certain whether 

the observed change in 5-HT was also reflected in a changed 5-HT to 

N£ ratio. 

In contrast to the above results on the rat are my findings on 

A. pallidus where a natural increase in colonic temperature was cor

related with an increase in hypothalamic 5-HT. In repeating the ex

periments on the increased "set-point" in bats, both hypothalamic and 

entire forebrain determinations should be made for 5-HT, 5-HIAA and 1®. 

In the absence of such studies, it should be emphasized that the ob

served increase in hypothalamic 5-HT concentration was the only instance 

of a positive temporal correlation between brain amine concentrations 

and "set-point" change, the change in the amine occurring within ten 

minutes of the inferred "set-point" temperature change (Figure 2). 

Monoamine Changes: Decreased "Set-Point" 

The inferred "set-point" decrease in Antrosous pallidus during 

cold acclimation is characterized by a trend towards a gradual increase 

in the 5-HT to NS ratio in the hypothalamus, whereas the 5-HT to KB 

ratio in the wholebrain remains constant for the first twenty-four hours, 

reaches a peak by about five days hibernation and then returns to con

trol values by six weeks hibernation (Figure 12). 



The increase in hypothalamic and wholebrain 5-HT concentration 

of the bat during cold-acclimation is consistent with the reported re

sults on the only other thermoregulation study of brain monoamines in a 

heterotherm - namely, Uuspaa's study of the hedgehog, Erinaceus euronaeus 

(Uuspaa, 1963a and 1963b). However, whereas my results indicate an in

crease in both hypothalamic monoamines during long-term hibernation, 

Uuspaa (1963b) found a decrease in brain norepinephrine. Depending on 

the period of time the hedgehogs were maintained in hibernation (not 

clearly stated for the HS determination in Uuspaa's 1963b paper), a 

reconciliation of Uuspaa's results with mine is possible. Uuspaa (1963b) 

reports a decrease of wholebrain IS in the hedgehog from 0.62 + 0.02 

/xg/gm. (awake animal) to 0.43 ± 0.04jug/gm (hibernating animal). These 

values are quite comparable to the IE values for the bat wholebrain be

fore and after five days hibernation (Table 5, Figure 14-). Since there 

is evidence for progressive and continuous changes during the hibernation 

season (Strumwasser, Schlechte and Streeter, 1967), neurochemical and 

other physiological measurements should be performed with cognizance of 

the overall time scale of hibernation as well as to possible circadian 

variations within the organism. 

With respect to the increases in both 5-HT and KB wholebrain 

concentrations after six weeks in hibernation it should be noted that 

these increases - expressed as;ug amine per wet weight - were evident 

despite an increase in wet weight of the brain (Table 2). As compared 

to the controls, the relative increase of wholebrain monoamines after six 

weeks in hibernation is most significant when expressed on a DNA basis 

(Table 8). 
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Slight decreases in hypothalamic and wholebrain NE concentra

tion have been reported during early stages of cold-acclimation in rata 

(Ingenito, 1968), but the possibility that this depletion is due to a 

non-specific stress effect cannot be ignored since it has also been 

reported in rat wholebrain following other types of stress (Maynert 

and Levi, 1964} Ingenito, 1968). 

The significant increase of both hypothalamic and wholebrain NE 

after six weeks hibernation may also be a non-specific effect of a 

general metabolic need for catecholamines in the tissues in response to 

chronic cold-exposure. For instance, catecholamine increases in various 

peripheral tissues of chronically cold-stressed homeotherms has received 

extensive documentation (Leduc, 1961; Carlson, 1966). 

The calorigenic role of catecholamines is thought to be due to 

their stimulatory effect on gluconeogenesis through glycogenolysis and 

free fatty acid mobilization (Svedmyr, 1967). There is no reason to 

assume that this general metabolic role for catecholamines in brain 

tissue is any different} however, the brain cannot depend on large 

adrenomedullary stores of catecholamines for its metabolic needs since 

catecholamines do not readily cross the blood brain barrier (Udenfriend, 

Weissbach and Bogdanski, 1957; Iversen, 1967a). 

Although both monoamines are increasing in the bat hypothalamus 

during cold-acclimation, there is a larger increase in the hypothalamic 

5-HT with respect to the increase in IE. This observation is clearly 

revealed in the significant increase in the 5-HT to NE ratio in the 

hypothalamus during hibernation (Table 3, Figure 12)-. 



