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ABSTRACT 

Plasma corticosterone and ACTH concentrations were determined in 

neonatal r a t s  1 ,  7 ,  14, and 2i days old,  under a var iety of 

experimental conditions, t o  obtain more information on the postnatal 

development of the r a t  hypothal amo-adrenal (HHA j axis.  Basal plasma 

corticosterone concentrations a re  high on day 1 ,  very low on day 7 ,  

and are  increased t o  adul t  levels  by day 21.. Adrenal responsiveness 

t o  stimulation follows a s imilar  pattern w i t h  some response e l i c i t e d  

by day 14 and at? adul t-1 i ke response by day 2.1. The absence of 

response on day 7 can be a l te red  by treatment on days 1 - 6 w i t h  

corticost'erone or ACTH. Increased plasma corticosterone 1 eve1 s a f t e r  

e ther  exposure can be suppressed by treatment w i t h .  dexaniethasone 

inject ion three hours pr ior  to  s t imu1at i .o~ on days 1,  14, and 21. 

Basal plasma ACTH is  unchanged during the f i r s t  three postnatal weeks, 

Direct stimulation of the p i tu i ta ry .wi th  CRF r e su l t s  i n  a doubling of 

ACTH concentrations i n  a l l  age r a t s  tested. Ether exposure r e su l t s  in 

a doubling of ACTH levels  in 14 and 21 day n l d  r a t s ,  b u t  not in 1 or 

7 day old ra t s .  

These r e su l t s  indicate that :  1 )  there i s  a diminution followed 

by an increase in responsiveness of the adrenal gland, b u t  the 

p i tu i t a ry  response to  d i r e c t  hormonal stimulation i s  unchanged during 

the f i r s t  three postnatal weeks; 2 )  continued stimulation of the 

adren31 by ACTS c r  of the central  nervous system (CNS) o r  hypothalamus 

by corticosterone i s  necessary during ear ly postnatal development t o  

allow normal maturation of the HHA ax is ;  and 3) feedback inhi bi t ion 

iv  



i s  operative by b i r th ,  a t  l e a s t  to  a moderate degree. Taken 

together, the s tudies  suggest tha t  both the adrenal and p i tu i ta ry  

glands a re  potent ial ly  functi.ona1 a t  b i r t h ,  b u t  t ha t  the hypothalamic. 

and CNS mediators of the s t r e s s  response are  not mature until  a t  

l e a s t  the second. or th i rd  postnatal week. 
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The development of a neonate to  a mature, functional adul t  i s  a 

complex process. For the newborn r a t ,  t h i s  process involves numerods, 

often c r i t i c a l l y  timed, changes. Not only i s  the neonatal r a t  d i f f e r -  

en t  from the adul t  i n . s i z e  ( i . e .  weight, length, surface-to-volume 

r a t i o ) ,  amount of ha i r ,  locomotor abi 1 i  t i e s ,  and the 1 ike,  b u t  the 

neonate i s  also very d i f fe rent  from the adul t  physiologically. The r a t  

i s  unable to  regulate i t s  body temperature unt i l  i t  i s  2-3 weeks old 

( 1 4 ) .  The r a t  i s  also not sexually mature unt i l  the 4th-6th (females) 

or  6th-8th (males) postnatzl week (5,6) .  Plasma and p i tu i ta ry  hormone 

concentrations [T4 (7- lo) ,  cort i  costerone ( 1  1-16), growth hormone ( 1  7-19) ] 

are  d i f fe rent  i n  d i f fe rent  age r a t s ,  as i s  the a b i l i t y  of the animal to  

regulate these levels .  These endocrine changes and many others a re  

probably highly i  nterrel  ated. As each i  nd i  vi dual system cont? nues to 

evolve, the milieu in which the other systems e x i s t  .changes. This will  

undoubtedly a f fec t  the subsequent evolution o f  each. system. 

The purpose of t h i s  study was to  invest igate  the sequence of events 

tha t  occurs during the maturation of the hypothal amo-hypophyseal- 

adrenal ( H H A )  axis .  In order to  do t h i s ,  an i n i t i a l  s e r i e s  of ,experi - 
ments was designed to determine the pat tern,  as a function of age, of 

baseline and stimulated corticosterone concentrations i n  nonrnanipulated 

neonatal r a t s .  The s t ressors  used i.ncl uded ether  i nhal ation and 

hyperthermia. Thermal s t r e s s  can be applied to  the neonate i n  several 



ways. I n  these experiments, exposure t o  microwaves was chosen as the  

pr imary  mode o f  heat ing .  Microwaves (2450 MHz, CW) have a  p e n e t r a t i o n  

depth i n  t i s s u e  o f  t he  o r d e r  o f  cent imeters.  As a  r e s u l t ,  th2y can 

p rov ide  a  r e l a t i v e l y  quick,  un i  form, and rep roduc ib le  means o f  hea t i ng  

the  whole r a t  (20) .  Once the  p a t t e r n  was es tab l i shed ,  at tempts were 

made t o  a1 t e r  t h e  p a t t e r n  by var ious  mani pu l  a t i o n s  ( c o r t i c o s t e r o n e ,  

ACTH, o r  Ac thar  @ i n j e c t i o n )  d u r i n g  e a r l y  neonata l  l i f e .  I n  t h i s  way, 

some o f  t h e  c o n t r o l l e r s  o f  the  developmental e v o l u t i o n  o f  t h e  HHA a x i s  

cou ld  be de f i ned  o r  a t  l e a s t  speculated upon. Another s e r i e s  af  exper i -  

ments was designed t o  a s c e r t a i n  the  ex i s tence  of feedback i n h i b i t i o n  

i n  neonatal  r a t s .  The presence o r  absence o f  nega t i ve  feedback would 

f u r t h e r  c l a r i f y  t h e  f u n c t i o n a l  c a p a b i l i t i e s  of  the  HWA a x i s  and i t s  

components. F i n a l l y ,  basal  and s t imu la ted  concent ra t ions  o f  plasma 

ACTH were i n v e s t i g a t e d  ( w i t h  the  techn i  ca l  ass is tance of  Donna Gaudette, 

t e c h n i c i a n  f o r  Dr. John Kenda l l )  i n  r a t s  o f  d i f f e r e n t  ages. The competence 

of t h e  neonatal  p i t u i t a r y  gland, as a  func t i on  of  age, was thereby 

examined. The r e s u l t s  o f  a l l  o f  these experiments were then conso l i da ted  

t o  deduce which components o f  the HHA a x i s  were f u n c t i o n a l  a t  b i r t h  and 

which developed i n  t h e  neonatal  per iod ;  t o  cons ider  poss ib le  i n t e r a c t i o n s  

among components and between a x i s  components and e x t e r n a l  f a c t o r s  t h a t  

may i n f l u e n c e  normal development. 

The iiHA Ax is  

A. The mature r a t :  

The HHA a x i s  i s  comprised o f  the  hypothalamus, adenohypophysi.~ 

( a n t e r i o r  p i t u i t a r y )  , and adrenal glands (F igure  1  ). 



Stimul i (nsural signal s )  recei ved by the central nervous system 

(CNS) may resul t i n re lease of vari ous neurotransmi t t e r s  whi ch control 

the part  of the hypothalamus responsible f o r  regulation of the secre- 

tion of p i tu i t a ry  hormones (21) .  In the case of the adrenal ax is ,  

corticotropin releasing factor  (CRF) i s  released and transported fracm 

the median eminence to  the p i tu i ta ry  via the portal c i rculat ion ( 2 2 ) .  

CRF, in turn,  stimulates the secretion of adrenocorticotropic hormone 

(ACTH) from the p i tu i ta ry .  The adrenal cortex synthesizes and releases 

corticosterone a t  an i ncreased r a t e  in response to  elevated circulat ing 

ACTH levels ( 2 2 ) .  The secretion of corticosterone i s  determined by rhe 

ra te  of rejease of ACTH by the p i tu i t a ry ,  under the stimulus ~f CRF from 

the hypothalamus. The r a t e  of release of ACTH represents the balance 

between the exci ta tory i nfl uences of the CNS and the inhibitory i nf 1 uence 

of the ci rcul a t i  ng cor t i  costerone on the pi tu i  ta ry  o r  hypothal amus (23 ,?4) .  

A f a l l  in plasma non-protein bound corticosterone leads to  increased ACTH 

secret ion,  a r i s e  inhib i t s  ACTH secretion. 

Plasma ACTH and corticosterone concentration (25 )  as well as 

CRF (26)  show a cyc l ic  variation over 24 hours. The l igh t  cycle i s  the 

main synchroni zing fac tor  in r a t  cor t i  costerone circadian rhythm (27) .  

The onset of the increasing phase of the rhythm occurs w i t h i n  the f i r s t  

2 hours of the l igh t  phase f o r  hypothalamic CRF content, between 2 and 

4 hours a f t e r  the beginning of the l i g h t  phase f o r  p i tu i t a ry  ACTH content, 

and between 4 and 6 hours for  plasma corticosterone. Maximum C R F  

content i s  reached 2 hours before the end of the l i g h t  period, maximum 

pi tu i ta ry  ACTH content and piasma corticosterone concentration a t  the 

end a f  the l i g h t  phase ( 2 6 ) .  



