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ABSTRACT

The In teraction  of Slee^-Wake States and Sucking Behavior

1n Young Rats 

by

Harry H. Shalr

Advisor: Or. Myron Hofer

The fine  structure of nursing behavior in mammals is largely  

unknown and the processes by which the motivational changes of 

deprivation a ffe c t th is  early  feeding system are as yet poorly 

unaerstood. This d isserta tion  explores these two areas using novel 

methods devised for th is  purpose.

A series of three experiments were conducted examining the 

re la tionship  between sleep-wake states and feeding behavior 1n 

two-week-ola ra ts . E lectrophysiologlcal and behavioral measurements 

were performed fo r  two hour periods on pups e ith e r  In te rac ting  with  

th e ir  normal mother and l itterm ates  or while attached to the teat of 

th e ir  anesthetized dam. A fter  the baseline period 1n each experiment, 

pups were separated from th e ir  mothers fo r 22 hours, then tested during 

a two hour reunion period under Identica l conditions.

Contrary to general b e l ie f ,  rat pups were found to be asleep much 

of the time while being nursed by th e ir  mothers. They f e l l  asleep 

prio r  to receiving any milk. Another unexpected finding was that 

sucking by the pups, which has been shown to  be necessary to  e l i c i t  

milk ejections (ME), occurred at appreciable levels  while asleep. Pups 

were v i r t u a l ly  always asleep at the onset of ME, were awakened b r ie f l y ,
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and returned rapid ly to sleep.

Sucking was increased with depriva tion , as expected, but the rates 

of sucking in each state did not Increase. Instead, the proportion of 

time spent in states with high rates of sucking (awake and slow wave 

sleep) increased, while time spent 1n the s tate  with lowest rates 

(paradoxical sleep) decreased. Even a f te r  deprivation , the pups were 

always asleep jus t p r io r  to ME. They sucked more In response to milk  

upon reunion, but again mainly by s h if t in g  s ta tes.

This study provides one of the f i r s t  demonstrations of an 

organized, essential behavior that is embedded 1n sleep, and suggests a 

novel role for a ltered  sleep-wake s ta te  organization as a mediator of 

changes in motivated behavior in the in fant ra t .
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INTRODUCTION

The format of the Introduction w i l l  be as follows:

1. Goals.

2. Selective Review of the L ite ra tu re  on Control o f Food Intake 1n

Pre-weanl1ng Rats.

3. Studies of Sucking Behavior 1n Pre-weanl1ng Rats.

4. Discussion of the Importance of Monitoring Sleep-Wake States 1n

Studies of Young Organisms.

5. Evidence Linking Sleep-Wake States and Feeding.

Goals

Very l i t t l e  work has been done to Investigate  systematically the 

re la tionsh ip  of sleep-wake states and feeding behaviors during 

development. Each of these areas has been studied extensively , but 

separately . With a few important exceptions, most observations linking  

the two behaviors during ontogeny have been casual. Yet, there are 

reasons to believe that sleep-wake states and feeding behavior do 

in te ra c t  in adult organisms and developmentally. This research is 

reviewed in the sections below.

One goal o f th is  d isserta t io n  1s to describe the re la tionship  

between sleep-wake states and nursing behavior 1n In fan t ra ts .  A 

p a r t ic u la r  aspect of feeding behavior, sucking by the pups, 1s of 

primary In te re s t ,  but other aspects are considered as w e l l .  To a tta in  

th is  goal, pups were studied with th e ir  normal mothers and U t t e r s  

while the pups' sleep-wake states and jaw muscle a c t iv i t y  was monitored 

polygraphlcally . Pups of 12-14 days of age were chosen fo r  

Investigation  fo r  two reasons. This 1s the e a r l ie s t  age a t  which slow
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wave sleep is f u l ly  d istinguishable ( Jouvet-Mounier, Astic and LaCote,

1970). Also, a t th is  age, a very streamlined head Implant 1s possible 

(Hofer, 1976) which permits the te s t  pups to compete with l it te rm ates  

during the normal nursing episodes.

A second goal is to begin to understand the controls fo r  any of 

the re lationships discovered. To th is  end, the mother-pup Interactions  

were manipulated 1n several ways. Deprivation of the pups from the dam 

has known e ffec ts  on both feeding behavior ( e .g . ,  Brake, Sager,

Sullivan and Hofer, 1982; Hall and Rosenblatt, 1977; Lorenz, E l l is  

and Epstein, 1982; see below for more references) and sleep-wake 

states (Hofer, 1976; Hofer and Shair, 1982). Therefore, deprivation  

and reunion were used to perturb the normal re lationships between 

states and feeding and thus h ig h lig h t any in teractions  and control 

mechanisms. Another manipulation involved tes ting  the pups while  

attached to the teats  of th e ir  anesthetized mothers both before and 

a f te r  deprivation. In th is  preparation, the mother's behavior 

including milk de livery  was removed as a variab le  fo r  the study, 

allowing more precise focus on the pups themselves.

Selective  Review of L ite ra tu re  on Control of Intake

One area th a t th is  d isserta t io n  was planned to help understand was 

how young ra t  pups are able to control th e i r  food Intake during 

nursing. For some time there has been a controversy 1n the l i te ra tu r e  

as to whether or not young ra t  pups can 1n fa c t  control th e ir  intake  

while attached to the te a t  o f a nursing mother. Many researchers 

believe that ra t  pups are passively attached to th e ir  mother's nipples 

and the mother controls how much milk they ingest. Even the name of
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the milk d e livery  process, the milk e je c t io n , suggests such a passive 

ro le  fo r  the pup: the mother e jects  the milk In to  the passively

receptive pup.

The basis fo r the controversy over ra t  pups' control o f food 

intake are two series of deprivation experiments with seemingly 

d if fe re n t  resu lts .  In both series of experiments, r a t  pups of various 

ages were separated from th e ir  dams and thus deprived o f food and a l l  

other aspects of the mother-infant In te rac tio n  Including sucking. Upon 

reunion, most studies found that nondeprived and deprived pups younger 

than 10-11 days of age show no differences 1n latency to attach to the 

teats of th e ir  anesthetized dams or changes 1n the percent of time 

attached during the te s t  session (Cramer, Blass and H a l l ,  1980; Hall 

and Rosenblatt, 1978; Brake, Sager, Sullivan and Hofer, 1982). One 

report has shown such a d ifference (Drewett, Statham and Wakerley, 

1974). Even when returned to normal U t t e r s  and mothers, deprived and 

w ell- fed  pups remain attached equal amounts of time (Lorenz, El 11s and 

Epstein, 1982). Also, fo r  pups less than approximately 15 days of age, 

deprivation level does not a f fe c t  the amount of milk ingestedby pups 

attached to the te a t  of an anesthetized dam and receiving pulses of 

milk through a posterior tongue cannula (Cramer and Blass, 1983a,b;

Hall and Rosenblatt, 1977). In fa c t ,  very young pups remain attached 

to the nipple and draw in milk u n t i l  extremely overengorged and often 

in resp ira tory  d i f f i c u l t y  (Cramer and Blass, 1983a,b; Hall and 

Rosenblatt, 1978).

In contrast to th is  s ta r t l in g  re s u lt ,  when placed together with a 

normal unanesthetized dam, the deprived pups w i l l  Ingest more than 

nondeprived pups (Friedman, 1975; Houpt and Epstein, 1973; Houpt and
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Houpt, 1975). This Increase 1n Ingestion 1s true even though the 

attachment time to the tea t 1s not Increased (Lorenz, El 11s and 

Epstein, 1982). I t  1s also true that very young ra t  pups w i l l  show 

the e ffec ts  of deprivation on Intake when tested 1n an Independent 

( I . e . ,  not attached to a te a t )  feeding experiment (Hall and Bryan, 

1980). Thus, two lines of study with d i f fe re n t  experimental 

conditions, had seemingly contradictory resu lts . I t  was these 

differences 1n experimental condition th a t provided one of the bases 

fo r thinking that the experimental resu lts  could be resolved.

The rats studied 1n th is  d isserta tion  were two weeks old, 

approaching the age at which satiated pups w i l l  decrease Intake even 

when receiving pulses of milk through a tongue cannula and attached to 

a te a t .  Since the controls of th is  behavior appear to change a t  th is  

age, why not study younger rats? As mentioned above, two of the 

reasons had to do with the age a t which slow wave sleep develops and a t  

which a streamlined head Implant was p ra c t ic a l .  However, the main 

reason 1s that we were studying the pups 1n the natural nursing 

s itu a t io n .  In the natural nursing s itu a t io n ,  even very young pups 

regulate Intake based on deprivation levels  (Houpt and Epstein, 1973; 

Houpt and Houpt, 1975). There 1s no evidence tha t the controls o f food 

Intake during nursing change around th is  age. Thus, there 1s good 

reason to believe that our findings would generalize to younger pups as 

wel 1.

Studies of Sucking Behavior

One measure missing from the above studies 1s the actual sucking 

behavior of the pups. Stephen Brake has demonstrated th a t  sucking



5

levels  do change in response to deprivation (Brake, Wolfson and 

Hofer, 1979). He measured sucking behavior by Implanting the d igastric  

muscle of the jaw with an electromyogram (EMG) electrode and recording 

EMG on a polygraph. Pups can be attached to a dam's tea ts  fo r the same 

length of time yet be spending more or less time sucking. D if fe re n t  

types of sucking are ava ilab le  to the pups as w e l l .  Brake has 

described three d i f fe re n t  kinds of sucking: rhythmic sucking, treadles,  

and bursts (see Methods for fu rth er  descrip tion ).  These three sucking 

types are d i f f e r e n t ia l l y  influenced by deprivation and by the n u tr i t iv e  

consequences of sucking (Brake, Wolfson and Hofer, 1979; Brake, Sager, 

Sullivan and Hofer, 1982). When tested on an anesthetized,  

nonnutrit ive  dam, rhythmic sucking 1s Increased by deprivation even 1f 

the pups are given a milk preload of 5% body weight p r io r  to the te s t .  

Arhythmic ( I . e . ,  bursts and tread les) sucking 1s not Increased by 

deprivation in th is  te s t  s itu a t io n . However, 1f tested on an 

anesthetized mother, but under n u t r i t iv e  conditions, with milk  

ava ilab le  in a tongue cannula, giving the milk preload prevents 

the increase 1n sucking caused by the a v a i la b i l i t y  of m ilk . Thus, the 

level of the actual sucking behavior I t s e l f  1s Influenced by both 

n u tr i t iv e  status (deprived or not deprived; preload or no preload), 

and by whether the sucking produces n u tr i t iv e  results  or not.

Soon a f te r  Brake began his studies of sucking behavior, i t  was 

decided to attempt to study feeding 1n the natural nursing s itu a t io n .

I f  the changes in sucking behavior described by Brake are c r i t ic a l  to 

how the pups control intake, s im ila r  changes should be seen during 

normal nursing bouts. At the same time, since the pups would be 

attached to a polygraph for the EMG measure, 1t was decided to monitor
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the pups' sleep-wake state  as w e l l .  There were two In te rre la te d  

reasons for th is  decision. (1 ) Much work has been shown that  

monitoring sleep behavior is extremely important 1n assessing the 

c a p a b il i t ie s  of young organisms. (2) There is a great deal of evidence 

linking sleep-wake states and feeding behavior.

Importance of Monitoring Sleep-wake States

Before discussing the importance of monitoring s ta tes , 1t is

c r i t ic a l  to define what one is  discussing.

"By s ta te ,  one t r ie s  to describe constella tions of certain  func­
tiona l patterns of physiological variables which may be r e la t iv e ly  
stable and which seem to repeat themselves. They are read ily  
recognized as they occur again and again . . . The enigma of the 
state  concept l ie s  in I t s  abstract character. Since such a concept 
stands or f a l l s  with the variables th a t are applied, as well as 
with th e ir  assessment, i t  is  evident th a t  only operational 
d e f in it io n s  are acceptable. This p r in c ip le  leads to the subjective  
and a rb it ra ry  nature of a l l  ra ting  scales fo r  s ta tes , varying with  
the purposes fo r  which they are designed (P rech tl,  Akiyama, Zinkin  
and Kerr-Grant, 1968)."

Without a tten tion  to s ta te ,  work with Infants often produces

confusing and/or contradictory re su lts .  Of course, 1f one's major

emphasis 1s the study of sleep, th is  Idea 1s c ru c ia l .  Anders (1975)

c le a r ly  makes th is  point.

"The a tten tion  paid to "state" as a necessary variab le  to control 
in neonatal investigations has enhanced the r e l i a b i l i t y  and 
v a l id i t y  of a l l  data tha t generated from newborn studies. An 
In fa n t 's  responsivlty varies according to i t s  s ta te  . . . 1t is  now 
considered essential and has become commonplace to standardize 
observations and compare responses only a f te r  co n tro ll ing  fo r  the 
in fa n t 's  s ta te ."

hot oniy sleep researchers feel that s tate  behavior is a c r i t ic a l  

aspect of neonatal studies. Chase (1972) who studies the development 

of re f lex  a c t iv i t y  and Junge (1979) from the area o f cardiovascular 

development, also stress th is  idea. For example, in discussing early
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work or fe ta l  heart rate (F .H .R .)  and movement p attern , Junge says, 

"unforturate ly  in these publications possible Influences of spontaneous 

changes c f central nervous coordination on F.H.R. and fe ta l  motor 

a c t iv i t y  have not been taken Into account."

The most comprehensive discussion of th is  subject to my knowledge 

is the a r t ic le  by Anneliese Korner (1972) called "State as Variable, as 

Obstacle, and as Mediator of Stimulation 1n In fan t Research". The 

t i t l e  is p ra c t ic a l ly  se lf-exp lanatory . She proposes tha t there are 

three ways of viewing "state" while doing In fan t research. The Idea of 

state as an obstacle is  the most important one to th is  introduction.

Dr. Korner describes how both fa ls e -p o s it iv e  and fa lse -negative  results  

can be generated 1f s tate  behavior is  l e f t  uncontrolled.

Fa lse -pos it ive  resu lts  are espec ia lly  l i k e ly  to occur 1n studies 

of individual d ifferences. I f  behaviors occur with d i f fe re n t  

frequencies in the d i f fe r e n t  s ta tes , or have changes 1n thresholds of 

e l i c i t a t io n ,  then Individual d ifferences may be found simply due to the 

d i f fe re n t  states of the In fa n t .  Since 1n human In fan ts ,  several 

behaviors including nonnutrit ive  sucking have been shown to occur at  

d i f fe re n t  levels  as state changes (Korner, 1972; W olff ,  1972), 

monitoring s tate  behavior 1n any study which also measures sucking 1s 

espec ia lly  c r i t i c a l .

False-negatives are most l i k e ly  to be found in studies of the 

e ffe c ts  of experimental treatments or studies which explore what groups 

of in fants  may have in common. Korner (1972) s ta tes , " I f ,  fo r  example, 

in a conditioning study one does not s t r i c t ly  control fo r the infant  

state  at the time of te s t in g , the In fa n t 's  response may be so variable  

that one may conclude wrongly tha t conditioning had l i t t l e  or no
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e f fe c t ."  Martinius and Papousek (1970) were able to get habituation of 

an eye blink response 1n 5 day old Infants  while the Infants  were 1n 

quiet sleep, but not while they were 1n active  sleep. Had state  not 

been contro lled , the results  might have been quite  confusing.

The idea that s tate  acts as a mediator of s tim ulation may also be 

an important concept fo r th is  work. Korner (1972) presents an example 

in which the same stim ulation of in fants  ( e .g . ,  placing them upright 

onto the care taker 's  shoulder) may bring the in fan t in to  a sta te  

receptive for learning, depending on the s ta te  the infants  were 1n 

p rio r  to the s tim ulation . I t  is easy to imagine, th a t the response of 

in fan t rats to a milk e jec tion  may d i f f e r  depending upon the s ta te  of 

the pup p r io r  to th a t milk e jec tio n .

Evidence Linking Sieep-V^ke States and Feeding

The in te rac tion  of sleep-wake states and feeding have been 

shown 1n many d i f fe r e n t  species and a t  many d i f fe re n t  ages. Those 

in teractions can be classed in four d i f fe re n t  types which w i l l  be d is ­

cussed in turn below.

1. We have a l l  had the sensation of fe e lin g  sleepy a f te r  a 

heavy meal. This is called post-prandial sleep. In fa c t ,  1n adult 

rats  entering sleep has been described as an important part of the 

s a t ie ty  sequence (Young, Gibbs, Antin , Holt and Smith, 1974). Indeed, 

one of the major findings im plicating cholecystoklnin (CCK) as a 

s a t ie ty  hormone is  that fa c t tha t rats go to sleep a f te r  CCK in jec tion  

(Mansbach and Lorenz, 1983). Post-prandial sleep has also been 

described in in fan t humans. Infants are more l i k e ly  to be asleep 

following a feed than p rio r to tha t feed or than following a sham
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feed (Emde and M etca lf ,  1970; Harper, Hoppenbrouwers, Bennett,

Hodgman, Sterman, and McGinty, 1977; W olff , 1972). One way 1n which 

post-prandial sleep in infants can occur is described by Emde and 

M etca lf .

"A c h ara c te r is t ic  behavioral sequence Is: sucking with eyes 
'b r ig h t '  and awake-type eye movements, sucking with eyes 'glassy' 
and without gross eye movements, sucking with a horizontal darting  
of the eyes, and, f i n a l l y ,  continued n u tr i t io n a l  sucking with  
horizontal and v e r t ic a l  eye movements Indistinguishable from REMs 
as seen during drowsiness and sleep."

Thus again, in th is  s itu a t io n ,  sleep could be considered part of the 

s a t ie ty  sequence. In fa c t ,  th is  example suggests tha t the babies may 

enter a s tate  which is at least s im ila r  to paradoxical sleep while  

continuing n u tr i t io n a l  sucking.

Not only is  feeding important, but the oral factors Involved 

1n feeding are also Important 1n e l i c i t in g  sleep. Wolff (1972) demon­

stra ted  th a t  in fants  fed through a stomach tube are not as l i k e ly  to  

f a l l  asleep following a feed as infants  fed by mouth. Feeding can 

a f fe c t  other variables besides sleep-wake states e ith e r  as c o rre la t ive  

phenomena or perhaps due to the Influence of the s ta te .  Heart rate  

also varies fo llowing a feed (Harper, e t  a l , 1977).

2. Feeding behavior may help to regulate sleep-wake s ta te  

pattern ing . This has been demonstrated by experiments Involving  

changing meal s ize ,  composition, or tim ing, and observing changes 1n 

sleep-wake sta te  behavior. The most dramatic change 1n sleep-wake 

state behavior is found following food deprivation. In general, the 

amount of sleep decreases severely following such deprivation (Dangulr 

and N ic o la id ls ,  1979; Hockman, 1964; Jacobs and McGinty, 1971). The 

phase of sleep most depressed, the patterning change, and the amount of 

th a t depression a l l  depend on the specifics  of the experimental
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preparation. In adult rats a t least two studies have shown that  

increasing meal size or changing the timing of the meals can change 

sleep-wake s tate  cycles (Danguir, N ico la id is  and Gerard, 1979; Mouret 

and B o b l i l l i e r ,  1971). S im ilar findings have been found 1n human 

in fants . Gaensbauer and Emde (1973) showed tha t In fants  who are 

schedule-fed have a d i f fe re n t  sleep-wake response to feeding than 

infants who are demand-fed, even though the average time in between 

feeding is the same. F in a l ly ,  the composition of the d ie t  can 

influence the type of sleep in the period a f te r  feeding. Diets high in 

tryptophan w i l l  cause babies to enter quiet sleep and active  sleep more 

quickly than d ie ts  high in valine (Yogman and Z e lse l,  1983).

These influences of n u tr ien t on sleep probably do not depend 

completely on gastric  mechanisms. Intravenous infusions of n u tr ien t  

also a f fe c t  sleep-wake s tates. In lean, young adult ra ts  given no 

o ther  food, in t ravenous infusions of amino-acids increase paradoxical 

sleep. Neither glucose or l ip id  Infusions have any s ig n if ic a n t  a f fe c t ,  

but  a composite s o lu t i o n  of a l l  three nutr ien ts  increases both 

paradoxical  and slow wave sleep (Dauguir and N i c o l a i d i s ,  1980). Both 

protein and glucose, given intravenously, increase slow wave sleep at  

the expense of paradoxical sleep 1n young women (Lacey, Stanley, 

Hartmann, Koval and Crisp, 1978).

3. Many studies in animals have demonstrated th a t there is  a 

very quick acting l in k  between n u tr ien t and changes 1n 

electroencephalogram (EEG) patterns. The general f ind ing is  that  

Infusion of n u tr ien t causes the animal to have more slow wave EEGs.

This has been found in response to milk Infused into the mouth and gut 

in anesthetized animals (Sudakov, 1965); in response to nutrients
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given via jugular cannulae in adult rats  (Rosen, Davis and LaDove,

1971); and in in fant cats e ith e r  sucking a t  the te a t  of th e ir  mother 

or feeding from a bowl (Anokhin and Shuleikina, 1977). Intraduodonal 

infusions of f a t  in the adult cat seem to cause increases in 

paradoxical sleep (Rubenstein and Sonnenschein, 1971). This increase 

is  blocked by atropine.

4. The reverse re la tionsh ip  between feeding and sleep has also 

been found. Siegel (1975) has shown th a t  the amount of REM sleep in a 

12 hour period was correlated to the amount of food Intake in the next 

12 hour period in adult cats. I f  there was increased REM during that  

time, there was a decreased food intake in the next 12 hours. I t  was 

not true that the to ta l  amount of sleep was pred ic tive  of changes in 

feeding behavior. Thus, one p a r t ic u la r  portion of sleep seems to be 

crucial fo r th is  prediction.

These known in teractions between sleep-wake states and feeding 

behavior confirmed our desire to monitor sleep-wake states during 

natural nursing in the in fan t ra t .
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METHODS

The d isserta tion  w i l l  consist of four separate experimental 

series; I w i l l  give the general methods f i r s t ,  end then the specific  

methods for each experiment.

General Methods 

Subjects

Wlstar derived ra ts  (Rattus norvegicus; Marland Farms) were born 

and raised in our laboratories in P lexiglas t e r r a r ia ,  40 x 20 x 24 cm, 

under reverse 12-hour 1ight:12-hour dark cycle. Cages were checked for  

births  each morning and afternoon. The day of notation was labeled Day 

0-1 . L i t te rs  were culled to 8-9 pups w ithin 2-3 days a f te r  b ir th .

Food (Purina Rat Chow, #5001) and water were ava ilab le  ad lib itum  to 

the dams. Bedding material was pine woodchips. Temperature (25-27°C) 

and humidity (50%) were controlled 1n the laboratory bu ild ing . In 

three of the four experiments, the U t t e r s  were raised 1n an Animal 

Care room with a population of approximately 25 females near the time 

of p a r tu r i t io n  or with l i t t e r s  of under three weeks of age. No 

experimental procedures were carried out in th is  room.

Procedures

The procedures folowed here have been previously reported 1n part  

(Hofer, 1976; Hofer and Shalr, 1982; Shalr, Brake and Hofer, 1984); 

however, they w i l l  be repeated and expanded here.

L i t te rs  were undisturbed u n ti l  11-12 days postnata lly  when one 

member, chosen a t random*, was Implanted with chronic electrodes (see 

below). A fter  recovery from anesthesia, the pup was Intubated with

1.0 ml of bovine milk formula (2 parts Carnation evaporated milk: 1
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part H^O) and replaced with U t t e r  and dam. The Intubation replaced 

nutrien t which would have been received during the time of the 

operation and recovery th e re a fte r .  The U t t e r  was reduced 1n size from 

9 to 6-7 pups. These procedures were necessary fo r  the Implanted pups 

to gain weight p r io r  to the beginning of the experiment.

Two days la t e r ,  a t 1200 hours, in the mid-dark period of the 

l ig h t /d a rk  cycle, the mother was removed from the cage, the In fant was 

weighed and I t s  recta l temperature taken. Only those pups which gained 

weight since the time of the electrode Implantation were Included 1n 

the experiment. The pup's electrodes were connected v ia  leads to a 

Grass Model 7 polygraph and the pup returned to i t s  home cage nest 

area. Two hours was chosen as the time of the recording session since 

i t  1s s u f f ic ie n t  to include a nursing bout as well as an 1nter-bout 

In te rva l in most cases (Croskerry, Smith, Leon and M itc h e l l ,  1976; 

Grota and Ader. 1969; Hofer and Grabie, 1971). In add ition , 1t was 

s im ila r  to our previous experiments (Hofer, 1976; Hofer and Shalr,

1982). Plus, 1n a two hour period, the pup 1s u n like ly  to develop 

many separation e ffe c ts  since 1nter-bout In te rva ls  of th a t length are 

seen with l i t t e r s  of th is  age.

Depending upon the experiment, the pup was recorded while attached 

to the te a t  o f I t s  urethane-anesthetized dam or with I t s  H tterm ates  

and unanesthetized, f re e ly  moving dam. This recording session was 

labelled  Baseline day. The polygraph was positioned near the home cage 

terrarium  to f a c i l i t a t e  concurrent recording of behavioral 

observations. Because recordings were made during the dark phase of 

the l ig h t  cycle, the in fan t was observed under in d ire c t  and minimal 

l ig h t  (equal to d ire c t  l ig h t  from a 15 watt bulb). The paper speed on 

the polygraph was 10 mm per second. At the end of the Baseline



recording, the lead wires were removed from the pup and i ts  rectal 

temperature and weight were taken again.

Note that any weight changes during the experiment may not 

accurately r e f le c t  intake or metabolic ra te ,  since excretion was not 

contro lled . Pups may have been stimulated to excrete during the 

session e ith e r  by the dam or by the procedures themselves. We decided 

not to void the pups p r io r  to the recording session fo r  fea r  that th e ir  

behavior or the mothers' reactions to them might have been changed.

The exact manner of housing overnight fo r  the pup depended upon 

the experiment. However, a l l  te s t pups were separated from th e ir  

mothers, had a t least two l i t te rm ates  as companions, were 1n a nest of 

home cage shavings, and had thermoregulated heat supplied (36 .5  °C 

delivered to the bottom of the cage).

A fter  22 hours of separation, each te s t  pup was recorded and 

observed during a two hour Reunion session. The procedures fo r  the 

Reunion te s t  were exactly  the same as on Baseline day fo r  tha t  

p a r t ic u la r  experiment.

Electrode Implantation and Physiological Recording

Ethyl ether anesthesia was used and the In fan t held 1n a modified 

ste reo tac tic  apparatus on a heating pad. Bipolar c o rt ica l  electrodes  

(38 gauge braided steel w ire , Cooner, B io flex ,  wound a t  opposite sides 

of a 2 x .5 mm washer machined from D elr in  p la s t ic )  were placed on the 

dura mater through a two mm burr hole d r i l le d  two mm la te ra l  to the 

s a g it ta l  suture and midway between lambda and fro n ta l  sutures. 

Electromyogram (EMG) electrodes were sewn onto the nuchal musculature. 

The EMG electrodes were formed of the same braided w ire with a drop of 

solder f la t te n e d  on the end to be srwn down to the muscle. The EMG
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wire ran ro s t ra l ly  to an anchor post on the opposite side of the 

s a g it ta l  suture from the co rt ica l  e lectrodes. The electrodes were 

cemented in place (C ran iop lastic ,  P las tic  Products) and the skin sewn 

up to cover the e n t ire  head piece. The four strands of the insulated  

wire passed caudally fo r  4 cm from the head piece so they lay along the 

pup's back.

The d ig astr ic  chin muscle was implanted with electrodes identica l  

in design to the neck EMG muscles described above. The wires from the 

d ig as tr ic  EMG electrodes were led under the skin and out through a hole 

made in the skin of the back where they lay along the fu r .  This 

implantation procedure has been described previously (Brake, Wolfson 

and Hofer, 1979). Two 30 gauge s i lv e r  wire loop electrodes were placed 

subcutaneously across the dorsal thorax (Hofer, 1970), from which was 

recorded resp ira tory  ra te  by impedance pneumography.

A ll  connections were made between implanted electrodes and 

recording wires by Amphenol Reliatac subminiature connectors. The 

implantation technique was designed to be maximally streamlined and 

f le x ib le  so as to in te r fe re  minimally with the pup's burrowing under 

the mother and competing with l i t te rm ates  during the nursing grocess.

As noted above, a f te r  recovery from anesthesia, the Implanted pup was 

fed 1 ml bovine milk by intubation and then placed with I t s  l i t te rm ates  

fo r  one-half hour in the home cage before returning the mother to the 

cage. The Incidence of the mother destroying such electrodes and/or 

the pup not gaining weight p r io r  to Baseline day was about 15V

Scoring of Sleep-Wake State and Sucking Behaviors

Three major states were defined by c lassical c r i t e r i a  (Anders,

Emde and Parmalee, 1971; Gramsbergen, 1976; Jouvet-Mounier, Astic
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and LaCote, 1970) from polygraph recordings of electroencephalogram 

(EEG), neck EMG, resp ira tory  ra te ,  and behavioral observation of 

a c t iv i t y .  I l lu s t r a t io n s  of these are given 1n Fig. 1, 2 and 3 . Awake 

(A) equalled fa s t ,  low voltage EEG, high amplitude neck EMG, variab le  

and fa s t  re sp ira t io n , and bouts of coordinated behavioral a c t iv i ty .

Slow wave sleep (SWS) consisted of slow, low voltage EEG, moderately 

low EMG amplitude, very regular respira tions and behavioral quiescence.

Paradoxical sleep (PS) equalled fa s t ,  low voltage EEG, minimal neck 

EMG with occasional phasic tw itches, I r re g u la r  resp ira tory  pattern , and 

behaviorally  sudden movements superimposed on a loss of postural tone.

Note tha t eye movements were not recorded because respiratory  patterns  

gave a c learer d is t in c t io n  between the two major sleep states a t  th is  

age. A pattern of phasic I r r e g u la r i ty  was seen during PS, whereas 

during SWS the respira tions showed almost machinelike re g u la r i ty .  By 

these methods of dorsal subcutaneous electrodes and an Impedance 

recording, body movements were also sen s it iv e ly  registered on the 

polygraph as baseline f lu c tu a tio n s . F1fteen-sec epochs were c la s s if ie d  

according to whatever s tate  occupied a m ajority  of the epoch. A 

ra tiona le  for these c r i t e r i a  fo r s tate  scoring w i l l  be discussed la te r  

(see below).

Sucking was characterized according to three basic patterns of 

muscle a c t iv i t y  previously described by Brake, Wolfson and Hofer 

(1979). The re la tionsh ip  between these patterns and actual suction on 

the te a t  was v e r i f ie d  1n th a t study. The three patterns consist of 

tread les , bursts, and rhythmic sucking (previously called rhythmic 

runs). Bursts (B) were characterized as d iscrete  episodes of high 

frequency a c t iv i ty  las tin g  a t least two seconds. Treadles (T) 

consisted of d iscrete  periods of a c t iv i t y  with slow wave mixed with
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Figure 1. Sample polygraph tracing of a nursing pup 1n the awake 
s ta te . High neck electromyogram (EMG), activated electroencephalogram 
(EEG) and ir reg u la r  resp ira tion  are seen. Note th a t the amount of slow 
waves are increasing towards the end of the trac ing , as the pup begins 
to f a l l  asleep. The d ig as tr ic  EMG shows treadles and rhythmic 
sucking. T h ir ty  seconds (two scoring epochs) o f recording are 
i l lu s t r a te d .

Top channel = EEG; channel 2 -  timing ( in  seconds); channel 3 = 
d ig as tr ic  EMG; channel 4 = resp ira tion  (by Impedance pneumography); 
channel 5 5 neck muscle EMG.

RS = rhythmic sucking; T and TD = tread le ;  SCR = scratch. TO 
and SCR are behavioral observations w r itte n  during the recording.

Figure 2. Sample polygraph tracing of a nursing pup in 
paradoxical sleep. Note the low amplitude neck EMG with evidence of 
phasic twitches, desynchronized low amplitude EEG and Irreg u la r  
resp ira t io n . The d ig as tr ic  EMG contains a burst (B).

NV = no v is ib le  body movement to observer.

Channels and other abbreviations as in Fig. 1.

Figure 3. Sample polygraph tracing of a nursing pup In slow wave 
sleep. The low frequency, high amplitude EEG waves associated with  
ton ic , moderate neck EMG tone, and regular resp ira tion  define slow wave 
sleep. Movement a r t i f a c t  during the tread ling  prevents recording the 
re sp ira t io n . The d ig as tr ic  EMG has examples of rhythmic sucking and 
tread les .

Channels and abbreviations as in Fig. 1.
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fas t wave las ting  a t least two seconds. The jaw muscle a c t iv i t y  was 

accompanied by a c h ara c te r is t ic  movement of the fore limbs which 

supplied the name -  tread les . Forelimb movement a r t i f a c t s  were shown 

to account fo r  the slow wave a c t iv i t y  (Brake, Wolfson and Hofer, 1979).

Bursts were unaccompanied by body movements. Bursts and treadles  

occurring sequentia lly  had to be separated by a t least two seconds to 

be counted as d i f fe re n t  episodes. Rhythmic sucking bouts (RS) were 

characterized as b r ie f  periods of regu lar ly  a lte rn a tin g  Increases and 

decreases in a c t iv i ty  las ting  a t  least f iv e  seconds, with no more than 

two seconds separating each a c t iv i t y  peak. The in te n s ity  of jaw EMG 

between sucks was also rated as a measure of the tonic pressure seal 

developed by the pup. This In te n s ity  rank was rated fo r  each epoch of 

15 seconds on an a rb it ra ry  scale of one to four points.