Considering either the hypothalamic or the wholebrain monoamine 

concentration changes during cold-acclimation, my results on- the bat and 

the results of Uuspaa (1963a, 1963b) on the hedgehog contrast markedly 

with those on the rat in which no significant changes in wholebrain or 

hypothalamic 5-HT were apparent even after chronic cold-acclimation for 

thirty days (Ingenito and Bonnycastle, 1967). Since the rat3 colonic 

temperature only dropped by approximately 1.5°C over the entire chronic 

cold-acclimation period at 3-5°C ambient temperature (Ingenito and 

Bonnycastle, 1967), it is indeed presumptuous to try and distinguish be

tween the alternate possibilities of either a "set-point" change or the 

inability (due to physiological stress ?) of the rat to reduce its 

thermal load under the extreme conditions. Even granting the possibility 

of a "set-point" change corresponding to the slight decrease in rectal 

temperature, a correlated change in absolute hypothalamic or wholebrain 

amine concentrations might go undetected. Considering the magnitude of 

the inferred "set-point" change in the bat during hibernation or in pre

paration for flight, the correlated changes in the absolute concentra

tions of hypothalamic and wholebrain 5-HT and N3 may be more meaningful. 

It should be stressed, however, that the change in hypothalamic 

or wholebrain monoamines in the bat acclimated to low ambient tempera

tures did not occur concomitantly with the inferred change in the "set-

point". Superficially, this observation refutes the hypothesis that the 

relative hypothalamic (or brain) 5-HT and NE concentrations control the 

"set-point" temperature (Feldberg and Myers, 1963). In this respect, 

the data on the bat agree with that on the rat in which no change in 



hypothalamic or wholebrain 5-HT or NS concentrations could be observed 

during low temperature acclimation (Ingenito and Bonnycastls, 1967). 

On the other hand, knowledge about absolute concentrations of 

either 5-HT or NE may or may not imply anything about their respective 

turnover rates. Thus, Draskoczy and Lyman (1967) found no difference 

between wholebrain ME concentrations of active and hibernating ground 

squirrels, 0.479 ± 0.024J*g/gn and 0.417 + 0.036jQg/gm, respectively; 

they did, however, find that the turnover of brain N3 (as measured by 

incorporation of Ir - D0?A) was negligible in ground squirrels entering 

hibernation as compared to active controls (Draskoczy and Lyman, 1967). 

These authors conclude that the observed complete lack of activity of 

the adrenergic neurons (absence of IE turnover) of the brain may be the 

cause, not a result, of hibernation (Draskoczy and Lyman, 1967). Con

tinued absence of activity in the adrenergic neurons could be expected 

to result in a decrease in the absolute concentration of brain norepine

phrine in the bat (Table 5, Figure 14) and in the hedgehog (Uuspaa, 

1963b). Turnover studies on brain 5-HT in a hibernator have not been 

reported in the literature. 

Referring to-the functional brain divisions described by Hess 

(1954), Brodie, Bogdanski and Bonomi (1964) point out that 5-HT inte

grates parasympathetic activity with somatomotor activities to produce 

patterns of behavior which are recuperative and protective in nature and 

norepinephrine integrates sympathetic activity with somatomotor activi

ties to produce patterns of behavior which require energy. In his now 

classic study on hibernation in the ground squirrel, Citellus bechsvi. 



Strumwasser (1959) gives evidence that entrance into hibernation is 

correlated with a shift of balance towards the parasympathetic system. 

Unlike the bat, the ground squirrel enters hibernation by a series of 

"test drops" in colonic temperature (Strumwasser, 1959), which might 

correspond to graded "set-point" changes. 

The increase in steady state hypothalamic 5-HT observed in 

Antrozous pallidum during, or shortly after, entrance into hibernation 

might well reflect a shift to the parasympathetic nervous system. In 

the absence of turnover studies, it can be reasonably assumed that this 

increase in hypothalamic 5-HT concentration, whether it is due to a 

decrease in monoamine oxidase activity or an increase in enzyme activity 

responsible for synthesis of the amine, represents an increased bound 

5-HT fraction in the hypothalamus. However, if changes in the "set-

point" are due to the release of one or the other amine at a specific 

site, then it could be postulated that the steady build-up of intra-

neuronal 5-HT concentration is destined for release at some later time 

and, therefore, may not be involved with the lot/ering of the "set-point". 