The existence of feedback control of ACTH secretion by cortico- 

s teroids  i s  well established, b u t  the primary locus of inhibi t ion i s  

s t i l l  under debate. Strong evidence has been provided implicating a 

d i rec t  action of corticostaroids on the p i tu i ta ry  (28-30). However, 

other findings suggest tha t  the s i t e  of inhibition may be mainly a t  

(31 -33) o r  above (34-40) the hypothal ami c level . Yates -- e t  a1 . (41 ) 

have shown tha t  p i tu i ta ry  suppression due to  dexamethasone, a potent 

glucocorticoid, saturates  a t  a systemic dose of s te ro id  between 5-10 

ug/100 g .  When the dose i.s .increased., the pi tui  tary s i  t es  become 

saturated and negative feedback s i t e s  in the brain f o r  inhibi t ion of 

CRF secretion are  apparent. The r i t e s  in the brain tha t  have been 

impl i cated i n feedback control of the adrenocortical sys tem i ncl ude 

the hippocampus. (24,35, 38-40), septum (36-38, G O ) ,  and amygdal a ( 3 7 ,  

39,40). These s i t e s  have been suggested on the basis of nuclear and 

neuronal binding s tudies  (38-40), hormonal impl ants (32,3.1,36,37), and 

e l ec t ro ly t i c  lesions (.35). Therefore, under d i f fe rent  condi t ions the 

p i tu i ta ry ,  hypothalamus, or  higher brain centers ,  o r  any combination, 

may be i nvol ved: in negative feedback control of the HHA axis.  The 

suppressing e f f e c t  of a giver! ster0i.d ofi ACTH secretion may be due t o  

the algebraic sum of the par t ia l  e f f ec t s  a t  each of the receptive 

s i t e s  (42) .  The in tens i ty  of the s t r e s s  may be increased su f f i c i en t ly ,  

however, to  overcome maximal corticosteroid-induced i nh.ibi ti.on. 



B. The neonate: 

The primoraia of the adrenal cort ices  i n  the r a t  f i r s t  appear on 

the 13th f e t a l  day. The cortical  t i s sue  d i f f e ren t i a t e s  into a t h i n  

subcapsular layer of small ce l l s  and a central mass of larger  parenchymal 

c e l l s  arranged in i r regular  cords by the 17th day. Within a few days, 

the cortex becomes organized into three zones: a narrow zona glomeru- 

losa,  a broad zona fasciculata ,  and a broad r e t i c u l a r i s .  Between the 

17th day and term, the  cort ical  volume increases sevenfold, due to  

both ce l l  mu1 t i  pl ication and 'hypertrophy. A t  b i  r t h ,  the cor t i  ca.1 vol urne 

drops abruptly, by approximately 25%, primarily due to  cell  atrophy (44). 

Growth resuwes 7-9 days l a t e r ,  though a t  a siower r a t e .  According to  

the hypothesis proposed by Deane (:44), based on morphological considera- 

t ions,  the glomerulosa, both before and a f t e r  b i r t h ,  i s  an act ively 

secreting t issue.  Prenatally,  the cells. in the fasciculata  and ret icu-  

1,aris a re  also 'secretory. After b i r th ,  these c e l l s  shrink and the 

enclosed l ip id  droplets become enlarged. These a l te ra t ions  may be 

interpreted to mean tha t  a f t e r  b i r th  tne c e l l s  of the fasciculata  secrete  

(presumably glucocorticoids) s t  a somewhat slower r a t e  than prenatally 

a.nd those 0.f the r e t i c u l a r i s  decline s t i l l  fur ther  i n  secretory 

act ivi  ty  (44 j . 
Corticosterone, the primary ci .rculati  ng adrenocorticoid. i n  tho 

r a t ,  varies in concentration w i t h  age (-stage of maturation) of the ani.ma1. 

Malinowska -- e t  a l .  ( , I S ) ,  using a competitive protein bi.nding ( C P B )  assay, 

found tha t  in the f i r s t  half hour a f t e r  bi rtn., mean plasma levels  are  

12.6 - +C.S p g / d l .  Thereafter, the plasma steroid concentration drops 



s t e a d i l y  over the  f i . r s t  8 hours. A f u r t he r  drop occurs between days 

2 - 3,' 'Tayl.or and Howard t1.4], a1 so .  using. a CPB assay,  determined 

plasma cor t icosterone i n  r a t s  up  t o  29 days of age. Their  r e s u l t s  

a r e  comparable: 

age (days) 0 2 3 5 . 7- . 8 14-1 6 27-29 
. . 

plasma 2 5 . 9 ~ ~  4 8.5k2.5 3.4t0.7 0.7+0'.2 0.6t0.2 4.6t0.8 11.9k3.1 pg/dl + SEM 

Much work has been dcne t o  determine whether the  hypothalamo- 

hypophyseal -adrenal axis  of the  neonatal r a t  is s u f f i c i e n t l y  mature t o  

respond t o  s t r e s s  (45 - 51 ). In the  1950's and e a r l y  1960ts ,  adrenal 

ascorbic acid (AAA) concentrat ions were used t o  determine i f  the  animal 

responded t o  an imposed s t r e s s .  In i n t a c t  adu l t  r a t s ,  the  administrat ion 

of ACTH, o r  an imposed s t r e s s  which produced ACTH secret ion from the  

p i t u i t a r y ,  r e s u l t s  i n  an immediate depletion of AAA. J a i l e r  (45) found 

t h a t  the administrat ion of  ACTH t o  r a t s  4 - 6 days old caused a decrease 

i n  AAA. Administration of epinephrine did not r e s u l t  i n  a depletion of 

AAA unt i l  a t  l e a s t  the  8th day, nor did hypothermia un t i l  the  16th day. 

Mil kovi< and M i  1 k o v i z  (46) reported s imi l a r  r e s u l t s .  However; even though 
*... 

newborn r a t s  did not respond t o  a s i n g l e  i n j ec t i on  of ep inephr ine  u n - t i  1 a t  

l e a s t  the 5th day, f e t a l  r a t s  did respond t o  s t r e s s  (16).  Therefore, they 

concluded t h a t  the  nonresponsiveness of the neonate is not due t o  the  

supposed immatliri t y  of t he  p i  t . u i  tary-adrenal system a f t e r  b i  r t h .  

Schapiro. ' e t  -- ' a1 . (47) coined the  term "stress-nonresponsi ve (SNR) " 

period t o  describe the ea r ly  neonatal period. T h i s  term was l a t e r  



modified to  e i the r  absolute or r e l a t ive  SIJR period, due .to evi,dence 

t h a t  the AAA r e s p ~ n s e .  matured ear l  i'er with respect '  t o  some s t resses  

than to  others (48). 

Data which suggested tha t  the neonate does respond t o  s t r e s s  

during the f i r s t  few days of 1 i f e  were reported by many investigators 

beginning in the mid-1960's when more sens i t ive  hormone assays becaae 

avai lable  (49 - 53). In the neonatal r a t ,  there i s  a period of 

considerable pituitary-adrenal responsiveness t o  environmental 

stimulation immediately a f t e r  b i r t h ,  fol lowed by a period of depressed 

responsiveness which devqlops between days 2 and 5 and l a s t s  unt i l  

some time pr ior  to  weaning (54). By thres  weeks of age, the ,4CTH and 

plasma corticosterone response to  s t r e s s  has been found to be 

functioning a t  approximately an adul t  level (54) (Figure 2 ) .  Stress-  

induced changes in hypothalamic C R F  content occur on day 7, b u t  not on 

day 2. Measurements a t  younger ages were not done (55).  The  p e r i ~ d  

of depressed responsiveness has n o t  been explained, nor has the locus 

of t h i s  apparent loss  been determined. 

Adult male r a t s  show a circadian periodici ty  with respect t o  the 

secretory a c t i v i t y  of the HHA axis  (26) .  Experiments have been done 

t o  determine the age of onset of t h i s  rhythm, A1 len and Kendai l (11 ) 

found tha t  the charac ter i s t ic  adul t  r a t ' s  circadian rhythm appeared 

on day 30 - 32, possibly as ear ly as day 25. Ader (13) reported tha t  

the adrenocortical rhythm becomes evi dent somewhat ear l  i e r ,  i n r a t s  

21 - 25 days old. With appropriate stimulation (handling, dai iy  shock 

beginning on day 1,  e t c . ) ,  the appearance of the rhythm can be 

accelerated to  as ear ly  as  day 16. Conversely, the circadian rhythm 



may be suppressed a t  30 days of  ,age by admi'ni.strqtion of dexamethasone 
. . . . . . 

or hydrocort is~ne 2 A .4  .days a f t e r  b i r th .  ' .Sfmilar doses of 

de.xamethasone gi.yen.12 - 14 days a f t e r  b i r th  hav.e no e f f e c t  .(56). More 

recently,  Turner and Taylor (57) reported the '  existence of two d i s t i n c t  

sens i t ive  postnatal pertods, one during the f-irst postnatal week and 

the second during the tfilrd postnatal week. 'During the f i r s t  week, 

some " fac i l i t o ry  substance involved i n  feedback regulation" may be i n  

the process of di.fferentiati:ng and sustained high levels  of plasma 

corticosterone may a l t e r  i t .  During the th i rd  week, the hippocampus 

('58) and suprachiasmatic nucleus (59),  which have been shown to  be 

involved in regulation of the adrenal diurnal rhythm are rapidly 

d i f fe rent ia t ing  and maturi,ng. Therefore, hormone admini s t ' ra t i  on a t  

these times may a1 t e r  subsequent development of gl ucocorti coid binding 

s i tes  (57). 