The issue of experimenter bias must be addressed since 1 scored 

a l l  sleep-wake sta te  data and was not b lind to the experimental 

condition of the record. There are three factors  which lessened the 

l ike lih ood  of experimenter bias. F i r s t ,  the scoring c r i t e r ia  were 

objective . In te r - r a te r  r e l i a b i l i t y  in a previous experiment was 

96.4* (Hofer, 1976). In th is  experiment, I checked to see if.my own 

scoring c r i t e r ia  had d r i f te d  over time. My r e l i a b i l i t y  separated by a 

two year period was 94.5% with approximately equal resu lts  fo r a l l  

three s tates. The second fac tor  which worked to prevent bias was that  

I had no strong hypothesis as to the d irec tio n  of any re su lts .

F in a l ly ,  much of the experiment depends on the re la tionsh ip  between 

sucking behavior and sleep-wake sta tes . Stephen Brake scored a l l  the 

sucking data and was blind to experimental condition and to sleep-wake 

s ta te .
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Rationale for Sleep-Wake State Scoring C r i te r ia

States are defined operationally  by conste lla tions of behaviors 

which do not always coalesce in exactly  the same form (P rech tl,

Akiyama, Zinkin and Kerr-Grant, 1968). Individuals  may vary as to 

exactly  how those behaviors coalesce. In one subject, resp ira tory  

pattern may not discriminate state changes w e ll .  In another, 

differences 1n EEG may not be as d is t in c t .  Thus, recognizing sleep- 

wake sta te  behavior becomes a problem in pattern recognition. And, 

fo r each Individual subject, the p a r t ic u la r  pattern recognition  

c r i t e r ia  must be reset s l ig h t ly .

No single behavior, even EEG, is  enough to define s ta te ,  

p a r t ic u la r ly  when comparing d i f fe re n t  Ind iv idua ls . For example, 1n a 

study of adult rats using spectral analysis of the EEG, Young,

S te in fe ls  and Khazan (1978) described most of the spectral power during 

PS as between 6-9 cycles per seconds (cps). Another study l is te d  most 

power between 30-40 cps (T im o -Ia r ia ,  Negrlo, Schmidek, Hoshino, Lobato 

de Menezes and Leme da Rocha, 1970). S im ilar discrepancies in 

results  can be found for A and SWS. (The resu lts  fo r  PS can probably 

be reconciled. In the f i r s t  study, the EEG is dominated by theta  

waves, possibly due to electrode placement. The fa s te r  waves of PS are 

of low amplitude, probably superimposed on the th e ta ,  but with l i t t l e  

spectral power).

Another, but equally d i f f i c u l t  problem re la tes  to the overlap 1n 

EEG frequencies 1n the d i f fe re n t  s ta tes . Waves of a l l  frequencies are 

seen 1n a l l  three states. Slow wave sleep 1s discriminated from A and 

PS, 1n p a rt ,  by the proportion of slow waves seen. Thus, there can be 

much overlap 1n EEG patterns. In fa c t ,  the EEG patterns fo r  PS and A 

are p ra c t ic a l ly  indistinguishable, both in adult and young rats
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( Jouvet-Mounier, Astic and LaCota, 1970; T im o-Ia r ia , a t a l ,  1970).

The work described 1n th is  d isserta tion  d iffe re d  from most of the 

studies In the l i te ra tu r e  1n that the recordings were often done with  

the pup attached to I ts  mother's te a t .  Old th is  procedure change 

sleep-wake state  behavior such th a t the state ratings under d i f fe re n t  

attachment conditions were Incorrect? I suggest tha t the answer 

to th is  question 1s no, fo r four reasons.

1. Emde and Metcalf (1970), Jouvet-Mounier, Astic and LaCote 

(1970) and Ruckebusch (1972) have a l l  monitored young mammals while  

n ip p le -a t tach e d  and found no reference to any need to change s ta te  

ra ting  c r i t e r i a .

2. The polygraph tracings and behavioral observations taken on 

pups when attached 1n the present studies appear the same as those 

recorded from unattached pups 1n our laboratory (Hofer, 1976; Hofer 

and Shalr, 1982).

3. In the Normal Mother Experiment, pups were recorded both while  

attached and while unattached. Each Individual could be compared

in  the two conditions. No changes 1n the behaviors which make up the 

c r i t e r i a  f o r  s ta te  r a t i n g  were observed. Resp ira t ion  was re g u la r ,  

almost machine-11ke during SWS in both conditions. I r r e g u la r i ty  1n 

breathing of the same type was seen 1n PS. The EEG patterns looked 

s im ila r ,  attached or unattached.

4. Some prelim inary work using spectral analysis o f the EEG 

confirms th is  la s t  point. I have now recorded three pups, both while  

attached and while unattached. A fte r  scoring sleep-wake states by the 

normal c r i t e r i a ,  the EEGs from epochs of each of the three states under 

both conditions were analyzed using a spectral analysis program 

(Williams and Gottman, 1982). This program counts the EEG waves and
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sorts i t  according to frequencies. The pattern of EEG frequencies seen 

was not s ig n if ic a n t ly  influenced in any state by the attachment 

condition (unpublished data).

Data Analysis

Fifteen-sec epochs were scored by the above c r i t e r i a  and measures 

derived from duration and frequency of periods in each s ta te ,  the 

percent of to ta l  recording time spent in each s ta te ,  and the rate  

and pattern of tra n s it io n s  from one sta te  to the next. We also scored 

the latency to sleep onset. The to ta l  amount of sucking for the three  

sucking types was measured fo r  each animal. F in a l ly ,  we also 

calculated for each animal the ra te  o f sucking per un it  of time spent 

in each sleep-wake s ta te ,  a s ta te -s p e c if ic  sucking ra te .

In th is  experimental design, each in fan t served as i t s  own 

contro l, with respect to changes 1n measures from Baseline to Reunion 

Day, to changes in measures w ith in  d i f fe re n t  s ta tes, and with respect 

to measures recorded when the pup was attached or not attached to I t s  

mother's te a t .  Dependent t - te s ts  (dep t )  and one- and two-way analyses 

of variance (ANOVA) with repeated measures took into account th is  

strong experimental design. Comparisons across groups without repeated 

measures were done by Independent t - t e s t .  The co rre la tion  of one 

variab le  to another was done using Pearson Product-Moment parametric 

c orre la tions . V aria tion  around a l l  mean values are given by the 

standard error o f the means (SEN), both 1n the te x t  and the f igures .

Note tha t the combination of the ANOVAs with repeated measures and 

the format of the Results section creates a problem 1n presentation. 

Baseline and Reunion data are discussed separately , then comparisons 

between the two days are drawn. The overall analyses are based on data
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from both days. Rather than present the overall analyses twice, these 

larger ANOVAs are presented 1n the Appendix. Smaller ANOVAs and t -  

tests  are used w ith in  the te x t  to make spec ific  comparisons. The 

use of these sp ec if ic  analyses where unplanned are validated by the 

overa ll ANOVAs. Dep t - t e s t  are used as post hoc tes ts  since they are 

used fo r  planned comparisons of s im ila r  data la t e r .  I t  seemed 

cumbersome to report d i f fe re n t  types of tests  on figures which 

otherwise were very s im ila r .  Note th a t Newman-Keul's post hoc tests  

gave the same resu lts  as these "post hoc" dep t - t e s ts  In every case.

Following the Normal Mother Baseline experiment, most comparisons 

are planned, based on the resu lts  of tha t f i r s t  experiment. For 

planned comparisons, dep t - t e s ts  are used and no ju s t i f ic a t io n  by 

overall ANOVA 1s needed (Winer, 1974). Nevertheless, ANOVAs on a l l  

the data are given 1n the Appendix for researchers Interested 1n 

tes ting  other hypotheses than those presented here.

Specific  Methods For Individual Experiments 

Normal Mother and U t t e r  Experiment

Six l i t t e r s  were born and raised near the polygraph machine in the 

tes ting  room where they would be studied la t e r .  This procedure was 

followed to accustom the mothers to the presence of the Investigators .

On the day of electrode implantation, the usual procedures were 

followed except th a t the electrodes were made espec ia lly  long (10 cm) 

to allow the pups more freedom of movement.

On Baseline day, 15 minutes p r io r  to the te s t  session, the dam was 

removed from the cage and the Implanted pup was connnected to leads 

buried under the nest shavings. A fte r  the dam was returned, care was 

taken to watch the dam closely during the f i r s t  15 minutes of the
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recording session since she was l i k e ly  to attack the electrodes during 

th is  time, i f  a t a l l .  I t  was sometimes necessary to d is tra c t  her 

a tten tion  away from the electrodes by touching the top of the cage or 

occasionally by ac tu a lly  pushing her head away from the electrodes with 

a long probe. No heat was supplied to the bottom of the cage during 

the te s t sessions since the mother and U t t e r  were present to provide 

normal temperature controls to the te s t  pup.

In th is  experiment the mother was free  to come and go from the 

U t t e r ,  thus the data were analyzed both while the pup was attached to 

the mother's te a t and while the pup was unattached, as well as an 

overall analysis of sleep-wake behavior combining both conditions.

Gaps in attachment of less than or equal to one minute were Included as 

attachment time. During these short gaps the pups were f r a n t ic a l ly  

nosing th e ir  mother's ventrums, in the process of reattaching to the 

same or a new nipple. The short gaps usually occurred ju s t  fo llowing a 

milk e jec tion  during which time a nipple switch is to expected. The 

short gaps did not constitu te  a termination of the nursing bout i t s e l f .

Of course, sucking behaviors could only be analyzed when the pup was 

attached. I t  must be noted that i t  was impossible to see the tes t  

pup some of the time since the mother and H tterm ates  would block our 

view; thus the behavioral observations were occasionally Incomplete.

As 1s known from the work of two groups of researchers, the mother 

r a t  must be 1n SWS fo r  a m ilk  e jec tio n  to occur (L incoln , Hentzeen,

Hin, Vunder Schoot, Clarke and Sumerlee, 1980; VoloscMn 

and Tramezzani, 1979). She 1s generally  1n a relaxed posture with the 

pups q u ie t ly  attached to her ventrum. The milk e jec tion  activates  both 

mother and pups. The mother wakes and stands on four splayed legs over 

her l i t t e r  with her back arched (Orewett, Statham and Wakerley, 1974;
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a stereotypic "stretch" response, showing a r ig id  body extension with  

limbs pressed against the mother's ventrum (Orewett e t  a l . ,  1974; 

Lincoln, H i l l  and Wakerley, 1973; Lincoln, e t  a l . 1980).

We used these already known behaviors of mother and the e n t ire  

U t t e r  to rate  the occurrence of a milk e jection  as have other workers 

in the f i e ld  ( e .g . ,  Drewett and Trew, 1978; Voloschin and Tremezzani, 

1979). A va r ie ty  of measures have ju s t i f i e d  the use o f these behaviors 

as a marker fo r milk e je c t io n , including th e ir  temporal corre la tion  

with a r ise  1n intramammary pressure, with the administration of 

oxytocin to the dam, etc . (see Drewett, 1983 fo r  review). However, 1t 

has not been conclusively proven that 1n the natural nursing s itu a t io n  

these behaviors occur only when the pups receive milk or that the pups 

never receive milx without th e ir  occurrence. Thus, following common 

practice  1n the f i e l d ,  when I discuss the pups' response to a milk  

e je c t io n , I am re fe rr in g  to th is  defined "milk e jec tion  response" 

behavior.

This problem is especia lly  re levant since the sucking pattern was 

also used to define the milk e jection response. The EMG was rated 

independently by Brake 1n four categories ranging from D e fin ite  to 

Barely Possible as to whether a milk e jec tion  had occurred. Since 1n 

the data analysis we describe sucking changes during milk e jection  

responses, i t  would be c irc u la r  1f we t r ie d  to Imply th a t these 

behaviors were a necessary part of a l l  milk d e liv e ry .  The two ra ting  

systems overlapped very well fo r  28 cases and these were called  milk  

e jec tion  responses. In f iv e  cases, e ith e r  the behavioral or EMG 

ra ting  was so high th a t these Instances were called milk e jection  

responses despite reservations of the second scoring system. There
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were another 30 cases with low ratings as milk e jec tion  responses 

by e ith e r  system or more usually both. These examples were not 

included in the data analysis. Thus, we used a conservative approach 

to c a ll in g  a p a r t ic u la r  behavior a milk e je c t io n , d e l ib e ra te ly  

accepting the chance of more "misses" than " fa lse  pos it ives".

A fter the Baseline recording session, the te s t  pup and two 

l i t t e r m a t e s  were placed in a new cage overnight. As noted in the 

General Methods, home cage shavings and thermoregulated heat were 

supplied. Four pups were l e f t  with the mother 1n the home cage 1n 

order to  reduce any changes in the mother's behavior which might be 

caused by the experimental procedure. Thus on Reunion Day, four of the

seven pups had not been deprived while three had been. The 

observations o f  the mother-infant In te rac tio n  of Reunion Day should be 

in terpreted w i th  the d i f fe r e n t ia l  experience of the two groups of 

pups in mind.

Anesthetized Mother Experiment

In t h i s  experiment six l i t t e r s  were studied, both on Baseline and 

Reunion days. Each implanted pup was recorded f o r  two hours without 

l i t te rm ates  in i t s  home cage while attached to I ts  

urethane-anesthetized mother. The mothers were anesthetized a t  a 

dosage of 2-3 mg per kg. A fte r  Baseline recording, the pup was

separated from the mother overnight with two l i t te rm ates  1n the home

cage. The mother was placed 1n another cage with three l i t te rm ates  and 

home cage shavings. The three pups with the mother often remained 

attached to nipples overnight despite the fa c t  th a t milk e jections are 

un like ly  to have occurred (Lincoln, H111 and Wakerley, 1973). Just 

p rio r  to the Reunion te s t ,  the mother was placed on new bedding from
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the home cage nest and two o f the separated l i t te rm ates  were placed on 

the mother to draw out her te a ts ,  1f necessary. They were then 

removed before recording from the experimental pup.

Cycled Diet Experiment

In th is  experiment, six U t t e r s  were studied. The tes t  

procedure was almost the same as that in the Anesthetized Mother 

Experiment with the following exceptions. At the time o f  e lec ­

trode Implantation, each animal was provided with a gastric  

cannula made from 30 gauge polyethelene tubing (Clay-Adams, PE-10) 

by techniques modified from Messer, Thoman, Terresa and Dallman (1969),  

and described in Hofer (1973). The tube passed through the ventral 

surface o f the stomach, through a purse-strlng suture, through a 

1.5 mm s l i t  in the peritoneum, and curved la t e r a l ly  and dorsally  in the  

region o f  the spine. At th is  po int, 1t curved abruptly  1n a caudal 

direction  a f t e r  surfacing in the middle o f the pup's back, and the 

external 3-5cm lay  on the surface along the lower back extending to 

the t a i l .  Sutures d is ta l to beads in the wall o f  the polyethelene 

tubing at the stomach and abdominal w alls , as well as a small patch of 

collodion at the e x i t  point 1n the skin prevented the displacement 

o f  the cannula by t ra c t io n .  Bends 1n the polyethelene tubing were 

formed with heat p r io r  to surgery to conform approximately to body, 

contours. These cannulae remained patent to Infusions for several 

days and were ra re ly  destroyed by the mother.

A fter  the Baseline recording, the pup's cannula was connected 

to tubing (S i la s t ic  602-105) through which the pup was Infused with  

an enriched formula d ie t .  The major constituents were condensed bovine 

milk and corn o i l  (to raise fa t  content). The d ie t also had small amounts



of vitamins, minerals and amino acids and Mas d ilu ted  with water to 

mimic, as closely as possible, the composition of ra t  m ilk . A deta iled  

comparision between ra t  m ilk , condensed bovine milk and th is  formula is  

ava ilab le  (Messer, Thoman, Terresa and Dallman, 1969). The d ie t  was 

infused during the 22 hrs of separation on a schedule approximating 

that of the normal nursing cycle. A timer was used to a c t iva te  a 

Harvard infusion pump for 15- or 20-min periods a lte rn a tin g  with 40-m1n 

to 60-min periods of no infusion. The flow rate  o f nutr ien ts  were 

adjusted so tha t the pup received approximately the same amount of milk  

i t  would have received from i ts  mother. The tubing was supported in 

such a way as to prevent tangling by the movement o f the te s t  pup or 

i ts  two l i t te rm ates .  The las t infusion occurred approximately 30-m1n 

before the Reunion te s t  period.

^Sex of the te s t  pup was not controlled in these experiments. In 
each series of experiments, there were a minimum of two pups of the 
iess-w ei1-represented sex. No sex d ifferences had been noted in our 
previous work (Hofer, 1976; Hofer and Shalr, 1982). However, with the 
small number of subjects in the present study, sex d ifferences were 
very u n like ly  to be found. Whether any such differences e x is t  1n the 
behaviors described here remains to be tested.



31

NORMAL MOTHER AND LITTER EXPERIMENT BASELINE

The purpose of th is  section 1s to describe the behavior of two- 

week-old ra t  pups during the normal nursing cycle. For the reasons 

discussed 1n the Introduction , the emphasis w i l l  be on the re la tionship  

of sleep-wake states and sucking behavior 1n the nursing process. Two 

secondary goals w i l l  also be addressed. The f i r s t  of these alms 1s to 

provide normative data on many aspects of the mother-infant In teraction  

and compare these results  with previous studies. The behavioral 

observations which were performed during the te s t  sessions suggested 

the f in a l  goal. During a nursing bout, the pups a lternated  b r ie f  

periods of a c t iv i ty  - -  tread les , changing nipples, burrowing - -  with  

longer periods of quiet attachment. When not attached, the pups also 

alternated  between short periods of a c t iv i t y  and longer periods of 

qu ie t.  Behavioral and physiologic recordings of nursing bouts and 

in ter-bout in te rva ls  w i l l  be compared to see 1f th is  impression of 

s im i la r i t y  is sustained.

The data w i l l  be presented in the following fashion. F i r s t ,  there  

w i l l  be a deta iled  q u an tif ica t io n  of the behavioral observations of the 

six experimental l i t t e r s .  Included 1n th is  data w i l l  be such measures 

as the number and timing of nursing bouts and milk e jec tions , a c t iv i t y  

leve ls  of the implanted pups, and weight and temperature changes.

Second, the polygraph resu lts  w i l l  be presented. Sleep-wake 

states and sucking patterns w i l l  be emphasized. Trends in the data 

over the time of the nursing episodes w i l l  be examined.

Third, the resu lts  w i l l  be analyzed fo r  any trends over the time 

of the recording sessions.
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Behavioral Observations

During the two hour te s t session, the implanted pup was able to 

compete fu l ly  with i ts  l i t te rm a te s .  As shown in Fig. 4, the te s t  pup 

could burrow under i ts  dam which was in good nursing posture. 

Impressionistic visual observations did not reveal any gross behavioral 

differences between the implanted pups and th e ir  l i t te rm a te s .  For 

example, the te s t  pups never missed a milk e jection  received by th e ir  

l i t te rm ates . They were able to attach to th e ir  dams 79.4 + 3.9% of the 

time that the adult was in the v ic in i t y  of the l i t t e r ,  demonstrating 

the pups' m o b il ity .  Also, as w i l l  be seen below, the sleep-wake 

patterns of the pups were quite comparable to the norms described for  

pups of th is  age recorded without th e ir  dams or l i t te rm ates  (Hofer, 

1976; Jouvet-Mounier, Astic and LaCote, 1970). Thus, there seems to 

be l i t t l e  reason to believe th a t the following resu lts  were an a r t i f a c t  

c f  ^ecorC|^ng procedure.

Attachment Time

During the two hour te s t session, both the number and length of 

the nursing in teractions  between pups and dams varied among the six  

l i t t e r s .  This v a r ia b i l i t y  is displayed 1n Fig. 5. Note the ir reg u la r  

patterns of milk e jections as w e l l .  A few constants do appear to be 

t ru e , however. No milk e jections occurred In any nursing bout of less 

than f iv e  minutes. Only ra re ly  was there a milk e jec tion  in the f i r s t  

several minutes a f te r  attachment.

The data from th is  f ig u re  and i t s  derived means (see Table A) 

are well w ithin the range of results  found by other investigators .  

Two-week-old rats are suckled approximately 40% of day (Grota and Ader,
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Figure 4. An i l lu s t r a t io n  of the mother and l i t t e r  during the 
recording session. The mother is unanesthetized, nursing her l i t t e r  in 
the normal fashion. The implanted pup is  under the mother's ventrum, 
presumably attached to a te a t .
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Figure 5. Patterns of nursing bouts fo r  a l l  s ix  U t t e r s  during
the two hour Baseline recordings.

This data 1s based on the times during which each Implanted pup 
e ith e r  was or was not attached to a te a t .  The resu lts  fo r  any other 
individual in a U t t e r  may vary s l ig h t ly .  Gaps in attachment of less 
than or equal to one minute are not indicated. M ilk  e jections (ME) are 
designated by arrows.
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1969; Leon, Adels and Coopersmith, 1985). In th is  study, nipple  

switches were seen following 22% of the milk e jections (data derived 

from Table A), as has been reported fo r  pups of th is  age (H a l l ,  Cramer 

and Blass, 1975). (Nipple switching is a behavior exhibited  

increasingly by older pups and may be an attempt to obtain more milk by 

emptying two nipples a t each milk e je c t io n .)  The average length o f the 

nursing bouts in th is  experiment was a l i t t l e  shorter than the 20 

minutes found by others fo r  pups of th is  age (Grota and Ader, 1969; 

Leon, Croskerry and Smith, 1978). However, these researchers monitored 

maternal nest time, not actual attachment time. As one can see 1n 

Fig. 5, there were nursing bouts interrupted by only a few minutes. In 

some instances, the dam did not leave the nest area during th is  time.

Milk  Ejection Responses

There were a to ta l  of 33 milk e jec tion  responses observed during 

the 4.92 hours of attachment of a l l  Implanted pups. The data 1n Table 

A concerning the defined milk e jec tion  responses are comparable to 

other reports in the l i t e r a tu r e  (L incoln, H i l l  and Wakerley, 1973). 

These investigators  found a very s im ila r  range 1n in te r -e je c t io n  

in te rva ls  from about two to over 20 minutes with a mean of 6 .6  

minutes. Thus, since the present recording procedure did not in te rrup t  

the normal pattern of milk letdown, the tes t procedure had to have 

allowed the mothers to f a l l  asleep (Lincoln, Hentzeen, H1n, Vunder 

Schoot, Clarke and Summerlee, 1980; Voloschln and Tramezzanl; 1979).

Weight and Temperature Data

Pups were w ith in  the normal range fo r  weight and temperature at



fable A

Data from behavioral observations of mother-pup interactions on Baseline day.

T . c Time

Time %

Latency
to * Lengths 

of NB's
# of 1

Latency 
to .  

1st Mr

betw.
la te r

A tt . TRT 1st NB of n ipp le3 of ME’ s
(min) A tt . (min) NB'S (mi n) swi tches ME’ s (min) (min)

Mean 51 41 21 3.5 15.5 1.2 5.5 7.5 6.3

SEM 9.1 6.8 9.4 1.0 3.1 .8 1.5 1.5 .8

23 19 3 1 .5 0 1 1.8 2.8
Range to to to to to to to to to

84 6b 67 8 48 5 8 24 16

aA nipple switch was defined as an event in which a pup detached from a 
nipple and reattached to the same or another nipple w ithin one minute.

^Th1s figure is latency to the f i r s t  ME of each NB, not the TRT.

Figured only fo r  ME's w ithin the same NB.

ME * milk e jection NB = nursing bout TRT = to ta l  recording time
A tt .  = attached oo
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the s ta r t  of the recording session (Table B; Hofer and Grabie, 1971; 

Messer, Thoman, Terrasa and Oallman, 1969). Temperature was maintained 

at the end of the session. There was a small but s ig n if ic a n t  increase 

in weight during the two hour period. I f  the pups had continued to 

gain weight at tha t rate for 24 hours, th e ir  percentage change in 

weight would have been .8% X 12 = 9.6%. The normal gain in weight fo r  

th is  age pup is approximately 11% (Messer, Thoman, Terrasa and Oallman, 

1969). Neither change nor percent change in weight was s ig n if ic a n t ly  

correlated to the amount of time the pup was attached to the n ipp le , to 

the number of milk e jec tion  responses, or to the number of nipple  

switches. Remember, as mentioned in the Methods section, the pups had 

not been voided p r io r  to the s ta r t  of the te s t  procedure, thus variab le  

amounts of e lim ination  might have influenced the weight measures.

A c t iv i ty  Levels

Hofer and Grabie (1971) reported tha t fo r  the two-week-old pup, 

the d is tr ib u t io n  of active  and inactive  episodes did not depend on 

whether the pup was being nursed. Results in the present experiment 

were s im ila r .  As shown in Fig. 6 (and confirmed by ANOVA resu lts  in 

the figure  legend), there was no influence of attachment condition on 

the duration of e ith e r  active  or Inactive  episodes.

Two ideas were suggested by these data. From the fa c t  th a t the 

present results  confirmed a previous study, there was more reason to 

believe tha t our recording procedure was not too d is ru p tive . The 

larger implication concerned the controls for the patterning of the 

pup's behavior. Even though the presence or absence of the dam changed 

which spec if ic  behaviors the pup displayed, the timing of the emission
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Table B

Body weight and recta l temperature.

(  Body Weight ( g r . ) ---------) ( - -R ecta l Temp.(°C) — )

pretest posttest 1 change9 pretest
b

posttest

Mean 27.6 27.9 0 .8 35.9 36.3

SEK 1.0 1.0 .26 .18 .21

24.5 24.5 0 35.4 35.8
Range to to to to to

31.6 31.8 1.6 36.4 36.9

a
The mean weight gain was s t a t is t ic a l ly  s ig n if ic a n t  
(dep t  ■ 3.478, df»5, p<.0 5 ) .

b
The mean temperature change was not s t a t is t ic a l ly
s ig n if ic a n t  (dep t  * 1.765, d f *5 ) .
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Figure 6. Histogram analysis of active  and Inactive  periods 
during nursing and when the mother was away, I l lu s t r a t in g  the re la t iv e  
frequency of occurrence of periods of d i f fe re n t  durations.

Two-way ANOVAs with repeated measures on factors  A and B were run 
on both the periods of a c t iv i ty  and the periods of in a c t iv i ty .  In 
neither case was there any e f fe c t  of attachment condition on the 
re la t iv e  frequencies of the episode durations. There was no 
in teraction  e f fe c t  e ith e r .

Periods of a c t iv i ty : Factor A Attached vs. Unattached
Factor 8 Episode duration

Source SS OF MS F ra t io

SWG .361 5 .072
A .028 1 .028 .000
B 13521.4 7 1931.6 53.541
AB 112.4 7 16.1 .445
Resid 2705.8 75 36.08

Periods of In a c t iv i ty : Factors A and B the same as above

Source SS DF MS F ra t io

SWG .058 5 .011
A .264 1 .264 .010
B 3076.7 7 439.5 17.249
AB 271.8 7 38.8 1.524
Resid 1911.1 75 25.5
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o f  behavior was quite s im ila r .  Several hypotheses might explain these 

data. A null hypothesis would be th a t e ith e r  random chance or the 

crudeness o f  the recording measures prevented a d is t in c t io n  from being 

drawn. One a lte rn a t iv e  would be that there existed some Internal  

pattern generator which caused the pup to be active  w ithin certa in  time 

In te rv a ls .  Such a generator might be programmed by the pattern of 

behavior evoked during previous In teractions with the mother, Including  

nursing. Or, the putative  generator might be r e la t iv e ly  Independent of  

environmental input. C lear ly , other hypotheses are possible. For 

example, perhaps the environmental cues 1n the two attachment 

conditions were more s im ila r  than appearances suggested. The f i r s t  

step in answering the questions raised by these speculations was to 

continue the comparisons of behavior 1n the attached and unattached 

conditions. Such comparisons of sleep-wake states w i l l  be presented 

below.

Electrophysiological Data

Rat pups were found to be asleep most of each nursing bout. A 

typ ical example (F ig . 7) shows how quickly one pup f e l l  asleep a f te r  

attaching. The pup a lternated  among a l l  three sleep-wake states during 

the period i t  was attached to the mother's te a t .  Note tha t the pup was 

asleep at the s ta r t  of each of the three milk e jec tions , then awakened 

only  b r i e f l y  during and a f te r  the milk e jec tio n . The example also 

shows that sucking behaviors occurred in a l l  three s ta tes . The res t of 

th is  section w i l l  characterize these observations in greater d e ta i l .  

F i r s t  sleep patterns, then sucking data, and f i n a l ly  the periods around 

milk e jection  w i l l  be analyzed.



Figure 7. Sleep-wake s tate  data and sucking behavior during a 
typ ica l nursing episode.

The height of the top l in e  Indicates which state  the pup was 1n 
any given time. A fter  the pup was attached, the type and amount of 
sucking during each 15 second In te rva l 1s shown by the le t te r s  below 
the sleep-wake s tate  trac ing . Thus three Rs Indicate  from 11 to 15 
seconds of rhythmic sucking. Other behaviors of In te re s t  are noted 
above the s tate  trac ing .

A = awake; PS -  paradoxical sleep; SWS = slow wave sleep; R
rhythmic sucking; B = bursts; T = treadles; ME = milk e jec tio n .
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Sleep-Wake States

As suggested by Fig. 7, ra t  pups were asleep a high percentage of 

the time during nursing bouts. Table C summarizes the findings. In 

fa c t ,  the sleep-wake sta te  percentages were not s ig n if ic a n t ly  d if fe re n t  

whether the pup was or was not attached. Other resu lts  did show a 

difference between the two attachment conditions. The sleep latency 

Immediately following nipple attachment was ac tu a lly  shorter than the 

sleep latency a f te r  the pups had come o f f  the n ipple. There 1s another 

In te res ting  point having to do with sleep latencies. When attached, 1n 

most cases pups entered slow wave sleep. However, when the pups were 

not attached, they showed an equal l ike lih ood  of entering Into slow 

wave or paradoxical sleep. The duration of episodes was shorter 1n a l l  

three states while pups were nursing than when not nursing. Those 

episodes also occurred at a higher frequency, which resulted 1n the 

equal percentage recording time noted above. The fewer number of state  

tra n s it io n s  per hour of the pups when not attached re f le c ts  the data on 

duration and frequency 1n a s ingle f ig u re .  The more s tate  tran s it io n s  

per hour of the attached animal was probably due to the fa c t tha t the 

pup was being disturbed from external sources - -  the mother's movements 

and her milk e jections.

One can examine the pattern of duration of s ta te  episodes more 

closely in Fig. 8. From these histograms one can see th a t the mean 

attached vs. not-attached changes 1n durations from Table 5 were not 

evenly d is tr ib u te d . There were many more very short and few very long 

state  episodes of awake and paradoxical sleep when attached. The 

Intermediate episode durations were f a i r l y  comparable.



Table C

Measures of sleep and wakefulness of in fant rats recorded with th e ir  normal mother and 
l i t t e r  for two hours on Baseline day.

a
t  Time in State ( ----------------State Episode-Analysis---------------) State

Sleep Mean Duration Frequency/hour trans.
Latency (min) per

(min) A PS SWS A PS SWS A PS SWS hour

Overall 2 .3  31 39 30 1.02 1.82 1.33 18 13 14 46

Attached .8  29 33 38 .68 1.22 1.18 26 17 20 61

Not
Attached 2 .4  33 43 25 1.34 2.66 1.46 16 10 10 35

Comparisons of A tt .  and Not A t t . :
dep t  = 1.913 .637 1.347 1.866 2.479 3.104 1.344 5.097 3.008 5.513 7.377

dfs5 + *  * * * * *  * * *

a
% time In state 1s based on the to ta l  recording time for the overall condition, on 
the time being nursed In the Attached condition, and on the time with mother away In 
the Not Attached condition.

A ■ awake PS ■ paradoxical sleep SWS *  slow wave sleep + * p<.10, ns 
*  ■ p<.05 * *  ■ pc.Ol * * *  » pc.OOl
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Figure 8. Histogram analysis of s tate  episode durations during 
nursing and with the mother away on Baseline day, I l lu s t r a t in g  the 
re la t iv e  frequencies of occurrence of periods of d i f fe r e n t  durations.

A = awake; PS = paradoxical sleep; SWS = slow wave sleep; E = 
episode; = p<.10; *  = p<.05; * *  = p<.01.

Indications of s ta t is t ic a l  s ign if icance re fe r  to comparisons 
with in  a state  fo r episodes of the same duration between the Attached 
and Not Attached conditions. These Indications are based on the 
resu lts  of t - t e s ts  whose use are validated  by the findings of three  
two-way ANOVAs with repeated measures on A and B, one ANOVA fo r  each 
sta te .

Awake: Factor A Attached vs. Not Attached
Factor B Episode Duration

Source SS OF MS F ra t io

SWG .500 5 .100
A .021 1 .021 .000
B 26553.4 4 6638.3 90.752**
AB 955.0 4 238.8 3.264*
Resid 3291.7 45 73.1

PS: Factors A and B the same as above

Source SS DF MS F ra t io

SWG .213 5 .043
A .078 1 .078 .000
B 4992.0 4 1248.0 4 .237**
AB 2490.9 4 622.7 2.114
Resid 13,254.8 45 294.6

SWS Factors A and B the same as above

Source SS DF MS F ra t io

SWG .490 5 .098
A .141 1 .141 .001
B 13450.1 4 3362.5 24.466**
AB 281.6 4 70.4 .512
Resid 6184.7 45 137.4
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Another c h arac te r is t ic  of s tate  behavior Is  the p ro b a b il i ty  of 

t ra n s it io n  from one sta te  to another. In th is  study, there were no 

s ig n if ic a n t  changes in tra n s it io n a l  p ro b a b il i ty  depending upon whether 

the pups were being nursed or not (F1g. 9 ) .  Under both conditions, the 

most l i k e ly  sequence of tran s it io n s  was from awake to slow wave to 

paradoxical and back to awake. However, note th a t only two cases 

(awake to slow wave; paradoxical sleep to awake) were above 20% in 

p ro b a b il i ty .  Thus, these pups did not have the adult pattern of more 

predictable  t ra n s it io n s ,  something which has also been reported for  

other young mammals (Meier and Berger, 1965; Shimizu and H1mw1ch, 

1968).