Once the bat is in deep hibernation the next natural event in 

which a "set-point" change might be inferred is upon arousal. According 

to Twente and Twente (1964), an important characteristic of heterothermy 

is the animal's capability to spontaneously raise its body temperature 

to that of activity "through some unknown physiological means". Such a 

functional role for 5-HT during spontaneous arousal would be consistent 

with the "recuperative and protective" patterns of behavior which have 

been ascribed to this amine in the central nervous system (Brodie, 

Bogdanski and Bonomi, 1964). Again, in the absence of turnover data, 



there did not appear to bs any change in either hypothalamic or whole-

brain 5-HT "steady state" concentrations following arousal from five 

days of hibernation (Tables U and 5). Likewise, there were not any 

changes in N3 concentration immediately after the completion of this 

event (Tables 4 and 5). 

Of course, the major means by which norepinephrine is inactivated 

at the synapse is by re-uptake by the pre-synaptic nerve endings 

(Iversen, 1967b). If this should also be shown to be the physiological 

mechanism by which 5-HT is inactivated at the synapse, then the main

tenance of steady state 5-HT and IS levels in the brains of animals im

mediately following a change in "set-point" would be expected. Thus, in 

common with so many other questions of brain function, the solution of 

the problem regarding the control of the central body thermostat awaits 

detailed information on precise mechanisms at central synapses. 

Monoamine Changes: Relationship to Protein. PITA and RNA 

The use of brain wet weight as an index for expression of mono

amine concentrations is a commonly used and convenisnt procedure. How

ever, interpretations based on this type of data may be misleading if, 

for instance, other fundamental cellular and/or tissue components vary 

in accordance with the monoamine changes. For this reason wholebrain 

DNA and protein were determined for hibernating and awake bats. Ancil

lary to these determinations, and because the experimental design 

permitted it, RNA was also estimated. 

As reported in Tables 6 and 7, brain DNA and soluble protein 

content remained essentially the same before and after one week 



hibernation. These findings suggest that the monoamine changes 

(increase in 5-HT and decrease in NS) which occurred after five days 

in hibernation are independent of any basic cellular changes - i.9., 

brain cell number or protein content. Furthermore, when expressed on 

a DIIA basis rather than per wet weight, the changes in brain 5-HT and 

N3 after six weeks hibernation appear to be highly significant either 

in comparison to mean levels for non-hibernating bats or for bats which 

had hibernated for five days (compare Tables 5 and 8). 

The increase in brain wet weight during hibernation (Table 2) 

also appears to be independent of protein and DMA content in this organ. 

Possibly, the observed increase in brain wet weight was due to an in

creased water content of the brain. Unfortunately, comparisons of water 

content of hibernating bat brains with that of controls was not per

formed, Increases in wet weights of various tissues of hibernating 

animals have been periodically reported in the literature and there is 

evidence that this may be associated with membrane changes resulting in 

cell swelling (Willis, 1967). 

Wholebrain RNA significantly increased (P <0.00l) in hibernating 

Antrozous pallidus females as compared to awake controls. This is con

sistent with an increase in neuronal RM during hibernation in squirrels 

(Venderly and Kayser, 1951), although similar changes could not be sub

stantiated in the hamster or the marmot (Weill, Mandell and Kayser, 1957). 

When administered during deep hibernation, Ĉ - orotic acid 

incorporation into RNA is very low in the brain of the Japanese bat 

Rhinoloshus ferrum-p.qu.lmm (Satake, Matsukawa and Miyazawa, 1968). 
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Generalizing to Antrozous. therefore, one must look at the early stages 

of hibernation in order to explain the increase in brain RNA content 

after one week hibernation (Table 6). Assuming that the majority of 

the increased RNA is in the preribosomal fraction, then, teleologicallys 

the bat would.be prepared for the forthcoming, energy-dependent arousal 

process in which the presence of ready-made, protein-synthesising cell 

components would be of obvious adaptive significance. Thus, Satake, 

Matsukawa and Miyazawa (1963) found rapidly labelled brain RNA in bats 

injected one hour after arousal, but it is unlikely that the bats could 

have gone this far in the arousal process without substantial metabolic 

preparation before the onset of arousal. 