Adnlinistration of cort icoids  during the ear ly neonatal period may 

a lso  delay the  .onset and a1 t e r  the temporal pqttern of the p i tu i ta ry-  

adrenal response to  s t r e s s  (60). U l r i c h ' e t ' a l .  -- (60) suggest t h a t  the 

adrenal capacity to  maintain a sustained responsa t o  ACTH i s  impaired 

in cort isol- t reated neonates, t h a t  p i tu i t a ry  ACTH and/or hypothalamic 

C R F  release mechanisms a r e  fau l ty ,  t h a t  pathways t o  the hypothalamus 

which transmit information about s t r e s s  a r e  permanently dama(;ed by 

hormone treatment, or tha t  differences e x i s t  i n  the a b i l i t y  of controls 

and t reated r a t s  to  metabolize corticosterone. However, i n  a s imi lar  

study, Schapiro (47) found tha t  a t  40 days of age, r a t s  t reated on day 

2 with a s ingle  massive dose of cor t i so l  had normal ACTH secretion in  

response to  e ther  s t r e s s ,  even th.o,ugh. body and adrenal weights were 



s,i.gni.fi.cantly decreased. 

Enyironmental condi;tions or s t ress fu l  s i tua t ions  experienced 

during c r i t i c a l  pertods i n  development may a lso .  s igni f icant ly  a f f e c t  the 

physiology and/or behavior o f  the adul t  animal (61 - 66). The responses 

o f  r a t s  manipulated a s  neonates d i f f e r  markedly from non-manipul ated 

r a t s  in both the temporal pattern and magnitude of t h e i r  corticosterone 

response t o  acute noxl'ous stimu'lation. Levine (03)  has shown t h a t  

manipulated rats make a more rapid and greater  responsesto d i s t i n c t  and 

acute. s t ress fu l  conditions. However, when the s t r e s s  i s  more chronic, 

the non-stimulated an'l'rnal. appears t o  exhib i t  the greater  and more 

prolonged response. This was interpreted t o  mean tha t  ear ly  stimulation.. 

endows the adult  organism w i t h  the capacity t o  make responses more 

appropriate to  the demands of the environment, incl uding appropriate 

responses t o  s t r e s s  (64, 65, 67). Levine and Mu1 1 ins (67) contend t h a t  

"handling, by causing variation of adrenal s te ro ids  in the infant  

animal, modifies the  s2t point during a c r i t i c a l  time i n  development so 

tha t  i t  can vary in a gradual manner i n  the adul t . .  . I n  the nonhandled 

newborn r a t  there i s  less  variation i n  adrenal s te ro id  concentration 

during the c r i t i c a l  period, and the s e t  point develops fewer possible 

val ues. 

L i t t l e  i s  known about the development of '  negative feedback within 

the p i tu i t a ry  adrenal system i n  the neonate. Goldmari ' e t  -- ' a1 . (54) 

suggest . . t h a t  although the mechanism control l ing the acute act ivat ion of 

the pituitary-adrenal system i s  mature in weanlings,. the negative 

feedback rnechani.sm continues t o  increase in effectiveness between 

weaning and adul thood .  Wean1 lngs  (25 days 01 d )  pretreated wl t h  



. . 

400 ,pg/lOO . . g body we,i.gh.t ( B W )  dexamethasone phosphate shuwed a 

s igni f icant  response t o  ether  s t r e s s ,  a l t h ~ u g h  t h i s  response was 

suppressed by 50% compared to  sa l ine  controls .  In pretreated adul t s  

(65 days 01 d) , the response. t o  ether  was compl e te ly  suppressed. This 

i.ndicates t h a t  an immature corticoi'd feedback nechan.i sm ex i s t s  in 
. .. .. . 

wean1 ings (54). ~ o l  dman -- e t  a1 . (51) fur ther  suggest t ha t  the feedback 

d e f i c i t  i s  due to  a d e f i c i t  in the extrahypothalamic inhibi tory 

systems, one of three areas. (anterior p i tu i t a ry ,  hypothalamus, and 

extrahypothalamic CNS) t ha t  a,re involved i n  the sequence by which 

circulat ing adrenocorticoids inhib i t  secretion of ACTH. 

i n  summary, newborn r a t s ,  1 - 2 days oid,  have been shown t o  

respond to stimuli with. increased corticosterone concentration. Stress- 

responsiveness i s  depressed, however, during the l a t t e r  par t  of the 

f i r s t  week and most of the second week a f t e r  b i r th .  Stress-induced 

elevations in circulat ing corticosterone concentrations gradually 

approach adul t  magnitude during the t h i r d  postnatal week. This 

pattern has been well established for  the adrenal axis as a whole, 

b u t  not f o r  the isolated components or  t h e i r  interact ions.  In  the 

papers t h a t  fol 1 ow, experiments a re  described which provide addi t ional 

information about the competence of individual elements of the axis 

and about t h e i r  interrelat ionships,  manifested as feedback inhib i t ion ,  

as a function of age. The e f fec t  on tke developmental process o f  

various ear ly  manipul at'ions and i t s  imp1 icat ions a re  a l so  considered. 
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FIGURE 1 

Neuroendocrine Control of Adrenalcortical Function 
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FIGURE 2 

Basal ( 0-0 ) and ether-st imulated (8--m ) c o r t i  costerone 

concentrat ions i n  r a t s  1 ,  7 ,  14,  and 21 days old.  





ABSTRACT 

The Effect  of Repeated Microwave Exposure in Neonatal Rats 

Neonatal r a t s  were exposed t o  40 mi ! 1 i  Watts (m~)/crn', 2450 MHz, 

CW, r ad ia t ion  f o r  f i v e  minutes each day from day one t o  day s i x  of 

l i f e .  On postnatal  day seven, the  r a t s  were e i t h e r  s a c r i f i c e d ,  

exposed t a  2450 MHz, CW, f o r  a seventh time, o r  in jected w i t h  ACTH. 

Twenty minutes a f t e r  the f i na l  exposure or  i n j ec t i on ,  the  pups were 

sacr i f i ced .  T r u n k  blood and adrenal glands were saved. No 

d i f fe rence  was found in  plasma cor t icosterone concentrat ions between 

the  r a t s  previousiy exposed t o  microwaves and control  animals t h a t  

were not exposed. Basal plasma cnr t icosterone concentrat ions were 

l e s s  than 2 pgX in both groups. Following e i t h e r  rnicroviave exposure 

or ACTH in jec t ion  on day seven, plasma cor t i cos te rone  leve l s  remained 

low (<  3 pg%) in both exposed and control  animals b u t  were 

s i gn i f i c an t l y  increased i n  ~nicrowave exposed (2.08 ug% 2 0.85 S D )  

over control  (0.72 2 0.60 DS) animals. A s t a t i s t i c a l l y  s i g n i f i c a n t  

increase in  adrenal wet weight was noted in animals exposed t o  

microwaves on the  f i r s t  s i x  postnatal  days. The cause and biological  

s ignif icance of t h i s  enlargement a r e  u~known. Because the  f i r s t  

2 - 3 weeks a f t e r  b i r t h  a r e  very c r i t i c a l  in the  development of the  

r a t ,  e f f e c t s  of microwave exposure during t h i s  period may be read i ly  

manifested a t  t h i s  time o r  a t  a  l a t e r  s tage i n  l i f e .  



INTRODUCTION 

I t  i s  recognized tha t  an individual may be more responsive to  

adverse factors  during the ear ly period i n  i t s .  l i f e  than a t  l a t e r  

stages. I f  an insu l t  i s  capable of inducing subt le  pathophysiologic 

a l t e ra t ion ,  i t  may be more apparent in t h i s  ear ly period than a t  a 

l a t e r  time. On the other hand, rath.er than leaving an i.mpri.nt for  

l a t e r  pathophysiology, an ear ly in su l t  may stimulate physiologic 

regulatory mechanisms or  enhance developmental processes to  compensate 

.for the insul t .  

Previous s tudies  i n  t h i s  laboratory (1) have provided evide.nce 
1 

that  pups from r a t s  exposed on gestation day 16 to  40 rnw/cm2, 2450 M H z  
. .  . . . 

(CW) microwaves fo r  .one hour, show a higher basal cor t i  cos terone level 

during the f i r s t  week an.d higher basal thyroxine level during the 

second and th i rd  weeks of l i f e .  I t  was concluded tha t  the resui t s  of  

these s tudies  suggest an uncoupling or  change in set-point of hypothalmic- 

pi t u i  tary-adrenal o r  thyroid seacti  v i  ty . The adrenal re.sponsiveness of 

the neonate t c r  s t r e s s  was, however, not determined. 

The f i r s t  two weeks of l i f e  in r a t s  were, until  the mid-19601s, 

general l y  be1 ieved to  consti tu te  a r e l a t ive  "stress-non-responsi ve (.SNR) 

period". Stress-induced increases i n  plasma corticosterone concentra- 

t ions in neonatal r a t s  were estimated indi.rectly to  be minimal or 

en t i r e ly  lacking as  compared to th.ose noted during subsequent periods 

of l i f e  (2,3,4,5,6).  As assay techniques were refined, i t  became 



p o s s i b l e  t o  measure c i r c u l a t i n g  c o r t i c o s t e r o n e  concent ra t ions  d i r e c t l y .  

Using a  f l uo romet r i c  o r  r a d i o m e t r i c  assay, i t  was found t h a t  r a t  pups 

as young as. 1-2 days o l d  cou ld  respond t o  a  v a r i e t y  o f  s t r e s s o r s  w i t h  

increased plasma c o r t i  costerone l e v e l s  (.7,8,9). I t  i s  now g e n e r a l l y  

acknowledged t h a t  t h e  f u n c t i o n a l  a c t i v i t y  o f  t h e  p i  t u i  ta ry -adrena l  

a x i s  i s  a t  l e a s t  moderate du r ing  the  f i r s t  few days o f  l i f e ,  decreases 

markedly and i s  minimal on days 4-11, then increases f rom day 11 t o  near  

a d u l t  l e v e l s  by day 21 (10,11,12). S ince f u n c t i o n a l  changes i n  t he  

adrenal a x i s  a re  apparer l t ly  o c c u r r i n g  du r ing  the  f i . r s t  week o f  l i f e  i n  

t he  r a t ,  a  s tudy  was undertaken t o  determine if repeated acute  s t resses  

du r ing  t h i s  p e r i o d  would a9 t e r  t h e  response p a t t e r n .  Y i  crowave-induced 

hyperthermia was chosen as t h e  s t r e s s o r  because exposure parameters cou ld  

be w e l l  de f i ned  and t h e  s t r e s s  cou ld  be a p p l i e d  and removed a b r u p t l y .  