Sucking Behavior

A ll six pups engaged in frequent sucking while they were asleep 

and attached to th e ir  mother's n ipp le . This f ind ing has been noted 

above 1n the nursing example I l lu s t r a te d  1n Fig. 7. Table D summarizes 

the mean sucking times fo r  the three sucking types: bursts, treadles

and rhythmic sucking. O vera ll,  almost 50% of a l l  sucking occurred 

while the pups were asleep. The sucking pattern called  "burst" was 

d i f fe r e n t  from treadles and rhythmic sucking 1n th a t th is  was the only 

sucking pattern predominantly (71%) seen during sleep. The other two 

patterns were seen more 1n slow wave than paradoxical sleep, but s t i l l  

less than h a lf  as much as while awake.

However, since the proportions of time spent 1n the three sleep- 

wake states were d i f fe r e n t ,  a rate of sucking 1n each state  gives a 

better measure of the re la tionsh ip  between sucking pattern and sleep- 

wake s ta tes. In Fig. 10, one can see tha t a l l  four aspects o f sucking
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Figure 9. The p ro b a b i l i t ie s  of t ra n s it io n  among the three sleep- 
wake states during nursing and while the mother was away on Baseline
day.

There were no s ig n if ic a n t  d ifferences in tra n s it io n a l  
p ro b a b il i t ie s  between the two attachment conditions, based on the lack 
of in te rac tio n  e f fe c t  1n the ANOVA below.

A = awake; P = paradoxical sleep; SWS = slow wave sleep.
* *  = p<.01

Factor A Attached vs. Not Attached
Factor B D irection of State Transition P robab il ity

Source SS DF MS F ra t io

SWG .000 5 .000

A .000 1 .000 .000

B .182 5 .036 3.699**

AB .024 5 .000 .496

Resid .542 55 .009
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Table D

Mean and SEM sucking times9 in each sleep-wake state  of 
in fant rats being nursed by th e ir  mother on Baseline day.

State RS

44 + 11 19 + 5 70 + 15

PS 2 ±  1 17 ±  5 17 ± 6

SkO 19 i, 4 34 ±  9 30 ±  6

SEM -  standard error of the Mean A ■ awake
PS * paradoxical sleep SWS * slow wave sleep B * bursts
RS -  rhythmic sucking T ■ treadles

a For each of the three sucking types, the time spent
sucking was calculated as the number of f iv e  second bins
1n which a suck of tha t type occurred.
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Figure 10. The ra te  of sucking behaviors and the percentage of 
time in each sleep-wake state  during nursing on Baseline day.

The horizontal bars represent the mean percentage of recording 
time while attached to a te a t  spent in each sleep-wake s ta te .  The 
height of the three le ft-hand v e r t ic a l  bars gives the mean rate of 
sucking per minute for each kind of sucking. The bar to the right  
measures the amplitude of the d ig as tr ic  EMG recording when no sucking 
is occurring (an index of the muscle tone Involved 1n maintaining a 
seal on the n ipp le ) .

EMG = electromyogram; PS -  paradoxical sleep; SWS = slow wave 
sleep; RS = rhythmic sucking; B = bursts; T = treadles; I = EMG 
in te n s ity  rank.

Each sucking type d i f fe rs  in I t s  ra te  among the three states at  
the p<.05 level or be tte r  except fo r the comparison of treadles between 
PS and SWS (dep t=2 .581 , d f=5 . p< .10). A ll s ign if icance findings are 
based on aep t - te s ts  whose use are validated by the resu lts  of overall 
ANOVAs on both Baseline and Reunion data (see Appendix).
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behavior occurred a t appreciable levels  during the two states of sleep 

as well as during the awake state  with the single exception of rhythmic 

sucking, which was almost never observed in paradoxical sleep. Bursts 

ac tu a lly  occurred a t a higher ra te  in slow wave sleep than while  

awake. The rate of each type of sucking d if fe re d  s ig n if ic a n t ly  between 

the sleep-wake states in most cases, as 1s shown 1n the figure  legend.

M1lk Ejection Responses

The period around the milk e jec tion  responses was analyzed closely  

in terms of sleep-wake states and sucking patterns. As mentioned 

above, there were 33 milk e jections observed. In Fig. 11, one can see 

tha t in a l l  cases observed the pups were asleep p r io r  to milk e je c tio n ,  

were awakened by the milk e je c t io n ,  and 1n 50% of the cases were asleep 

again w ith in  15 seconds. By 30 seconds the percentage asleep had risen  

to 74%.

The sucking leve ls  on e ith e r  side of the milk e jec tion  responses 

are displayed 1n Fig. 12. Treadles and rhythmic sucking both rose 

during the minute post-m11k e je c t io n . Treadles rose to nearly f iv e  

times normal rates Immediately a f te r  milk e jec tio n . Considering the 

e n tire  minute post-milk e je c tio n , the overa ll ra te  was doubled (see 

Table E). Thus, treadles and rhythmic sucking are Implicated as 

n u t r i t iv e  sucking types fo r  the ra t  pup. Bursts appeared to be 

unchanged by the milk e jec tio n .

When the d e f in i t io n  of the milk e jec tion  response 1s expanded to  

inc lude  even those 30 behavioral events rated "Barely Possible" milk  

ejections (see Methods section ),  the above described sleep-wake and 

sucking patterns were not a lte red  dram atica lly . The pups were s t i l l
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Figure 11. The percentage of pups in each sleep-wake state during 
the minute before and the minute a f te r  milk e jec tion  responses in 28 of 
33 cases observed.

In f iv e  cases the pups detached for more than 15 seconds and were 
omitted from th is  analysis.

Figure 12. Sucking leve ls  fo r the minute before, during and two
minutes af'ter milk e jec tion  response (ME).

Mean values based on the 38 MEs in which the pups did  not  detac** 
fo r  more than 15 seconds.
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Table E

Comparison of mean (and SEM) sucking rates 1n the two 
minutes immediately post milk e jection to the overall  
sucking rates during attachment on Baseline day.

a
(  Mean Sucking Rates ) ( — Dep T -Tests , d f - b - - )

1st min 2nd m1n 
1st m1n 2nd m1n vs. vs.
post ME post ME Overall overall overall

RS 2.05±.35 .371.20 1.221.16 2.180 5.751
♦ * *

B 1.09+.26 1.631.48 1.381.14 1.641 .642

T 4.95± .4b 2.131.47  2 .371 .37 7.766 1.582
* * *

SEM * standard error of the mean ME *  milk e jec tion  
8 * bursts RS * rhythmic sucking T « treadles  
+ * p<.10, ns * *  ■ p<.01 * * *  ■ p<.001
a

For each of the three sucking types, the rate of sucking 
was calculated as the number of f iv e  second bins per 
minute in which a suck of that type occurred.
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asleep p rio r to v i r t u a l ly  every milk e jec tio n . They returned to sleep 

even more quickly th e re a f te r .  Sucking behavior changed in that neither  

rhythmic sucking nor treadles  rose quite  as high 1n the period during 

and ju s t  a f te r  the suspected e jec tio n .

What happened to the sucking rates in each of the three states in 

th is  period of milk e jec tion  response (as o r ig in a l ly  defined)? As 

shown in Table F, only the r is e  1n treadles during the awake state  was 

s t a t i s t ic a l ly  s ig n if ic a n t ly  d i f fe re n t  from I t s  overa ll awake treadle

ra te .  Note that these data must be considered te n ta t iv e ,  since there

were a lim ited  number of «pochs a va ilab le  fo r  comparison. The problem 

was especia lly  acute for paradoxical sleep, since two pups did not 

enter paradoxical sleep in the minute following th e ir  milk e jections.  

However, these data suggested tha t i t  would be worth examining how 

f ixed  the ra te  of sucking is  in each sleep-wake s ta te .  That point w i l l  

be addressed fu r th e r  1n the studies to fo llow .

Trends Over Time Within the Nursing Bout

As discussed 1n the Introduction, there 1s known to be a 

re la tionsh ip  between feeding behavior and sleep-wake cycles ( 6 .g . ,

Danguir and N ic o la id is ,  1979; S iegel, 1975; Yogman and Ze ise l,

1983). One of the simplest ways to th ink about th is  re la tionsh ip  is  

tha t young mammals may be awake when hungry and asleep when f u l l ,  a 

formulation included as part of what Kleitman (1963) c a l ls  "wakefulness 

of necessity." The i l lu s t r a te d  nursing bout (F ig . 7) already suggests 

tha t such a simple explanation cannot be true in a l l  cases, since the 

pup f e l l  asleep before receiving any m ilk . Another way to examine the 

hypothesis is to compare the pups' behavior in the f i r s t  h a lf  o f the



fable F

Comparison of mean sucking rates w ithin each sleep-wake state  from the 
f i r s t  minute post milk e jection to the overall sucking rates in that 
sleep-wake s ta te .

(

RS/M

Min
post 2.45 
ME

Overall 2.99

- A .................... - )

B/M T/M

.6 /  7.26

1.30 5.08

RS/M B/M

0 .93

.10 .89

— - )  ( ...........

T/M RS/M

2.32 2.05

.94 1.11

SWS............... )

B/M T/M

1.14 2.55

1.77 1.74

dep t  = 1.127 2.467
df=5a +

3.537
*

.000 .008 2.940 
+

.921 .460 1.201

a For PS, d f -3  since only four pups entered PS in the 1st. m1n post ME.

A = awake PS * paradoxical sleep SWS *  slow wave sleep 
RS 3 rhythmic sucking B = bursts T * treadles ME *  milk e jection  

= p<.10, ns *  = p<.05
* minute

o\ro
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nursing bouts to th e ir  behavior in the second h a l f  of the bout. In 

Table G, one can see tha t neither the sleep-wake sta te  percentages nor 

the time spent sucking showed any s ig n if ic a n t  change between the two 

halves of the nursing bouts. These data do not f i t  the predictions  

tha t the pups would spend more time asleep a f te r  receiving milk.

Did the behavior associated with milk e jections change over the 

time of the nursing bouts? For those 14 nursing > f iv e  m1n, there were 

an average of 1.1 + .32 milk e jections 1n the f i r s t  h a l f  and 1.3 + .16 

in the second h a lf  of the nursing bout (dep t  = .763, df = 13, n .s . ) .  

The sleep-wake s tate  percentages 1n the minute pre- and post-milk  

ejections did not d i f f e r  when measured in the f i r s t  h a lf  vs. second 

h a lf of the nursing bout. Neither did the sucking rates show any 

change over time, as can be seen 1n Table H.

Trends Over Time During The Recording Session

In the sections above, a great deal of data have been presented on

the mother-pup in te rac tio n . Much of th a t data confirmed e a r l ie r  work

by others (Grota and Ader, 1969; Hofer and Grable, 1971; Leon, Adels 

and Coopersmlth, 1985). As a f in a l  check to see 1f the recording 

procedure in te r fe rred  with the behavior of the mother or pups, we 

examined the f i r s t  vs. second h a lf  of the recording session. I f  these 

data were strongly Influenced by the attachment and continued presence 

of the leads, one would expect to see changes 1n behavior over time as 

the mother and pups slowly adapted. As shown 1n Table I ,  there was no 

s ig n if ic a n t  change e ith er  in percent time attached or number of milk  

e jections. From Fig. 5, one can see that the change in behavior across 

l i t t e r s  was much greater than any change over time.
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Table G

Trends over time w ithin the nursing bout:
Comparison of state percentages and sucking behavior from 
the f i r s t  to second h a lf  of the bout on Baseline day.

b
(-Sleep-wake State %'s-) (  Time Sucking— )

A PS SWS RS B T

1st Half 35° 23 42 16.4 14.7 23.7

2nd Half 32 32 36 10.2 13.5 24.0

dep t = .978d 1.700 1.188 1.610 .641 .125
df-13

Data taken only from those 14 nursing bouts i  5 m1n.
b

For each of the three sucking types, the time spent 
sucking was calculated as the number of 5 sec bins 1n 
which a suck occurred divided by the attached time of that
h a l f .

c
Note that these figures were calculated as means per 
nursing bout ( I . e . ,  divided by 14, not 6 ) .  Therefore 
these data w i l l  not match the means given in Tables 1 
and 2.

d
All t ' s  not s t a t is t ic a l ly  s ig n if ic a n t .

A * awake PS * paradoxical sleep SWS * slow wave sleep
B = bursts RS * rhythmic sucking T *  treadles
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Table H

Trends over time w ithin the nursing bout:
Comparison of the rates of sucking in the minutes around
milk e jec tion  1n the f i r s t  vs. second halves of the nursing bout.

1st min. p rio r to ME 

RS B T

1st min. post ME 

RS B T

1st Half .5 1.8 1.4 2.1 .8 5.3

2nd Half .3 1.1 1.7 2 .3  1.2 4.7

dep t  = .753 1.698 .558
d f-5

.172 .945 .537

B ■ bursts RS * rhythmic sucking T ■ treadles  
ME ■ milk e jection
ft

All t ' s  are non-s1gn1f1cant.
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Table I

Trends over time during the recording session:
Comparison of behavior from the f i r s t  to second h a lf  of 
the Baseline session.

% TRT Attached3 # of ME's

Mean ♦ SEM Mean + SEM

1st Half 44 ± 10.6 3 .3  ± .76

2nd Half 41 + 10.7 2 .2  ± .60

dep t  = .200 1.337
df«5 ns ns

aData taken only from those 14 attached episodes i  5m1n.

ME * milk e jec tion  ns * not s t a t is t ic a l ly  s ig n if ic a n t
TRT * to ta l  recording time
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These f i r s t  vs. second h a l f  comparisons are admittedly crude 

measures. Many of the f in e r-g ra in ed  comparisons of trends over time 

would be possible. In fa c t ,  too many are possible. Without specific  

hypotheses to guide us in which comparisons to make, we decided to be 

s a t is f ie d  with these imperfect analyses. They are a t  least s u ff ic ie n t  

to te s t  the simple questions proposed in these two subsections.

The Problem of “ Indeterminate State**

As was discussed in the Introduction and Methods, states are 

defined based on a conste lla tion  of behaviors. Individuals  may vary 

from each other or w ith in  themselves over time in the preciseness of 

the coherence of the parameters used to define s tates. Thus, certain  

epochs may be hard to characterize as one s ta te  or another. This 

problem is often espec ia lly  acute in young organisms as a l l  the 

parameters which constitu te  a s ta te  may not be f u l l y  developed yet 

(Anders, 1975; Petre-Quadens, 1974; W olff ,  1972). On Baseline day,

9% of the recording session were these d i f f ic u l t - t o -s c o r e  epochs which 

have been labe lled  indeterminate s ta te  (ID S). Each of these d i f f i c u l t  

epochs was placed in the s tate  to which in my best e s t im a t io n 'i t  

belonged. However, these epochs were tracked fo r  fu r th er  analysis.  

S1xty-four percent of IDS were epochs which appeared to be a cross 

between awake-drowsy and slow wave sleep with movement. This state  

has been labelled  intermediate s tate  ( IT S ) .  ITS occurred an average of 

6 + 1.3% of the Baseline recording. The range of ITS among the animals 

went from 0 to 10%. Of these epochs, 69% were scored as slow wave 

sleep; 31% as awake.

To te s t  whether possible m is labe ll ing  of these epochs might have
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Table J

Influence of intermediate sta te  scoring on sleep-wake
state percentages.

Mean of Recording Time

PS SWS

Overall: 31 39 30
orig ina l scoring

Overall: 34 39 27
ITS scorea as A

Attacned: 38 33 29
ITS scored as A

Not Attached: 34 43 24
ITS scored as A

Comparison of
A tt .  vs. Not A t t .  ,894,ns 1.493,ns ,890,ns
dep t ,  d f*5

A = awake PS * paradoxical sleep SWS » slow wave sleep 
ITS * intermediate sta te  ns * not s t a t i s t ic a l ly  s ig n if ic a n t
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influenced the results  in the sections above, the data in Table J were 

calculated. As can be noted, there was only small change in sleep-wake 

percentages caused by th is  reca lcu la tion . In fa c t ,  the s im i la r i t ie s  

between the attached and not-attached conditions 1n sleep-wake 

percentages were even more s tr ik in g  when figured in th is  manner 

(compare with Table C).

I f  a l l  ITS epochs 1n the minute following milk  e jections were 

scored as awake, the speed at which pups f e l l  asleep was s t i l l  

dramatic. In 42% of the cases the pups were asleep by 15 seconds. The 

f igure  climbed to 69% by 30 seconds. Thus we calculated th a t the 

problem caused by the d i f f ic u l t - to -s c o r e  epochs did not s ig n if ic a n t ly  

influence the general pattern of our resu lts .

Discussion

The results  of th is  experiment demonstrate th a t there are s tr ik in g  

s im i la r i t ie s  in the behavior of the two-week-old ra t  while attached and 

not attached to i ts  dam's te a t .  A c t iv i ty  leve ls  do not distinguish  

between the two conditions, confirming Hofer and Grable (1971). Most 

Importantly, the basic sleep-wake pattern continues fo r  the most part  

independently of attachment condition. For example, there 1s no change 

in the percent of time 1n each sleep-wake s ta te . The ra t  pup 

alternates  in a f a i r l y  rapid manner among the three basic arousal 

states, spending approximately two-thirds of the time asleep under both 

conditions. What does a l te r  is  the duration and frequency of the s tate  

episodes. While attached, the episodes tend to be shorter and more 

frequent, possibly due to the mother's behavioral s tim ulations.

Nothing in these results  conclusively confirms or denies the
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speculation tha t the pattern of a c t iv i ty  is  contro lled by some in ternal  

generator mechanism, r e la t iv e ly  independent of attachment condition.

I f  such a mechanism ex is ts ,  i t  may also explain the s im i la r i t y  of 

sleep-wake states under the two conditions. In fa c t ,  the sleep-wake 

state behavior may be part of such a control mechanism, or a t  least on 

the pathway of c o n tro l.

The results  also reveal tha t during nursing bouts almost h a lf  of 

a l l  sucking behavior occurs while the In fan t ra t  1s asleep. 

Characteris tic  rates of each sucking type are exhib ited 1n the 

d if fe re n t  s tates. These rates tend to be highest while the pup is 

awake, intermediate in slow wave sleep, and lowest in paradoxical 

sleep. However, one sucking pattern , the burst, has i t s  highest rates 

in slow wave sleep.

The proportions of sleep-wake sta te  percentages and the rates of 

sucking do not d i f f e r  between the f i r s t  and the second halves of the 

nursing bouts. Thus, in the normal suckling s itu a t io n  in the two-week- 

old r a t ,  increasing sleepiness and decreased levels  o f sucking are not 

found to occur as the nursing bout progresses. In th is  species, 1n 

which milk letdown occurs p e r io d ic a l ly ,  sleep-wake sta te  leve ls  do not 

provide a simple explanation fo r  the termination of feeding. Indeed, 

termination of nursing bouts has been found to be tr iggered by 

increases in the mother's ventral temperature rather than other 

feeding-rela ted  events (Woodside, Pelchat and Leon, 1980).

A fter  the pup o r ig in a l ly  attaches to the te a t ,  then only in the 

periods of the milk e jection  responses can we pred ict what the pup's 

state w i l l  be. Before each milk e jection  the animal is  always asleep; 

a f t e r  each milk e jection  the pup awakens b r ie f ly .  Rhythmic sucking
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and treadles are both increased during milk e jection  responses and are 

therefore candidates as ingestive sucking types.
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NORMAL MOTHER AND LITTER REUNION

The Baseline experiment reported above raised some unexpected 

issues. I f  s a t ie ty  is not simply linked with sleepiness, what is the 

re la tionsh ip  between feeding and sleep-wake states? The pups' sleep- 

wake patterns were s im ila r  whether attached or not-attached to th e ir  

mother's te a t .  Is th is  s im i la r i ty  evidence tha t the sleep-wake states  

are generated in te rn a l ly  by the pups and not e as ily  Influenced by the 

environment? How is the sucking behavior which occurs during sleep 

controlled? What factors influence tha t behavior?

Deprivation experiments have often been used to perturb normal 

behaviors and thus h ig h ligh t any re lationships  among them. One such 

deprivation - -  separation from the mother - -  has known e ffe c ts  on both 

' ’ eer-wake states a^d sucking behaviors, a lb e i t  studied separately and 

under d i f fe re n t  experimental conditions (Hofer, 1976; Hofer and Shalr, 

1982; Brake, Sager, Sullivan and Hofer, 1982). The goal fo r  th is  

experiment was to see how deprivation affected the mother-infant  

in teraction  and especia lly  the re la tionsh ip  of sleep-wake states and 

sucking behaviors.

The data w i l l  be presented 1n a s im ila r  format as 1n the Baseline 

results  section. F i r s t ,  as a part of behavioral observations, data 

w il l  be presented on the number and timing of nursing bouts and milk  

ejec tion  responses, the number of nipple switches, and weight end 

temperature changes.

Second, the polygraph data w i l l  be analyzed, especia lly  the 

re la tionsh ip  of sleep-wake states and sucking behaviors. The period 

of milk e jection  responses w i l l  be scrutin ized .
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Trends in the data over the time of the nursing bout w i l l  be 

examined in conjunction with trends over time in the recording 

session. This analysis is especia lly  important since reunion e ffec ts  

are to be expected.

Reunion to Baseline day comparisons w i l l  be made throughout the 

data presentation as needed. These comparisons w i l l  be used to 

emphasize any e ffe c ts  of deprivation.

Behavioral Observations

Upon Reunion, the pups s t i l l  showed the a lte rn a tio n  of active  and 

quiet periods which was observed on Baseline day, both when attached 

and unattached. However, implanted pups and th e ir  separated 

H tterm ates  appeared more active  than th e ir  nonseparated l i t te rm a te s .  

The separated pups were more vigorous in attempting to attach to the 

dams, occasionally going as fa r  as leaving the l i t t e r  p i le  and chasing 

the dam around the cage. Remember th a t since only three pups from each 

l i t t e r  were separated overnight, the following data does not represent 

the normal response of mother and U t t e r  to deprivation , but 

comparisons can be drawn between the te s t  pup's own responses on 

Baseline and Reunion days.

Attachment and M1lk Ejection Response Data

As can be seen in Fig. 13, there was a great deal of v a r ia b i l i t y  

in both attachment and milk e jec tion  response patterns among the six  

l i t t e r s .  There was a s ig n if ic a n t  increase in attachment time over the 

Baseline day (see Table K), but th is  did not tra n s la te  into an 

increased number of milk e jections as defined by the c r i t e r ia  in the
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Figure 13. Patterns of nursing bouts fo r  a l l  s ix  U t t e r s  during 
the two hour Reunion recordings.

This data is based on the times during which each Implanted pup 
e ith e r  was or was not attached to a te a t .  The results  fo r  any other 
individual in a l i t t e r  may vary s l ig h t ly .  Gaps 1n attachment of less 
than or equal to one minute are not indicated. M ilk  e jections (ME) are 
designated by arrows.

Compare to Fig. 5 f o r  the s im ila r data from Baseline day.
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Methods section. Four pups had more milk e jections on Reunion day; 

two pups had fewer. Neither the latency to the f i r s t  milk letdown of a 

nursing bout nor the time between subsequent letdowns was s ig n if ic a n t ly  

decreased on Reunion day.

The milk e jection  response data was also examined for each pup 1n 

re la t io n  to the to ta l  recording time, I . e .  Independent of the variab le  

timings of the nursing bouts. Thus, a mean figure  was derived from 

each pup and tha t was used to get an overa ll mean. This method of 

analyzing the data allowed us to see i f  the pups were getting  milk  

ejections sooner or more frequently  on Reunion day. The mean latency 

to the f i r s t  milk e jection of the recording for each pup on Baseline 

day was 34 + 7.9 minutes. On Reunion day i t  was 26 + 9.1 minutes (dep 

t  = .538, df=5, ns). In the Baseline to Reunion latency change, four 

animals decreased latency to the f i r s t  milk e jec tion  on Reunion day, 

one Increased latency, the la s t  showed l i t t l e  change. When figured  

Independent of breaks 1n attachment, the mean latency between 

subsequent milk e jections per pup was as follows: Baseline mean = 13.3

+ 2 .0  min.; Reunion mean = 8 .9  + 2 .0  min. (dep t  = 1.664, df*4t\ 

ns).

The mean latency to the f i r s t  milk e jec tion  of each nursing bout 

of each pup was as follows: Baseline mean^ = 8.1 + 1.5 m1n.;

Reunion mean = 8 .2  + 1.6 m1n. (dep t  = .079, df=5, ns). Thus, 1n 

th is  experiment in which only one h a lf  the U t t e r  had been separated, 

the deprived pups were not able to e l i c i t  s ig n if ic a n t ly  more or more 

frequent milk e jections from th e ir  dams. These results  suggest, among 

other things, that any changes in the te s t  pup's behavior and



Table K

Data from behavior.il observations of mother-ipup interactions on Reunioni day.

Time %

Latency
to 1 Lengths 

of NB's
# of # I

Latency 
to b

T CTime
betw.
la te r

A tt . TRT 1st NB of ni pple of 1st ME ME's
(min) A tt . (min) NB’ S (min) switches ME's (min) (min)

Mean 70 58 3.2 5.3 13.6 2.6 6.5 6.8 5.8

SEM 7.8 5 . f> .5 .9 2.7 1.2 1.8 1.2 1.2

52 43 1.0 4 .5 0 2 1.5 1.5
Range to to to to to to to to to

94 77 4.8 9 52 7 12 18 30

Comparison of means 
dep t  = 3.071 3.229

to Baseline data 
1.913 1.642 .863 1.164 .745 .222 .334

df=5 * *

A nipple switch was defined as an event In which a pup detached from a 
nipple and reattached to the same or another nipple within one minute.

b
This figure Is latency to the f i r s t  ME of each NB, not the TRT.

c
Figured only fo r  ME's w ith in  the same NB.
j
ind t - t e s t ,  df=41, ns

ME * milk ejection  
A tt .  * attached

NB * nursing bout TRT = to ta l  recording time
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electrophysiological data from Baseline to Reunion were not in 

response to major s h i f ts  in the dams' behavior patterns.

Weight and Temperature Data

During the 22 hours of deprivation , the te s t pups los t an average

of 2 .0  + .28 g r . ,  which was a s in g if ic a n t  decrease 1n weight (see Table

L). The mean change in body weight during the Reunion session was not

s t a t i s t ic a l ly  s ig n if ic a n t ,  even though the average increase was greater

than the change on Baseline day. Two pups ac tu a lly  lo s t weight during

the Reunion te s t session. These resu lts  are s im ila r  to findings of

Stephen Brake in which deprived pups had an increased v a r ia b i l i t y  in

weight gain post separation. Some pups gained much more than p r io r  to

deprivation, some pups "seemed to f a l l  apart" (personal

communication). As on Baseline day, ne ither weight changes nor percent

change were correlated s ig n if ic a n t ly  to attachment time, to the number

of milk e jections or to the number of nipple switches.
o

The pups' average temperature was 35.2 + .4 C p r io r  to the 

recording. The temperature had not changed s ig n if ic a n t ly  due to 

deprivation , nor did 1t  change s ig n if ic a n t ly  during the recording 

session.

Electrophysiological Data 

Sleep-Wake States

Even a f te r  24 hours of separation, when pups were returned to 

th e ir  mothers and l i t t e r s ,  they were asleep a great deai of the time 

both attached and unattached. The percentage of time spent in each of 

the sleep-wake states did change from Baseline day, however. One of
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Table L

Body weight and recta l temperature.

(  Body Weight ( g r . ) ---------) ( — Rectal Temp.( C) — )
a b

pretest posttest % change pretest posttest

Mean 25.8 26.9 4.3  35.2 36.3

SEM 1.2 1.2 2.4 .4 .4

22.4 22.4 -2 .6  33.6 35.6
Range to to to to to

30.0 30.2 +11.6 36.2 36.6

Comparison of means: Baseline and Reunion
c c

dep t  = 7.129   1.521 2.130 ------
df«5 * * *  +

a
The mean weight gain was not s t a t i s t ic a l ly  s ig n if ic a n t  
(dep t * 1 .829, d f * 5 ) .

b
The mean temperature change was not s t a t i s t ic a l ly  
s ig n if ic a n t  (dep t  ■ 2.559, d f -5 ,  p< .10).

CThus, the pups s tarted the Reunion session l ig h te r  than on 
Baseline day ( mean wt. change -  -2 .0  g r ) ,  but the loss 1n
rectal temperature did not quite reach s ig n if icance .

+ = p<. 10, ns * * *  *  p<.001
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these changes, the decreased time spent in paradoxical sleep (see 

Table M) confirmed s im ila r  findings on pups recorded in iso la tion  

described by Hofer (1976) fo r Carworth Wistar ra ts  and by Hofer and 

Shair (1982) for Marland Farms Wistar ra ts .

In the present study the amount of time awake also increased 

s ig n if ic a n t ly  on Reunion day, while the amount of time spent in slow 

wave sleep did not change. There was no d iffe rence  in the number of 

state tran s it io n s  per hour, probably due to the behavioral changes 

which w i l l  be discussed la te r .

Few Baseline to Reunion corre la tions of sleep parameters reached 

s ign if icance . However, the animals that showed the least paradoxical 

sleep on Baseline day showed the most on Reunion day, suggesting a 

possible rebound e f fe c t  ( r  = - .7 8 ,  df=4, p< .05). There was a strong 

positive  corre la tion  of mean duration of episodes in slow wave sleep 

between Baseline and Reunion days, possibly ind icating  the resistance  

of slow wave sleep to change ( r  = .93, df=4, p< .01).

Upon Reunion, the patterning of sleep-wake states of the pups 

depended upon whether or not they were attached to a te a t .  Attachment 

condition Influenced the percent of time spent in each s ta te ,  as well 

as the episode mean duration and frequency per hour 1n many cases 

(Table M ). These differences may possibly be explained by the 

in teraction  of the environmental s tim uli of reunion and the In ternal  

motivational state of the deprived pups. For example, when not 

attached, the te s t  pups were often observed chasing th e i r  dams around 

the cage, nosing f r a n t ic a l ly  a t her ventrum, attempting to attach. I t  

*.as th is  type of behavior which led to being awake 77% of the time with 

an average episode duration of 3.3 minutes. In Fig. 14, one can see



Table M

Measures of sleep and waki fulness of infant rats recorded with th e ir  normal mother and 
l i t t e r  for two hours on Reunion day.

a
X Time in State l ---------------State Episode Analysis------ State

Sleep Mean Duration Frequency/hour trans .
Latency (min) per

(min) A PS SWS A PS SWS A PS SWS hour

Overall 6.5
h

57 9 33 1.92 1.02 1.35 19 5 16 40

dep t  = 1.787 4.372 7.057 .834 3.976 3.451 .234 1.337 3.924 1.234 1.812
d f =5 * *  * * * * * *

Attached 1.6 48 4 48 1.24 .60 1.46 24 4 21 48

Hot
Attached 4.4 77 13 11 3.27 1.62 . 7 9 17 6 9 30

c d e
dep t  = 2.191 2.674 2.091 4.884 2.132 3.030 3.296 1.777 .552 2.350 1.455

df*5  ♦ * * * * + + * ♦

a
% time 1n state is based on the to ta l  recording time for the overall condition, on 
the time being nursed in the Attached condition, and on the time with mother away in 
the Hot Attached condition, 

b
Comparison of Baseline to Reunion

c
Comparison of Attached and Hot Attached
 ̂ e
df * 4 df = 2

A * awake 
* = p<.05

PS *  paradoxical sleep SWS -  slow wave sleep ♦ * p<.10, ns 
* *  * p<.01 * * *  = pc.001

oo
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that the longer mean duration was espec ia lly  re la ted  to a large percent

of very long (> f iv e  min) episodes.

Of the small amount of paradoxical sleep during the Reunion te s t ,

less than one quarter of that occurred while attached (Table M). Also,

while attached, any episodes which did occur were of very short 

duration (F ig . 14), usually terminated by awakening (F ig . 15). When 

not attached, there were no more frequent episodes of paradoxical 

sleep, but the mean duration was longer. I believe th a t the low amount 

of paradoxical sleep while attached was re la ted  to the pattern of 

sucking behavior e l ic i t e d  by Reunion. This point w i l l  be addressed 

fu rther a f te r  the sucking data has been presented. With the demands of 

the sucking behavior released while not attached, the higher percentage 

of paradoxical sleep may have been a kind of "rebound" phenomenon.

The percent of slow wave sleep while not attached was 

s ig n if ic a n t ly  lower than when being nursed (Table M), possibly because 

of how active  the not-attached pups were. The high percentage while  

attached could have been another example of "rebound". Another 

possible explanation 1s that some element of the Reunion nursing 

s itu a t io n  e l ic i t e d  slow wave sleep in the pup. Figure 14 demonstrates 

that the lower mean duration and frequency per hour of episodes when 

not being nursed was due to a general s h i f t  in the percent of episodes 

to be shorter, rather than a heavy weighting in episode lengths a t  one 

end of the scale or the other, as was the case with awake and 

paradoxical sleep.