From a co:npa;*ative standpoint the DNA, RNA and protein estima

tions on Antroaous pallidua compare favorably with surprisingly scant 

published figures for the concentration of these macromolecules in the 

brains of other mammals. Flexner and Flexner (1951) report a DNA 

concentration in the guinea pig cortex of 0.3 to 1,0 gm/Kg wet weight 

and an RNA concentration of 0.8 to 2.9 gm/Kg wet weight. On a wet weight 

basis my values for DNA and RNA in the wholebrain of the bat are 0.72 

to 0.81 gm/Kg and 1.72 to 1.92 gm/Kg, respectively (Table 7). The 

values for bat brain of 8.8 to 9.3 per cent of wet weight (Table 7) 

agree with the general assumption (LeBaron and Folch, 1959) that approxi

mately 10̂  of the fresh weight of brain tissue is protein. 

Monoamine Measurements on Other Scecles 

The consistently high 5-HT to N2 ratios found in the wnolebrains 

of most of the bats studied may be hypothesized to be involved in some 
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way with temperature regulation. Since the adaptation to flight re

quires a high central body temperature due to extreme heat loss from 

the periphery in flight, the dependence upon a central mechanism for 

quickly elevating the "set-point" would be of significant selective 

advantage. Experiments on the high "set-point" change were, admittedly, 

too limited to throw significant illumination on this hypothesis. 

Nevertheless, if the high 5-HT to NS ratio does not play a significant 

role in central control of temperature regulation, how is one to ex

plain the occurrence of a high wholebrain 5-HT to NE ratio in such 

evolutionarily diverse groups as the birds and these flying mammals? 
© 

Thus far the comparative data indicate that the high 5-HT to 

NS ratio is not restricted to the hibernating bat species (see Table 9); 

therefore, it might well be correlated directly with the adaptation for 

flight. Wholebrain 5-HT to NE ratio in Perognathus sp. - heterothermic, 

if not hibernating, rodents - is approximately 1.25 (Scudder et al.f 

1966)j however, this is the only literature report of a 5-HT to N3 ratio 

in a heterotherm. The 5-HT to NS ratio of 1.42 + 0.11 in Citellns 

teritecaudus is comparable to that reported for Ferognathus and both 

of these ratios are significantly lower than all the bats studied except 

for Tadarida braziliensis (Table 9). More comparative evidence is needed 

to support the contention that the high 5-HT to NE ratio in bats is cor

related with their adaptation to flight. Nevertheless, the only homeo-

therms investigated that possess a wholebrain 5-HT to IE ratio similar 

to that of bats are the pigeon and the chicken (Brodie, Bogdanski and 

Bononi, 1964-). 



Monoamine Changes: Possible Correlates to Sleep Patterns 

Although no attempts were made during the progress of this study 

to monitor sleep patterns during hibernation, the commonplace analogy 

between sleep and hibernation (= Winterschlafen in German) merits the 

following discussion of my results with respect to possible correlates 

to sleep. 

According to Kleitman (1963), the entrance into hibernation, 

like drowsiness before the onset of sleep, is preceded by a nuiiber of 

changes, particularly in the vegetative nervous system ana the endo-

crines. Camp (1907) and Claparede (1927) saw a connection between hiber

nation and sleep - both regarded as instincts (fron Kleitman, 1963; 

p. 323). Nonetheless, Kleitman's final statement in his chapter on 

hibernation reveals the absence of any concensus on the relationship be

tween hibernation and sleep: "There is no evidence of a common cause in 

the onset of sleep and the entrance into the state of hibernation." 

(Kleitman, 1963j p. 323). 

In Strumwasser's (I960) authoritative neurophysiological study 

of hibernating ground squirrels in which electroencephalograpĥ  record

ings were made from various brain regions, it is interesting to note that 

only one mention of the word sleep is made. In this instance he is re

ferring to the ever-present waxing and waning bursts of low amplitude 

10 cps activity from the motor cortex during entrance into hibernation 

but "not as apparent at other phases of the hibernation or sleep cycle." 

(Strumwasser, 1960j p. 301). 

Of course, the interest in two phases of mammalian sleep -

so-called slow-wave sleep and paradoxical sleep - was only renewed 



recently by the relationship of periodic recurrence of activated sleep 

with rapid eye movements (REM) in the cat (Dement, 1958; Jouvet, 1967). 