The r e s u l t a n t  body temperature cou ld  be measured and th.e stres,s i n d i c a t o r  

( c o r t i c o s t e r o n e )  " q u a n t i f i e d " .  



MATERTALS AND METHODS 

Pregnant Long-Evans hooded ra t s  (Bl ue Spruce Farms, A 1  tamont, 

N.Y, ) ,  obtained on the 15th day of pregnancy, were housed individual ly  

in metal maternity cages. They were maintained a t  24 2 1" C ,  l i g h t  

cycle 0600 - 1800 h ,  and allowed food and water - ad libitum. On the 

f i r s t  day a f t e r  b i r th  (day I ) ,  the l i t t e r s  were culled to 9 pups each. 

Thereafter, the pups  were l e f t  undisturbed, except as noted below. 

Beginning on day 1 until  day 6, each pap wa.s individual ly  exposed 
2 to  2450 MHz, CW, 40 mW/cm for  5 minutes each day. The p u p s  were 

placed in styrofoam exposure cages (2" x 4" x 4" )  in the f a r - f i e ld  of 

a standard gain S band horn antenna. A Raytheon, Ci4D-5 generator was 

used to  produce the microwaves. The f i e l d  was mapped w i t h  a Narda 8321". 

i so t ropic  probe. The incident power was monitored w i t h  an H-P #430C 

meter. The ambient temperature within the exposure chanber was 

controlled a t  34 r 0.5" (Figure I ) ,  Rats were weighed daily 

preceding exposure and the rectal  temperatures were taken evsry other 

day immediateiy fol 1 owing exposure. Cdntrol rats. were t reated 

s imilar ly except tha t  they were placed in exposure cages in an 

incubator (34 + 1" C )  instead of in the exposure chamber fo r  5 minutes 

each day f o r  the f i r s t  s i x  days. The select ion of 34" C was predicated 

by the "nest" temperature. 

On day 7 ,  to  t e s t  adrenal resp0ns.i vengss, one th i rd  cf the .pups 

were given ACTH (10 inIJ/100 g )  i . p .  and one th i rd  (control and 

experimental ) exposed to  2450 MHz, C N ,  40 rnb!/cm2 f l r  5 minutes. These 

pups were sacr if iced by decapitation 20 minutes following inject ion o r  



exposure. The remaining pups  were sacrif iced immediately a f t e r  removal 

f.rom the nest. T r u n k  blood was collected in tubes containing Na-EDTA. 

The blood was spun fo r  20 minutes a t  2500 rpm, plasma removed and 

frozen a t  -20° C unt i l  assay fo r  corticosterone. The plasma was 

assayed by the competitive protein binding assay developed by Murphy 

(1 3)  : the  sample was extracted using ethanol ; the source of CBG 

(cort icosteroid binding globulin) was dog plasma; and dextran-coated 

charcoal was used t o  separate bound from f ree  hormone. The adrenals 

wereremoved, wei'ghed, and preserved in buffered formalin for  future 

study. 



RESULTS 

Average body weights  f o r  a1 1 exposed (n  = 18)  and c o n t r o l  (n  = 1 8 )  

r a t s  a r e  shown i n  F igure  2 .  There was no s i g n i f i c a n t  d i f f e r e n c e  i n  

growth r a t e  between exposed and c o n t r o l  r a t s ,  bu t  the exposed r a t s  

demonstrated a s l i g h t l y  g r e a t e r  growth r a t e  du r ing  t h e  f i r s t  6 days of 

l i f e .  

Colonic  tempera ture  fo l lowing  microwave exposure o r  i n c u b a t i o n  a t  

34' C is shown i n  F igure  3 .  Although main ta ined  a t  comparable ambient 

t empera ture ,  t h e  microwave exposed r a t s  had a 1.5' - 2.5' C h ighe r  

c o l o n i c  tempera ture  than  non-exp~sed  r a t s .  

Plasma co . r t i cos t e rone  c o n c e n t r a t i o n s  i n  c o n t r o l  and exposed pups 

t h a t  were s a c r i f i c e d  immediately,  i n j e c t e d  ' w i t h  ACTH (10  mU/100 g )  o r  

2 exposed t o  2450 M H z ,  CW, 40 mW/cm i n c i d e n t  energy f o r  5 minutes  a r e  

shown i n  Table  I .  I t  i s  appa ren t  t h a t  i n  t h e  seven-day o l d  r a t  t h e  

basa l  c o r t i c o s t e r o n e  l e v e l  i s  n o t  a1 t e r e d  by prev ious  exposure.  t o  

microwaves. The r a t l e t s  exposed t o  40 rnw/crn2 microwaves show an adrena l  

resp3ns iveness  n o t  quan t i  t a . t i ve1  y d i f f e r e n t  from ' t h a t  produced by ACTH 

a d m i n i s t r a t i o n .  

As i n d i c a t e d  i n  F igu re  4, ad rena l  wet weight  and adrenal- to-body 

we igh t  r a t i o s  i n  seven-day o.ld r a t s  a r e  s i g n i f i c a n t l y  h ighe r  i n  microwave 

exposed animals  i n  comparison t o  c o n t r o l s .  



DISCUSS I O N  

Whether exposure to microwaves during the ges'tati onal or early 

neonatal period perturbs or actually modifies ontogeny of 

neuroendocrine responsiveness, which involves neural as well as 

hormonal facets and i s  intimately involved in conjunction with blood 

circulation in temperature regulation, is  an important considsration 

that should be invest,igated. The effects of microwaves on the 

developing animal, have not.been adequately investigated. Such studies 

would be of significance in,obtaining knowledge of maturational 

biology. I t  i s  also possible that  certain times in neonatal l i f e  are 

"cri t ical  'I, and the presence o r  absence of specific or  general stress .. 

a t  a, given moment may result  in a permanent def ic i t  or delay in . ; .. 
development. The importance of the central nervous system and brain. 

development in maturation processes makes them potentially more 

susceptible to derangement than other factors invol.ved in maturation. 

Assessment of stress responsiveness provides a tool for dissecting out 

the ontogeny of a particular regulation while also pinpointing 

perturbations which could suggest possible hazards to  man. 

In the present study newborn rats  subjected to daily 5-minute 
2 exposures to  40 mW/cm , 2450 MHz, CW, microwaves a t  34O C ambisnt 

temperature for s ix  days did not result  in apparent deleterious effects 

in spite of a 1.5" - 2.5' C body temperature rise. Growth rate was 

comparable for exposed and control ra ts  maintained a t  similar (34' C )  

ambient temperature. I t  i s  presumed that i f  such exposure to microwaves 

were deleterious, weight gain, which i s  a very sensitive indicator of 



general development, would.be depressed. I t  should be pointed out, 

however, that  lack of evidence of influence on growth rate during this  

early period, does n o t  preclude future alteration of growth rate. 

Based on water calorimetry studies in this laboratory (14), 
2 40 Mlcm incident power intensity with resultant 2 - 3' C r i se  in 

temperature i s  equivalent to 9 - 10 W/kg absorbed energy in these 

animals. 

Of considerable interest  i s  the finding t h a t  s ix  daily exposures 
2 of newborn rats to 40 mW/cm incident energy did not change basal 

corticosterone levels. There was no change in adrenal responsiveness 

t o  ACTH injection and the adrenal response to microwave exposure was 

comparable to  ACTH injection. In this  context, we had previously noted 

(15). that  ,the hematologic response of adult dogs, exposed to 100 - 165. 

m~/cm~,  2880 MHz pulsed microwaves for 1 - 3 hours, "resembles t h a t  

reported to occur af ter  slow continuous ACTH injection and may be 

indicative of hypothalamic or adrenal stimulation (stress effect)".  

As compared with control ra ts ,  the ra ts  exposed daily t o  

microwaves 'did show a sl ightly greater adrenal responsiveness to  ACTH 

or microwave-induced hyperthermia and a s i  gnificantly increased 

(p < .05) adrenal wet weight. The magnitude of the increased adrenal 

weight i s  similar t o  that seen following injected Acthar (ACTH in depot 

form) 5 mU/g on days 1 - 6 (unpublished results) .  This measured 

adrenal weight may be functionally significant. I t  will be necessary 

to perform histologic examination of these glands to  determine whether 

the larger weight i s  due t o  increased numbers of functional adrenal 

cortical cells  o r  connective tissue, f a t ,  etc. A1 though such increased 



adrenal weight and responsiveness a s  a r e su l t  of microwave exposure may 

be indicative of microwave, o r  thermally induced enhancement of 

developmental processes, additional study is indicated t o  establ ish 

this. i ntr.iguing possi bi 1 i t y .  Increased numbers of animals , hi st01 ogic 

examination of the adrenals and follow-up study t o  examine l a t e  e f fec ts  

of ear ly neonatal exposure are  now underway i n  our laboratory. 



. . .  . . 

1. Michaelson, S. M., R. .Gui'llet,  M .  A. Catallo., J .  Small, G.  Inamine, 
and F. W. Heggeness.... Tnfluenee of 2450 MHz COS mi'crowaves on r a t s  
exposed i:n 'utero. ' - J. 'Microwave ' -- PoNer 4: 1'65, 1976. 