In the tra n s it io n a l  p ro b ab ili ty  of sleep-wake state  changes data 

(Fig. 15), there is fu rth er  evidence of the d i f fe re n t  demands on the 

pups in the attached and not-attached conditions. When attached, pups
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Figure 14. Histogram analysis of state episode durations during 
nursing and with the mother away on Reunion Day, i l lu s t r a t in g  the 
re la t iv e  frequencies of occurrence of periods of d i f fe re n t  durations.

A = awake; PS = paradoxical sleep; SWS = slow wave sleep; E = 
episode; = p<.10; *  -  p<.05; * *  = p<.01.

Indications of s t a t is t ic a l  s ign ificance re fe r  to coaiparlsons 
w ith in  a sta te  fo r  episodes of the same duration between the Attached 
and Not Attached conditions. These Indications are based on the 
resu lts  of t - t e s ts  whose use are validated  by the findings of three  
two-way ANOVAs with repeated measures on A and B, one ANOVA fo r  each 
state .

Source SS DF MS F ra t io

Awake: Factor A Attached vs. Not Attached 
Factor B Episode Duration

SWG .215 5 .043
A 0 1 0 0
B 6426.2 4 1606.5 11.638**
AB 3887.8 4 972.0 7 .041**
Pesid 6211.8 45 ">38.0

PS: Factors A and B as above

SWG .074 2 .037
A .028 1 .028 .000
B 6847.2 4 1711.8 12.670**
AB 8950.5 4 2237.6 16.562**
Resid 2431.9 18 135.1

SWS: Factors A and B as above

SWG .123 4 .031
A .496 1 .496 .002
B 13028.6 4 3257.1 13.966**
AB 1463.4 4 365.8 1.569
Resid 8395.9 36 233.2

I
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Figure 15. The p ro b a b i l i t ie s  of t ra n s it io n  among the three sleep- 
wake states during nursing and while the mother was away on Reunion 
day.

An overall ANOVA on both Attached and Not Attached tra n s it io n a l  
p ro b a b il i t ie s  revealed both main and In te rac tio n  e ffe c ts  (see below). 
These results  allowed the use of dep t - t e s ts  fo r planned, Individual 
comparisons.

Unlike Baseline day (see Fig. 9 ) ,  there were s ig n if ic a n t  
differences 1n tra n s it io n a l  p ro b a b il i t ie s  between the two attachment
conditions:

S to A: t= 3 .443, p<.02
P to A: t= 3 .60 7 , p<.05
A to S: t=3 .717 , p<.02
A to P: t=2 .835 , p<.05

df=5 in a l l  cases

Individual comparisons of Reunion to Baseline data were performed 
only fo r the Attached condition. The behavioral observations revealed  
such gross d ifferences in actions of the pups when not attached tha t  
comparisons seemed pointless . Even when attached, however, there were 
s ig n if ic a n t  d ifferences between Reunion and Baseline 1n the like lih ood  
of a l l  s tate  tran s it io n s  a t the p<.05 level or be tte r  (use of dep t -  
tests  ju s t i f i e d  by ANOVA resu lts  in Appendix)

A = awake; P -  paradoxical sleep; SWS = slow wave sleep;
df = degree of freedom; pC.Ol.

Reunion data: Factor A Attached vs. Not Attached
Factor B D irection  of State Transition  P robab il ity

Source SS DF MS F ra t io

SWG .069 5 .014
A .014 1 .014 2.073
B 1.186 5 .237 35.326**
AB .257 5 .051 7.658**
Resid .369 55 .006



A

.06 .43

.02

A t tached
.04

Not A t tached

00
<T>



87

were three times more l ik e ly  to s h i f t  from paradoxical sleep to awake, 

than to s h i f t  from paradoxical sleep to slow wave sleep. This finding  

occurred despite the fa c t  that awake and slow wave sleep percentages of 

to ta l  attached time were equal. When not attached, pups in paradoxical 

sleep were more l ik e ly  to s h i f t  to slow wave than would have been 

predicted by random chance based on the sleep-wake s ta te  percentages.

In neither attachment condition was the most common adult manual 

pattern seen, that of awake to slow wave to paradoxical to awake.

Comparison of these data with the s im ila r  data from the Baseline 

session demonstrates the greater influence of attachment condition on 

sleep-wake benavior a f te r  separation and Reunion. Especially note that  

percent of time in each state d if fe re d  with attachment condition a f te r  

Reunion and did not on Baseline Day. Thus, attachment condition was a 

more s a l ie n t  stimulus on Reunion day than during the Baseline session.

The above data might lead one to believe tha t 22-hour deprived 

pups were simply hyperaroused, probably because of hunger. And, 1t 1s 

true th a t the pups were awake more a f te r  deprivation, even while being 

nursed (Table N). However, note tha t the Increased time awake was due 

to a se lective  reduction 1n paradoxical sleep. Slow wave sleep was 

once again res is tan t to change. Neither percent time 1n slow wave 

sleep nor duration or frequency of episodes d iffe re d  s ig n if ic a n t ly  

between Baseline and Reunion recordings. Also, sleep latency was not 

s ig n if ic a n t ly  increased on Reunion day. I t  is therefore hard to think  

of these deprived pups as ju s t  hyperaroused by hunger, since they a l l  

s t i l l  f e l l  asleep prior to receiving any milk. The s ig n if ic a n t  

decrease in state trans it io ns  per hour a f te r  separation might be 

considered as evidence against hyperarousal as w e l l ,  but the very low



Table N

Comparison of sleep-wake state measure* during attachment: Baseline to Reunion.

I  TAT in State ( ----------------State Episode Analysis------------ )
Sleep Mean Duration Frequency/hour

Latency (min)
(min) A PS SWS A PS SWS A PS SWS

Raseine .8  29 33 38 .68 1.22 1.18 26 17 20

Reunion 1.6 48 4 48 1.24 .60 1.46 24 4 21

dep t  = 1.612 2.667 4.228 1.705
df*5  * * *

2.698
*

1.581 1.859 1.309 6.852 .329 
* *

ad f*3 ,  since two reunion pups had no PS attached

A *  awake PS ■ paradoxical sleep SWS *  slow wave sleep 
TAT * to ta l  attached time *  * p<.05 * *  = p<.01

State
trans.

per
hour

61

48

3.620

COoo
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amount of paradoxical sleep explains that f ind ing . S h ift ing  between 

two states in a l im ited  amount of time leads to fewer tran s it io n s  than 

changing among three.

The increased percent time awake on Reunion day was made up from 

longer, but no more frequent episodes (Table N). Many of these longer 

episodes awake occurred following milk e jections and w i l l  be discussed 

below.

Sucking Behavior

Upon Reunion a f te r  deprivation, two week old ra t  pups Increase 

t h e i r  in take  from the dam or in an a r t i f i c i a l  feeding te s t with 

continuous milk flow (Hall and Rosenblatt, 1978; Houpt and Epstein, 

1973; Lorenz, E l l is  and Epstein, 1982). P riva tion  not only Influences  

attachment time, beginning a t  th is  age (Table K, also Cramer, Blass and 

H a l l .  1980: DolHnger, Holloway and Denenberg, 1978; Hall and

Rosenblatt, 1977), but the time spent sucking as well (Brake, Wolfson 

and Hofer, 1979; Brake, Sager, Sullivan and Hofer, 1982). As shown 1n 

Fig. 16, our data confirmed th is  previous work. Total of tread les ,  

rhythmic sucking and the nipple attachment In te n s ity  a l l  Increased from 

Baseline to Reunion day.

However, examination of the sucking ra te  per u n it  time 1n each 

sta te  demonstrated a pattern very s im ila r  to th a t o f Baseline day.

High rates for sucking were seen while awake, low rates 1n paradoxical 

sleep and intermediate leve ls  1n slow wave sleep (F ig .  17). Bursts 

were again the exception, being highest in slow wave sleep. In fa c t ,  

the sucking rate per unit time in each state seemed r e la t iv e ly  

res is tan t to change. There were n o 's ig n if lc a n t  Increases 1n rates per
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Figure 16. The average time spent 1n each sucking type while  
attached to an unanesthetized dam during Baseline and then Reunion from 
22 hours separation.

Time of sucking is represented as the number of five-second  
periods in which a suck of a given type occurred.

RS = rhythmic sucking; B = bursts; T = treadles;
I = EMG in te n s ity  rank; *  = p<.05; * *  = p<.01.

S ta t is t ic a l  indications compare Baseline and Reunion results  for a 
given sucking type and are based on dep t - t e s t s ,  df=5 fo r  each.

RS: dep t  = 2 .571, p=.05
B: dep t  = 1.840, ns
T: deD t  = 17.740, d<.001
I :  dep t  = 2 .597, p<.05
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Figure 17. The rate of sucking behaviors and the percentage of 
time in each sleep-wake state  during nursing a f te r  Reunion from 22 
hours separation.

The horizontal bars represent the mean percentage of recording 
time while attached to a te a t  spent in each sleep-wake s ta te .  The 
height of the three le ft-hand v e r t ic a l  bars gives the mean rate  of 
sucking per minute fo r  each kind of sucking. The bar to the r ig h t  
measures the amplitude of the d ig as tr ic  EMG recording when no sucking 
is  occurring (an Index of the muscle tone Involved 1n maintaining a 
seal on the n ip p le ) .

EMG = electromyogram; PS = paradoxical sleep; SWS = slow wave 
sleep; RS = rhythmic sucking; B = bursts; T = tread les;
I = EMG in ten s ity  rank.

Each sucking type d i f fe r s  s ig n if ic a n t ly  in I t s  ra te  among the 
three states a t the p<.05 level or bette r except fo r RS: A to PS, dep t  
= 2.963, df=3, p=.058 and RS: SWS to PS, dep t=1.860, df=3, ns.

Comparisons of Reunion and Baseline rates w ith in  a s ta te  reveal 
only two s ig n if ic a n t  changes (compare graph with F1g. 10). The rates  
of bursts during both awake and PS are decreased on Reunion day.

B/awake: dep t=9.790, df=5, p<.001 
B/PS: dep t=3.502, df=3, p<.05

All s ign if icance findings are based on dep t - te s ts  whose use are 
validated by the experimental resu lts  of overall ANOVAs on both 
Baseline and Reunion data (see Appendix).
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state  from Baseline to Reunion te s t .  Thus, the Increase in to ta l  

amounts of sucking were not simply due to a generalized increase in 

sucking in a l l  three s ta tes. (See figure  legend fo r  s t a t is t ic s . )

These sucking rates measures were not absolutely f ix ed , however. 

The rate of bursts decreased s ig n if ic a n t ly  a f te r  deprivation both in 

awake and in paradoxical sleep. Also, as shown in Table 0, individual 

animals could e ith e r  increase or decrease sucking rates w ith in  each 

s ta te . I am not try in g  to say that sucking rates per un it  time w ith in  

each state  never increase. Note tha t such an Increase did occur fo r  

treadles while awake in f iv e  of the six pups. However, such an 

increase was not  n e ce ssa r i l y  a part of the response to deprivation.

One pup had a decreased ra te  and fo r  several the magnitude of the 

Increase was quite small.

Milk Ejection Responses

The periods surrounding milk e jections were defined and examined 

closely as was done on Baseline day. There were 39 observed milk  

letdowns. In 34 of these the pups did not detach from the te a t  fo r  

more than 15 seconds. These 34 were used fo r  analysis . As on Baseline

day, pups were almost always asleep ju s t  p r io r  to letdown, as shown 1n

Fig. 18. Deprivation and Reunion did s h i f t  the ra t io  of sleep states  

dram atica lly . In only 3% of the cases were the pups 1n paradoxical 

sleep; in 94% they were in slow wave sleep. A fter milk e jection  the 

pups returned to slow wave sleep, but more slowly than on Baseline 

day. By one minute, pups were asleep in 50% of the cases.

As shown in  Fig. 19 and in  Table P, the rate of treadles rose

prec ip itously  a f te r  milk e je c tio n , returning to normal by the end of
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Table 0

Direction of sucking rate change from Baseline to Reunion 
te s ts .

B85

X84

Q84

N85

A83

L83

(  A............... )

RS/M B/M T/M

(  PS ) (  SWS )

RS/M B/M T/M RS/M B/M T/M

b 

b 

• +

b

b

b

b

0

+

+

♦

Remember that th is  chart gives no Indication of the 
magnitude of the change.

b
No PS while attached during the Reunion te s t .

+ = positive  change 1n rate -  « negative change in rate  
0 * no change 1n rate A > awake PS ■ paradoxical sleep
SWS * slow wave sleep RS * rhythmic sucking B *  bursts
T * treadles M -  minute
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Figure 18. The percentage of pups in each sleep-wake state on 
Reunion day during the minute before and the minute a f te r  milk 
ejection  response in 34 of 39 cases observed.

In f iv e  cases the pups detached for more than 15 seconds and were 
omitted from th is  analysis.

Compare to Baseline resu lts  in Fig. 11.

Figure 19. Sucking leve ls  on Reunion day fo r  the minute before,
dur ing and two minutes a f t e r  m i l k  e j e c t i o n  response (ME).

Mean values based on the 34 MEs in which the pups did not detach 
for more than 15 seconds.

Compare to Baseline resu lts  in Fig. 12.
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the second minute. Although rhythmic sucking was not Increased 1n 

comparison with i ts  overall ra te ,  I t  did show an Increase when the 

minute a f t e r  milk e jec tion  was contrasted with the preceding minute 

(dep t  = 3.595, df=5, p<.05 ) .  Why d id n 't  rhythmic sucking Increase 

compared to i t s  overall rate? I t  may have been due to the high rate of 

rhythmic sucking observed during the times of attachment and 

detachment, as well as during s h if ts  of maternal position . Another 

explanation may be th a t the large body movements o f tread ling  emitted 

by these pups may have prevented the EMG leads from picking up the 

underlying rhythmic sucking.

Recent unpublished work by Brake suggests that treadles and 

rhythmic sucking may ac tu a lly  be the same sucking type. The EMG 

a c t iv i ty  of the 11mb movements of tread ling  may be obscuring the 

underlying rhythmic sucking pattern on the polygraph trac ing . Brake 

now employs a new technique Involving a tongue cannula and pressure 

transducer to record sucking (Brake, Tavana and Myers, 1986). The 

output of th is  technique 1s not Influenced by feeding movements. With 

th is  technique rhythmic sucking appears to be underlying most, 1f  not 

a l l ,  tread ling  during the milk e jec tion  response. However, th is  

hypothesis of sameness of sucking types has not yet been proven.

Further experiments d irected s p e c if ic a l ly  to th a t point are needed. 

Also, even 1f sucking patterns are the same, the presence or absence of 

tread ling  motions may be an important d ifference in the pup's response 

to milk e je c tio n . Kneading the ventrum may cause more milk to be 

released or a l lo w  the pup to suck be tte r  by positioning i t s  body more 

advantageously.  Thus the d i s t i n c t i o n  between rhythmic sucking and
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Table P

Comparison of mean (and SEM) sucking rates in the two 
minutes immediately post milk e jection to the overall 
sucking rates during attachment on Reunion day.

(  Mean Sucking Rates ) ( — Dep T-Tests, d f«b -- )
1st m1n 2nd m1n 

1st min 2nd min vs. vs.
post ME post ME Overall overall overall

RS 1.69+.53 1.37±.62 2.46±.54 1.673 3.254
*

B .88+.40 .861.24 1.291.21 1.168 1.315

T 7.36+.79 4.1211.26 3.81±.35 4.456 .235
* *

SEM « standard error of the mean ME * milk e jection  
B * bursts RS * rhythmic sucking T ■ treadles  
*  * p<.05 * *  » p<.01

a
For each of the three sucking types, the ra te  of sucking 
was calculated as the number of f iv e  second bins per 
minute in which a suck of that type occurred.
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rhythmic sucking with treadles may s t i l l  be an Important one to be 

made.

The ra te  of tread ling  while awake and while in slow wave sleep 

also increased s ig n if ic a n t ly  in th is  minute a f te r  milk e jection  (Table 

Q). The s ig n if ic a n t  decrease in rates of bursts and rhythmic sucking 

while awake were probably due to the amount of time taken up by 

tread lin g . These data again Implicate tread ling  as the n u tr i t iv e  

sucking pattern and demonstrate tha t the sucking ra te  per un it  time 1n 

a sta te  can change in response to environmental s t im u li.

Trends Over Time

Unlike Baseline day, the recording session did not occur against 

the background of normal In te rac tion  between the pups and th e ir  dams.

On Reunion day, the pups were abruptly presented with th e ir  mothers

from whom they had been separated fo r  22 hours. With th is  in mind, 1t

was espec ia lly  Important to look fo r  changes over the course of the

recording session as well as during the nursing bouts. For example, 

one might expect to see pups awake more a t  the s ta r t  o f the nursing 

bouts or recording session and asleep more a f te r  having received 

several milk e jections or spent time sucking. As shown in Table R, 

there was such a decrease 1n the percent time awake while attached in 

the second h a l f  of the recording session. Note however, th a t ne ither  

the percent time attached nor the number of milk e jections d if fe re d  

between the two halves. Thus, pups were s t i l l  a c t iv e ly  seeking the

mother, attaching and sucking during the second h a l f .  The pups also

showed a decrease in the rate of treadles from the high rates during

the f i r s t  h a lf  of the session (Table R). When considered in
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Table Q

Comparison of the mean sucking rates 1n each sleep-wake 
s ta te 3 in the f i r s t  minute post milk e jec tion  to the 
overall sucking rates in that sleep-wake s ta te  during the
Reunion t e s t .

RS

Min
post ME 1.58

-A---

B

.30

■ )

T

8.92

RS

■SWS-

B

1.87 1.44 3.89

Overall 3.43 .72 5.95 1.46 1.42 1.87

dep t  -  2.794 3.181 3.001 .349 .051 2 .7 2 7 C
df * b *  *  *  +

B * bursts RS ■ rhythmic sucking T « treadles
ME * milk e jection  + * p<.10, ns *  * p<.05

a
Too few examples of paradoxical sleep 1n the minute post 
ME fo r  any meaningful analysis of sucking le v e ls .

b
df=5 while awake; df*4 in slow wave sleep since one pup 
had no SWS 1n the minute post HE.

°p  * .053



Table R

Trends over time during the recording session:
Comparison of attached pups from the f i r s t  to second ha lf of the Reunion session.

XTRT I  of Sleep-Wake State %'s Sucking Rates^
Attached ME's A PS SWS RS B T

1st Half
Mean 61 3.5 53 .5 46 2.7 1.4 4 .4

2nd Half 
Mean 54 3.13 40 7.2 53 1.8 1.3 3.1

dep t  = 
df*5

.4 57 .355 3.448
♦

1.834 1.333 1.223 .084 4.460
* *

Oata taken only from those 20 nursing bouts ( i . e . ,  attached episodes) > 5 min.
b

As a reminder, sucking rates were figured as the number of 5 sec bins/min in which 
sucks of that p a rt icu la r  type occurred. The rates in th is  tab le  were calculated  
indepedently of sleep-wake s ta te .

A *  awake PS ■ paradoxical sleep SWS * slow wave sleep B = bursts 
RS * rhythmic sucking T * treadles ME = milk e jection  TRT » to ta l  
recording time *  * p<.05 * *  = p<.01

o
CO



104

conjunction with the decreased awake time in the second h a lf  shown 

above, i t  suggests that the tread le  ra te  decrease was due to the lower 

level of awake time, not necessarily a change in the tread le  ra te  per 

unit time in each sta te .

This idea was tested by comparing the tread ling  ra te  while awake 

in f i r s t  vs. second h a lf  of the to ta l  recording time and finding no 

s ig n if ic a n t  change in rate (dep t  = 1.928, df=5, ns). In fa c t ,  there  

were no s ig n if ic a n t  changes in ra te  for any sucking type w ith in  any 

state  from the f i r s t  to second h a l f  of the recording session.

I f  attachment to te a t ,  feedback from sucking or milk Ingestion  

during Reunion acted quickly tc reverse the e ffec ts  of deprivation on 

the pups, then one might pred ict a d iffe rence  1n sleep-wake sta te  

percentages from the f i r s t  to second h a l f  of each nursing bout. On the 

contrary, the sleep-wake state  percentage change approached s ta t is t ic a l  

signif icance o n l y  f o r  paradoxical sleep (Table S). Even in th is  case, 

an increase from one to f iv e  percent may not have much b io logical  

sign if icance; most nursing bouts had no paradoxical sleep 1n e ith e r  

h a lf .

The amount of rhythmic sucking decreased dram atically  over the 

time of each nursing bout (Table S). This datum supports the 

impression gained during the recording sessions that rhythmic sucking 

is used to attach to the te s t ,  as well as fo r  Ingestion. I f  the number 

of milk e jections had been concentrated in e ith e r  h a lf  of the nursing 

bout, sleep-wake percentages and sucking behavior might have been 

influenced. In fa c t ,  the mean number of milk e jections were the same in 

each h a lf  ( f i r s t  h a lf:  1.3 + 2 .9 ;  second h a lf:  1.3 + .3 2 ) .  Fig. 13

provides a visual impression of these data. Thus the increased



105

Table S

Trends over time w ithin the nursing bout:
Comparison of state percentages and sucking behavior from 
the f i r s t  to second h a lf  of the bout on Reunion day.

b
(-Sleep-Wake State % 's-) ( -------Time Sucking-------)

A PS SWS RS B T

1st Half 53 1 46 34.0 10.9 39.7

2nd Half 46 5 49 15.0 16.4 38.6

dep t  » .927 2.061C .451 3.898 1.970 .348
df  = 19 -• * * *  +

a
Data taken only from those 20 nursing bouts 5 m1n.

k For each of the three sucking types, the time spent 
sucking was calculated as the number of 5 sec bins In 
which a suck occurred divided by the attached time of that  
hal f .

Cp « .051

A -  awake PS ■ paradoxical sleep SWS -  slow wave sleep
B = bursts RS -  rhythmic sucking T ■ treadles
+ * p < .10, ns * * *  ■ p<.001



rhythmic sucking in the f i r s t  h a l f  of nursing bouts noted above Mas not 

due to the number of milk e jections. F in a lly ,  the sucking rates 1n the 

minute jus t before and the minute following milk e jec tion  were examined 

fo r the f i r s t  and second halves of the nursing bouts (Table T ).  As can 

be seen, there were no s ig n if ic a n t  changes in rates o f sucking 

behaviors in the periods around milk e jections from the f i r s t  to the 

second halves of the nursing bouts. I t  may be tha t these data are too 

complex to analyze 1n th is  way, but at least we can re je c t  the simplest 

hypothesis tha t the pups would suck more vigorously ear ly  1n the 

nursing bout due to deprivation e ffe c ts .

Intermediate State

What has been called "Intermediate state" was described 1n the 

Baseline section. During Reunion, Intermediate s ta te  accounted for an 

average of 10 + 1% of the recording session. This amount was a 

s ig n if ic a n t  increase over Baseline day (dep t  = 2 .538, df=5, p<.05).

Of Intermediate s ta te  epochs, 74% were scored as slow wave sleep, 26% 

were scored as awake. I f  a l l  such epochs were scored as awake, the 

overa ll sleep-wake percentages would become: awake s 64 + 3.7%;

paradoxical sleep = 9 + 1.9%; slow wave sleep = 27 + 2.7%. I f  the 

data in the sections above were analyzed with these changes 1n scoring, 

the major Baseline to Reunion day s h if ts  would s t i l l  have the same 

form; i . e . ,  an increase in time awake, less time 1n paradoxical sleep 

and no s ig n if ic a n t  change in slow wave sleep.
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Table T

Trends over time w ith in  the nursing bout:
Comparison of the rates of sucking in the minutes around 
milk e jec tion  in the f i r s t  vs. second halves of the nursing 
bout.

1st min. p r io r  to ME 1st min. post ME

RS B T RS B T

1st Half .6 1.2 1.6 1.4 .5 7.1

2nd Half .8 1.2 2.4  2.8  1.1 7.6

dep t = ,386b .000 .625 1.737 .964 .563
d f*4 a

B = bursts RS *  rhythmic sucking T * treadles ME * milk 
e jection  
a
df-4  because pup N85 had no ME s 1n the f i r s t  h a lf  of any 
nursing bout, except those a f te r  which 1t  detached for  
more than 15 seconds.

bAll t ' s  are n o n -s ig n if ican t .
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Discussion

What has been learned from the Reunion procedure? F i r s t ,  pups are 

not simply hyperaroused by the deprivation experience. The pups s t i l l  

f a l l  asleep quickly a f te r  attachment to the nipple and before receiving  

any m ilk . They spend over h a lf  the time asleep while being nursed. 

There are changes in state  behavior, however. The pups do spend more 

time awake and fo r  longer durations. The amount of paradoxical sleep 

1s reduced confirming e a r l ie r  work (Hofer, 1976; Hofer and Shalr, 

1982). Another major d ifference between Baseline and Reunion days 1s 

that a f te r  deprivation sleep-wake patterns are dram atica lly  changed by 

attachment condition. When not attached, the pups are awake almost 

continua lly , often a c t iv e ly  chasing th e ir  mother around the cage. When

attached, slow wave sleep time equals time spent awake and there is
3

very l i t t l e  paradoxical sleep.

The amount of time spent sucking is increased by deprivation,  

confirming in th is  n a tu ra l is t ic  procedure the work using an 

anesthetized dam (Brake, Wolfson and Hofer, 1979). The most in tr igu ing  

f inding about sucking behavior is  th a t  the ch ara c te r is t ic  rates of 

sucking w ith in  each state  are not s ig n if ic a n t ly  Increased by 

deprivation. One strategy by which pups could increase to ta l  time 

spent sucking would be to ra ise  sucking rates w ith in  one or a l l  o f the 

three states. This strategy was not employed. Instead, pups s h i f t  

sleep-wake states to those states with higher sucking rates (awake and 

slow wave sleep) and decrease tha t s tate  with the lowest rates  

(paradoxical s leep). Sucking rates per u n it  time in each state  are not 

t o t a l ly  f ixed , however. There are trans ient increases in the minute
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ju s t a f te r  milk letdown. Also, the rate of bursts while awake and in 

paradoxical sleep is decreased by deprivation and reunion.

These results  demonstrate tha t deprivation and reunion influence  

both sleep-wake states and sucking behavior in an in te ra c t iv e  way. The 

data does not imply that one change is primary and the other 

secondary. One might imagine th a t changes in sucking behavior cause 

the state var ia t io n s . For example, the increased leve ls  of treadles  

and rhythmic sucking ju s t  following milk e jections may cause the pups 

to stay awake longer. However, an a lte rn a t iv e  explanation is  th a t milk  

ejections are more stimulating to deprived pups, causing them to remain 

awake longer, with the consequent higher levels  of sucking. F in a lly ,  

milk i t s e l f  may stimulate both the sleep-wake and sucking changes 

Independently of one another. The small percentage of paradoxical 

sleep seen while attached post-depr1vat1on 1s a s im ila r  case. Those 

few episodes which did occur often ended with some sucking a c t iv i t y  and 

awakening. Perhaps i t  was the sucking which woke the pups. I f  th is  

idea is  tru e , however, 1t  1s hard to explain why pups recorded 1n 

iso la t io n  also have decreased amounts o f paradoxical sleep post­

deprivation (Hofer, 1976; Hofer and Shalr, 1982).

What e ffec ts  does the increase in sucking time have on milk  

intake? F ir s t ,  in th is  atypical s itu a t io n  with only three deprived 

pups in each U t t e r ,  the pups do not e l i c i t  more milk e jections or 

shorter latencies between the e jec tions . However, the pups do stay 

awake longer during the milk e jec tion  responses. They may use th is  

period to ingest more food. In fa c t ,  the average weight gain was 

higher on Reunion day, although not s t a t i s t ic a l ly  s ig n if ic a n t ly  (due to 

increased v a r ia b i l i t y  o f intake on th is  second day).



110

During Reunion a f te r  deprivation one expects to find recovery from 

the deprivation e f fe c ts .  This recovery can occur gradually or 

rap id ly .  I t  may or may not be complete. In the two-hour Reunion 

period, pups did not spend less time attached or receive fewer milk 

ejections as time passed. Thus, the pups were s t i l l  showing the 

e ffec ts  of the deprivation a t the end of the te s t  session. There was 

however, less time awake while attached 1n the second h a lf  of the 

recording session. This f inding may show the beginning of a recovery 

process. Something about Reunion must have been Influencing the state  

change. Milk intake and sucking stim ulation are two obvious 

possib i1i t i e s .

1
The degrees of freedom equal four since one pup (B84) had only one 

milk e jec tion  on Baseline aay, thus no time between milk e jec tions .
2

As noted above, only bouts greater or equal to f iv e  minutes 1n 
length were considered, except th a t on Reunion day one bout of 4 .5  
minutes had a milk e jec tio n . These data d i f f e r  from the results  1n 
Table K since bouts without any letdowns were Included. In any bout
meeting c r i te r io n  length without a milk e je c tio n , the latency was 
considered to be to ta l  bout length.

3
The changes 1n sleep-wake state  percentages cannot be explained by 

maturatlonal fac to rs . I f  ra ts  of these ages remain with th e ir  dams 
between the two te s t  sessions, no d ifferences 1n sleep-wake state  
behavior are observed (Hofer, 1976). Nor 1s 1t l i k e ly  tha t deprivation  
causes a lte ra t io n s  1n the polygraph records such tha t the scoring 
c r i t e r i a  need to be reexamined. In the study c ited  above, the 
individual polygraph channels were scored separately and then 
recombined to get s ta te  percentages. There was no Increase 1n the
percent of time spent 1n some kind of tra n s it io n a l  sleep a f te r
deprivation. However. 1t 1s not possible to e lim inate  t o t a l l y  the Idea 
tha t the polygraph tracings may be a ltered  so much by deprivation that  
one major s tate  1s defined as another ( e .g . ,  the EMG amplitude during 
paradoxical sleep increases so much tha t many epochs are scored as 
awake). Such speculation is  unanswerable. States are defined by the
assemblage of th e ir  component parts; there are no Independent markers
fo r  s tates.
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ANESTHETIZED MOTHER BASELINE

In th is  series of studies, the goal was to examine the possible 

in teraction  between sleep-wake states and sucking behaviors which had 

been suggested by the Normal Mother Experiment. In order to get a 

c lear p icture  of the pup's behavior, a s im p lif ied  recording s ituation  

was required. One p o s s ib i l i ty  immediately suggested i t s e l f ,  that of 

recording each pup while attached to i t s  anesthetized dam with no 

l i t te rm ates . This preparation would minimize the external stimuli  

which influenced the pup's behavior. There would be no milk e jections,  

no body movements of the mother or l i t te rm a te s ,  and no coming and going 

by the darr,. Also, with th is  preparation, each pup would be exposed to 

the same conditions during the te s t session. The s im i la r i ty  of 

experimental stim uli should f a c i l i t a t e  comparisons among the Individual 

pups.

C le a r l y  th is  tes t s itu at io n  was an a r t i f i c i a l  one, with some 

drawbacks. The lack of external stimulation might 1n essence be a 

stim ulation 1n I t s e l f .  A pup may have learned to associate I t s  mother 

with periodic milk e jec tions , with changes 1n position , with being 

l icked and manipulated. However, the s im i la r i t ie s  between the 

anesthetized dam and normal dam are also quite  s tr ik in g .  During a 

nursing bout, the normal dam sleeps throughout much of the time between 

milk e jections. That time period 1s ir reg u la r  and can be as much as 

20-25 minutes apart (Lincoln, H i l l  and Wakerley, 1973). Thus, there 

were grounds to believe that the pup's behavior exhibited with an 

anesthetized dam should be comparable with normal behavior.

There are three goals in th is  section. The f i r s t  is  to look at 

the levels  of sleep-wake and sucking behaviors in the Anesthetized
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vs. Normal Mother preparations. This examination w i l l  not only help 

v e r i fy  the genera lity  of the Anesthetized Mother f ind ings , but also aid  

in understanding the e f fe c t  on the pups of the mother's behavior 

including milk e jec tions . Secondly, any in teractions of sleep-wake 

state and sucking behavior w i l l  be analyzed. Are s ta te  episode length 

and sucking rates related? Do states and sucking behaviors change 

together over the time of the recording session? Do other variables  

l ik e  body weight and temperature Influence the sleep-wake and sucking 

interactions? F in a l ly ,  these resu lts  w i l l  provide the Baseline day for  

a deprivation and Reunion experiment which was carried out to 

investigate fu rther the s t a b i l i t y  of sucking rate per un it  time within  

each s ta te .  The data w i l l  be presented 1n a s im ila r  order to that of 

the previous experiments.

Behav^o^a1 Observations

When tested with anesthetized mothers, the pups' behaviors were 

much s im p lif ie d . Each of the six  pups attached rap id ly  to I t s  dam's 

te a t and remained attached v i r t u a l ly  the e n t ire  recording session: 

mean attachment percent = 98 + .3% of the to ta l  recording time. While 

attached, the pups showed some s im ila r  patterns of behavior to those 

seen in the normal nursing s itu a t io n .  Pups on the anesthetized dam 

a lternated  b r ie f  periods of a c t iv i t y  - -  changing postures, treadles — 

with longer periods of quiet attachment. Four of the six  pups rare ly  

switched nipples, but onepup nipple-switched seven times: mean = 2 . 2  ±

1.0 nipple switches. Of course, in th is  te s t s itu a t io n ,  nipple  

switching could not be a response to milk e jections. Correlations  

between the number of nipple switches and other pup parameters w i l l  be
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reported throughout the section 1n order to help understand the reasons 

f o r  t h i s  difference in behavior among the pups.

Weight and Temperature Data

As can be seen 1n Table U, the pups were a healthy weight and 

temperature at the s ta r t  of the recording sessions, well w ith in  the 

normal range fo r  th is  age (Hofer and Grable, 1971; Messer, Thoman, 

Terrasa and Dallman, 1969). A ll pups lo s t weight during the recording 

session, as we expected since no milk was ava ilab le .  There was no 

s ig n if ic a n t  d ifference 1n body weight or recta l temperature between 

Anesthetized and Normal Mother pups (1nd. t  = -1.132  and 1.332 

respective ly , df = 10.