Since slow-wave sleep is characterized by high voltage slow and 

synchronized activity at the cortical level and the persistence of tonic 

muscular activity (Jouvet, 1967), the maintenance of muscle tone in deep 

hibernation (Strumwasser, I960; p, 309) is evidence for a predominance 

of this type of sleep during hibernation. Without having made record

ings of muscular tone in hibernating bats, their relatively rigid body 

form during hibernation plus audible vocalization and perceptible, 

although slow trunk movements in response to minor disturbances are 

indicative of a maintained muscular tone. 

Strumwasser (1959) gives evidence for a shift of balance towards 

the parasympathetic nervous system during entrance into hibernation in 

the ground squirrel and, according to Brodie, Bogdanski and Bonomi (1964), 

integration of parasympathetic activity with somatomotor activities de

pends upon the serotonergic (5—HT) system. Since inhibition of para

doxical sleep results from a decrease in the amomit of MS in the brain 

(Matsumoto et al., 1968) and slow-wave sleep depends upon the seroto

nergic system (Matsumoto and Jouvet, 1964), my results of a decrease in 

vholebrain MS with a concomitant increase in 5-HT somewhere between one 

and five days hibernation in Antrozous rallidus suggests a shift to slow-

wave sleep during hibernation in bats (Table 5 and Figure 14). This 

suggestion is fully consistent with both the neurophysiological studies 

on hibernating ground squirrels (Strumwasser, 1959 and I960) and the 

neurochemical studies on hibernating hedgehogs (Uuspaa, 1963a and 1963b). 



Future studies on central control of hibernation - indeed, 

brain mechanisms in general - anxiously await the meeting of neuro-

physiologists and neurochemists. 



Figure It Ventral aspeot of the brain of Antroaous 
pallidus magnified about ten tines (one unit on the scale to 
the right equals one millimeter). 

Dashed-line on over-lay delineates the boundary in
cisions for the dissection of the hypothalamus. Abbreviations: 
bf = brain stem, cbr = cerebral lobes, hyp = hypothalamus, 
qb = mammillary bodies, och = optic chiams, 2fi = optic nerve, 
fit = pyriform lobes. 



Figure 2: Flight activation relationship of an adult female bat, 
Antrozous pallidas, in an ambient temperature room of 30°C. 

Rectal temperature in degrees centigrade was measured with a Shultheis, 
rapid reading thermometer. Temperatures were recorded after twenty-four hours 
acclimation of the bat to 30°C which marks zero time on the abscissa. After 
recording the bats' temperature at zero time, individuals were placed, un-
restrainod, on the edge of a table in the room. Subsequent temperatures wore 
made by catching the bat (sometimes in mid-flight) and quickly recording its 
temperature. The arrow at point a indicates that intense muscular shivering 
wa3 observed in the bat at this time. Point b represents the first attempt at 
flight. Point c, and at all points to the right of c, represents the presence 
of strong, continuous flight free of collisions with surrounding structures. 
Although this figure represents the recording from only one individual, the 
majority of responses from more than ten other adult female bats similarly 
studied were not appreciably different. 
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Figure 2: Flight activation relationship of ar_ adult female bat, 

Ar.trozous pallidus, in an ambient temperature room of 30°C. 



Figure 3 j Cross-section of Antrozous pallidus brain 
showing the anterior limit for dissection of a hypothalamus. 
NBF. Gallocyanin-Phloxine. 15ji. 

Areas labeled: 

a) anterior commissure 
b) position of (dissected free) anterior hypothalamus 
c) commissure fornicus 
d) globus pallidus 

Figure As Cross-section of A. pallidus hypothalamus 
dissected free from brain; infundibular region. NBF. 
Gallocyanin-Phloxine. 12 ju. 

Areas labeled: 

a) infundibuluia 
b) nucleus ventroniedialis hypothalami 
c) nucleus dorsomedialis 
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Figure 3: Cross-section of Antrozoua 
nallldua brain shoving the anterior limit for 
dissection of the hypothalamus. NBF. Gallo-
cyanin-Phloxine. l$u. 

c 

Figure 4: Cross-section of A. 
pallldua hypothalamus dissected free from 
brain; infundibular region. NBF. Gallo-
cyanin-Phloxine. 12 ju. 