2. J a i l e r ,  J .  W. . The..maturatj.on of the  pi tut tary-adrenal  ax i s  i n  t he  
newborn r a t . "End~eP ino l ;  '46: - 420, 1950. 

3. M i  1 kovfc, K. and S. Mil kovtf. Reactiveness of  the pi t u i  tary-adrenal 
sy s t em.o f . . t he . . f t r s t  postnatal. period i n  some laboratory mammals. 

' ' EridokririOlogie '37: 301, 1959. 
. -. 

4. 'Schapi ro, S. P i t u i ,  t a r y  ACTH and compensatory adrenal hypertrophy i n  
stress-nonresponstve In fan t  r a t s .  ' ' Endocririol ; ' - 71 : 986, 1962. 

. . 

5. Schapi'ro, S.,E. Ge l le r ,  and S. Eiduson. .Neonatal:.adrenal c o r t i c a l  
response  t o  S t r e s s  a n d  vasopressin.  -- Proc; S o c .  ; B i o l  --- . Med; 109: 
9'37, 1962. 

6. ~ i l k o v i t ,  K. and S. Milkovii.  Functionl'ng of the. .pi : tuftary- 
adrenocorti:cal axi.s i n  r a t s  a t  and a f t e r  b i r t h .  " ' Endocrinol . ' - 73: 
535, 1963. 

. . 

7. Haltmeyer, G. C.,  V .  H.  Denenberg, J .  Thatcher, and M. X .  Zarrow. 
Response of  the  adrenal cor tex 'of the neonatal r a t  a f t e r  subjection. 
t d  stress, ' 'Nature '  - 212: 1371, 1966. 

8. Zarrow, M. X. ,  G .  C. Haltmeyer, V .  D .  Denenberg, and J .  Thatcher. 
Response of i n f a n t i l e  r a t s  t o  s t r e s s .  Endocrinol . ' - 79: 631 , 1966. 

9. Gray, P. Pituitary-adrenal  response t o  s t r e s s  in  t he  neonatal r a t .  
Endocrinol. - 89: 1126, 1971. 

10. Malinowska, K. W . ,  R. N. Hardy, and P .  W .  Nathanielsz. Plasma 
adrenocor t icosteroid  concentrat ions immediately a f t e r  b i r t h  in t h e  
r a t ,  r abb i t  and guinea pig.  Experientia - 28: 1366, 1972. 

11. Allen, C.  and J .  W .  Kendall . Maturation of t he  c i rcadian rhythm of 
plasma cor t i cos te rone  i n  t he  , r a t .  ,?=. Endocrinol . - 80: 926, 1967. 

12. Butte, J .  C . ,  R.  Kakihana, M. L. Farnham, and E. P .  Noble. The 
re la t ionsh ip  between brain and plasma cor t i cos te rone  s t r e s s  response 
i n  developing r a t s .  ' 'Endocrinol ; '92: - 1775, 1973. 

13. Murphy, B. E. P .  Some s tud ies  of  the  protein-binding of  s t e ro id s  
and t h e i r  appl icat ion t o  the  rout ine  micro and ultramicro 
measurement;' of various s t e ro id s  i n  the  body f l u i d s  by competitive 
protein-binding radioassay. '  -- 3; C ' l i n ;  Endocrinol. '27:  - 973, 1967. 



1'4. Lotz,. W. G. S t i m u l a t i o n  of t h e  adrenal a x i s  i n  t h e  microwave 
exposed r a t .  Doctora l  di:qs.ertation, U n i v e r s i t y  of Rochester, 
1976: . . 

. . .  . .  

15. Mfchaelson, S. M., R. A. E. Thomson, and J. W. Howland. 
Phys.Sologlc aspects o f .  microwave i r r a d f a t i o n  o f  mammals. ' 'Am. - - J. 

' 

Physiol1. ' 201 : ,351 , 1 961 . - 



TABLE I 

Pl  asma C o r t i  costerone Concent ra t ion  ' i n  Neonatal Rats 

Treatment on Day 7 

Treatments, ACTR 2450 MHz 
Days 1-6 Cont ro l  (10 mU/100 g)  (40 m~/cm2)  5 min 

Incubated Pups 0.73 - + 0.45 ( 3 )  1.63 - +. 0.45 ( 3 )  0.72 - + 0.60 ( 3 ) a  

Radiated Pups 0.67 - + 0.24 (51b 2.29 - + 0.60 (6 ) '  2 .08 - + 0.85 ( 6 ) d  

Cont ro l  Pups 2 
0.58 - + 0.20 ( 3 ) e  1.32 + 0.28 ( 3 ) f  1.82 - + 3.43 ( 3 ) 4  

ug/100 m l ,  mean - + S.D. ( n ) .  

' Pups remained w i t h  dams u n t i l  7 t h  day. 

a-d b-c b -d e - f  p < .001; p < .35; p < .01; p < .05; e-g p < .05. 



FIGURE 1 

. Schematic layout of the controlled-temperature system for exposing 

neonatal rats, to 2456 MHz microwave radi ation. 
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FIGURE 2 

Averaged mass i n  grams o f  neonatal  r a t s  from f i r s t  through seven th  

day o f  age.  Eighteen pups were exposed s i x  o r  seven times f o r  f i v e  

minutes t o  2450 MHz CW. microwave r a d i a t i o n  a t  a power d e n s i t y  o f  , 

2 '  40 mW/cm,. Eighteen con t ro l  pups were sham-radiated.  A l l  36 pups 

were maintained a t  t h e  "maternal t empera ture"  of  34' C du r ing  

r a d i a t i o n  o r  sham r a d i a t i o n .  
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FIGURE 3 
I 

(Upper P o r t i o n )  : Averaged, post-exposure c o l o n i c  tempera tu~es of .neo- 

n a t a l  r a t s ,  18 o f  which ( f i l l e d  c i r c l e s )  were r a d i a t e d  f o r  f i v e  min. 
. . 

each day, days 1 through 6 o r  7, b.y 2450 MHz microwaves a t  a power 

2 d e n s i t y  o f  40 mW/cm . Eighteen pups were sham-radiated (:open c i r c l e s )  

i n  an incubator .  Envi ronmental temperature f o r  bo th  condi t i o n s .  o f  

exposure was 34' C. (Lower P o r t i o n ) :  Averaged increments ( A  Ts) o f  

c o l o n i c  temperature, post-  vs. pre-exposure, of t h e  18 r a d i a t e d  pups. 
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FIGURE 4 

' Averaged adrenal mass ( to  reader's l e f t )  and averaged ratio of adrenal- 

t o  body-mass - ( t o  reader's right) of 18 sham-radiated controls and of 

18 pups that had been radiated six or seven times by microwaves. The 

adrenal glands were harvested on post-natal day 7. 
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ABSTGACT 

Pi tu i ta ry  and Adrenal Responsiveness in Neonatal Rats 

Neonatal r a t s  were, until recently,  be1 ieved to  be re la t ive ly  

non-responsive t o  s t r e s s .  With. improved methods now avai lable ,  r a t  

pups as  young as  1 - 2 days of age have been found t o  respond,to 

s t r e s s  w i t h  increased plasma c o r t i c o s t e r o ~ e  (B) , a re  much less  

responsive a t  4 - 11 days, and increasingly responsive thereaf te r ,  

reaching adult  responsiveness a t  about 21 days of age. We 

reexamined the responsiveness of neonatal r a t s  t o  administration of 

a crude preparation of cor t i  cotropin releasing factor  ( C R F )  and ACTH 

to  determine the locus of the variation of the response. Plasma B 

increased in 1 -day-old r a t s  a f t e r  ACTH or CRF. In 7-day-01 d s ,  b o t h  

stimuli caused negligible increases in plasrna B. Some response 

a f t e r  these stimuli was e l i c i t ed  in 14-day-olds, and the responses 

of 21-day-olds approached those in adults.  Pretreatment for  the 

f i r s t  6 postnatal days with ACTH or coticosterone resulted in a 

moderate increase in plasma B a f t e r  CRF o r  ACTH on day 7 .  The 

postnatal f a l l  I n  s ens i t iv i ty  i s  pa r t i a l ly  explained by a decreased 

adrenal sens i t iv i ty  to  ACTH, perhaps due to  an immature central  

nervous component and/or a lack of continued in utero stimulation. 



INTRODUCTION 

The f i r s t  two weeks of l i f e  i n  r a t s  were, unt i l  the mid-19601s, 

generally be1 ieved t o  const i tute  a re la t ive  "stress-non-responsive" 

(SNR) period. Stress-induced increases in plasma co r t i  costerone 

concentrations in neonatal r a t s  were estimated indi rec t ly  to  be 

minimal o r  en t i r e ly  lacking as compared t o  those noted during 

subsequent periods of 1 i f e  (1 ) . As measurement techniques were 

refined, c i rcu la t ing  hormone concentrations could be measured d i rec t ly .  

Using a fluorometric o r  radiometric assay, r a t  pups as young as 1 - 2 

days old were found to  respond t o  a variety of s t resses  with increased 

plasma corticosterone levels  ( 3  - 7 ) .  

The functional ac t iv i ty  of the pituitary-adrenal axis i s  now 

generally acknowledged to  be a t  l e a s t  moderate during the f i r s t  few 

days of 1 i f e ,  decrease markedly and be minimal on days 4 - 1 1, then 

increase from day 11 t o  Kear adul t  levels  by day 21 (8  - 11).  Since 

functional changes i n  the adrenal axis a re  apparently occurring during 

the f i r s t  week of l i f e  in the r a t ,  a .study was undertaken t o  determine 

i f  the rapid loss  of responsiveness during t h i s  time could be prevented. 
'.. 

Components of the axis  were thus manipulated during the f i r s t  week a<d\.., 
-... 

the corticosterone response t o  ACTH or  median eminence ext rac t  on day 

7 was measured. 