Neither pretest body weight, % change 1n weight, nor recta l  

temperature was s ig n if ic a n t ly  correlated with the number o f nipple  

switches. Us^ng the f i r s t  two variables as extremely te n ta t iv e  markers 

fo r  hunger and high metabolic ra te ,  the resu lts  ruled against a simple 

l in k  between any of the three parameters and nipple switching  

behavior.

Electrophysiologlcal Data 

Sleep-Wake States

During the two hour recording session, the te s t  pups were asleep 

over 84% of  the time (see Table V).  Pups always went into slow wave 

sleep f i r s t  during the recording session, thus the sleep onset data 

given in the table is also slow wave sleep onset.

As can be seen in Fig. 20, the pups had no long episodes of awake 

when tested in iso la t io n  with th e ir  anesthetized dam. Paradoxical
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Table U

Body weight and recta l temperature.

(  Body Weight ( g r . ) ---------) ( — Rectal Temp.(°C) — )

pretest posttest % change9 p retest posttestb

Mean 29.2 29.0 - . 9  35.6 35.7

SEM 1.0 1.0 .1 .16 .19

26.4 26.2 - . 3  35.0 35.2
Range to to to to  to

33.0 32.9 -1 .1  36.0 36.4

a
The mean weight gain was s t a t i s t ic a l ly  s ig n if ic a n t
(dep t = 7.319, d f =5, p<.001).

b
The mean temperature change was not s t a t i s t ic a l ly  
s ig n if ic a n t  (dep t  * .664, d f» 5 ).



Table V

Measures of sleep and wakefulness of in fant rats recorded while attached to th e ir  
anesthetized dams for two hours on Baseline day.

I  TRT in State ( -------------- State Episode Analysis------------ ) State
Sleep Mean Duration Frequency/hour trans.

Latency (min) per
(min) A PS SWS A PS SWS A PS SWS hour

Mean 1 . /  12 5 / 30 .56 2.05 1.95 14 18 10 41

SEM .65 1.9 1.0 1.5 .04 .18 .16 2.2  1.3 .7 3.2

A = awake PS = paradoxical sleep SWS = slow wave sleep 
TRT * to ta l  recording time SEM » standard error of the mean
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sleep episode durations were d is tr ib u ted  f a i r l y  evenly 1n length, while 

slow wave sleep episodes tended to have e ith e r  short or long duration, 

something which is not apparent from the mean durations given in Table

V.

Transitional p ro b a b il i t ie s  are given in Fig. 21. I t  1s worth 

noting that the pups were more l i k e ly  to go from awake to paradoxical 

than from awake to slow wave despite the fa c t  tha t sleep onset a f te r  

i n i t i a l  attachment was always into  slow wave sleep. Part of th is  was 

no doubt due to the much larger percent of paradoxical than slow wave 

during the recording session. S t i l l ,  as 1n the Normal Mother 

Experiment , one sees tha t a t th is  age the awake to slow wave to 

paradoxical and back to awake sequence 1s not f ixed . Note, however, 

th a t tran s it io n s  from awake to slow wave to paradoxical were much more 

common than the reverse.

Correlations were run to measure the influence of various pup 

parameters on the percent o f time 1n each state  and on the number of 

state  tran s it io n s  per hour, a measure of sleep fragmentation. Neither  

body weight, recta l temperature nor number of nipple switches showed 

any s ig n if ic a n t  re la tionsh ip  with the above measures.

In comparisons of s ta te  variables between the Anesthetized and 

Normal Mother Experiments, only the time pups were being nursed during 

the Normal Mother recordilngs were considered. This procedure was an 

attempt to minimize the differences in recording s ituations  between the 

two experiments. As shown 1n Table W, pups studied with th e i r  mothers 

anesthetized were awake less and had fewer s ta te  tra n s it io n s  per 

hour.  These data provide the f i r s t  evidence that the pups may be less 

activated on the anesthetized dam, probably due to lack of stimulation
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Figure 20. Histogram analysis of s tate episode durations while  
attached to the te a t  of an anesthetized dam, I l lu s t r a t in g  the re la t iv e  
frequencies of occurrence of periods of d i f fe re n t  durations.

A = awake; PS = paradoxical sleep; SWS ~  slow wave sleep;
E -  episode.

Compare to Fig. 8 Attached fo r  Normal Mother resu lts .

Figure 2 1 .  The p ro b a b il i t ie s  of t ra n s it io n  among the three sleep- 
wake states while attached to the te a t of an anesthetized dam.

A = awake; P = paradoxical sleep; S = slow wave sleep.

Compare to Fig. 9 Attached for Normal Mother resu lts .
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Table W

Comparison of sleep-wake data means of pups attached to an
anesthe t ized dam and pups attached to a normal dam.

sleep sta te
la tency  percent time in state  trans.

(min.) A PS SWS per hour

AM pups 1.7 12 57 30 41

NM pups .8  29 33 38 61
(while attached)

1nd t -  1.362 4.725 4.079 1.511 5.553
Hf«10

A -  awake PS * paradoxical sleep SWS * slow wave sleep 
AM *  anesthetized mother NM ■ normal mother
* *  * pc.01 * * *  * p<.001
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in the nest. Note, however, tha t the percent of time 1n slow wave 

sleep was not d i f fe re n t  in the two conditions. The lack of arousal 

with the mother anesthetized can also be seen by comparing Fig. 20 with 

Fig. 8 (Normal Mother Baseline). Looking a t  the percent of state  

episodes of each duration, with the dam anesthetized, there were 

increases in the percent of long episodes of sleep which reached 

s ta t is t ic a l  s ignif icance fo r  the longest duration episodes of slow wave 

sleep (ind . t  = 3.693, p<.01; see Appendix for ANOVA).

The p ro b a b il i t ie s  of s tate  t ra n s it io n  showed a great d ifference  

between the two te s t  sett ings. Only the p ro b a b il i ty  of tra n s it io n  from 

awake to paradoxical was not s ig n if ic a n t ly  changed (compare Fig. 21 and 

Fig. 9 from Normal Mother Baseline). Vi 1th the dam anesthetized, the 

t ran s it io n s  from slow wave to awake and vice versa were decreased (both 

p<.01). Thus, the most l i k e ly  t ra n s it io n  from awake was to paradoxical 

in th is  experiment but was to slow wave 1n the previous one. All other 

t ra n s it io n a l  p ro b a b il i t ie s  were increased on the anesthetized dam at  

the p<.05 le v e l ,  except fo r  paradoxical to slow wave which only showed 

a trend toward Increase (p<.10; see Appendix fo r ANOVA).

Sucking Behavior

Sucking behaviors were seen 1n a l l  three sleep-wake states. As 

shown in Table X, approximately 66% of a l l  sucking took place during 

sleep. As in the Normal Mother Experiment, bursts were predominately 

seen during sleep. The to ta l  time spent in treadles and rhythmic 

sucking were highest when the pups were awake, even though awake time 

was so low (F ig . 22).  However, the rate of sucking per un it  time in 

each state  gives a tru e r  p ic ture  of the pups' behavior since the time



Table X

Mean and SEM sucking times in each sleep-wake state  of 
in fant rats attached to th e ir  anesthetized dam on Baseline 
day.

State RS

7 + 3 2 6  + 8 74 + 12

PS 0 + 0 6b + 10 bb + 10

SWS 1 + 1 55 + 6 33 + 9

SEM * standard error of the mean A * awake
PS * paradoxical sleep SWS * slow wave sleep B * bursts
RS s rhythmic sucking T » treadles
a

For each of the three sucking types, the time spent 
sucking was calculated as the number of f iv e  second bins 
1n which a suck of that type occurred.
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Figure 22. The rate of sucking behaviors and the percentage of 
time in each sleep-wake state while attached to the te a t  of an 
anesthetized dam.

The horizontal bars represent the mean percentage of recording 
time while attached to a tea t spent in each sleep-wake s ta te .  The 
he igh t  o f  the three left-hand v e r t ic a l  bars gives the mean ra te  of 
sucking per minute for each kind of sucking. The bar to the r ig h t  
measures the amplitude of the d ig a s tr ic  EMG recording when no sucking 
is occurring (an index o f  the muscle tone involved in maintaining a 
seal on the n ip p le ) .

EGM = electromyogram; PS = paradoxical sleep; SWS = slow wave 
sleep; RS = rhythmnic sucking; B = bursts; T = tread les; I s EMG 
in te n s ity  rank.

Only the ra te  of tread ling  and the EMG in te n s ity  rank d if fe re d  
s ig n if ic a n t ly  when compared between sleep-wake states.

T: A>PS, dep t=3 .755 , p<.05
A>SWS, dep t=3.624, p<.05

I :  A>PS, dep t=7.279, p<.01

All s ignif icance findings are based on dep t - t e s t s ,  d=5 fo r  each, 
whose use are validated by the experimental hypotheses based on the 
results  of the Normal Mother Experiment. Overall ANOVAs on both 
Baseline and Reunion data are given in the Appendix.

Comparisons to the sucking rates of the Normal Mother Experiment
are given in Table Y.
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spent in each sleep-wake s tate  varied . Fig. 22 demonstrates tha t the 

patterns seen with the anesthetized dam were s im ila r  to those seen in 

the previous experiment: sucking rates were generally  highest while

awake, lowest in paradoxical sleep, and intermediate in slow wave.

When tested on the anesthetized mother, however, the burst ra te  in the 

awake sta te  was as high as the ra te  in slow wave sleep (see figure  

legend and Appendix fo r  s t a t is t ic s ) .

Neither the number of nipple switches, p retest body weight nor 

change in body weight during the te s t session correlated s ig n if ic a n t ly  

with any measure of time spent sucking. P re -tes t recta l temperature, 

however, was p o s it ive ly  correlated with one type of sucking: the total  

time spent treadling  ( r  = .83, df = 4, p< .05). The d irec tion  of 

temperature change during the recording period did not influence  

sucking to ta ls ,  since no corre la tions of sucking and change 1n body 

temperature reached s ign if icance.

As we noted above, temperature did not corre la te  with sleep-wake 

state percentages. Thus, I t s  re la tionsh ip  with tread lin g  could not be 

explained by a s h i f t  1n states to those states with high rates of 

tread lin g . For th is  reason, the re la tionsh ip  of rec ta l temperature to 

the rate of sucking by states was analyzed. There were no s ig n if ic a n t  

corre la tions  between body temperature and tread le  ra te  w ith in  any 

s ta te . However, in both slow wave and paradoxical sleep, the 

corre la tions were positive  and quite  high, approaching significance (r  

= .70 and .74 resp ec tive ly ) .

Two correla tions oetween sucking rates by s tate  and body 

temperature a c tu a lly  reached s ign if icance . While the pups were awake, 

both the rate of rhythmic sucking and of bursts had a negative
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re la tionsh ip  with temperature ( r  = - .8 7  and - .88  respective ly , df = 4 

and p<.05 for both). Thus, in some cases, the ra te  of sucking w ithin a 

state can be modified, possibly while asleep and c e r ta in ly  while  

awake.

As noted above, the pattern of the rates o f sucking w ith in  each 

state looked s im ila r  in both the Anesthetized and Normal Mother 

Experiments. Were there any differences in the actual ra te  levels  

themselves? As shown in Table V, fo r  bursts there was no s ig n if ic a n t  

change in ra te  by s ta te  1n e ith e r  awake, paradoxical or slow wave 

sleep. For tread les , only the slow wave sleep data approached 

s ign if icance, with a possible decrease in ra te  with mother 

anesthetized. For rhythmic sucking, there was a very d i f fe r e n t  state  

of a f fa i r s .  There was a s ig n if ic a n t  Increase 1n the ra te  of rhythmic 

sucking in a l l  three s ta tes , when the dam was awake and giving milk  

e jections. These results  bolster the idea that rhythmic sucking and 

possibly treadles may be the sucking patterns of milk ingestion and 

nipple attachment.

Correlations were performed to determine i f  there was a 

re la tionsh ip  between the length of s ta te  episodes and the ra te  of 

sucking w ithin the episodes. No s ig n if ic a n t  corre la tions were found 

fo r  any s ta te . The re la tionsh ip  between the average length of awake 

episodes and the rates of both rhythmic sucking and bursts while awake 

almost reached significance (r  = - .763  and -.755  respective ly , df = 4 

and p<.10 fo r  both). Thus, the rates o f sucking w ith in  each s ta te  were 

not affected by episode duration in general, but th is  re s u lt  must be 

examined again a f te r  deprivation.



Table Y

Comparison of mean sucking rates w ithin each sleep-wake state from the 
Baseline sessions of the Normal and Anesthetized Mother Experiments.

( .................. A - .............) ( ................ PS..................) ( ................ SWS............... )

KS/M B/M T/M RS/M B/M T/M RS/M B/M T/M

AM
pups .5 1.7 4 .2  0 1.0 .8 0 1.6 .9

NM
pups 3.0 1.3 5.1 .1 .9 .9 1.1 1.8 1.7

ind t  3 3.532 1.008 .768 2.591 .375 .411 4.331 .716 2.127
d f=10 * *  *  * *  +

AM *  Anesthetized Mother NM = Normal Mother A 3 awake PS 3 paradoxical sleep 
SWS = slow wave sleep RS * rhythmic sucking B 3 bursts T 3 treadles  
M ■ minute ♦ = p<.10, ns *  = p<.05 * *  3 p<.01

Ll
l
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Trends Over Time

Examining-the experimental resu lts  fo r  any changes over time 

serves two purposes. One, varia tions in s tate  and sucking patterns may 

in te ra c t  in ways useful in helping spot any re la tions  between them. 

Secondly, i f  the pups were reacting to the a r t i f i c i a l  recording 

s itu a t io n ,  th e ir  behavior might show changes over time.

The data was analyzed for the f i r s t  and second hours separately, 

as shown in Table Z. As can be seen, neither sleep-wake percents nor 

sucking time changed s ig n if ic a n t ly .  However, the r ise  in paradoxical 

sleep almost reached s ign if icance. Since paradoxical sleep was the 

state  with the lowest rates of sucking, one might suspect th a t the 

rates w ithin one or more states may have increased in order fo r  sucking 

time to remain constant.

This suspicion proved fa lse  (see Table AA). There were no 

s ig n if ic a n t  rises in sucking ra tes. In fa c t ,  there was a decrease in 

the ra te  of treadles during slow wave sleep. As has been stated  

before, the sucking rates by s ta te  appeared to be r e la t iv e ly  s tab le ,  

but not t o t a l ly  f ixed .

Discussion

The anesthetized mother preparation served the purpose fo r  which 

i t  was designed. I t  was a much less "active" s itu a t io n  than 1n the 

normal l i t t e r ?  The tes t pups remained attached to the tea ts  fo r almost 

the e n t ire  two hour recording session. They spent less time awake, had 

fewer state  tra n s it io n s , and the duration of episodes in paradoxical 

and slow wave sleep were longer than in the normal l i t t e r  s itu a t io n .

Yet, much of the sleep-wake behavior was s im ila r  to the previous
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Table Z

Trends over time during the recording session:
Comparison of mean state percentages and sucking behaviors 
from the f i r s t  to second h a lf  of the Baseline te s t .

a
(-Sleep-Wake State %'s-) ( — Time Sucking )

A PS SWS RS B T

1st Half 13 54 32 4 84 90

2nd Half 12 60 28 4 64 79

i--r, t  = . 4 0 3  2 . 0 3 6  . 8 7 7  . 193 1 .  749 i . o o b
df *5 ♦

For each o f  the three sucking types ,  the t ime spent 
sucking was calculated as the number of 5 sec bins in  
which a suck of that type occurred.

A -  awake PS * paradoxical sleep SWS ■ slow wave sleep
B = bursts  RS = rhythmic sucking T * treadles
+ ■ p < .10, ns



T a b l e  A A

Trends over t ime dur ing  the record ing session:  Comparison of the rates o f  sucking w i t h i n  each 
sleep-wake s ta te  from the f i r s t  to  second h a l f  o f  the Basel ine session.

( .........................A----------------------).... ( - - ................. PS........................ ) ( ........................SWS........................ )

RS/m B/m T/m I /ep  RS'm B/m T/m 1/ep RS/m B/m T/m I /ep

1st Half .7 1.5 5.7 2.1 U 1.0 .8  1.3 0 2.0 1.2 1.7

2nd Half .5 1.8 5.4 2 .3  0 .9 .8 1.2 0 1.1 .7 1.8

dep t « .537 .713 .314 .734 .000 1.450 .415 1.369 1.581 1.977 2.948 .192
df*5  *

Pearson
r = .68 .69 .70 .45 — - a .95 .87 .28 — * - .2 2  .76 .31

* *  *  ♦

A * awake PS ■ paradoxical sleep SWS * slow wave sleep B * bursts RS * rhythmic sucking 
T * treadles I * EMG in tens ity  rank ep * epoch m = minute ♦ *  p<.10,ns *  » p<.05
* *  = p<.01
a

No comparison possible due to lack of RS.

U >O
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experiment. Sleep onset latency did not d i f f e r  nor did the percent of 

time in slow wave sleep. Also, there were few changes in state  

behavior over time. Thus, factors l ik e  hunger or the a r t i f i c i a l i t y  of 

the te s t  s ituation  were u n like ly  to have been a major fa c to r .

The pattern of sucking 1n the three sleep-wake states was quite  

s im ila r  between the two experiments. Pups sucked a t  the highest rate  

while awake, intermediate in slow wave sleep, and lowest in paradoxical 

sleep. In th is  experiment, however, the ra te  o f bursts while awake was 

as high as the burst ra te  during slow wave sleep. Almost no rhythmic 

sucking was seen in any s tate  with the mother anesthetized. This 

difference between the two experiments begins to confirm the l ink  

between rhythmic sucking and milk ingestion /n ipp le  attachment.

The re la tionsh ip  between sucking and sleep-wake behaviors appears 

to be re la t iv e ly  stab le . The ra te  of sucking w ith in  each state  is  

unaffected by state episode duration. There is  not much change in 

e ith e r  s tate  or sucking behaviors over the time of the recording 

session. However, body temperature was correlated with certa in  sucking 

rates while the pups were awake and possible while in slow wave sleep 

as w e ll .  There were no such corre la tions  between temperature and state  

measures. Thus, at least one pup parameter Influenced sucking without 

a ffe c tin g  s ta te .

F in a lly ,  th is  experiment provided the Baseline data fo r  the next 

deprivation and Reunion Study. The issues raised here and in the 

Normal Mother sections w i l l  be examined fu rth e r  1n the next chapter.

Special in te res t w i l l  be paid to the s t a b i l i t y  of the sucking rates per

unit time w i th in  each s ta te ,  since so few manipulations have changed 

those rates.
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1
The presence or absence of l i t te rm ates  during the recording 

session is  u n like ly  to have been a major fac to r  1n the resu lts  
described. Hofer (1976) found th a t the sleep-wake patterns of pups of 
th is  age recorded in Iso la t io n  were very s im ila r  to those recorded 1n 
the presence of l i t te rm a te s .  This s im i la r i t y  was true both before and 
a f te r  maternal deprivation. On Baseline day, the pups recorded with  
l i t te rm ates  did spend more time 1n paradoxical sleep and less time 
awake than infants  recorded s ing ly . However, the presence of  
l i t te rm ates  brings the sleep-wake sta te  percentages Into  l in e  with the 
findings of the Anesthetized Mother experiment. I t  1s not l i k e ly  that 
the presence of l i t te rm ates  1n th is  s itu a t io n  would have caused the 
Normal Mother and Anesthetized Mother Baseline experiments to d i f f e r  
fu r t h e r .
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ANESTHETIZED MOTHER REUNION

Twenty-two hours a f te r  the Baseline recording period, the pups 

were returned to th e ir  anesthetized dams for a two-hour Reunion 

session. Based on the results  of Stephen Brake (Brake, Wolfson and 

Hofer, 1979; Brake, Sager, Sullivan and Hofer, 1982) and the Normal 

Mother Experiment described above, we predicted tha t deprivation would 

lead to Increase time spent sucking during Reunion. S im i la r ly ,  we 

predicted tha t sleep-wake sta te  behavior would change as w e l l .  We 

hoped that the changes 1n the two systems under study would permit 

close examination of any In teractions between them. S p e c if ic a l ly ,  what 

would happen to the rates of sucking w ith in  each state? Would the 

s t a b i l i t y  of rate by sta te  be maintained 1n th is  experiment without the 

Influence of the mother's behavior and milk ejections? Also, would 

almount of weight loss or, esp e c ia l ly ,  change 1n body temperature a ffe c t  

states or sucking patterns? Would pups show Ind iv idual responses to 

deprivation tha t were hidden 1n the previous experiment by the 

v a r ia b i l i t y  introduced by d ifferences in maternal behavior? Perhaps 

those individual responses might h ig h lig h t any re la tionsh ips  between 

sleep-wake states and sucking behavior.

The data w i l l  be presented 1n the same format as the previous 

sections: f i r s t ,  behavioral observations of the pup; then e le c tro -  

physiological data Including sleep-wake states and sucking behavior; 

and f in a l ly  any trends 1n behavior over the time of the te s t  

session. Some figures w i l l  repeat data from the Anesthetized Mother 

Baseline section in order to f a c i l i t a t e  comparisons.



134

Behavioral Observations

As on the Baseline day, the te s t pups quickly grasped th e ir  

mothers' tea ts . The pups stayed attached for 97 + .9% of the tes t  

period. During the session, the pups appeared more active  than on the 

previous day. For example, four of the six pups had many more nipple 

switches upon Reunion, although the Increased number did not quite  

reach s ta t is t ic a l  s ign if icance. The mean number of nipple switches 

equalled 6.3 + 1.1 (dep. t  = 2.076, df = 5, p < . l ,  ns). Also, the 

electrophysiological data which w i l l  be described below provided more 

evidence of Increased a c t iv i ty  on the second day. Despite the 

increased level of a c t iv i t y ,  a l l  of te s t  pups were q u ie t ly  attached for  

some period of time. For f iv e  of the six  pups, there were long 

episodes of quiet attachment. One pup (E79) was aberrant 1n behavior. 

Although attaching to a nipple quickly and remaining attached fo r  98% 

o* the time, th is  pup was active  fo r much of the session, especially  

during the f i r s t  hour.

Weight and Temperature Data

At the s ta r t  o f the Reunion session, the pups were both l ig h te r  

and s l ig h t ly  cooler than on Baseline day (see Table BB). The weight 

loss was, of course, expected. The temperature loss occurred despite  

the warming of the pups by placing th e ir  cages on heating pads as 

described in the Methods section. Note, however, tha t these lower 

temperatures are w ith in  the normal range fo r  pups 1n th is  ser ies . For 

example, one of the pups in the Normal Mother Experiment had a 

temperature of 3 3 .^  a f te r  deprivation. In tr ig u in g ly  pup E79 had both 

the lowest weight (24.4 gr) and temperature (3 3 .4 ° )  at the s ta r t  of
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Table BB

Body weight and rectal temperature.

-Body Weight ( g r . ) ---------) ( — Rectal Temp.(°C)— )

pretest posttest X change3 pretest posttest^

Mean 26.9 26.5 -1 .5  34.7 34.6

SEM 1.0 1 .0  .3 .30 .29

24.4 23.7 - .8  33.4 33.7
Rana? to to to to to

31.1 30.7 -3 .0  35.6 35.5

Comparison of means: Baseline and Reunion

dep t  * 9.268 
df«5 * * *

dep t  * 9.268C   1.476 2.821C

a
The mean weight loss was s t a t is t ic a l ly  s ig n if ic a n t  
(dep t  ■ 4 .824 , d f - 5 ,  p<.0 1 ) .

b
The mean temperature change was not s t a t i s t ic a l ly
s ig n if ic a n t  (dep t  * .642, d f=5).

c
Thus, the pups started the Reunion session both l ig h te r  
and cooler than on Baseline day.

* = p<.05 * * *  « p<.001
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Reunion. I ts  percent change in body weight was mid-range however 

(-8 .7% ). Thus, a f te r  deprivation, the range of weight and temperatures 

was wide, yet w ith in  the normal range, allowing examination for  

any e ffec ts  on the other behavioral and physiological parameters.

Body weight was correlated with rectal temperature ( r  = .76, n *  6 ) 

which does not quite  reach significance (p< .10).  However, the scatter  

p lo t of body weight and recta l temperature data (see F1g. 23) suggest 

that 1n midrange of temperature and body weight, the corre la tion  was 

not s ig n if ic a n t ,  but a t the extremes the corre la tion  might be v a l id .

Neither rectal temperature ( r  = .54) nor percent change in body 

weight ( r  = . 33)  was s ig n if ic a n t ly  correlated to the number of nipple  

switches that pups showed. However, the corre la tion  of body weight 

I t s e l f  to number of nipple switches ( r  = .78, p<.10) was high and ap­

proached s ign if icance . In the scatter p lo t  of th is  data (F1g.24) there  

is nothing to suggest that any extreme points were having too great an 

in fluence. I f  nipple switching 1s a technique used to e l i c i t  more milk 

from the mother, one might expect the pups with the lowest body weights 

to show more nipple switches. Of course, a caveat applies. The pups 

may have those low body weight because they are less Interested 1n food 

or are less mature. Thus, no firm  conclusion on the purpose of nipple  

switching can be drawn.

Electrophysiological Data 

Sleep-Wake Stages

Even a f te r  22 hour separations, the pups were asleep an average of 

64% of the time. As shown in Table CC, th is  percentage was a decrease 

from Day 1. The decrease was due to a large loss 1n paradoxical sleep
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Legend 23. Scatter p lo t of the protest body weights (g r )  and 
recta l temperatures ( C) fo r the six te s t  pups on Reunion day.

The value fo r  subject E79 is labelled  on th is  and a l l  other 
sca tter  p lots since the pup's values H e  1n the extremes on so many 
variab les .

Figure 24. Scatter p lo t of the pretest body weights (g r)  and the 
number of nipple switches emitted by the six pups during the Reunion 
session.



138

X BY Y P L O T

3 5 . 60+

3 5 . 27+

R

E

C

T

T

E

M

3 4 . 9 3

34 .6 0

34 .27

3 3 .9 3

33 .6 0 . e n

24.00  25.42  26.84  28.26  29.68  31.10

B O D Y  N T



139

X BY Y P L O T

N

I

P

S

K

I

T

C

H

E

S

9 . 004

7 . 83*

6 . 67*

5 . 5 0 4

4 .334

3 . 1 7

2 .0 04
1

24.00  25.42  26.84  26.26  29.68  31.10

B O D Y  M T



140

time, while slow wave time tended to increase. Thus, the a lte ra t io n s  

in sleep-wake state percentages were in s im ila r  d irections in both the 

Normal and Anesthetized Mother Experiments.

Note that in Table CC the information for the Reunion day 1s 

compared to the data fo r  Baseline day, both with and without pup 

E79. This procedure was followed since E79 was so aberrant in terms of 

percent time spent in each sta te  (awake = 82%, PS = 10%, SWS = 9%). 

Despite the resu lts  above, I have no reason to think there was anything 

wrong with E79. I believe i t  was merely on one end of the spectrum of 

responses to separation and reunion. Note tha t 1n the Normal Mother 

Experiment, there was increased v a r i b i l i t y  in the weight gain data on 

Reunion compared to Baseline day. In the present experiment, without 

differences 1n the mothers' behavior as a var iab le ,  the pups had more 

v a r ia b i l i t y  1n th e ir  s ta te  data a f te r  deprivation. Also, Brake has 

recently  found Increased v a r i a b i l i t y  1n responses of young rats  to 

deprivation on measures of sucking behavior and weight gain as well 

(unpublished da ta ).  The varied responses have pred ictive  value for  

long-term growth a f te r  reunion with the dam. Thus, deprivation may 

cause the pups to separate In to  two (or more?) groups. For th is  

reason, the data to fo llow  w i l l  be presented both with and without pup 

E79 where Important to do so.

As with the Baseline day, the re lationships of sleep-wake state  

percentages to body weight, percent change in weight, number of nipples 

switches and recta l temperature were examined. A fter  separation, some 

corre la tions appeared suggestive. The percent of paradoxical sleep was 

p o s it ive ly  correlated to recta l temperature ( r  = .91, df = 4, p<.05) 

and negatively correlated to the number of nipple switches ( r  = - .8 2 ,



Table CC

Measures of sleep and wakefulness of in fant rats recorded while attached to th e ir  anesthetized 
dams for two hours on Reunic.n day.

t  TRT in State ( --------------- State Episode Analysis ) State
Sleep Mean Duration Frequency/hour trans.

Latency (min) per
(min) A PS SWS A PS SWS A PS SWS hour

Mean 13.6 36 20 44 1.31 .72 1.60 21 14 17 52

SEM 10.1 9.4 3.4 7.7 ;61 .03 .23 2.4 2.0  2.6  5.6

Comparisons of Reunion to Baseline:
dep t  = 1.098 2.708 8.570 2.020 1.226 6.012 1.886 2.020 1.706 2.978 1.546

df *5 *  * * *  + * *  ♦ *

Comparisons as above w/o pup E79:
dep t  « .770 4.510 7.768 5.332 1.318 7.823 2.444 3.861 1.754 4.733 6.288

df»4 * * * * *  * *  + *  * *  * *

A *  awake PS *  paradoxical sleep SWS *  slow wave sleep
TRT * to ta l recording time + = p<.10, ns *  * p<,05 * *  *  p<.01 * * *  * p<.001
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p<.05 ).  The corre la tions of percent of paradoxical sleep to body 

weight ( r  = .80, p < . l )  and percent time awake to recta l temperature ( r  

= .80, p < . l )  did not quite  reach s ta t is t ic a l  s ign if icance. No other 

corre la tions were even close to s ign if icance. An examination of the 

scatter plots of the above data (F1g. 25, 26, 27) suggests that the 

re lationships  of body weight, recta l temperature and number of nipple  

switches to percent recording time 1n paradoxical sleep are not 

obviously due to the e f fe c t  o f any extreme points. The re la tionship  

between percent time awake and recta l temperature 1s less clear  

(F ig . 28). The aberrant point of E79 may be having too much in f lu ­

ence.

The pattern of duration of s tate  episodes is given in Fig. 29B. 

Both awake and paradoxical sleep showed a high proportion of short 

episodes. However, the pups did have some long episodes awake as w e l l ,  

which accounted fo r  the r e la t iv e ly  high mean duration 1n Table CC.

Slow wave sleep episodes were more evenly spread 1n length, but s t i l l  

with a preponderance of short episodes. Comparing Baseline and Reunion 

data demostrated tha t s t a t i s t ic a l ly  s ig n if ic a n t  s h i f ts  occurred 1n the 

pattern of episodes durations while asleep. The most dramatic change 

was seen in paradoxical sleep. On the second day long episodes were 

v i r t u a l ly  elim inated. There was also a s ig n if ic a n t  decrease 1n the 

number of long episodes of slow wave sleep. (See the f ig u re  legend and 

Appendix fo r the s ta t is t ic a l  r e s u lts . )

On the second day of recording, the most common tra n s it io n a l  

p ro b a b il i ty  of s tate change (F ig . 30B) was from awake to slow wave 

sleep. The pups were more l i k e ly  to return to awake from slow wave 

sleep than go into paradoxical sleep. Remember th a t paradoxical sleep
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Figure 2 5 .  Scatter p lo t of the pretest recta l temperatures f c )  
and the percent of the to ta l  recording time spent in paradoxical sleep 
by the six te s t  pups on Reunion day.

Figure 26. Scatter p lo t of the pretest body weights (g r)  and the 
percent of to ta l  recording time spent in paradoxical sleep by the six
pups during the Reunion session.

Note that the point labe lled  A is  ac tu a lly  two overlapping
values.

Figure 2 1 .  Scatter p lo t of the number of nipple switches and the 
percent of to ta l  recording time spent in paradoxical sleep by the six  
pups during the Reunion session.

Figure 28. Scatter p lo t of the pretest recta l temperatures (°C) 
and the percent of to ta l  recording time spent awake by the six  pups
during the Reunion session.

Note tne extreme value of pup E79 which acts to in f la te  the 
resu lts  of the corre la tion  given in the te x t .
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Figure 29. Histogram analysis o f s tate  episode durations while 
attached to the te a t  of an anesthetized dam, i l lu s t r a t in g  the re la t iv e  
frequencies of occurrence of periods of d i f fe re n t  durations.

A. Baseline B. Reunion

A = awake; PS = paradoxical sleep; SWS = slow wave sleep;
E = episode; = p<.10; *  = p<.05; * *  s p<.01.

Indications of s ta t is t ic a l  s ignificance re fe r  to comparisons 
between Baseline and Reunion sessions fo r  episodes of the same duration  
within the same s ta te .  These indications are based on the results  of 
dep t - te s ts  ( df=5 fo r  each). Overall ANOVA resu lts  are given 1n the 
Appendix.



Percent of Episodes of Each Duration
ro cn ->i roO cn o cn O cn

« » i_______ i i_______ i_
IA
6 *

o IA _
i f

Q
— . IA
O  w o 1
3  A

O cn

cn
o

<T>

IA

</> U*

IA
O*

CO

CO

CO

CO

L 3

tD

cn ->i
O cn O

_ i _______ i

3 *

> -

t

~D
Co

} t

>

T J
Co

rocn
i_______i_

)
>

cn ->»O cn
_ i ------------1 ^

b

J CD

149



150

Figure 30. The p ro b a b i l i t ie s  of t ra n s it io n  among the three sleep- 
wake states while attached to the te a t  of an anesthetized dam.

A. Baseline B. Reunion

Planned, individual comparisons were by dep t - t e s t s ,  df=5 for
each.