Figure 5: Cross-section of A. pallidus brain showing 
the dorso-nedial limits for dissection of hypothalamus. NBF. 
Weil-Weigert. 20 p.. 

Areas labeled: 

a) nucleus habsnularis 
b) fasciculus retroflexus 
c/medial border of globus pallidus 
d) position of (dissected free) hypothalamus 

Figure 6: Cross-section of A. pallidu3 hypothalamus 
dissected free from brain. NBF. YJeil-Weigsrt. 20̂ i. 

Areas labeled: 

a) chiasraa opticus 
b) area anterior hypothalami 



Figure 5: Cross-section of A. 
jagll^gug brain showing the dorso-asdial 
limits for dissection of hypothalamus* 
NBF. Weil-Weigert. 20 p. 

Figure 6: Gross-section of 4* 
hypothalamus dissected free from 

brain. NBF, Weil-Weigert. 20 >i. 



Figure 7: Cross-section of wholebrain (undissected) 
of A. pallidus showing mid-hypothalamic region. Bouins. 
Gallocyanin-Phloxins. 15 jx. 

Areas labeled: 

a) nucleus habenularis 
b) fasciculus retroflexus 
c) infundibuluin 
d) internal capsule 

Figure 3: Cross-section of brain of A. pallidus with 
hypothalamus dissected out. NBF. Gallocyanin-Phloicine. 15/u 

Note the far better definition of fibsr tracts in this 
section as compared to a quite comparable cross-sectional level 
of the brain a3 shown in Figure 7. This difference in the 
staining of the fiber tracts by the Gallocyanin-Phloxine method 
is probably due to the different fixatives used, the better 
results obtained following fixation in NBF and post-chroaation. 

Areas labeled: 

a) nucleus habenularis 
b) fasciculus retroflexus 
c) position of (dissected free) hypothalamus in 

the infundibular region 
d) internal capsule 



Figure 7: Cross-section of whole-
brain (undissected) of pallidum showing 
mid-hypothalamic region, Bouins. Gallo-
cyanin-Phloxine. 15ju. 

Figure 8: Cross-section of brain 
of £. oallldua with hypothalamus dissected 
out. NBF. Gallooyanin-Phloxine. 15 jn. 



- Figure 9J Emission spectra of authentic 
5-HT (100 ng), reagent blank, 5-HT extracted from three 
pooled hypothalami and 5-HT extracted from one whole-
brain minus the hypothalamus of Antrosous pallidus 
which had been in hibernation for six weeks at an 
ambient temperature of 5° + 0.5°C. 

Extraction procedure of the amines followed 
the methods of MaickeX et al. (1968) and the reagent 
blank was carried through the entire procedure. Acti
vation wavelength was 365 m>i (uncorrected) and the 
emission peak of 100 ng of authentic, unextracted 5-HT 
was 470 vjx (uncorrected). This peak is broadened and 
shifted slightly towards shorter wavelengths for the 
pooled hypothalami due to lower concentrations of the 

. amine and slight contamination from the extraction 
procedure. The emission peak displayed by the 5-HT 
extracted from one wholebrain (off scale) was in
distinguishable from that displayed by both 100 ng 
and 200 ng of authentic, unextracted 5-HT. 
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Figure 9: Emission spectra of authentic 5-HT 
(100 r.g), reagent blank, 5-HT extracted from three 

pooled hypothalami and 5-HT extracted from one whole-
brain minus the hypothalamus of Antrozous pallidas 

which had been in hibernation for six weeks at an 
ambient temperature of 5° ± 0.5°C. 



Figure 10: Emission spectra of authentic 
5-HT, reagent blank and 5-HT extracted from three 
pooled hypothalami and wholebrain of the bat 
Antrozous pallidas. 

Extraction procedures followed the method 
of Mead and Finger (1961) which employs butanol ex
traction of both 5-HT and NS from aqueous homogenates 
of tissue at pH = 1 - 2, following salt saturation of 
the homogenate; according to this procedure, the 
amines are precipitated back into an aqueous phase at 
pH = 7.0 by the use of n-heptane. Induced fluorescence 
of the 5-HT was accomplished by reaction with 
o-phthaloldshyde (Maickel et &1., 1968). Parentheses 
represent the phototube sensitivity settings on the 
Aminco Bowman spectrophotofluoromster, where 0.001 
is three times more sensitive than 0.003 which, in 
turn, is about 3#3 times more sensitive than 0.01. 