WTERIALS AND METHODS 

Pregna,nt Long-Evans hooded r a t s  (Blue Spruce Farms, A1 tamont, 

N.Y . ) ,  obtained on t he  15th day of ge s t a t i on ,  were housed individual ly  

i n  wire mesh maternity cages (42 x 36 x 24 cm) containing wood 

shavings. They were maintained a t  24 + 1 C ,  40 - 60% humidity, l i g h t  

cycle 0600 - 1800 h and allowed food and water - ad libitum. On the  

f i r s t  day a f t e r  b i r t h  (day I ) ,  the  l i t t e r s  were cu l led  t o  9 pups each 

by choosing the  heavies t ,  hea l t h i e s t  appearing animals. Thereaf ter ,  

the  pups were l e f t  undisturbed, except a s  noted below. 

A. Basal , ACTH- and CRF-stimul ated co t t i ccs te rone  concentrat ions in . 

r a t s  1 - 21 days old:  

Control r a t s - 1 ,  7 ,  14,  and 21 days old  were - r ap id ly  decapitated 

within 5 minutes of removal from t h e i r  home cages. T r u n k  blood 

was col lec ted in  tubes containing Na-EDTA and the plasma was 

separated and frozen a t  -20 C un t i l  time o f  assay,  'Two 

addi t ional  groups of r a t s  of s im i l a r  age were in jec ted  i .p .  with 

e i t h e r  10 mU ACTH/100 g body weight o r  an ex t r ac t  w i t h  C R F  

a c t i v i t y  equivalent  t o  t h a t  i n  one adu l t  r a t  median eminence 

(kindly supplied by Dr. Murray Saffran,  Toledo, Ohio),  and 

s ac r i f i c ed  twenty minutes l a t e r .  Plasma was saved as above. 

B.  Basal , ACTH- and CRF-stimulated c o r t i  costerone concentrat i  ons i n 

r a t s  7 days o ld ,  t r e a t ed  on days 1 - 6 or  day 4 only: 

After  being cul led on day 1 , l i t t e r s  were randomly assigned t o  

one of the following treatment regimens: a )  non-mznipulated: 



pups in  cage t r a y ,  without dam, removed t o  room temperature f o r  

one hour, days 1 - 6 ;  b)  handled: pups picked up d a i l y ,  days 

1 - 6;  c )  s a l i n e :  pups in jec ted  w i t h  5 91/g, i .p .  d a i l y ,  days 

1 - 6;  d )  ACTH: pups in jec ted  da i l y  w i t h  5 pl/g (0.1 mU/g), 

i .p .  days 1 - 6; e )  cor t icosterone:  pups in jected da i ly  w i t h  

5 pl/g (10 pg/g), i .p .  days 1 - 6 ;  f )  d i l uen t ;  pups in jec ted  

da i ly  w i t h  vehicle used i n  g ) ,  5 pl/g, subcutaneously in t he  back 

of the  neck, days 1 - 6;  g)  Acthar (ACTH i n  depot form, Parke 

Davis): pups in jec ted  da i ly  w i t h  5 pl/g (50 mU!g), subcu tane~us ly  

i n  t he  back of the  neck, days 1 - 6 o r  day 4 only. On day 7 ,  each 

l i t t e r  was divided i n t o  groups of 3 - 5 pups, and subjected t o  one 

of the following: 1 ) sac r i f i c ed  inonediately upon removal from 

cage; 2) s a l i n e  i n j ec t i on  - 5 $ /g ;  3 )  ACTH i n j ec t i on  - 5 pl/g 

(10 mU/100 g ) ;  4 )  median eminence ( M E )  ex t r ac t  in jec t ion  - 
1 ME/pup (in 5 p l /g) .  Twenty rninutes l z t e r  the p ~ p s  were 

s ac r i f i c ed  by decapi ta t ion;  t r u n k  blood was saved. Plasma was 

s to red  a t  -20 C unti  1 assay. 

C. Assay f o r  plasma corticosterofie: 

Plasma cor t icosterone concentrat ions were measured by the 

competitive prote in  binding method of Murphy (12,  13) .  A minimum 
- .,. - . . . - - . - . . . . - - . . - . . -. - - . . . -. - - - - - . . . . . - . 

of 20 p.1 plasma was used f o r  each determination. Where poss ible ,  
-- -. - . .. ---,. .- ~ , - -  .". -. , : ~ .  . . 

50 p1 plasma were used f o r  b e t t e r  s e n s i t i v i t y .  T r i t i a t e d  

3 cor t icosterone (.I, 2 H-B) was obtained from New England Nuclear 

Co. (Boston, Massach.usetts) . 



D o  S t a t i s t i c a l  methods: 

Two sample S tuden t ' s  t - t e s t s  were done, comparing basal o r  

s t imula ted  cor t i cos te rone  concentra t ions  a s  a funct ion  of age i n  

non-manipulated r a t s .  The var iance  wi th in  both the  con t ro l  and 

t rea tment  groups was analyzed. These groups were then pooled and 

a two sample S t u d e n t ' s  t - t e s t  done t o  compare con t ro l  and 

p r e t r e a t e d  groups. 



RESULTS 

Basal and ACTH- o r  CRFrstimulated cor t i cos te rone  concentra t ions  in r a t s  

1 - 21 days o ld  (Figure 1 ) : 

Corticosterone 1 eve1 s were e levated a t  b i r t h  and decreased rapidly  

during the  f i r s t  24 postnatal  hours, Cort icosterone l eve l s  i n  

untreated r a t s  remained low u n t i l  a t  l e a s t  day 14 (1.08 + 0.46, 

n = 6)*, a f t e r  which they reached adu l t  l eve l s  by day 21 (3.19 + 
2.07, n = 8 ) .  Following i n j ec t i on  of ACTH o r  ME, co r t i cos te rone  

concentra t ions  increased (p < .005) i n  1 day old r a t s  (ACTH: 

24.26 1 4 . 6 9 ,  n = 10; ME: 22.98 + 5.69, n = 14 ) ,  b u t  not in 7 day 

old r a t s  (ACTH: 1.90 + 1.16, n = 10; ME: 1.77 + 0,94, n = 16 ) .  

Increased cor t i cos te rone  (p < ,005) in response t o  ACTH (3.90 1 

1.69, n = 11) o r  ME (4.36 + 0.82, n = 12)  reappeared by day 14 and 

approached a d u l t  range by day 21 (ACTH: 20.71 1 4.68, n = 10; 

ME: 19.88 + 7.34, n = 12) .  The o lder  r a t s  probably responded t o  

the st imulus of handling or inject ' ion hecause response t o  s a l i n e  

i n j ec t i on  was comparable t o  responses t o  ACTH, ME,  o r  e t he r .  

Basal and ACTH- o r  CRF-stimul a ted  cor t i cos te rone  concentra t ions  i n  r a t s  

7 days o ld ,  pre- t rea ted on days 1 - 6 with cor t i cos te rone ,  A C T H y  o r  

Acthar o r  day 4 on.l'y with Acthar (Figure 2, Table 1 ) :  

The f o u r  control  groups ( a  - d)  were analyzed and cornblned when no 

d i f fe rences  usi.ng a one-nay ana ly s i s  of variance we.re found among 

them. Basal dor t i cos te rone  l e v e l s  i n  bo th  t h s  control  and t r e a t ed  

- .  * x k SD, n 



groups ( e ,  f , 9) were 1 ow (0.76 i 0.58, n = 14) and there  was no 

s i g n i f i c a n t  d i f ference arnqng them (p P .05) .  ACTH- o r  ME- 

st imulated cor t icosterone l eve l s  remained 1 ow i n  control animal s 

(1.97 + 0.89, n = 49) b u t  weiy s i g n i f i c a n t l y  (p < .001 j increased 

following ACTH in jec t ion  in animals t h a t  received pretreatment on 

days 1 - 6 wi:th cor t icosterone (3..25 r '1.47, n = 22) ,  ACTH (3.26 

+ 1.85, n = 25) ,  Acthar (5.53 + 5.03, n = 12) ,  or  Acthar on day 4 

only (4.40 2 0.94, n = 5 ) .  Corticosterone l eve l s  were a l so  

s i g n i f i c a n t l y  ( p  < .001.) increased following ME in jec t ion  in  

anima.1~ pret reated w i t h  Acthar on day 4 only (4.73 2 '2.29, n = 20).  



DISCUSSION 

The adrenal axis i s  a complex system of cerebral,  hypothalamic, 

p i tu i t a ry ,  and adrenal components. The competence and coupling of 

these separate parts i s  essent ial  fo r  optimal funct$oning of the axis .  

The system as a whole i s  not active i f  any one of the subunits does 

not synthesize and secrete  i t s  appropriate hormone, i f  the secreted 

hormone does not reach the ta rge t  t i s sue  in su f f i c i en t  concentrations, 

o r  i f  the ta rge t  t i s sue  does not respond to  adequate amounts of the 

hormone . 
In the r a t ,  brain development continues fo r  weeks a f t e r  b i r th ;  

more primitive,  v i ta l  par ts  of the brain (e .g . ,  brain stem) are  

functional a t  b i r th ,  while "higher centers" (e.g., cerebral cortex$) 

a re  not ' adult- l ike - until  a t  l e a s t  4 ; 6 weeks a f t e r  b i r th  (16) .  