R>B: S--A, dep t  = 6 .505, p<.01
A--S, dep t  = 5 .746, p<.01

B>R: S— P, dep t  = 3.636, p<.05
P— S, dep t  = 3.793, p<.05
P--A, dep t  = 2.803, p<.05
A— P, dep t  = 2.802, p<.05

The overall ANOVA on both Baseline and Reunion tra n s it io n a l  
p ro b a b il i t ie s  also revealed both main and in te rac tion  e ffe c ts  (see 
Appendix).

A = awake; P = paradoxical sleep; S = slow wave sleep.



151

< t

C O

o o

CM

00

o

ro
C \i

C L

c :

o
•

e
3

CD
c c

C

CVJ

ro
O

CVJ
CMCM

CM

CD
CM

CD
cr

"cd
CO
O

QQ



152

occupied only 20% of the to ta l  recording time. Once in paradoxical, 

the pups awoke in 85% of the cases. All the tra n s it io n a l  p ro b a b il i t ie s  

d iffe re d  s ig n if ic a n t ly  from th e i r  counterparts on the f i r s t  day at the 

p<.05 level or be tter (see figure  legend and Appendix fo r  deta iled  

data ). The major d ifference was in the high percentage of awake to 

slow wave sleep (and vice versa) In teractions on Day 2, Instead of 

awake to paradoxical sleep which was seen on Day 1. Also note the low 

number of paradoxical to slow wave sleep Interchanges on Day 2.

Sucking Behavior

As shown in Fig. 31, the amount of sucking time upon Reunion 

increased a f te r  the 22 hour separation, as was predicted by the work of 

Stephen Brake (Brake, Sager, Sul 1 Ivan and Hofer, 1982) and the results  

of the Normal Mother Experiment. There was no s ig n if ic a n t  change 1n 

bursts, but the other three sucking measures Increased dram atically ,  

he increase in rhythmic sucking was found s t a t i s t ic a l ly  s ig n if ic a n t ly  

only by non-parametr1c tes ts  (see f ig u re  legend) due to the extreme 

v a r ia b i l i t y  1n the rhythmic sucking which was seen on Day 2. This 

pattern of change caused by deprivation closely matched the resu lts  of 

the Normal Mother procedure (compare with Fig. 16).

When the sucking data was analyzed 1n terms of the ra te  of sucking 

per un it time in each state (see F1g. 32B, and figure  legend and 

Appendix for s t a t is t ic s ) ,  the pattern which emerged was generally  

comparable to the results  of the previous experiments. Sucking rates  

were highest while awake, but appreciable levels  of sucking were 

emitted while asleep, especia lly  in slow wave sleep. The ra te  of



Figure 31. The average time spent 1n each sucking type while  
attached to the te a t of an anesthetized dam during Baseline and then 
Reunion from 2 2  hours separation.

Time of sucking 1s represented as the number o f f iv e  second
per iods  in which a suck o f  a given type occurred.

S ta t is t ic a l  Indications compare Baseline and Reunion resu lts  for  
g iven sucking type ,  and are based on dep t - t e s ts ,  df=5 for each.

RS = rhythmic sucking; B = bursts; T = treadles;
I = EMG i n t e n s i t y  rank; * = p<.05.
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Figure 3 2 .  The rate of sucking behaviors and the percentage of 
time in each sleep-wake state  while attached to the te a t  of an 
anesthetized dam.

A. Baseline B. Reunion

The horizontal bars represent the mean percentage of recording 
time while attached to a te a t  spent in each sleep-wake s ta te .  The 
height of the three le ft-hand v e r t ic a l  bars gives the mean ra te  of 
sucking per minute fo r  each kind of sucking. The bar to  the r ig h t  
measures the amplitude of the d ig a s tr ic  EMG recording when no sucking 
is occurring (an index of the muscle tone involved in maintaining a 
seal on the n ip p le ) .

EMG = electromyogram; PS = paradoxical sleep; SWS = slow wave 
sleep; RS = rhythmic sucking; B = bursts; T * tread les;
I = EMG in te n s ity  rank.

During the Reunion tes t the following sucking types d iffe re d  
s ig n if ic a n t ly  when compared between sleep-wake states:

B: A>P?, dep t  = 2.209, p<.10, ns 
S>P, dep t  = 4.570, p<.01

T: A>P, dep t  = 5.321, pC.Ol
A>S, dep t  = 5.273, pC.Ol

RS: All pups had higher ra tes  of RS when awake than in e ith e r  
SWS or PS. Dep t - t e s ts  did not show sign if icance due to the large  
v a r ia b i l i t y  in the awake data and the number of zeros when asleep. 
According to the non-parametric sign te s t ,  both A>PS and A>SWS are 
s ig n if ic a n t  a t p=.016.

I :  A>P, dep t  = 4 .897, pC.Ol
A>S, dep t  = 3 .053, p<.05
S>P, dep t  = 6 .558, pC.Ol

Comparisons of Reunion and Baseline rates w ith in  a s ta te  revealed  
no s ig n if ic a n t  e ffec ts  of day of tes ting  on sucking ra tes. The EMG
in te n s ity  rank was higher on Reunion day, however.

I/awake; dep t  = 2 .744, p<.05
I/PS: dep t  = 2.433, p<.10, ns

I/SWS: dep t  = 4 .300, pC.Ol

A ll s ignificance find ings, except where noted, are based on 
planned dep t - t e s t s ,  df=5 for each, whose use are validated  by the
experimental hypotheses based on the Normal Mother Experiment. The
results  of overall ANOVAs on both Baseline and Reunion data are given
in the Appendix.
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bursts was again highest 1n slow wave sleep, although not s ig n if ic a n t ly  

higher than i ts  rate while awake.

Comparing the rates by s ta te  on Baseline and Reunion days, rates  

of sucking w ith in  states were not Increased. The only s ig n if ic a n t  

change was a decrease in the number of bursts per minute during 

paradoxical sleep (see figure  legend fo r  s t a t is t ic s ) .  One* again, the 

resistance to change of sucking ra te  w ith in  each s ta te  was demostrated. 

Yet, the pups were attached more t ig h t ly  to the te a t  a f te r  deprivation,  

as shown by the s ig n if ic a n t  Increases in In te n s ity  Rank/Epoch.

I f  sucking rates in each state  were t ru ly  fixed  fo r  each 

individual animal, one would expect high positive  corre la tions between 

the rates by s tate  on Baseline and Reunion days. As shown 1n Table 00, 

while such corre la tions  were pos it ive  1n general none of the rate  by 

the s ta te  comparisons and only one of the EMG In te n s ity  measures 

reached s ta t is t ic a l  s ign if icance. Removing E79 from the comparisons 

caused the corre la tions to become more pos it ive  1n a l l  cases except 

one. C lear ly ,  sucking rates w ith in  each s tate  were not absolutely  

fixed  for each In d iv id u a l.  Some pups Increased ra tes , some pups 

decreased. Yet, the pos it ive  corre la tions  do suggest th a t  some 

individual s t a b i l i t y  was present from Baseline to Reunion. Other 

variab les  including changes of weight and body temperature may have 

influenced the sucking ra te  measures d i f f e r e n t i a l l y  1n each pup. A 

fu r th e r study with more animals would be needed to discover i f  the 

positive  corre la tions t r u ly  r e f le c t  an underlying Individual s ta b i l i t y  

in sucking rates w ithin states.

As on Baseline day, the re lationships  among various pup parameters 

and sucking measures were examined (Table EE). As one can see, there



Table DD

Baseline to Reunion correlations of sucking rate measures.

( ---------------------a-------- ------------- ) ( -------------------PS  ) ( --------------------SWS-------------------- )

RS/m R/m T/m I/ep  RS/m B/m T/m I/ep  RS/m B/m T/m 1/ep

Pearson a
r = .27 .64 . .1 3  .56 — - .46 - .2 5  - .09  .56 .39 .75 .81

n=6 + *

Pearson (as above w/o E79) a h
r = .78 .92 .48 .75 — - .59 -.21  - .0 6  1.00 .13 .77 .89

n=5 *  **? *

A = awake PS « paradoxical sleep SHS * slow wave sleep B * bursts RS * rhythmic sucking 
T * treadles I * EMG In tens ity  rank ep = epoch m = minute + = p<.10,ns *  * p<.05
* *  = p<.01 
a

No comparison possible due to lack of RS.
b

Perfect corre la tion  1s based on the following data: 
pup 075 B76 174 B79 179
Base. 0 0 . 1 0  0
Reun. 0 0 . 1 0  0

Thus, while the re lationship  is s t a t is t ic a l ly  s ig n if ic a n t ,  i t  is un like ly  to have biological 
relevance.

tJI
00
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was a s ig n if ic a n t  re la tionsh ip  between the In tens ity  Ranking of EMG 

amplitude and both pretest body weight and temperature. Those pups 

which were the smallest and coolest clung most f i rm ly  to th e ir  dam's 

tea ts . Even when the data point fo r  E79 was removed, the same high 

negative corre la tions were found.

Time spent in rhythmic sucking was negatively correlated to two 

measures as w e l l ,  but those corre la tions were not a t a l l  high without 

E79. The scatter p lot fo r the re la tionsh ip  between time of rhythmic 

sucking and percent change 1n weight during the te s t 1s given to 

demostrate the extent to which an outlying point can influence a 

corre la tion  (F ig . 33). Without E79, the corre la tion  changes from - .  90 

to .60.

Unlike on Baseline day, there was no positive  corre la tion  between 

body weight and the time spent tread lin g , even when the data fo r E79 

was not included. I f  the Baseline re la tionsh ip  was not due to chance, 

then some aspect(s) of the deprivation and reunion experience must have 

overriden or changed th a t re la tionsh ip . One can speculate as to what 

caused the change, but without any firm  support. There 1s no logical  

reason to assume th a t body weight has exactly  the same significance to 

the pups before and a f te r  deprivation. Perhaps, a f te r  deprivation a l l  

the pups were hungry, whereas before deprivation only the l ig h te r  pups 

were. Note the high negative corre la tion  between tread lin g  and percent 

change in body weight during deprivation. Although not quite  

s t a t i s t ic a l ly  s ig n if ic a n t ,  th is  datum suggests th a t a f te r  deprivation  

i t  was those pups which los t the most weight that treadled most.

Perhaps th is  new fac to r  a ltered  the d irec t  corre la tion  between weight
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Table EE

Pearson Product-Moment Correlations: Measures of pups' weights,
temperatures and nipple switching behaviors correlated with levels  
of sucking.

( ------------ Body Weight------------- )
Xchange Xchange 

pretest from during
wt. Base. Reun.

( — Rectal Temp. — ) 
change

pretest
temp.

during
Reun.

# of 
nipple

switches

Time 
spent 
in RS

-.54 .19 -.90*
a

.06

- .9 0 *
a

-.44

.49 .37

Time 
spent 

in B
.36 .06 .31 .64 .15 - .2 8

Time 
spent 

in T
- .43

- .5 5 a

-.74+

- .7 3 a

.08 - .0 6 - .3 5 -.03

EMG
In tensity

Rank
- .8 2 1

-.79

- . 4 0 - .60 .94**

,89*a

.12 .62

B ■ bursts RS » rhythmic sucking T ■ treadles + « p<.10,ns
*  = p<.05 * *  = pc.Ol
a

Correlation run again without data from pup E79.



Figure 33. Scatter p lo t of the percent change 1n weight during 
the two hours of the Reunion te s t  to the to ta l  time spent rhythmic 
sucking by the six te s t pups.

Time of sucking is figured as the number of f iv e  second bins in
which RS occurred.

Note the extreme value of pup E79, which acts to In f la te  the 
resu lts  of the corre la tion  given in the te x t .
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and tread lin g . As mentioned above, such reasoning 1s quite  

speculative.

Before deprivation, changes 1n rec ta l temperature were re la ted  to 

changes in certain  sucking rates while awake and possibly while asleep. 

What happened to those re lationships a f te r  deprivation? Again, bursts  

per minute in awake animals was correlated s ig n if ic a n t ly  to body 

temperature ( r  = . 86 , df = 4, p<.05 ) .  However, the d irec tio n  of the 

co rre la tion  a lte re d . I t  had been negative, but was pos it ive  on Day 2 .

I do not have any good speculations as to the cause of th is  d ifference.  

The Reunion corre la tion  between rhythmic sucking while awake and body 

temperature was s im ila r  to the Baseline one, except tha t a f te r  

deprivation the corre la tion  did not quite  reach s ta t is t ic a l  

signif icance ( r  = - .7 4 ,  df = 4, p< .10). No corre la tions  between 

temperature or body weight and any sucking ra te  during sleep came 

close to s ign if icance. Thus, a f te r  deprivation as before, sucking 

rates while awake were affected by body temperature.

As you r e c a l l ,  during the Baseline recording, there were high 

negative corre la tions  between the average length of awake episodes and 

the rates of both rhythmic sucking and bursts while awake which almost 

reached s ta t is t ic a l  s ign if icance. Deprivation and Reunion a ltered  

those re la tionsh ips . The awake episode duration was d e f in i te ly  not 

s ig n if ic a n t ly  correlated to burst ra te  ( r  = - .5 1 )  and was p o s it ive ly  

correlated to the number of rhythmic sucks per minute ( r  = .96, df = 4, 

pC.Ol). However, th is  positive  corre la tion  was due to the extreme 

point of E79, since without E79 ' r ' equalled .57. Thus, deprivation  

did not confirm the ten ta tive  re lationships  seen on Day 1. Of course, 

as noted above, there 1s no a p r lo r l  reason to assume tha t Baseline and
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Reunion re la tionships  must be the same. No sleep s ta te  durations were 

s ig n if ic a n t ly  correlated to sucking rates w ith in  tha t s ta te .  A 

possible re la tionsh ip  was suggested by the corre la tions  between 

treadles per minute and episodes duration in paradoxical sleep, both 

with and without E79 ( r  = - .7 8 ,  df = 4, p<.10 and r = - .8 2 ,  df = 3, 

p<.10 re sp ec tive ly ) .  Therefore, the question of the re la tionsh ip  

between sta te  episode duration and any sucking w ith in  th a t  episode must 

s t i l l  remain open.

Trends Over Time

The data was analyzed in the f i r s t  hour vs. the second hour of 

recording to see i f  there were any changes during the recording 

session. As shown in Table FF, the high sucking time upon Reunion 

occurred both in the f i r s t  and second hours of the recording session. 

However, the pups did tend to s h i f t  the proportions of sleep states  

as the recording progressed with very l i t t l e  paradoxical sleep e a r ly ,  

but appreciable amounts la te r  in the recording where i t  replaced both 

slow wave sleep and awake time. This r ise  in paradoxical sleep 

percentage over time on Reunion day was also seen while attached in 

the Normal Mother Experiment (Table R), although 1n th a t case 

s ta t is t ic a l  s ign if icance was not a tta ined . The f a l l  1n amount of 

time spent awake did not reach s ta t is t ic a l  s ig n if icance , unlike the 

previous study.

Sucking ra te  changes in treadles per minute in both paradoxical 

sleep and slow wave sleep again showed that sucking rates by s tate  

were not t o t a l l y  fixed  (see Table GG). Note that th is  change 1n 

treadles/minute in slow wave sleep was also seen on Baseline day (Table
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Table FF

Trends over time during the recording session:
Comparison of mean state percentages and sucking behaviors 
from the f i r s t  to second h a lf  of the Reunion te s t .

(-Sleep-Wake State %'s-) ( — Time Sucking8- — )

A PS SWS RS B T

1st Ha l f  41 9 50 156 88 148

2nd Half 32 30 38 56 62 142

dep t  -  1.512 9.561b 2.0226 1.700 1.122 .609
* * *  +

For each of the three sucking types, the time spent 
sucking was calculated as the number of 5 sec bins in 
wnicn a suck of that type occurred.

b
The decrease 1n SWS was s t a t i s t ic a l ly  s ig n if ic a n t  when pup 
E79 was excluded from the analysis (dep t  -  15.438, d f*4 ,  
p<.001). The change 1n PS remained s ig n if ic a n t  at the
same p ro b ab ili ty  le v e l .  Pup E79 had neither SWS nor PS 
during the f i r s t  hour.

A * awake PS * paradoxical sleep SWS * slow wave sleep
B = bursts RS * rhythmic sucking T *  treadles
+ * p< .10, ns * * *  •  p<.001



Table GG

Trends over time duriny the recording session: Comparison of the rates of sucking w ithin each 
sleep-wake state from the f i r s t  to second ha lf  of the Reunion session.

( -------------------- A - ...................... ) ( ~ ................ PS-............. ) ( .......................SWS........................ )

RS/m B/m T/m I/ep  RS'm B/m T/m I/ep  RS/m B/m T/m I/ep

1st Half 2.9 1.5 5.2 2.7 0 .7 .3 1.7 .4 1.9 1.4 2.4

2nd Half 1.9 1.3 5.4 2 .6  0 .4 .6 1.6 0 1.6 .7 2 .2

dep t  -  1, 1.334 .450 .427 1.341 — * 1.883 2.982 1.725 .999 1.677 3.344 1.206
df=5 or 4 *  *

Pearson
r = .94 .70 .96 .92 — 4 .89 .76 .85 — a .60 .94 .60

* *  * *  4- *  *  * *

A « awake PS ■ paradoxical sleep SWS * slow wave sleep B * bursts RS * rhythmic sucking 
T *  treadles I *  EMG in tens ity  rank ep = epoch m = minute ♦ = p<.10,ns *  * p<.05
* *  * p<.01
a

No comparison possible due to lack of RS.
b

df=4 fo r  PS and SWS measures, since pup E/9 was awake the e n t ire  f i r s t  hour. 166
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AA). However, most of the sucking types showed no a lte ra t io n  in rate  

by s ta te .  Not only th a t ,  there were many highly s ig n if ic a n t  positive  

corre la tions  in ra te  by s tate  measures between the f i r s t  and second 

hours. Thus, w ith in  the two-hour recording period, there was great 

s t a b i l i t y  o f  the rates of sucking w ith in  each state  fo r  the 

i n d i v i d u a l s ,  as we l l  as f o r  the group as a whole. I t  may need a 

massive experience l ik e  deprivation to a f fe c t  th a t s t a b i l i t y .

Discussion

In th is  experiment, the response of the te s t  pups to deprivation  

and Reunion was very s im ila r  to what had been seen 1n the Normal Mother 

Experiment. Sleep-wake state  percentages a ltered  so tha t the pups 

spent more time awake and less in paradoxical sleep. The pups also 

had higher leve ls  of sucking behavior. Yet again, there were no 

increase in the sucking rates w ith in  each s ta te . The only s ig n if ic a n t  

change in rate was a decrease in bursts per minute during paradoxical 

sleep, a decrease found in the previous experiment as w e l l .  A fter  

a e p r i n a t i o n , tne r a t  pup has a very d if fe re n t  s ta te  pattern . .The 

picture  is  of a pup awake fo r  much more of the time and fo r  longer 

episodes. Sleep-wake cycles are fragmented. The pup is  ra re ly  1n 

paradoxical sleep and wakes rap id ly  from tha t s ta te .  As the recording 

session progresses, more paradoxical sleep is  seen. Perhaps something 

about the Reunion experience, even with an anesthetized dam, enables 

the pup to begin a recovery process. One explanatory hypothesis 

suggested by the work of Szymuziak and S at in o ff  (1981) is  th a t  the pup 

gains heat and enters the thermoneutral zone, known to have an 

influence on the percent of paradoxical sleep. A p os it ive  corre la tion
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was found between body temperature and the percent of time 1n 

paradoxical sleep. However, the pups in th is  study did not gain 

temperature over the recording period. Some other fac to r  must explain  

the Increase 1n paradoxical sleep time.

Other findings suggest tha t individual animals may be affected  

d i f f e r e n t ia l l y  by deprivation. The amount of v a r ia b i l i t y  in state  

behavior increased dram atically  from Day 1 to Day 2. The v a r ia b i l i t y  

1n sucking time Increased as w e l l .  There were pos it ive  corre la tions  

between sucking rates w ithin states from Baseline to Reunion day but 

few reached s ta t is t ic a l  s ign if icance. Of course, these changes 

may be clues to s h if ts  1n some underlying mechanisms. For example, 

pups with the lowest body weights and temperatures have the least  

amount of paradoxical sleep. They also tend to nipple s h i f t  more. 

Temperature Influences the ra te  of sucking behavior as w e l l ,  but only 

wnen the pup is awake.

A f in a l  point about sucking rate by sta te : in both the Normal

and Anesthetized Mother Experiments, the ch arac te r is t ic  sucking rates  

w i t h i n  each state  appeared stab le . Yet, these rates were not to t a l ly  

f ixed . There were a few differences from Baseline to Reunion 1n each 

experiment. There were a few differences from Baseline to Baseline 

between the two experiments. There were a few differences between the 

f i r s t  and second hours of the Anesthetized Mother Experiment. 

Temperature can Influence sucking ra te  while awake. M1lk e jections  

bring a trans ien t Increase 1n treadles while awake. However, 1t 1s now 

c lear tha t the general response to deprivation and reunion 1s not one 

of Increasing sucking rates w ith in  the various s ta tes. The 

preponderance of the resu lts  suggest th a t pups Increase sucking time
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a f te r  deprivation by increasing the percentage of time spent 1n states  

with the higher rates of sucking, th a t is  awake and slow wave sleep. 

The f in a l  experiment w i l l  attempt to Investigate  how t ig h t ly  coupled 

are the sucking rates and the sleep-wake states.
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CYCLED PIET EXPERIMENT

The purpose of th is  experiment was to study the connection between 

p a r t ic u la r  sleep-wake states and the c h arac te r is t ic  sucking rates  

within those states. The experiments reported above demostrated that 

state  and sucking rates remained r e la t iv e ly  f i rm ly  linked. Yet, a 

certa in  l a b i l i t y  was seen. How great was th a t  l a b i l i t y ?  Could rate  

and sta te  be disassociated?

A possible way to disassociate the two variables was suggested by 

previous research. Hofer and Shalr (1982) demostrated th a t normal 

sleep-wake patterns can be maintained, even a f te r  22 hours of maternal 

separation. The method involved Infusion of a n u tr ien t formula 

comparable to ra t  milk on a periodic schedule s im ila r  1n timing to the 

dam's pattern of nursing. A d i f fe re n t  series of experiments showed 

tha t prefeeding does not Influence the amounts o f n o n -n u tr it ive  sucking 

of maternally-deprived pups (Brake, Sager, Sullivan and Hofer, 1982). 

Thus, 1n theory, providing such periodic n u tr ien t 1n the time between 

Baseline and Reunion should a f fe c t  sleep-wake states but not sucking 

amounts. The pups should have a Basel1ne-type sleep-wake pattern and 

Reun1on-type sucking time, forcing the states and rates to 

disassociate.

Certain caveats had to be considered. The two background studies 

ju s t  described had protocols d i f fe re n t  from one another and from the 

present series of experiments. In the sleep-wake work, pups were tested  

without th e ir  mothers 1n the cages (Hofer end Shalr, 1982), thus no 

attachment was possible. Brake and colleagues (1982) gave th e ir  ra ts  a 

single stomach-load of 5* body weight rather than infusing formula 

p e r io d ic a lly  throughout the deprivation period. These caveats
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suggested that a l l  of the following possible outcomes must be 

considered:

1). Normal sleep-wake patterns and increased sucking time; 

th ere fo re , increased sucking rates w ith in  some or a l l  o f the states;

2 ) .  Reunion-like sleep-wake patterns and increased sucking time; 

there fore , no change in sucking rates by states;

3 ) .  Normalized sleep-wake patterns and no increased sucking time;

there fore , no change in sucking rates by sta te ;

4 ) .  Some in teraction  of sleep-wake patterning and sucking level

change; there fore , no spec if ic  prediction of ra te  by sta te  resu lts .

With those outcomes in mind, the experiment was performed as described 

in the Methods section.

The data w i l l  be presented 1n two sections. F i r s t ,  to examine 

whether the gastr ic  cannula Implantation influenced the te s t pups' 

behavior, comparisons of the Baseline days of the Cycled Diet and 

Anesthetized Mother Experiments w i l l  be carried out. The comparisons 

w i l l  include behavioral observations, sleep-wake state  patterns and 

sucking rates w ithin each s ta te .

Second, the influence of the d ie t  Infusions on the Reunion to 

Baseline comparisons within th is  experiment w i l l  be examined. Only 

sleep-wake patterns, to ta l  sucking time and sucking rates w ithin states  

w i l l  be discussed, since these are the key behaviors which address the 

possible results  given above.

BASELINE COMPARISONS: CYCLED DIET TO ANESTHETIZED MOTHER EXPERIMENTS

In the previous experiments, the pups showed good recovery from 

the electrode implantation. Was the addition of a gastr ic  cannula
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operation enough to hinder complete recovery?

The behavioral observations suggested tha t the gastr ic  cannulae 

implanted pups behaved normally. The cannulae did not In h ib i t  th e ir  

movements. They did not d ire c t  any appreciable a tten tio n  to the 

cannulae, e ith e r  scratching or chewing a t  them. During the Baseline 

recording, the Cycled D iet (CD) pups attached to the dams' te a t  almost 

Immediately and remained attached an average of 96 and 1.2% of the 

session. This resu lt  did not d i f f e r  s ig n if ic a n t ly  from the attachment 

pecentage of the Anesthetized Mother (AM) pups (1nd t  = 1.601, df=10). 

The number of nipple switches on Baseline day did not d istinguish  

between the two groups e ith e r :  CD pups mean = 1.7 + . 8 ; AM pups mean 

= 2 . 2 +  1.0 (ind t  = .707, df = 10). However, between the day of 

surgery and the Baseline recording day, the CD animals gained only an 

average of 8 .5  ± 1.8% body weight. The AM pups 1n the same length of 

time gained 17.0 ±  1.8% body weight (1nd t  = 2 .755, df = 10, p<.05).

S t i l l ,  the CD pups did not appear stunted; while th e ir  p retest weight 

of 28.0 + 1.0 gr was s l ig h t ly  lower than th a t of the AM pups (29.2  

± 1.0 g r ) ,  th is  d ifference was not s ig n if ic a n t  (1nd t  = .717, df =

10). Thus, the gastr ic  cannula did appear to exert some e f fe c t  on 

recovery from surgery, yet the overall behavior of these pups appeared 

normal.

Next, the CD and AM pups were compared on sleep-wake state  

variables as shown in Table HH. As can be seen, the average amount of 

time spent awake did not d i f f e r  between the two groups, but the CO pups 

spent less time in slow wave and tended to spend more time in

paradoxical sleep than the pups in the previous experiment. The change 

in paradoxical sleep percentage was so small tha t neither the duration



Table HH

Measures of sleep and wakefulness of in fant rats previously implanted with gastric  cannulae 
recorded while attached to th e ir  anesthetized dams for two hours on Reunion day.

Sleep
Latency

(min)

% TRT 

A

i n 

PS

State

SMS

Mean

A

— State Episode Analysis------------- )
Duration Frequency/hour 

(min)
PS SWS A PS SMS

State
trans

per
hour

.5 15 62 24 .60 2.16 2.21 18 18 7 42

.16 1.6 2.1 2.2 .05 .20 .39 1.5 1.3 1.0 3.2

1.7 12 S7 30 .56 2.05 1.95 14 18 10 41

Mean

SEN

Comparisons of CO and AM means:
1nd t  = 1.730 .442 1. >24 2.425
d f*10 + *

.638 .438 .678 1.591 2.516
*

.297

AM = Anesthetized Mother Experiment CD * Cycled Diet Experiment A = awake 
PS * paradoxical sleep SMS *  slow wave sleep TRT * to ta l  recording time 
♦ ■ p < .10, ns *  = p<.0S

U>
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nor frequency per hour of the episode showed a s ig n if ic a n t  d lffernce  

between the two groups. The lower slow wave sleep time was due to 

fewer number of episodes per hour. The mean duration of the episodes 

was not s ig n if ic a n t ly  d i f fe re n t  between the two groups.

The comparison of sucking rates by s tate  showed more differences  

between the pups on Baseline day 1n the two experiments. The ra te  of 

bursts and treadles 1n both paradoxical sleep and slow wave sleep was 

much lower in the CD Experiment Baseline (see Table I I ) .  While awake, 

CD pups had a higher ra te  of rhythmic sucking. There were no other 

s ig n if ic a n t  changes in sucking rates by s tate  between the two 

experiments.

Whether or not the above changes were a re su lt  of the abdominal 

surgery is uncertain. Another p o s s ib i l i ty  1f th a t the r a t 's  s tra in  

and/or rearing conditions may have sh ifted  s l ig h t ly  1n the f iv e  years 

between the two experiments. Thus the pups on Baseline day were not 

identica l in the Anesthetized Mother and Cycle D iet experiment. Yet,

1f  we look a t the overall p ic tu re , the two groups look s im ila r .  

Sleep-wake state  percentages are not fa r  d i f fe r e n t .  The pattern of 

sucking rates by state was also s im ila r  1n the two groups — highest 

while awake, intermediate in slow wave sleep, lowest in paradoxical.

In the CD pups, the d is t in c t io n  between slow wave and paradoxical sleep 

was not as great as with the AM experiment, mainly due to the low 

levels  of sucking in slow wave sleep. With the above d ifferences in 

mind, we proceded to separate the CD pups fo r  22 hours while providing 

food on a periodic schedule. No comparison was run to the Normal 

Mother data due to the problem of having attached and unattached 

portions of the recording time.



Table II

Comparison of mean sucking rates w ithin each sleep-wake state  from the 
Baseline sessions of the Cycled Diet and Anesthetized Mother Experiments.

( .................. A................. ) (  - P S  — ) ( ................ SWS............... )

RS/M B/M T/M RS/M B/M T/M RS/M B/M T/M

CD
pups 2.1 1.2 2 .8  .1 .4 .3 .1 .7 .2

AM
pups .5 1.7 4 .2  0 1.0 .8  0 1.6 .9

1nd t  = 4.419 .973 1.403 1.672 3.072 3.258 .914 3.680 3.316
d f*10 * *  *  * *  * *  * *

AM *  Anesthetized Mother CD * Cycled Diet A * awake PS * paradoxical sleep 
SWS * slow wave sleep RS = rhythmic sucking B = bursts T = treadles  
M = minute *  = p<.05 * *  = p<.01

4̂<_n



REUNION TO BASELINE COMPARISONS: CYCLED DIET EXPERIMENT

F ir s t ,  the d ie t  infusion did cause the pups to gain weight during 

the maternal deprivation period. The pups gained a s ig n if ic a n t  amount 

of weight, an average of 13 + .9% of body weight (dep t  = 17.300, df 

= 7, pC.001). They received an average of 6 .9  + .2 cc of d ie t .  As 

predicted by the work Stephen Brake (Brake, Sager, Sullivan and 

H o fe r ,1982), food intake did not prevent the increase in to ta l  sucking 

time caused by maternal deprivation (see Fig. 34). The amount of 

tread ling  doubled upon Reunion, while rhythmic sucking almost doubled. 

Again, bursts did not change s ig n if ic a n t ly  (see figure  legend for  

s ta t is t ic s  and Appendix for ANOVA). Thus, possible re su lt  3 was 

disproved. Time spent sucking was increased.

An examination of the sleep-wake s ta te  percentage bars 1n Fig. 35A 

and B demostrates tha t there was a change 1n sleep-wake s tate  per cent 

f rom Baseline to Reunion day. Percent to ta l  recording time of awake 

and slow wave sleep were s ig n if ic a n t ly  increased, paradoxical sleep was 

decreased (see figure  legend fo r  s ta t is t ic s  and Appendix fo r  ANOVA). 

Thus the cycled d ie t  infusion did not normalize the sleep-wake state  

percents when the pups were tested attached to an anesthetized mother.

This resu lt  was not predicted from the previous work (Hofer and Shair, 

1982), where the pup was tested without the mother. Since sleep-wake 

states were not regularized , possible re su lt  1 cannot be tru e . There 

was no generalized increase in sucking rates by s tate  that occurred 

independently of sleep-wake sta te  pattern ing.

Why was sleep-wake s tate  behavior not normalized? I f  these pups 

had been studied without th e ir  dams, such normalization would have 

resulted. One most assume tha t the tes ting  s itu a t io n ,  probably some



Figure 34. The average time spent 1n each sucking type while  
attached to the te a t of an anesthetized dam during Baseline and then 
Reunion from 22 hours separation.

Pups fed In t ra g a s tr lc a l ly  during the period of separation.

Time cf sucking is represented as the number of f iv e  second 
periods in which a suck of a given type occurred.

S ta t is t ic a l  Indications compare Baseline and Reunion resu lts  fo r  
given sucking type and are based on dep t - t e s ts .

RS = rhythmic sucking; B = bursts; T = treadles;
I = EMG in ten s ity  rank; = p<.10; *  = p<.05; * *  = p<.01.
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Figure 35. The rate of sucking behaviors and the percentage of 
time in each sleep-wake state  while attached to the te a t  o f an 
anesthetized dam.

A. Baseline B. Reunion

Pups fed In t ra g a s tr lc a l ly  during the period of separation.

The horizontal bars represent the mean percentage o f to ta l  
recording time spent in each sleep-wake s ta te . The height of the three 
le ft-hand v e r t ic a l  bars gives the mean ra te  of sucking per minute for  
each kind of sucking. The bar to the r ig h t  measures the amplitude of 
the d ig astr ic  EMG recording when no sucking 1s occurring (an Index of
the muscle tone involved 1n maintaining a seal on the n ip p le ) .

EMG = electromyogram; PS = paradoxical sleep; SWS = slow wave 
sleep; RS = rhythmic sucking; B = bursts; T = treadles;
I = EMG In te n s ity  rank; = p<.10; *  * p<.05; * *  = p<.01.