Note the increased sensitivity of the Maickel 
et al. (1968) procedure for extraction of amines from 
small tissue samples by direct homogenization in acidi
fied n-butanol (see Figure 9) as compared to the method 
of Mead and Finger (1961j illustrated in this figure). 
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Figure 10; Emission spectra of authentic 5-KT, 

reagent blanks and 5-HT extracted from three pooled 
hypothalami and wholebrain of the bat Antrozous nailIdas. 



Figure 11: Emission spectra of authentic NE, 
reagent blank, and NE extracted from three pooled 
hypothalanai and one wholebrain of Antrosous pallldus. 

Extraction procedure follov;ed that of Mead 
and Finger (1961; see Figure 10). Induced fluorescence 
followed the oxidation procedure of the NE using 0.1 
N I2 solution (Kaickel et si., 1963). Sensitivity read
ing on photomultiplier component was 0.001 for all the 
spectra shown. 



W nf. 

200 

i 3> 

i 
y 150 

UJ i( 
L0 ;/ 
UJ !' q: 
o 
ID 

UJ 
> 

< 100 
_J 
UJ 
cc 

A ' 
V % 1 

/ 4. Vp : 

_jir" ' 
'•4\ \ 

\ 
\\ 1 

-u \ \ ' 

' \\ 

••••% W 

450 500 550 600 

WAVELENGTH (rri(x) 

650 

Figure 11: Emission spectra of authentic NE, 
reagent blank, and NE extracted from three pooled hyp 
thalami and one vholebrain of Antrozous palliaus. 



Figure 12: Uholebrain (empty rectangles, 
solid line) and hypothalamic (shaded rectangles, dotted 
line) 5-HT to ratios of Antroaous pallidas under 
various ambient temperature conditions and during various 
times in hibernation. 

A = 30°C, 5 days; B = acute exposure to 5°C 
(3 to 5 hours); C = 24- hours hibernation at 5° £ 0.5°Cj 
D = 5 days hibernation at 5° ± 0.5°C; E = six weeks 
hibernation at 5° £ 0.5°C. Please refer to Tables 
3-5 for statistical treatment of the frequency distri
bution. 

In the figure the horizontal line bisecting 
the rectangles represents the maan; the vertical line 
represents the range; and the rectangle encloses two 
times the standard error of the mean. N equals the 
number of animals in each.group. 
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5-KT to JIE ratios of Antrozous nallidus under various 
ambient conditions and during various times in hiber

nation. 



Figure 13: Hypothalamic 5-HT and IE concen
trations expressed in/ug/gm vet v;eight of Antrozous 
palltdus. 

Shaded rectangles represent MS doternlnations. 
Empty rectangles represent 5-HT determinations. 
A = 30°C 5 days; B = 24 hrs. hibernation at 5° + 0.5°Cj 
C = 5 days hibernation at 5° + 0.5°Cj D = 6 weeks hi
bernation at 5° + 0,5°C. 

For a description of the symbols usod in this 
figure please refer to the legend of Figure 12. 
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Figure 13: Hypothalamic 5-HT and NE concentra
tions expressed in/Ag/gm wet weight of Antrozous 
pallidus. 



Figure 14: Wholebrain 5-KT and NE concentra
tions expressed in/jg/gm vet weight of Antrozous 
pallidus under various ambient tenperature conditions 
and during various times in hibernation. 

A = 30°C, five days; B = Acute exposure to 
5°C (3 to 5 hours)j C = 24 hours hibernation at 5° ± 
0.5°C; D = five days hibernation at 5° + 0.5°Gj 
E = six weeks hibernation at 5° ± 0.5°C. Solid and dotted 
lines were drawn freehand and are only included to help 
the reader follow the trend of the wholebrain monoamine 
concentrations during entrance into and maintenance within 
hibernation. Please refer to Table 5 for a detailed 
statistical treatment of the frequency distribution. 

Shaded rectangles represent rE determinations 
and empty rectangles represent 5-HT determinations. For 
a description of the symbols used in this figure please 
refer to the legend of Figure 12. 

> 
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