The r a t  adrenal axis i s  not cmple te ly  competent b.y b i r th .  Only when 

a1 1 parts  of the axis have at ta ined maturity and are  functionally - 

connected i s  a c o ~ r d i  na ted ( s t r e s s )  response possible, Tne time 

course of development of d i f fe rent  !eve!s of f u n c t i ~ n i n g  as determined 

by intervention and measurement of hot-mones within the hierarchy of 

the adrenal axi's provides a clue t o  the developmental sequence of the 

components of the axis and t h e i r  interconnections . This information 

can then be applied to  other  related systems in order to  1e.arn more 

about development in  genera1 . 
There i s  a s t r i .  k i n g  cimnge i n  both basal arid stirrlulated plasma 

corticosterone concentrations d u r i n g  the f i r s t  three postnatal weeks 

of l i f e ,  Ba.sal ho.rmone levels  a r e  high ( -  20 pg/dl) a t  b i r t h  but ,  



rapidly decline during the f i r s t  24 hours of 1 i f e  (8  - 11 ). The 

i n i t i a l l y  elevated concentration may be due t o  an increase in hormone 

secretion in the newborn r a t  in response t o  the stress of b i r th ,  

maternal corticosterone t h a t  has crossed the placenta pr ior  t o  b i r th ,  

or  a yet-undefined developmental process. By themselves, the f i r s t  

two poss ib i l i t i e s  cannot explain the changes t h a t  occur. S t ress  

e f fec ts  of b i r th ,  i f  they ex i s t ,  minimally a f f e c t  basal corticosterone 

levels .  Plasma corticosterone concentrations i n  r a t  fe tuses  20-112 

and 21-112 days of gestation are  higher than those- in newborn r a t s  

(4,  6, 16).  Corticosterone levels begin t o  decline before b i r t h  a t  a 

r a t e  comparable to  tha t  seen during the f i r s t  day postpartum. In 

addition, during the l a s t  two days of gestat ion,  a gradient between 

maternal and f e t a l  corticosterone concentrations e x i s t s ,  with higher 

levels  i n  f e t a l  blood than in maternal blood (6,  7, 16).  T h i s  implies 

e i t h e r  a concentrating mechanism i n  the fe tus  o r  f e t a l  production of 

hormone, Experiments in which pregnant r a t s ,  adrenalectomi zed on day 

9 of gestation, as well as t h e i r  fe tuses  showed normal basal hormone 

leve ls ,  support the concept of f e t a l  production ( I S ) ,  Further 

evidence of the new-born rat 's  abi 1 i t y  t o  synthesize and re1 ease 

corticosterone i s  the r i s e  i n  hormone levels  20 minutes a f t e r  

inject ion o f  ACTH o r  ME. Both the  adrenal and p i tu i t a ry  glands i n  

one-day-01 d r a t s  a re  therefore capable of responding t o  appropriate 

stimulation. 

According to  our s tudies  , by seven days of age,  basal plasma 

corticosterone concentrations a re  s 1 pg/dl, which i s  consis tent ly  

lower than those in 1 , 14, and 21 'day 01 d ra t s .  Injection of ACTH o r  



ME resu l t s  in l i t t l e  r t s e  In plasma corticosterone a f t e r  20 minutes. 

In contrast  t o  those of one-day-old r a t s ,  the adrenal and p i tu i t a ry  

glands of 7-day-01 d r a t s  do not respond appreciably t o  appropriate 

stimulation. I t  i s  unlikely tha t  a l l  of the corticosterone synthet ic  

and secretory machinary i s  l o s t  during the f i r s t  week of l i f e  and i s  

reestablished. Rather, the gland's gradual loss  of sens i t iv i ty  t o  

stimulation i s  perhaps due t o  a lack of continued trophic i n p u t .  

Prenatally , maternal factors  may have provided necessary stimulation ; 

an immature adrenal axis  in the newborn may be unable t o  do so. 

The second ser ies  of experiments attempted t o  t e s t  this 

hypothesis. Daily stimulation of the r a t ' s  adrenal gland with ACTH 

fo r  the f i r s t  s i x  postnatal days increased the responsiveness of the 

adrenal on day 7. Plasma cor t i  costerone concentrati ons fol l owing ACTH 

injection on day 7 i n  these pretreated animals were 4 - 5 ug/dl. 

While these levels are  not as high as  those seen i n  1 o r  21 day old 

r a t s ,  they represent a s igni f icant  (p < .001) elevation in hormone 

levels .  Keeping the pup's adrenals "primed" allowed a greater 

magnitude of response to  stimulation on day 7. Curiously, t h i s  e f f e c t  

could a lso  be produced using corticosterone as the pretreatment on 

days 1 - 6. Pups injected w i t h  corticosterone daily fo r  the f i r s t  s i x  

days postpartum had an increased plasma cort i  costerone concentration 

(3..79 t 1.46) 20 minutes a f t e r  ACTH inject ion,  

The exogenous corticosterone probably does not ac t  d i rec t ly  on 

the adrenal gland as was postulated in the case of ACTH pretreatment. 

Corticosterone, acting a t  the pi tu i ta ry  o r  hypothalamus i n  a negative 

feedback fashion, would -be expected to  decrease rather  than i n c ~ a s e  



responsiveness t o  stimulation. Instead, corticosterone may be 

necessary a t  the level of the cerebral cortex, hypothalamus, or 

pituitary during cri  t i  cal periods for development of control and 

sensit ivi ty of the adrenal axis. Brain corticcsterone concentrations 

vary d u r i n g  the f f r s t  three weeks of l i f e  in the mouse ( 1 7 ) ,  increase 

beginning on day 13, peak a t  days 18 - 20, then decline to the 13 day 

level by day 30. 'Exogenous corticosterone during . . the f i r s t  s ix  

postnatal days may produce changes in brain cortfcosterone that  mimic 

the developmental changes that  normally occur a week later.  These 

changes, ei ther natural or  induced, may be responsible and necessary 

for integration . . o f  adrenal axis function. Measurement of brain 

corticosterone concentrations in pretreated animals i's necessary t o  

t e s t  th is  hypothesis. 

In summary, in reexamining the neonatal r a t  responsiveness to 

s t ress  (ether) , '  ACTH injection, and ME injection, we have found a 

changing sensit ivi ty of the adrenal gland t o  stimulation during the 

f i r s t  three postnatal weeks. This change may be due to the 

progressive maturatfon of the components of the adrenal axis. Both 

the pituitary and adrenal, glands apparently are potential ly functional , 
'x.. 

by the time of birth. Lack of continued tonic stimulation, due 
%... 

'I.. 

perhaps t o  an immature central. nervous system, may result  i n  a 

progressive 1 oss of responsi veness. Either experimental ly using ACTH 

or, oddly, corticosterone during the f i r s t  week of 1 i f e ,  or naturally 

during the second and third weeks, t h i s  process can be reversed and 

responsiveness maintained or restored. 
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TABLE 1 

PROBABILITY (p) VALUES FOR THE STUDIES 

ILLUSTRATED I N  FIGURE 2 

(handl i n g  + d i  1 uent + non-manipul ated + sa l  i ne) , s a c r i f i c e d  
VS . 

(cor t i cos te rone  + ACTH + Acthar + Acthar day 4), s a c r i f i c e d  p < . I 0  

(handl i n g  + d i  1 uent  + non-manipul ated + sa l  i ne) , ACTH day 7 
VS . 

(cor t i cos te rone  + ACTH + Acthar + Acthar day 4),  ACTH day 7 p < .005 

(handl ing + d i l  uent + non-manipulated + sa l i ne )  , s a c r i f i c e d  
VS . 

(handl i n g  + d i l  uent + non-manipulated + sa l  i ne )  , ACTH day 7 p < .005 

(co r t i cos te rone  + ACTH + Acthar + Acthar day 4), s a c r i f i c e d  
VS . 

(co r t i cos te rone  + ACTH + Acthar. + Acthar day 4), ACTH day 7 p < ,005 



FIGURE 1 

Basal and ACTH- o r  CRF-stimul a t e d  pl asma c o r t i  cos t e rone  concen t r a t i  a,ns 

i n  r a t s  1 ,  7 ,  1 4 ,  and 21 days o ld .  Shown a r e  t h e  mean + SD. The 

numbers o f  animals f o r  each de termina t ion  a r e  i n d i c a t e d  above .the 

a p p r o p r i a t e  bar.  



SACRIFICE A C f H  



FIGURE 2 

Basal and ACTH- a or  CRF-@ s t i r ~ ~ u l a t e d  p i  asma c o r t i  costeronc 

concentrat ions i n  7-day-01 d r a t s ,  pre t reated on days 1 - 6 ,  or  day 4 

only,  as f ~ l l o w s :  C - pooled controls  (see  t e x t  f o r  d e t a i l s ) ;  CS - 
cor t icosterone days 1 - 6 ,  i O  pg/y; ACTM - ACTH days 1 - 5,  

1G mU/100 g; A -. Acthar days 1 -- 5, 50 mU/g; A 4  - Acthar day 4 only, - 
50 mU/g; N - nonmcni pulaied days 1 - 6. 
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ABSTRACT 

Development of Feedback Inhibition in the Adrenal Axis 
of the Necnatal Rat 

Neonatal rats were, until recently, be1 ieved t o  be relatively 

non-.responsive to  stress, With improved methods now available, ra t  

pups as  young as 1 - 2 days of age were found t o  respond t o  stress 

with increased plasma corticosterone concentrations, were much less 

responsive a t  4 - 11 days, and increasingly responsive thereafter, 

reaching adult responsiveness a t  about 21 days of age. We reexamined 

the responsiveness of neonatal rats to ether stress and tested 

suppressibility of the response by prior dexamethasone administration. 

Plasma corticosterone was significantly (p < .005) lower in pups (1 ,  

14, and 21 days old) injected w i t h  dexamethasone three hours before 

exposure to ether. Seven-day-old pups d i d  n o t  have a significant 

increase i n  corticosterone levels after ether exposure, sa 

suppressi bi 1 i ty could not be tested. Suppres si on of  pl asma 

corticosterone by dexamethasone demonstrates the presence of 

feedback control of adrenal corticosteroid secretion in rats as young 

as one day old. 