Significance indications on the graph are comparisons of the 
Reunion bar to i ts  equivalent Baseline bar. These comparisons include 
% to ta l  recording time of a given s ta te ,  sucking rates and EMG 
in ten s ity  w ithin a given s ta te .  All s ignificance findings are based on 
dep t - te s ts  whose use are validated  by the experimental hypotheses 
based on the results  of the previous experiments. Overall ANOVAs are
given in the Appendix.
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aspect of attachment to the anesthetized dam, prevented the cycled d ie t  

from having I t s  predicted e f fe c t .  Given the series of experiment 

described in th is  work, i t  1s tempting to assume tha t the lack of state  

normalization was re la ted  to the sucking behavior. Perhaps feedback 

from the sucking a c t iv i ty  kept the pups awake more. A lte rn a t iv e ly ,  one 

can hypothesize some central mechanism which drove both s tate  and 

sucking behavior. Or, th is  hypothetical mechanism could have driven  

sleep-wake patterns which were in turn permissive fo r  sucking rates  

w ith in  each s ta te .  Any of these speculations appear possible. The 

hypothesized central mechanism might simply be excitement. Upon 

Reunion, the pup's dam is arousing, whereas on Baseline day she may 

have a pacifying e fe c t .  Only fu r th e r  experiments designed s p e c if ic a l ly  

to address these speculations can d i f fe r e n t ia te  among them.

What happened to the sucking rates w ith in  each state? The results  

were a b i t  equivocal 1n terms of the predicted possible resu lts . As 

shown in Fig. 35A and B, the sucking ra te  by s ta te  did not change 

s ig n if ic a n t ly  between Baseline and Reunion days 1n e ith e r  awake or 

paradoxical sleep. However, 1n slow wave sleep there may have been an 

increase in the ra te  of tread les , based on the resu lts  of a dep t - t e s t  

( t  = 3.310, df = p<.05). I f  tru e , th is  increase in ra te  was the f i r s t  

s t a t i s t i c a l l y  s ig n if ic a n t  Increase 1n sucking ra te  w ith in  a s ta te  fo r  

any comparison from Reunion to Baseline recordings 1n any of the three  

experiments. Why i t  should occur in th is  experiment, in which the pups 

were fed during separation, is  unclear. One p o s s ib i l i ty  1s th a t the 

increase was due to random e ffe c ts .  Why might tha t p o s s ib i l i ty  be 

correct? An overall ANOVA on treadles/minute showed state  e f fe c ts ,  but 

no deprivation or in te rac tion  e ffe c ts  (see Appendix). Note th a t the



182

resu lts  of the t - te s ts  and ANOVAs fo r  a l l  other variab les  (RS, 8 and I )  

were concordant. However, th is  experiment was s p e c if ic a l ly  designed to 

te s t e ffec ts  of deprivation on the rate of sucking w ith in  a s ta te . The 

hypothesis demanded spec ific  comparisons of the Individual c e l ls  from 

Baseline to Reunion (Winer, 1971, p. 384). One other explanation for  

the results  1s tha t the tread le  ra te  was abnormally low on Baseline day 

(see Table I I )  possibly due to some e f fe c t  o f gastr ic  cannula 

implantation. The measure of EMG In ten s ity  also showed a s ig n if ic a n t  

increase 1n a l l  three s ta tes , as had occurred 1n the Anesthetized 

Mother Experiment for slow wave sleep and awake.

Thus, in general, possible resu lt  2 was supported, but resu lt  4 

was not t o t a l ly  elim inated. Rat pups can change sucking rates w ithin  

states on occassion. Even Increases 1n ra te  by state are possible. 

However, th is  techniques is not the way th a t pups Increase sucking upon 

reunion a f te r  deprivation. Rat pups Increase sucking times by 

switching states. Paradoxical sleep, the s tate  with the lowest sucking 

ra tes , decreases 1n time. Awake and slow wave sleep, with th e ir  higher 

rates, both increase.
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GENERAL DISCUSSION

The format of the general discussion w i l l  be as follows:

1. Summary of Major Findings

2. The Relationship of the Rate of Sucking and State:

Possible Implications fo r  Motivational Processes

3. How Pups Regulate Feeding 1n Response to Deprivation Level

4. Possible Functions of Sucking During Sleep

5. The E ffec t of Feeding on State Behavior

6 . In te rac tion  of Sleep States With Other Behavioral

Processes: Implications and Speculations

1. Summary of Major Findings

One of the princ ipa l findings of th is  study 1s that two week old 

ra t  pups are asleep much of the time while being nursed by th e ir  

mothers. Tested with normal, unanesthetized dams, the percent o f time 

1n each sleep-wake sta te  is  equal 1n the attached and unattached 

conditions. Rat pups are asleep an even larger percent of the time 

while attached to the teats  of anesthetized mothers.

Deprivation causes a lte ra t io n s  of sleep-wake state  behavior 1n 

pups tested during reunion with th e ir  dam. The percent of paradoxical 

sleep 1s reduced, while awake and possibly slow wave sleep time are 

Increased, as 1s also true fo r  pups tested without th e ir  mothers 

present (Hofer, 1976). Even a f te r  periodic gastr ic  infusion of 

n u tr ien t during separation, a procedure which normalizes sleep-wake 

behavior in young rats tested without th e ir  dams (Hofer and Shair, 

1982), pups e xh ib it  "deprivatlon-type" states when tested during 

reunion. However, despite the Increase 1n awake time, deprived pups
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s t i l l  f a l l  asleep soon a f te r  attaching to te a ts ,  before receiving any 

m ilk , and are asleep for a large proportion of the reunion te s t .

Thus, any arousal caused by the deprivation experience 1s not a simple 

phenomenon which causes the pups to remain awake continually .

A second major finding is that pups suck while attached to the 

te a t  both while awake and during the two states of sleep. Even when 

tested with the normal mother, almost 50% of a l l  sucking occurs while  

the pups are asleep. C haracteris tic  rates of sucking are seen 1n each 

sleep-wake s ta te .  The pattern of those rates were s im ila r  on the 

baseline day 1n a l l  three experiments. In general, sucking rates are 

highest while awake, intermediate during slow wave sleep, and lowest 

in paradoxical sleep. However, the sucking type called 'bursts ' 

a c tu a lly  has i t s  highest ra te  during slow wave sleep. Deprivation  

Increases the amount o f sucking upon reunion, as has been previously  

reported (Brake, Wolfson and Hofer. 1979; Brake, Sager, Sullivan and 

Hofer, 1982). Yet the pattern of sucking rates w ith in  each s tate  1s 

s im ila r  to pre-separation. This s im i la r i t y  leads to the th ird  major 

f inding of th is  d isserta t io n .

The rates at which young ra ts  suck w ith in  each s ta te  are stable  

across many of the experimental conditions. In general, deprivation  

does not change the rates of sucking w ith in  each s ta te .  In general, 

the young pups do not s h i f t  sucking ra te  by s tate  during the time of 

the recording session. Yet, these sucking rates w ith in  each state  are 

not f ix ed , not t o t a l ly  unchangeable. For example, the tread le  rate  

while awake goes up during the milk e jec tion  response, although 

no other rate w ithin a state shows a s im ila r  Increase. Another set of 

findings from the Anesthetized Mother Experiment I l lu s t r a te s  th is
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point as w e ll .  Over a short period of time (w ith in  one day's recording 

session), not only does the group show no changes in sucking rates  

within s ta tes, but the individual pups' sucking rates are also stable .  

This Individual s t a b i l i t y  was demonstrated by the very s ig n if ic a n t  

positive  correla tions for sucking rates by s ta te  fo r  the members of the 

group, from the f i r s t  to second hour of the te s t  session. However, 

e ith e r  the experience of deprivation and/or the time between the two 

recording periods decreases tha t Individual s t a b i l i t y  (few correla tions  

across the two days reached s ig n if ic a n ce ) .  Therefore, although as a 

group there were very few changes 1n sucking rates w ith in  a given 

s ta te ,  the rates of any individual may have increased or decreased.

Sleep-wake state  behavior has a very ch ara c te r is t ic  pattern  

during the defined milk e jec tion  responses. In fa c t ,  the only times 

one can accurately pred ic t what states pups w i l l  be 1n are during the 

nipple attachment process and In the period around the milk e jections.  

Two week old ra t  pups are always asleep ju s t  before milk e jec tio n . I f  

state  behavior in the pups were randomly re la ted  to milk e jections from 

the dam, one would expect the pups to be asleep p r io r  to only 70% of 

the milk e jections. Possible explanations fo r  th is  re la tionsh ip  w i l l  

be discussed below. The young pups are aroused b r ie f ly  by the milk  

e jection  and return quickly to sleep afterwards. Thus, i t  is possible 

tha t milk or some other aspect of the milk e jec tion  experience has 

stimulatory properties. Even a f te r  deprivation, the ra t  pups show the 

same pattern . In th is  case, however, the sleep p r io r  to milk e jection  

is  almost exclusively  slow wave sleep. Also, the pups stay awake 

longer during the milk e jection  response. Possible reasons for th is  

longer period awake w i l l  be considered below.
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The sucking behavior also shows ch ara c te r is t ic  changes during milk  

ejection responses. Treadles and rhythmic sucking are implicated as 

n u tr i t iv e  sucking types in that they both increase. And, those 

increases are longer las ting  a f te r  deprivation , espec ia lly  for  

tread les .

2. Relationship of Sucking Levels and State: Possible Implications fo r

Motivational Processes

As has been shown in th is  d is se rta t io n , the ra te  fo r  each type of 

sucking w ith in  each of the three sleep-wake states 1s a stable  

phenomenon. This idea does not imply that sucks are emitted at  

precise in te rva ls  w ith in  each s ta te ,  under the control of some central 

pattern generator. Rather, the Im plication is  th a t  the re la t iv e  

frequency a t which sucks of a certa in  type are d is tr ib u ted  is  re la ted  

to the s tate  of the animal. That frequency would be highest in the 

awake state  fo r t re a d lin g , but highest 1n slow wave sleep fo r  bursts.

Changes in sta te  have been linked to changes in the frequency of 

many behavioral and physiological events. This concept 1s not new 

with th is  d isse rta t io n . The behaviors used to define the states  

themselves c e r ta in ly  f i t  th is  category. For example, phasic twitches, 

one of the defining characteris tics  of paradoxical sleep, are also 

seen during other states as w e l l ,  but a t  a much lower frequency 

(Petre-Quadens, 1974). Other kinds of behavior also have s ta te - l in ked  

frequencies. In in fan t humans, rhythmic mouthing is  highest during 

slow wave sleep; re f lex  smiles are highest during paradoxical sleep 

(Korner, 1969). The regulation of the cardiovascular system changes 

during the d i f fe re n t  states (Combs, 1982). In fa c t ,  the amount of
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heart ra te  v a r i a b i l i t y ,  which is  largest during paradoxical sleep, has 

been used as a way of monitoring behavioral states in fetuses (Junge, 

1979). Michael Chase (1972) has demonstrated tha t amplitude of the 

re f lex  responses of the jaw muscles of the cat 1s modulated 

d i f fe r e n t ly ,  depending upon s ta te . The masseter muscle EMG is  greatest 

while awake, intermediate 1n quiet sleep, and lowest 1n active  sleep. 

The d ig a s tr ic  re f le x  response has I t s  peak amplitude during quiet  

sleep, smaller while awake, and smallest 1n active  sleep.

The ra te  of sucking I t s e l f  has previously been linked to the 

behavioral s tate  of the organism. In a study of the e f fe c t  o f food 

sa t ia t io n  and auditory stimulation on the nonnutrit ive  sucking of 

human in fan ts , Kaye (1966) s ta tes, " I t  would appear th a t w ith in  the 

current tes ting  procedures the sucking rates are 'locked1 by the 

general level of arousal, the l a t t e r  being determined in part by 

pretest ingestional fac tors . Only stim uli a lte r in g  the level of 

arousal w i l l  change the sucking ra te ."  Wolff (1972) makes s im ila r  

points based on his study of healthy and neurologically  impaired 

In fan ts . He even suggests that the basic sucking frequency "1s 

contro lled by central o s c i l la to ry  mechanisms which can operate 

independent of peripheral input." He goes on to say, "Nowhere was i t  

assumed, however, that such hypothetical o s c i l la to rs  would ac tua lly  

function independent of environmental or peripheral Influences 1n the 

in tac t organism." Of course, there are many differences between these 

two studies and th is  d isse rta t io n . D i f fe re n t  species were used.

Drs. Wolff and Kaye are only considering nonnutrit ive  sucking in the 

results  discussed above. By changes in arousal le v e l ,  Dr. Kaye means 

arousal level while awake (although Dr. Wolff is re fe rr in g  to sleep-
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wake s ta te s ) .  Despite these d ifferences, th e ir  observations agree 

very well w i th  the results  of th is  d isse rta t io n . In the r a t ,  levels  

o f  sucking a lso  seem set by behavioral s ta te . But, as shown by the 

h igher rate o f  rhythmic sucking 1n a l l  three sleep-wake states 1n the 

Normal Mother Experiment than 1n the Anesthetized Mother Experiment, 

environmental and/or peripheral Influences can a l t e r  those leve ls .

This d isserta tion  extends the findings of Drs. Wolff and Kaye by 

showing the s t a b i l i t y  o f the sucking rates w ith in  each state  1n 

response to deprivation. This finding of s t a b i l i t y  may have 

Implications for understanding how changes 1n motivation a f fe c t  an 

organism's behav ior .

Any discussion of motivation has certa in  c i r c u la r i t y  b u i l t  into  

i t .  We define motivational levels  1n terms of the response of an 

organism. We assume tha t ra t  pups, upon reunion from deprivation, 

have a high motivation to get milk and to suck. The evidence fo r  th is  

assumption is the Increased leve ls  of sucking (Brake, Wolfson and 

Hofer, 1979) and of Intake ( e .g . ,  Houpt and Houpt, 1975). The ra t  

pups could respond to deprivation by showing Increased leve ls  of 

sucking in a l l  s ta tes , or even ju s t  while awake. In fa c t ,  evidence 

fo r  central coding of motivational s tate  1n response to hunger has 

been found during both paradoxical and slow wave sleep (Jacobs, Harper 

and Mc61nty, 1970). Yet, the pups described 1n th is  d isserta tion  suck 

a t  the same ra te  within each state 1n response to a deprivation  

stress. The way th e ir  behavior does change with deprivation 1s to 

s n i f t  sleep-wake s ta te s .  Paradoxical sleep is reduced while awake and 

slow wave sleep are increasea. This s h i f t  1s away from the sta te  with 

the lowest rates of sucking.
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Which comes f i r s t ,  the state  change or the sucking change? My 

d isserta tion  supplies no c lear answer to tha t question. Yet, state  

changes in rats tested without mothers are almost Iden tica l to my 

results  with rats tested attached to th e ir  mother's te a t  (Hofer, 1976;

Hofer and Shair, 1982). I t  is tempting to th ink tha t the state  

change is the primary response to deprivation and th a t tha t change 

sets the level of sucking.

Dr. Wolff might agree with tha t speculation. He states (1971), 

"Hunger s a t ia t io n  has remarkably l i t t l e  Influence on the temporal 

organization of nonnutrit ive  sucking; the changes of sucking rate  

observed in the course of gastrostomy feeding were probably due to 

changes in s tate  rather than the d ire c t  e ffec ts  of gastr ic  loading."

3. How Pups Regulate Feeding Based on Deprivation Levels

As discussed in the Introduction, there has been a controversy in 

the l i t e r a tu r e  about deprivation e ffe c ts  on feeding 1n young ra ts .

Pups p r io r  to approximately two weeks of age when attached to te a t  of 

an anesthetized dam but given milk through a tongue cannula w i l l  

continue to take in milk u n t i l  seriously overengorged, even to the 

point of resp ira tory  d istress ( e .g . ,  Hall and Rosenblatt, 1978). And, 

stomach loading has been reported to a f fe c t  neither attachment nor 

sucking levels  on nonnutrit ive  nipples ( e .g . .  Brake, Sager, Sullivan  

and Hofer, 1982). Yet, rats of the same age tested while unattached 

do regulate intake (Hall and Bryan, 1980). Also, ra ts  of these young 

ages w i l l  increase intake over nondeprived pups when returned to 

normal l i t t e r  nursing s ituations ( e .g . ,  Houpt and Houpt, 1975).
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The more recent work of Brake and his colleagues and the results  

in  th is  thesis suggest a resolution to th is  controversy. In the 

natural nursing s itu a t io n ,  there 1s a lim ited  amount of milk availab le  

and U  comes only p e r io d ic a lly .  Based on the defined milk e jection  

responses, depr ived pups suck longer and more vigorously following  

m i l k  pulses (Brake, S u llivan , Sager and Hofer, 1982; Normal Mother 

Experiment: Baseline and Reunion). Deprived pups are also awake 

longer following milk e jec tion  and then are more l i k e ly  to enter slow 

wave sleep rather than paradoxical — awake and slow wave being the 

states with higher rates of sucking. Thus, 1n the normal s itu a t io n ,  

depr ived pups may e x t r a c t  more m i l k  from each milk e jec tio n . This 

p o s s ib i l i ty  is now being tested d ire c t ly .

In the tongue cannula preparation, the pup 1s not only being 

required to ex trac t m ilk , but also 1t  1s required to demonstrate 

s a t ia t io n  by detaching from the n ipple. This 1s a very d i f fe re n t  

requirement than merely being asked to extract m ilk . Young rats  

in frequently  leave the te a t ,  even when not receiving any milk  

reinforcement. In the natural nursing s itu a t io n ,  the dam terminates  

the nursing bouts, 1n a process controlled by thermoregulation (Leon, 

Adels and Coopersmlth, 1985). Pups younger than approximately 14 days 

w i l l  remain attached to an anesthetized dam fo r  six hours and even 

longer (Brake and Hofer, 1980; Drewett, 1983). Prolonged attachment 

w i l l  reduce the amount of sucking of pups tested 1n a nonnutritive  

preparation (Brake, Sager, Sullivan and Hofer, 1982). Thus, sucking 

appears to  be under the same kinds of motivational controls as 

ingestion .
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I t  is the in teraction  of the two motivational systems which 

explains the disparate results  in the feeding l i t e r a tu r e .  Young pups 

implanted with tongue cannulae and attached to an anesthetized dam 

over-ingest because they are motivated to suck and cannot avoid the 

concurrent intake. In fa c t ,  the ra te  a t  which these food-satiated  

pups suck and Ingest is less than the ra te  of deprived pups (Brake, 

Sager, Sullivan and Hofer, 1982). Their decreased motivation to 

ingest depresses the ra te  of sucking.

Another d is t in c t io n  between the d i f fe re n t  types of feeding 

studies while attached to the te a t  of anesthetized dams must be made.

In some, the milk is given to the pups in a continuous fashion. In 

others, the milk d e livery  is p u ls a t i le ,  more accurately mimicking the 

natural s itu a t io n . We are aware tha t milk has s tim ulative  properties.  

I t  wakes the pups up as demonstrated 1n th is  thes is . I t  also Increases 

sucking leve ls , wiping out the d is t in c t io n  between deprived and 

nondeprived pups (Brake, Sager, Sullivan and Hofer, 1982). In some 

unpublished work, i t  has been demonstrated th a t  pups w i l l  sleep through 

very small and/or slow Infusions of milk through a tongue cannula, but 

w i l l  wake up to larger or more rapid Infusions (Sha ir, Gottschalk,

Brake and Hofer, 1983). In response to large pulses through a tongue 

cannula, the pups are probably awakened fo r  long periods of time due to  

the stimulation of the milk. Thus, a c e l l in g  e f fe c t  may be Involved. 

The pups may a l l  be sucking a t a maximum ra te ,  and therefore unable to 

show a d is t in c t io n  between deprived and nondeprived animals.

There are more speculations which can be made about the possible  

e ffec ts  of deprivation levels on aspects of the feeding in te rac tio n .

I t  is known that sucking stimulation by the pups is  necessary to
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induce milk letdown by the dam (Drewett and Trew, 1978). I t  is 

possible that deprived pups, with th a ir  incraasad amount of tima spent 

sucking, may stimulate larger and/or more frequent milk e jections.

This idea has not been tested as yet.  In th is  thesis only three pups 

of the l i t t e r  were deprived and they were not able to e l i c i t  more 

frequent milk e jec tions . I f  the e n t ire  U t t e r  were deprived, the 

resu lts  might have been d i f fe r e n t .

Another In tr ig u in g  p o s s ib i l i ty ,  based on as yet unpublished work 

by Brake, is th a t everything stated fo r  deprived vs. nondeprived pups 

may also be true for competent and incompetent feeders. I t  w i l l  be 

interest ing to monitor sleep-wake state  behavior in pups who are small 

fo r gastational age vs. those who are large for gestational age. I t

1s conceivable th a t smaller pups may not stay awake as long a f te r  a

milk e je c tio n . Thus, th e ir  sucking rates might be lower and Intake  

less. At le a s t ,  th is  Idea 1s tes tab le .

4. Possible Functions of Sucking During Sleep

Why do ra t  pups suck during the two sleep states? One Idea 1s

based on the work showing th a t sucking 1s necessary to Induce milk  

ejec tion  (Drewett and Trew, (1978). The mother ra t  must be asleep for  

milk e jections to occur (L incoln , Hentzen, H1n, Vunder Schoot, Clarke 

and Summerlee, 1980; Voloschln and Tramezzanl, 1979). Perhaps the 

opt imal  stimulus fo r  the mother ra t  Is quiet ( i . e . ,  sleeping) pups who 

are sucking. The sleeping pups w i l l  not d isturb th e i r  mother and thus 

a l lo w  her to go to sleep as w e ll .  I t  i s  possible to imagine tha t for  

t h i s  reason sucking evolved during sleep. Such speculation provides 

an 'u l t im a te 1 reason fo r  the f ind ing th a t ra t  pups were always asleep
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prio r to the milk e jection  response on both baseline and reunion 

days. How th is  u ltim ate function was translated  into  the physiology 

and behavior of the Individual pup is of course unknown. One 

explanation is based on s ta t is t ic a l  p ro b a b i l i t ie s  and the idea of the 

optimal stimulus described above. When the e n t ire  l i t t e r  is asleep, 

the dam is  most l ik e ly  to be able to enter slow wave sleep herse lf .  

Therefore, milk e jections should be most probable a t these times.

Sucking during sleep might also be explained as an aid to 

digestion. Sucking stimulates sa liva  production. I t  has also been 

suggested that sucking may increase gastr ic  m o t i l i ty .  I t  would be 

in teresting  to tes t the d igestive c a p a b i l i t ie s  of animals given equal 

amounts of food in t ra g a s tr ic a l ly .  I f  h a l f  the pups were allowed to  

suck normally and h a lf  prevented from sucking, would the food be 

digested better/more quickly by those pups allowed to suck?

A f in a l  th eore tica l Idea is that sucking during sleep may allow  

pups to ex trac t every drop of milk ava ilab le  from the mother's te a t .  

Even though milk e jections are period ic , small amounts of milk may be 

ava ilab le  between milk e jec tions . Whether milk is  ava ilab le  in 

these in te rva ls  has yet to be tested d ir e c t ly .  However, an 

anesthetized mother who has been deprived of her pups fo r  one day 

p rio r  to anesthesia has milk in her teats  that can be withdrawn prior  

to any oxytocin in jec tio n  (L incoln, H i l l  and Wakerley, 1973). Thus 1t 

is possible that milk does build  up in the teats in the normal 

s itu a t io n .  I f  such milk is  a v a i la b le ,  the p i lo t  work mentioned above 

demonstrates that 14 day old ra ts  can ingest small quantit ies  of milk  

while asleep (Shair, Gottschalk, Brake and Hofer, 1983). The pups can 

swallow milk in e ith e r  paradoxical or slow wave sleep. However, the
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amount that can be Ingested while remaining asleep 1s approximately 

twice as large 1n slow wave than 1n paradoxical sleep. This f i t s  very 

well with the reduction 1n paradoxical sleep seen a f te r  deprivation.  

Whether or not the two findings are ac tu a lly  re la ted  more than 

co inc identa lly  is yet unknown.

5. The Effect of Feeding on State Behavior

As discussed 1n the Introduction, many studies have shown that  

state regulation and feeding behavior are linked. This 1s true at  

many d i f fe re n t  ages, in many d i f fe re n t  species, and studied with many 

d if fe re n t  preparations. One typ ical finding is tha t the amount of 

paradoxical sleep is decreased in food-deprived animals (Oanguir and 

N ico la ld is ,  1979). Similar resu lts  were found 1n th is  d isserta tion  in 

the Normal Mother and Anesthetized Mother Experiments. Yet, food 

deprivation is not the only cause fo r  th is  reduction 1n paradoxical 

sleep. Giving pups nutr ien t on a periodic schedule during deprivation  

causes pups to gain weight a t  normal levels  and when tested without 

the mother present, normalizes sleep-wake s ta te  behavior (Hofer and 

Shair, 1982). However, 1f the pups are tested attached to an 

anesthetized dam, de livery  of food during the deprivation period has 

no e f fe c t  on s tate  patterns (Cycled D ie t Experiment). This finding  

leads one to postulate the greater stim ulative  properties o f the dam 

to a sucking-deprived pup. In a future experiment, I plan to give 

pups sucking experience during deprivation e ith e r  with or without 

cycled d ie t ,  then te s t while attachea to an anesthetized mother.

Short-term linkages between feeding and sleep have also been 

reported. In fa c t ,  fa l l in g  asleep a f te r  feeding has been described as
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part of the s a t ie ty  sequence 1n rats ( e .g . ,  Mansbach and Lorenz,

1983). Also, infusion of n u tr ien t into the gut causes almost immediate 

changes in the EEG ( e .g . ,  Sudakov, 1965). In the Normal Mother 

Experiment as w e l l ,  a linkage between feeding and sleep was also

found. The pups were always asleep p r io r  to milk e je c t io n , even

a f te r  the deprivation experience. They were awakened by milk ejections

and quickly f e l l  back to sleep. Perhaps the milk e jec tion  and/or the

nursing bouts serve as zeitgebers fo r  the setting  of the sleep-wake 

cycles. M ilk  in the gut may cause animals to go to sleep. This could 

e ith e r  be an immediate mechanism of taste or some sensation 1n the gut 

causing over a neural pathway to the brain. Also, there could be some 

longer latency e f fe c t  of food on the stomach and digestion which 

influences the sleep-wake state cycles.

Another p o s s ib i l i ty  1s tha t rather than milk causing sleep, milk  

may wake th e  pup ud out of s le e D  due to i t s  stim ulative  properties.

The m i lk  may keep the pup awake as long as 1t 1s flowing. This awake 

time may reset the sleep-wake cycles. This Idea 1s often not 

considered by researchers in the f i e ld .  For example, Wolff (1972) 

describes a study of the e ffec ts  of feeding on state  1n normal Infants  

vs. i n f a n t s  fed through gastrostomy. Infants fed in a normal fashion 

are more frequently  asleep 30 min a f te r  the feeding than Infants  fed 

through a stomach tube. Dr. Wolff takes th is  as evidence th a t  the 

sucking as we l l  as feeding  has an influence on sleep-wake states.  

However, he does not comment on the fa c t  tha t h a lf  the gastrostomy 

i n f a n t s  are asleep during the feeding whereas a l l  of the normal 

i n f a n t s  are awake. Thus, i t  seems l ik e ly  tha t the normal operation of
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the sleep-wake cycle would cause fewer gastrostomy Infants to be 

asleep in the period following the feeding.

I t  is even possible th a t the sleep-wake and feeding In teraction  

i s  learned or p a r t ly  learned during development. In the young ra t ,  

each milk e jection  appears associated with a very spec if ic  change 1n 

sleep-wake s ta tes. The temporal pairing of milk in the mouth and/or 

gut with the rapid t ra n s it io n  Into  sleep may provide the substrate fo r  

Pavlovlan conditioning. I t  is also possible that instrumental 

processes may be involved. Perhaps the more rap id ly  the pups return  

to sleep, the quicker the dam can reenter slow wave sleep and provide 

another m i l k  e j e c t i o n .  Thus, the pups rapid return to  sleep i s  a 

conditioned an tic ipatory  response. In older animals in which feeding 

takes place independently, the response of postprandial sleep may have 

been learned 1n part by th is  e a r l ie r  association of f a l l in g  asleep 

upon the te a t .  I t  1s possible to te s t  these speculations by ra is ing  

pups fed on d i f fe re n t  schedules using the pup-1n-cup technique.

6. In teraction  of Sleep States with Other Behavioral Processes:

Implications and Speculations

Learning has been shown to occur during feeding in the young ra t  

(Brake, 1981; Martin and A lberts , 1979). Yet, in th is  d isserta tion  

i t  has been shown tha t pups are awake only b r ie f ly  following a milk  

e j e c t i o n .  How can learning occur in th is  very b r ie f  time? There are 

several p o s s ib i l i t ie s .  One is  tha t some learning experiments are not 

n a tu ra l is t ic .  The pup may be kept awake longer by a longer infusion  

of m ilk. In those studies in which learning has been shown to  occur 

in the natural s itu a t io n , the p o s s ib i l i ty  exis ts  that milk is so
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stim ulating that i t  causes a tten tio n  to a l l  other stim uli in the 

environment, even during that b r ie f  time. The work of Regina Sullivan  

(S u ll ivan , Hofer and Brake, in press; Su llivan , Brake, Hofer and 

Williams, in press) has shown th a t stim ulation can be important in 

promoting learning in the young ra t .

Attachment between the young ra t  pup and the dam 1s assumed to 

develop a t least in part during the nursing period. Again, as 1n the 

paragraph above, how can such attachment occur In the b r ie f  period of 

awake time? One p o s s ib i l i ty  is  th a t the s tim ulative  properties  

discussed above may be important in the attachment phenomenon as 

w ell .  Also, one must remember th a t milk e jec tion  experience and 

awakening th e re a fte r  is repeated over and over again as the pup grows. 

This re p e t it io n  allows more time fo r  attachment to develop.

In adu lts , many physiological processes are linked to sleep-wake

states in a circadian or u ltrad lan  manner. Among those are hormone 
o

secretion (Akerstedt, 1984), cardiovascular regulation (Combs, 1982), 

and thermoregulation (Ob&l, 1984). Often these processes are not 

l inked very ear ly  in development. Perhaps the milk e jec tion  and/or 

nursing bouts are zeitgebers fo r  these processes as w e l l .  This could 

be through e ith e r  immediate or through longer, i . e .  d igestive ,  

pathways. As an example of th is ,  a recent f inding from our lab 1s 

th a t blood pressure shows an abrupt trans ien t Increase to milk e jection  

(Shair, Brake, Hofer and Myers, 1986). This blood pressure response 

always accompanies milk e jec tio n  and no s im ila r  tran s ien t blood 

pressure changes are seen a t any other point in the normal behavior of 

the young pup. Thus the milk e jec tion  has been shown to be linked to 

both sleep-wake sta te  changes and cardiovascular changes. This linkage
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may provide the substrate by which sleep-wake s ta te  and cardiovascular 

systems become linked together during development. Further experiments 

are needed to te s t th is  somewhat speculative idea.

What is the re la tionsh ip  between the phenomenon described in the 

young ra t  to s im ila r  processes in humans and other species? One 

s im i la r i t y  is that many species have sucking behavior while asleep 

(Emde and M etca lf ,  1970; Jouvet-Mounler, Astlc  and LaCote, 1970). 

However, i t  remains to be tested system atically  as to whether such 

sucking w i l l  occur in and around a n u t r i t iv e  feeding s itu a t io n .  

Secondly, as discussed above, many species Including humans f a l l  

asleep soon a f te r  feeding. One d ifference is th a t humans and many 

other species get milk in a more continuous flow. During a 10 minute 

feed, breast-fed human In fants  take 1n almost 90% o f a l l  the milk  

w ith in  four minutes. The la s t  h a l f  o f the feed is  almost nonnutritive  

(Lucas, Lucas and Baum, 1979). This d ifference 1n milk  flow may have 

important e f fe c ts  on the response of the organism to the feeding  

s itu a t io n .  Perhaps human Infants  are kept awake longer by the 

stim ulative  properties of m ilk . They then may sleep longer 

afterwards. I t  is even possible that the length of the sleep-wake 

cycle may in part be set by the feeding experience. A more continuous 

flow may be too great to allow any sleep during the feeding s itu a t io n ,  

at l e a s t  in the beginning of the nursing bout. In goats (Ruckebush, 

1972) the young are awake while receiving m ilk . To the best of my 

knowledge, sleep-wake states have not been studied system atically  in 

any other species during the actual intake of food. I would l ik e  to
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do a study with human infants studying sleep-wake states during 

feeding. There are anecdotal reports of in fants  asleep a t th e ir  

mother's breasts.



200

APPENDIX

Overall ANOVAs which are presented 1n th is  section would have f i t  

awkwardly 1n any other chapter. These ANOVAs ju s t i f y  many of the 

dependent and Independent t - te s ts  used for comparisons of smaller 

portions of the data, as reported 1n the te x t ,  figures and tab les .

As an example, in the discussion of sleep latencies 1n the Normal 

Hother Experiment (Tables C and M), comparisons could be made between 

the latencies Attached and Not-Attached on both Baseline and Reunion 

days, as well as between the two days. For th is  one v a r ia b le ,  there  

might be a to ta l  of six comparisons by dep t - te s ts  w ithin and between 

the two tab les.

C learly  some ju s t i f ic a t io n  is necessary to allow the performance 

of so many te s ts .  That reason 1s supplied by a two-way ANOVA with 

repeated measures on factors A and B, where A is Day of Test and B is 

Attachment Condition.  I f  both main e ffects  ar e s t a t i s t i c a l l y  

s ig n if ic a n t  and/or the in teraction  is s ig n if ic a n t ,  then comparisons of 

the individual ce l ls  of the matrix are ju s t i f i e d .

As you w i l l  see below, in th is  example, both main e ffec ts  reach 

s ign if icance . Thus a l l  six comparisons are s t a t i s t ic a l ly  j u s t i f i e d .  

However, as you w i l l  notice by looking at Tables C, H and N, only three  

individual comparisons were ac tu a lly  carried out. These three address 

s p ec if ic  points raised in the te x t .  The other contrasts were not 

relevant to th is  study, even though s t a t is t ic a l ly  a llowable.
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The example above i l lu s t r a te s  standard s ta t is t ic a l  procedure. In 

a few cases, I use the s ta t is t ic s  in a less tra d i t io n a l  manner. These 

cases can be grouped into two classes. The descriptions and rationales  

are given below.

1. In some tab les , I report non-s ign ificant dep t - t e s t  results  

whose use is not ju s t i f ie d  by the results  of the overa ll ANOVA. I f  the 

ANOVA results are not s ig n if ic a n t ,  then carrying out the t - te s ts  is not 

ju s t i f i e d .  These t - te s ts  are presented merely fo r  the ease of the 

reader, to make i t  c lear that the differences are not s ig n if ic a n t .

2. In some two-way ANOVAs with a single main e ffe c t  the only 

s ig n if ican t re s u lt ,  I nevertheless make comparisons of the Individual  

c e l ls .  An example is the comparisons of rhythmic sucklng(RS) rates  

from the Normal Mother Experiment ( H g . ' s  10 and 17). There was a 

signi f i cant  State ef fect  on rate of RS, but no e ffe c t of  Day of Test or 

in te rac tio n .

In this case, the tests seemed to me to be based on common sense. 

The ANOVi' h :?d already indicated that the sucking rates d iffe red  based 

on state and there was no in teraction  with test session. Thus, any dep 

t - te s ts  comparisons between states on a single day were more l ik e ly  to  

be in s ig n if ic a n t  due to smaller n ’ s than a s im ila r  comparison using 

data from both days. Therefore, 1 f e l t  I could have reasonable 

confidence in any s ig n if ic a n t  results  obtained, even though the 

comparisons were post hoc.

After the Normal Mother Experiment had been analysed, specific
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hypotheses were generated and tested in the la te r  experiments. The 

t - te s ts  were planned comparisons. No overall ANOVA Is needed to  

ju s t i f y  this kind of tes t (W iner,1971, p. 384). The ANOVAs were 

performed to see i f  any unexpected results  were s ig n if ic a n t  and to  

provide information for researchers Interested 1n tes ting  hypotheses 

other than those presented here.

TWO-WAY ANOVAS WITH REPEATED MEASURES ON A and B

Normal Mother Experiment

Tables C.M+N: Factor A Day of Test
Factor B Attachment Condition

Sleep Latency

% Time Awake

X Time in PS

SOURCE ss DF MS F RATIO

SWG 3.780 5 .756
A 11.718 1 11.718 4.962*
6 28.798 1 28.798 12.195**
AB 2.059 1 2.059 .872
R e s i d 35.422 15 2.361

Ax SWG 9.180 5 1.836
BxSWG 2.224 5 .445
ABxSWG 24.018 5 4.804

SWG 477.359 5 95.472
A 5828.19 1 5828.19 31.791**
B 1568.22 1 1568.22 8 .554**
AB 988.137 1 988.137 5.390*
Resid 2749.95 15 183.33

Ax SWG 576.313 5 115.263
BxSWG 993.273 5 198.655
ABxSWG 1180.36 5 236.072

SWG 149.226 5 29.845
A 5192.05 1 5192.05 4 4 . 5 9 3 * *
B 513.382 1 513.382 4.010+
AB 2.038 1 2.038 .018
Resid 1746.28 15 116.419

AxSWG 689.200 5 137.840
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PS #Epi/hr

SWS #Epi/nr

State Trans/n

AxSWG 25.224 5 5.045
BxSWG 147.228 5 29.446
ABxSWG 115.228 5 23.038

SWG 62.833 5 12.567
A 468.165 1 468.165 21.597**
B 37.499 1 37.499 1.730
AB 104.170 1 104.170 4.805*
Resid 325.166 15 21.678

AxSWG 114.835 5 22.967
BxSWG 173.501 5 34.700
ABxSWG 36.830 5 7.366

SWG 441.215 5 88.243
A .37y 1 .379 . 0 1 1
B 672.049 1 672.243 19.990**
AB 12.036 1 12.036 .358
Resid 504.285 15 33.619

AxSWG 71.871 5 14.374
BxSWG 251.203 5 50.241
ABxSWG 181.211 5 36.242

SWG 931.820 5 186.364
A 486.180 1 486.180 2.928
B 2730.64 1 2730.64 17.077**
AB 112.703 1 112.703 .705
Resid 2398.52 15 159.901

AxSWG 167.844 5 33.569
BxSWG
AQvCun

1627.400
c m  977

5
c

325.480
i o n  c c c
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% Time in SWS

A Mean Dura.

PS Mean Dura.

SWS Mean Dura.

A #Epi/hr

BxSWG 494.869 5 98.974
ABxSWG 562.213 5 112.443

SWG 589.484 5 117.897
A 20.166 1 20.166 .163
B 3800.15 1 3800.15 30.770*
AB 888.182 1 888.182 7.192*
Resid 1852.53 15 123.502

AxSWG 247.840 5 49.568
BxSWG 1068.86 5 213.771
ABxSWG 535.830 5 107.166

SWG 4.847 5 .969
A 9.338 1 9.338 7.001*
B 10.787 1 10.787 8.088*
AB 2.835 1 2.836 2.126
Resi d 20.006 15 1.334

AxSWG 5.388 5 1.078
BxSWG 7.821 5 1.564
ABxSWG 6.780 5 1.359

SWG .244 2 .122
A 1.519 1 1.519 4.182*
b 9.991 1 9. * 3  i 27,5u2*'
AB .612 1 .612 1.684
Resid 2.180 6 .363

AxSWG .685 2 .343
BxSWG .567 2 .283
ABxSWG .928 2 . 4 6 4

SWG 2.805 4 .701
A .065 1 .064 1.074
B .318 1 .318 5.248*
AB .977 1 .977 16.146*’
Resid .726 12 .061

AxSWG .093 4 .023
BxSWG .758 4 .190
ABxSWG -.125 4 -.031

SWG 126.862 5 25.372
A .029 1 .029 .001
B 425.028 1 425.028 22.164*’
AB 22.053 1 22.053 1.150
Resid 287.643 15 19.176



TWO-WAY ANOVAS W ITH REPEATED MEASURES ON A a n d  B

Normal Mother 

F i g . ’ s 10 + 1

RS/min.

B/mi n.

T/min.

EMG I/epoch

Experiment

: Factor A Day of Test 
Factor B Sleep-Wake State

SOURCE SS DF MS

SWG 4.855 3 1.618
A .041 1 .041
B 41.202 2 20.601
AB .021 2 .010
Resid 14.361 15 .957

AxSWG 4.722 3 1.574
BxSWG 6.584 6 1.097
ABxSWG 3.056 6 .509

SWG .431 3 .144
A .226 1 .226
B 8.490 2 4.245
AB 2.016 2 1.008
Resid 1.769 15 .118

AxSWG .260 3 .087
BxSWG .604 6 .101
Abxiwu . ^ U 3 6 .151

SWG 17.245 3 5.748
A 3.581 1 3.581
B 83.784 2 41.892
A" 2.453 2 1.727
Resid 7.680 15 .512

AxSWG 1.264 3 .421
BxSWG 5.740 6 .957
ABxSWG .677 6 .113

SWG 1.291 3 .430
A .034 1 .034
B 8.941 2 4.470
AB .257 2 .129
Resid 2.766 15 .184

AxSWG 1.571 3 .524
BxSWG .242 6 .040
ABxSWG .953 6 .159

F RATIO

.043
21.518**

.011

1.918
35.993**

8 .549**

6.993*
81.821**

3.372+

.183
24.241**

.698



T a b le s  B + L

Wei ght

Temperature

F ig . 's  9 +

Trans.  Prob.

: Factor A Day of Test 
Factor B Pre- vs. Post-Test

SWG 143.490 5 28.698
A 10.277 1 10.277 22.271**
B 2.611 1 2.611 5.659*
AB 1.064 1 1.064 2.307
Res id 6.922 15 .461

Ax SWG 1.582 5 .316
BxSWG 3.020 5 .604
ABxSWG 2.320 5 .464

SWG 3.469 5 .6937
A .748 1 .748 3.090+
B 3.238 1 3.238 13.378**
AB .660 1 • 6bl 2.727
Resid 3.631 15 .242

AxSWG .244 5 .049
BxSWG 1.260 5 .252
ABxSWG 2.127 5 .425

: Factor A Day of Test 
Factor B D irection of State Transition

SWb .000 5 .000
A .000 1 .000 .000
B .969 5 .194 42.383**
AB .362 5 .072 15.827**
Resid .251 55 .004

AxSWG .000 5 .000
BxSWG .136 25 .005
ABxSWG .115 25 .005



TWO-WAY ANOVAS W ITH REPEATED MEASURES ON B

Anesthetized Mother Experiment 
Comparison with Normal Mother Baseline

F ig . 's  8 + 20: Factor A Experiment

Awake

PS

SWb

Factor B Episode Duration

SOURCE ss DF MS

Betweeni Subj
A 0 1 0
SWG .318 10 .032
Within Subj
B 42571.7 4 10642.9
AB 279.845 4 69.961
BxSWG 2427.96 40 60.699

Between Subj
A .009 1 .009
SWG .566 10 .057
Withi n Subj
B 7697.71 4 1924.43
AB 1108.09 4 277.022
BxSWG 7946.62 40 198.665

Between Subj
A 0 1 0
SWG 1.557 10 .156
Within Subj
B 13491.1 4 3372.78
AB 1150.83 4 287.706
Bx SWG 3826.46 4u 95.661

F RATIO

175.34**
1.153

.155

9.687**
1.394

35.258**
3.008*

F ig . 's  9 + 21: Factor A Experiment
Factor B D irection of State Transition

Trans. Prob. Between Subj
A .000 1 .000 1.776
SWG
Within Subj
B .195 5 .039 6 .888**
AB .210 5 .042 7 .445**
tixSWG

000 1 .000
000 10 .000

195 5 .039
210 5 .042
282 50 .000



TWO-WAY ANUVAS W ITH REPEATED MEASURES ON A a n d  B

Anesthetized Mother Experiment

Tables U ♦ BB: Factor A Day of Test
Factor B Pre- vs. Post-Test

SOURCE SS OF MS

SWG 122.605 5 24.521
A 35.779 1 35.779
B .572 1 .572
AB .018 1 .018
Resid 1.873 15 .125

AxSWG 1.764 5 .353
BxSWG .035 5 .007
ABxSWG .074 b .015

Temperature SWG 2.986 5 .597
A 6.389 1 6.389
B -.023 1 -.023
AB .105 1 .105
Resid 3.892 15 .260

AxSWG 2.891 5 .578
BxSWG .428 5 .086
ABxSWG .574 5 .115

Fig . 29: Factor A Day of Test
Factor B Episode Duration

Awake SWG 4.293 5 .859
A .021 1 .021
B 41878.0 4 10469.5
AB 309.197 4 77.29°
Resid 2849.48 45 63.322

AxSWG 4.273 5 .855
BxSWG 1663.22 20 83.161
ABxSWG 1181.99 20 59.099

PS SWG .578 5 .116
A .164 1 .164
B 12460.3 4 3115.07
AB 2691.22 4 672.806

F RATIO

286.533**
4.583*

.141

24.619**
- .0 90

.406

.000
165.338**

1.221

.003
64.461**
13.922**
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Resid 2174.63

AxSWG .135
BxSWG 854.492
ABxSWG 1320.0

45 48.325

5 .027
20 42.725
20 66.0

SWG 38.818 b 7.764
A .078 1 .078
B 11460.5 4 2865.12
AB 1327.76 4 331.939
Resid 2778.87 45 61.753

AxSWG 5.119 5 7.764
BxSWG 1973.69 20 98.685
ABxSWG 800.053 20 40.003

Fig . 3u: Factor A Day of Test
Factor B D irection of State Transition

SWG .000 5 .000
A .000 1 .000
8 .270 5 .054
AB .211 5 .042
Resid .262 55 .005

AxSWG .000 5 .000
BxSWG .211 25 .008
ABxSWG .052 25 .002

F ig . 's  22 + 32: Factor A Day of Test
Factor B Sleep-Wake State

RS/mi n. SWG 11.379 5 2.276
A 4.134 1 4.134
B 16.921 2 8.460
AB 7.671 2 3.835
Resid 46.434 25 1.857

AxSWG 9.312 5 1.862
BxSWG 20.440 10 2.044
ABxSWG 16.683 10 1.668

SWG 1.809 5 .362
A .234 1 .234
B 6.812 2 3.406
AB 1.054 2 .527
Resid 11.539 25 .462

.001
46.397**

5.376**

.000
11.324**
8 .845**

2.226
4.555*
2.065

.506
7.379**
1.142



T/min.

EMG I/epoch

AxSWG 1.567 5 .313
BxSWG 8.422 10 .842
ABxSWG 1.553 10 .155

SWG 14.842 5 2.969
A 1.068 1 1.068
B 124.141 2 62.070
AB 3.270 2 1.635
Resid 37.928 25 1.517

AxSWG 5.859 5 1.172
BxSWG 16.006 10 1.601
ABxSWG 16.063 10 1.606

SWG 2.646 5 .529
A 1.734 1 1.734
B 6.792 2 3.396
AB .074 2 .037
Resid 1.802 25 .072

AxSWG .348 5 .070
BxSWG .805 10 .081
ABxSWG .649 10 .065

.704
40.914**

1.078

24.045**
47.100**

.513

SWG .594 5 .119
A .125 1 .125 .001
B 1435.75 2 717.877 3.495+
AB 6418.68 2 3209.34 15.624**
Resid 5115.44 25 205.418

AxSWG .533 3 .107
BxSWG 2993.22 10 299.322
ABxSWG 2141.68 10 214.168
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TWO-WAY ANOVAS WITH REPEATED MEASURES ON A a n d  B

Cycled Diet Experiment

Fig. 35: Factor A Day of Test
Factor B Sleep-Wake State

RS/min.

SOURCE SS DF MS

SWG 1.122 5 .224
A .004 1 .004
B 34.357 2 17.179
AB .054 2 .027
Resid 2.624 25 .105

AxSWG .409 5 .082
BxSWG 1.343 10 .134
ABxSWG .873 10 .087

F RATIO

.042
163.641**

.257

B/mi n. SWG 2.893 5 .579
A .111 1 .111
B 3.332 2 1.666
AB .107 2 .054
Resid 3.997 25 .160

AxSWG 1.096 5 .219
BxSWG 1.755 10 .176
AdxSWG 1.146 lu .115

.695
10.420**

.335

T/min. SWG 2.913 5 .583
A 1.068 1 1.068
B 58.862 2 29.431
HD .27 i 2 .135
Resid 7.337 25 .263

AxSWG 1.802 5 .360
BxSWG 4.105 10 .410
ABxSWG 1.429 10 .143

3.639*
100.287**

.461

EMG I/epoch SWG .834 5 .167
A .734 1 .734
B 4.413 2 2.207
AB .026 2 .013
Resid .886 25 .035

AxSWG .410 5 .082
BxSWG .234 10 .023
ABxSWG .241 10 .024

20.714**
62.284**

.341
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SWG .492 5 .098
A .020 1 .020
B 6425.74 2 3212.87
AB 1768.07 2 884.037
Resid 1370.00 25 54.800

AxSWG .480 5 .096
BxSWG 812.594 10 81.259
ABxSWG 556.922 10 55.692

.000
58.629**
16.132**



2 1 3

REFERENCES
o
Akerstedt, T. (1984). Hormones and sleep. In Sleep Mechanisms. 

Experimental Brain Research (Supplamentum 8 ) .  A. Borbfly and 

J. Valatx (e d s .) ,  B erlin , New York: Springer-Verlag.

Anders, T. (1975). Maturation of sleep patterns in the newborn

in fan t.  In Advances in Sleep Research. V. 2 . . E. Weltzman (e d . ) ,  

New York: Spectrum Publications.

Anders, T . ,  R. Emde and A. Parmelee (1971). A Manual of Standardized 

Terminology. Techniques and C r i te r ia  fo r  Scoring of States of 

Sleep and Wakefulness in Newborn In fa n ts . UCLA Brain Information 

Service/BRI Publications O ff ic e ,  Los Angeles, CA. NINDS 

Neurological Information Network.

Anokhin, P. and K. Shuleikina (1977). System organization of 

alimentary behavior in the newborn and the developing cat.  

Developmental Psychobiology. 10:385-419.

Brake, S. (1981). Suckling in fan t rats learn a preference fo r  a novel 

o lfac tory  stimulus paired with milk de live ry .  Science. 211:506- 

508.

Brake, S. and M. Hofer (1980). Maternal deprivation and prolonged

suckling in the absence of milk a l t e r  the frequency and in ten s ity  

of sucking responses in neonatal ra t  pups. Physiology and 

Behavior. 24:185-189.

Brake, S .,  D. Sager, R. Sullivan and M. Hofer (1982). The ro le  of

in t ra -o ra l  and g astro in tes tina l cues in the control of sucking and 

milk consumption in r a t  pups. Developmental Psychobiology. 

15:529-542.



214

Brake, S .,  R. Su llivan , 0. Sager and M. Hofer (1982). Short- and long­

term e ffe c ts  of various milk de live ry  contingencies on sucking and 

nipple attachment 1n ra t  pups. Developmental Psychobiology. 

15:543-556.

Brake, S .,  S. Tavana and M. Myers (1986). A method fo r  detecting and 

analysing in tra -o ra l  negative pressure in suckling ra t  pups. 

Physiology and Behavior. 36:575-578.

Brake, S .,  V. Wolfson and M. Hofer (1979). Electromyographic patterns  

associated with non-nutrit1ve sucking in 11-13-day-old ra t  pups. 

Journal of Comparative and Physiological Psychology. 93:760-770.

Chase, M. (1972). Patterns of re f le x  e x c i ta b i l i t y  during the

ontogenesis of sleep and wakefulness. In Sleep and the Maturing 

Nervous System. C. Clemente, D. Purpura and F. Mayer (e d s .) ,  New 

York: Academic Press.

Combs, C. (1982). Behavioral modulation of a r te r ia l  baroreflexes. In 

C ircu la t io n . Neurobiology and Behavior. 0. Smith, R. Galosy and

S. Weiss (e d s .) ,  New York: E lsevier Science Publishing Co.

Cramer, C. and E. Blass (1983a).  Mechanisms of control of mijk intake 

in suckling ra ts .  American Journal of Physiology. 245:154-159.

Cramer, C. and E. Blass (1983b). Rate versus volume in the m ilk  Intake  

of suckling ra ts .  In The Neural Basis of Feeding and Reward.

B. Hoebel and D. Novin (e d s .) ,  Brunswick, Maine: Haer Press.

Cramer, C .,  E. Blass and W. Hall (1980). The ontogeny of n ipp le-  

s h if t in g  behavior in albino ra ts : Mechanisms of control and 

possible s ign if icance. Developmental Psychobiology. 13:165-180.



215

Croskerry, P ., G. Smith, M. Leon and E. M itche ll  (1976). An

inexpensive system fo r  continuously monitoring maternal behavior 

in the laboratory ra t .  Physiology and Behavior. 16:223-225.

Oanguir, J. and S. N ico la id ls  (1980). Dependence o f sleep on

n u tr ien ts ' a v a i l a b i l i t y .  Physiology and Behavior. 22:735-740.

Danguir, J. and S. N ico la id is  (1979). Intravenous infusions of

nutr ien ts  and sleep in the ra t :  An ischymetrlc sleep regulation

hypothesis. American Journal o f Physiology. 238:E307-E312.

Danguir, J . ,  S. N ico la id is  and H. Gerard (1979). Relations between

feeding and sleep patterns in the ra t .  Journal of Comparative and 

Physiological Psychology. 93:820-830.

D o ll in g er, M ., W. Holloway and V. Denenberg (1978). Nipple attachment 

in rats during the f i r s t  24 hours of l i f e .  Journal of Comparative 

and Physiological Psychology. 92:619-626.

Drewett, R. (1983). Sucking, milk synthesis, and milk e jec tion  in the 

Norway ra t .  In Parental Behaviour of Rodents. R. Elwood (e d . ) ,  

London: John Wiley & Sons.

Drewett, R., C. Statham and J. Wakerley (1974). A q u an tita t ive  

analysis of the feeding behaviour of suckling ra ts .  Animal 

Behaviour. 22:907-913.

Drewett, R. and A. Trew (1978). The milk e jec tion  of the r a t ,  as a 

stimulus and a response to the l i t t e r .  Animal Behavior. 26:982- 

987.

Emde, R. and D. Metcalf (1970). An electroencephalographic study of 

behavioral rapid eye movement states 1n the human newborn.

Journal of Nervous and Mental Disease. 150:376-386.



216

Friedman, M. (1975). Some determinants of milk ingestion in suckling  

ra ts .  Journal of Comparative and Physiological Psychology. 

89:636-647.

Gaensbauer, T. and R. Emde (1973). Wakefulness and feeding in human 

newborns. Archives of General Psychiatry . 28:894-897.

Gramsbergen, A. (1976). The development of the EEG 1n the ra t .  

Developmental Psychobiology. 9:501-515.

Grota, L. and R. Ader (1969). Continuous recording of maternal

behaviour in Rattus norvegicus. Animal Behaviour. 17:722-729.

H a l l ,  W. and T. Bryan (1980). The ontogeny of feeding 1n ra ts :

I I .  Independent ingestive behavior. Journal o f Comparative and 

Physiological Psychology. 94:746-756.

H a l l ,  W., C. Cramer and E. Blass (1975). Developmental changes 1n 

suckling of ra t  pups. Nature. 258:318-320.

H a l l ,  W. and J. Rosenblatt (1977). Suckling behavior and intake  

control in the developing ra t  pup. Journal of Comparative and 

Physiological Psychology. 91:1232-1247.

H a l l ,  W. and J. Rosenblatt (1978). Development of n u tr i t io n a l  control 

of food intake in suckling ra t  pups. Behavioral Biology. 24:413- 

427.

Harper, R ., T. Hoppenbrouwers, D. Bannett, J. Hodgman, M. Sterman and 

D. McGinty (1977). Effects  of feeding on sta te  and cardiac  

regulation 1n the in fa n t .  Developmental Psvchobiologv. 10:507-

517.

Hockman, C. (1964). EEG and behavioral e f fe c ts  o f food deprivation 1n 

the albino ra t .  Electroencephalography and C lin ic a l  

Neurophysiology. 17:420-427.



217

Hofer, M. (1970). Physiological responses of In fan t ra ts  to separation  

from th e ir  mothers. Science. 168:871-873.

Hofer, M. and M. Grable (1971). Cardiorespiratory regulation and 

a c t iv i ty  patterns of ra t  pups studied with th e ir  mothers during 

the nursing cycle. Developmental Psychobiology. 4:169-180.

Hofer ,  M. (1973). The ro le  of n u tr i t io n  in the physiological and 

behavioral e f fe c ts  of e a r ly  maternal separation on In fan t ra ts .  

Psychosomatic Medicine. 35:350-359.

Hofer, M. (1976). The organization of sleep and wakefulness a f te r  

maternal separation in young ra ts .  Developmental Psychobiology. 

9:189-205.

Hofer, M. and H. Shair (1982). Control o f sleep-wake states in 

the in fan t ra t  by features of the mother-infant re la t io n sh ip .  

Developmental Psychobiology. 15:229-243.

Houpt, K. and A. Epstein (1973). Ontogeny of controls of food Intake  

in the ra t :  GI f i l l  and g lucoprlvatlon. American Journal of

Physiology, 225:58-66.

Houpt, K. and T. Houpt (1975). E ffects of gastr ic  loads and food

deprivation on subsequent food Intake in suckling ra ts .  Journal 

of Comparative and Physiological Psycholoov. 88:764-772.

Jacobs, 8 . ,  R. Harper and D. McGlnty (1970). Neuronal coding of

motivational level during sleep. Physiology and Behavior. 5:1139- 

1143.

Jacobs, B. and D. McGlnty (1971). E ffects of food deprivation on sleep 

and wakefulness 1n the r a t .  Experimental Neurology. 30:212-222.



218

Jouvet-Mounier, 0 . ,  L. Astic and D. LaCote (1970). Ontogenesis of the 

states of sleep in the r a t ,  cat,  and guinea pig 1n the f i r s t  

postnatal month. Developmental Psychobiology. 2:216-239.

Junge, H. (1979). Behavioral states and state re la ted  heart ra te  and 

motor a c t iv i ty  patterns 1n the newborn In fan t and the fetus  

antepartum - -  A comparative study. I .  Techniques, I l lu s tra t io n s  

of recordings, and general resu lts . Journal o f Perinatal  

Medicine. 7:85-107.

Kaye, H. (1966). The e ffec ts  of feeding and tonal stim ulation on non­

n u t r i t iv e  sucking in the human newborn. Journal of Experimental 

Child Psychiatry . 3:131-145.

Kleitman, N. (1963). Sleep and Wakefulness. Chicago: University  of 

Chicago Press.

Korner, A. (1969). Neonatal s ta r t le s ,  smiles, erections and re f lex  

sucks as re la ted  to s ta te ,  sex, and in d iv id u a l i ty .  Chi Id 

Development. 40:1028-1053.

Korner, A. (1972). State as var iab le ,  as obstacle, and as mediator of

stimulation in in fan t research. M e rr i11-Palmer Q uarterly . 18:77- 

94.

Lacey, J . ,  P. Stanley, M. Hartmann, J. Koval and A. Crisp (1978). The 

immediate e f fe c t  of intravenous spec if ic  nutr ien ts  on EEG sleep. 

Electroencephalography and C lin ica l Neurophysiology. 44:275-280.

Leon, M., L. Adels and R. Coopersmlth (1985). Thermal l im ita t io n  of 

mother-young contact 1n Norway ra ts .  Developmental Psychobiology. 

18:85-105.

Leon, M., P. Croskerry and G. Smith (1978). Thermal control of mother- 

young contact in ra ts .  Physiology and Behavior. 21:793-811.



219

Lincoln, E ., K. Hentzeen, J. H1n, P. Vunder Schoot, 6. Clarke and 

A. Summer lee (1980). Sleep: A prerequis ite  fo r  re f lex  milk

e jection  in the ra t .  Experimental Brain Research. 38:151-162.

Lincoln, D . , A. H i l l  and J. Wakerley (1973). The m1lk-eject1on re f le x  

of the ra t:  An in te rm itte n t function not abolished by surgical

levels of anesthesia. Journal of Endocrinology. 57:459-476.

Lorenz, 0 . ,  S. E l l i s  and A. Epstein (1982). D i f fe re n t ia l  e ffe c ts  of 

upper g astro in testina l f i l l  on milk Ingestion and nipple  

attachment in the suckling ra t .  Developmental Psychobiology. 

15:309-330.

Lucas, A., P. Lucas and J. Baum (1979). Pattern of milk flow 1n 

breast-fed in fants . Lancet, i i :57-58.

Mansbach, R. and D. Lorenz (1983). Cholecystoklnin (CCK-8) e l i c i t s  

prandial sleep 1n ra ts . Physiology and Behavior. 3:179-183.

M artin , L. and J. Alberts (1979). Taste aversions to mother's milk:

The age-related role of nursing 1n acquis ition and expression of a 

learned association. Journal of Comparative and Physiological 

Psychology. 93:430-435.

Martinus, J. and H. Papousek (1970). Response to optic  and 

exteroceptive stim uli 1n re la t io n  to s ta te  1n the human 

newborn: Habituation of the b link response. Neuropaedlatrlc. 

1:452-460.

Meier, G. and R. Berger (1965). Development of sleep and wakefulness

patterns in the in fant Rhesus monkey. Experimental Neurology. 

12:257-277.



220

Messer, M., E. Thoman, A. Terrasa and P. Dallman (1969). A r t i f i c i a l  

feeding of in fan t ra ts  by continuous gastr ic  In fusion. Journal of 

N u tr i t io n . 98:404-410.

Mouret, J. and P. B o b i l l ie r  (1971). Diurnal rhythms of sleep 1n the 

ra t :  Augmentation of paradoxical sleep following a lte ra t io n s  of

the feeding schedule. In ternational Journal of Neuroscience. 

2:265-270.

Obal, J r . ,  F. (1984). Thermoregulation and sleep. In Sleep 

Mechanisms. Experimental Brain Research ( Supplementum 8 ),

A. Borbely and J. Valatx (e d s .) ,  B e r l in ,  New York: Sprlnger- 

Verlag.

Petre-Quadens, 0. (1974). Sleep 1n the human newborn. In Basic Sleep 

Mechanisms, 0. Petre-Quadens and J. Schlag (e d s .) ,  New 

York: Academic Press.

P re c h tl , H., Y. Akiyama, P. Zinkin and D. Kerr-Grant (1968).

Polygraphic studies of the f u l l  term newborn: I .  Technical

aspects and q u a l i ta t iv e  analysis. In C lin ics  1n Developmental 

Medicine #27. Bax and MacKeith (e d s .) ,  London: Heineman.

Rosen, A ., J. Davis and R. LaDove (1971). E lec trocortica l a c t iv i ty :  

M odification by food ingestion and a humoral s a t ie ty  fa c to r .  

Communications in Behavioral Biology. 6:323-327.

Rubenstein, E. and R. Sonnenschein (1971). Sleep cycles and feeding  

behavior in the cat: Role o f g astro in tes tin a l hormones. Acta

C1ent1flca Venezolana (Supplementum). 22:125-128.

Ruckebusch, Y. (1972). Development of sleep and wakefulness 1n the

foeta l lamb. Electroencephalography and C lin ica l  Neurophvsloloqy. 

32:119-128.



221

Shair, H ., S. Brake and M. Hofer (1984). Suckling 1n the ra t:  

Evidence for patterned behavior during sleep. Behavioral 

Neuroscience. 98:366-370.

Shair, H ., S. Brake, M. Hofer and M. Myers (1986). Blood pressure 

responses to milk e jection  1n the young ra t .  Physiology and 

Behavior ( in  press).

Shair, H ., A. Gottschalk, S. Brake and M. Hofer (1983). Two-week-old 

ra t  pups can Ingest small quantit ies  of milk while asleep.

Program abstract from the annual meeting of the In ternational  

Society fo r  Developmental Psychobiology, Hyannls, Mass.

Shimizu, A. and H. H1mw1ch (1968). The ontogeny of sleep 1n k it tens  

and young rabb its . Electroencephalography and C lin ica l  

Neurophysiology. 24:307-318.

S iegel, J. (1975). REM sleep predicts subsequent food Intake.  

Physiology and Behavior. 15:399-403.

Sudakov, K. (1965). The electroencephalogram and neurohumoral 

mechanisms of s a t ie ty .  B u lle t in  of Experimental Biology and 

Medicine. 59:103-106.

Su llivan , R ., S. Brake, M. Hofer and C. Williams (1n press). Huddling 

and Independent feeding 1n neonatal ra ts  can be f a c i l i t a t e d  by a 

conditioned change 1n behavioral s ta te .  Developmental 

Psychobiology.

Sul 11 van, R ., M. Hofer and S. Brake (1n press). Olfactory-guided

o rien ta t ion  in neonatal rats 1s enhanced by a conditioned change 

1n behavioral s ta te .  Developmental Psychobiology.



222

Szymusiak, R. and E. S at in o ff  (1981). Maximal REM sleep time d tf inas  a 

narrower thermoneutral zone tha t does minimal metabolic ra te .  

Physiology and Behavior. 26:687-690.

T im o -Ia r ia , C ., N. NegrJfo, W. Schmidek, K. Hoshino, C. Lobato de

Menezes and T. Leme de Rocha (1970). Phases and states of sleep 

in the ra t .  Physiology and Behavior. 5:1057-1062.

Voloschln, L. and J. Tramezzanl (1979). M1lk e jec tion  re f le x  linked to 

slow wave sleep in nursing ra ts .  Endocrinology. 105:1202-1207.

Williams, A. and J. Gottman (1982). A User's Guide to the Gottman- 

Wi 111ams T1me-Ser1es Analysis Computer Programs fo r  Soda! 

S c ie n t is ts . London: Cambridge U niversity  Press.

Winer, B.J. (1971). S ta t is t ic a l  Princip les  1n Experimental 

Design. (2nd e d . ) .  New York: McGraw-Hill.

W olff , P. (1972). The in te rac tio n  of sta te  and non-nutr1t1ve sucking. 

In Third Symposium on Oral Sensation and Perception: The Mouth of

the In fa n t . S p rin g fie ld , 111.: Thomas.

Woodside, B., R. Pelchat and M. Leon (1980). Acute e levation  of the 

heat load of mother rats c u r ta i ls  maternal nest bouts. Journal of 

Comparative and Physiological Psychology. 94:61-68.

Yogman, M. and S. Zeisel (1983). D ie t  and sleep patterns 1n newborn 

in fan ts . New England Journal of Medicine. 309:1147-1149.

Young G., G. S te in fe ls  and N. Khazan (1978). Cortica l EEG power 

spectra associated with sleep-wake behavior 1n the ra t .  

Pharmacology. Biochemistry and Behavior. 8 :89-91 .

Young, R ., J. Gibbs, J. Antin, J. Holt and G. Smith (1974). Absence of 

s a t ie ty  during sham feeding in the r a t .  Journal of Comparative 

and Physiological Psychology. 87:795-780.