INTRODUCTION 

The negat ive feedback in f luence  o f  co r t i cos te ro i ds  on ACTH 

secret ion i s  we l l  es tab l ished (1). Low doses o f  co r t i cos te ro i ds  can 

i n h i b i t  ACTH secret ion i n  the absence o f  s t ress ; however, s u f f i c i e n t l y  

strong, acute s t ressors  can over r ide  t h i s  i n h i b i t o r y  e f f e c t  (2) .  The 

primary s i t e  of feedback con t ro l  i s  be l ieved t o -  be the  adenohypophysis, 

w i t h  some evidence o f  hypothalamic p a r t i c i p a t i o n  (1  ). 

The existence o f  feedback i n h i b i t i o n  i n  the neonatal r a t  has been 

considered b u t  has n o t  been tested. I n h i b i t o r y  e f f e c t s  o f  h igh  

c i  r c u l  a t i  ng 1 eve1 s o f  cor t icosterone immediately a f t e r  b i  r t h  nave been 

invoked t o  exp la in  the reduct ion i n  adrenal s i z e  and weight dur ing  the". 

f i r s t  few postnatal  days (3 )  and re1 a t i  ve "stress-nonresponsi venes.sl' 

dur ing the same per iod  (4).  I n  t h i s  ser ies  o f  experiments, the 

presence o f  "negative feedback" was examined i n  r a t s  1 - 21 days o l d  

by measuring plasma cor t i cos te rone  concentrat ions i n  r a t s  exposed t o  

ether,  w i t h  and wi thout  p r i o r  treatment w i t h  dexamethasone. 



Pregnant Long Erans hooded rats (81 ue spruce  Farms, A1 tamont, N . Y .  ) , 

obtai'ned on t h e  .15th day o f  g e s t a t i o n ,  were housed i n d i v i d u a l l y  i n  wire 

mesh materni ty  cages (42 x 36 x 24 cm) conta in ing wood shavings. They 

were maintained a t  24 + 1 C ,  40 - 60% humidity, l i g h t  cyc le  0600 - 1800 
.. . . .  

h,. and allowed food and w a t e r ' a d ' l f b i t u m ,  --- On t h e  f i rs t  day a f t e r  b i r t h  

(day I ) ,  t h e  l i t ters  were c u l l e d  t o  9 - 10 pups each by choosing the 

heav ies t  ,. most heal thy-appearfng animal s. Therea f t e r ,  t h e  pups were 

l e f t  undisturbed,  except  a s  noted below. 

A t  1 ,  7, 14,  and 21 days o f  age,  animals were assigned randomly to. 

one of f o u r  groups: 1 )  un t rea ted ,  s a c r i f i c e d ;  2) e t h e r  exposure (45 - 
60 s e c )  followed by s a c r i f i c e '  3 hours l a t e r ;  3 )  dexamethasone, i , p .  

(25 mg/100 g BW) ,  followed by s a c r i f i c e  3 hours 1-a ter ;  4 )  dexamethasone, 

i .p. (25 mg/l00 g BW) , e t h e r  exposure (45 - 60 s e c )  3 hours l a t e r ,  

fo l  lowed by s a c r i f i c e  20 minutes l a t e r .  A1 7 dexamethasone i n j e c t i o n s  

were done a t  0830; e t h e r  exposures a t  1130; s a c r i f i c e s  a t  1100 - 1200. 

Animals were r a p i d l y  s a c r i f i c e d  by decap i t a t ion  and trunk blood saved i n  

tubes conta in ing Na-EDTA. The blood was cen t r i fuged  and plasma frozen 

a t  -20 C u n t i l  assayed. 

Plasma c o r t i  cos terone  concentra t ions  were measured by competi t i v e  

p ro te in  binding (5, 6) .  The lower limit o f  re1 i a b i l i t y  of  the assay is  
. . 

2 ,pg/dl using 20 p1 serum f o r  each determjnation.  Where p o s s i b l e ,  50 p1 

of serum were used t o  lower t h i s  limit t o  approximately 0 .8  pg/dl .  

Two sample t - t e s t s  were d m e  comparing the various groups a t  given 

ages.  



RESULTS 

Resul t s  are  shown i n  Ftgure 1 . C o r t i  cos terone concentrati,ons are  

s i g n i f i c a n t l y  (p .( ,005) e levated i n '  pups exposed t o  e ther  as compared 

t o  pups s a c r i f i c e d  immediately on days 1, 14, and 21, b u t  n o t  on day 7. 

Dexamethasone pretreatment r e s u l t s  i n  decreased basal co r t i cos te rone  
. . 

l e ve l  s i n  1 day o l d  pups (p < .01) and 21 day o l d  pups (p < .005), 

wh i l e  they a re  s l i g h t l y  e levated (p < .025) i n  7 day o l d  pups and 

nons ign i f i can t l y  e levated i n  14 day o l d  pups. Ether has no e f f e c t  on 

cor t icosterone l e y e l s  i n  dexamethasone t r ea ted  pups, except on day 21 

(p c .025). Pups (1, 14, 21 days o l d )  p re t rea ted  w i t h  dexamethasone 

then exposed t o  e the r  have s i g n i f i c a n t l y  (p < .005) lower 

cor t icosterone concentrat ions than those exposed t o  e ther  w i t hou t  

. pretreatment; however, 21 day o l d  pups f a l l  i n t o  two d i s t i n c t  groups 

based on t h e i r  response t o  anesthesia*: A: 0,30 2 0-14, n = 6; 

B: 15.00 2 2.61, n = 5. The absence o f  an increased cor t icosterone 

concentrat ion i n  response t o  e ther  on day 7 precludes analys is  of the 

e f f e c t  o f  dexamethasone pretreatment on tnese animals. 



DISCUSS ION 

These resu l t s  demonstrate the exi,stence of feedback inhibi t ion 

in the adrenal axi's of r a t s  as young as one day old. Dexamethasone 

injected intraperi 'toneally three hours pr ior  to e'ther exposure 

suppresses the expected r i s e  in plasma corticosterone i n  pups 1 ,  14, 

and 21 days old. The exfstence of negative feedback in 7 day old 

r a t s  could not be tested because no increase in corticosterone levels  

could be e l i c i t e d  following s t r e s s .  

The s i t e  of feedback inhibi t ion has been suggested to  1 i e  in the 

hypothalam~~s (1) or p i tu i t a ry  (I) . .  . Other investig'ators have sho~vn 

tha t  both loci may be involved, depending upon the type, duration, 

and in tens i ty  of stimulation (7). Yates -- e t  a l .  ( 7 ) ,  suggested tha t  

the p i tu i t a ry  resporlse to  dexamethasone w i t h  respect to  ACTH 

suppression sa tura tes  a t  a systemic dose of 5 - 10 pg/109 g s t z ro ia .  

When the dose i s  increased and pi tui  tary receptors are  saturated,  

fur ther  inhibi t ion depends on negative feedback s i t e s  in the brain 

for  suppression of endogenous cor t i  cotropi n releasing fac tor  ( C R F )  

re lease.  Furthermore, the in tens i ty  o f  the s t r e s s  stimulus may be 

increased suf f ic ien t ly  t o  overcome maximal cort icosteroid induced 

f n h i  bi t ion (7) .  

The functional capabi l i ty  of the neonatal r a t  adranal axis has 

been shown t c  be limited in comparison with t h a t  of the adult  r a t .  

Until recently,  the r a t  was assumed to  be stress-nonresponsive until  

2 - 3 weeks of age. However, w i t h  more sens i t ive  hormone assays, 

r a t s  as young as 1 - 2 days were shown t o  respond to cer tain s t r e s so r s  



with increased plqsma corticosterone '(-8). 

Thi$ responsiveness' . . seems to  dec~ease duri:ng days 4 - 11 and 

reappear d u r i n g  the' third week of l i f e .  The locus of th i s  diminution 

i n  act ivity may 1 ie  in any bne of the components of the adrenal axis: 

the adrenal, gland, the pituitary, gland, the hypothalamus, some part 

of the cerebral, co r t e .~ ,  or any of the interconnections ( i  .e., f iber 

tracts , .  hormones, neurotransmitters ) . W e  have previously demonstrated 

(9) t h a t  the adrenal, gland i s  functional by the time of birt.h. The 

present experiments provide evidence that the negative feedback 

components of the axis (the pituitary and/or hypothalamus) are also 

functional a t  that  time. 

We have shown that,  when injected d u r i n g  the f i r s t  week with ACTH 

or corticosterone, seven day old ra ts  have increased ( p  < .005) plasma. 

corticosterone, following stimulation by ACTH or CRF.  Daily ACTH or 

corticosterone injection was able to maintain a degree o f  act ivi ty ,  

however daily ether exposure (unpubl i shed resul t s )  , heating o r  

handling (9, 10) was not. The adrenal and pituitary glands, once 

able to synthesize and secrete hormones upon appropriate stimulation, 

m u s t  therefore cease to do so because of impaired sensit ivi ty to 

physiological levels of CRF, ACTH or moderate stimulation, or a 

combination of the two. 

By twenty-one days O F  age, pups have basal corticoster*one 

concentrations approaching those measured in adult ra t s ,  although i f  

unmanipulated they do n o t  yet  show a circadian variation in those 

levels (11). The magnitude of response t o  ether exposure and i t s  

suppressibility by prior dexamethasons treatment I n  21 day old pups 



also resembles t h q t  which. i s  seen in mature ra ts .  Similarly, i t  i s  

possible t o  .oyercome maxtmal inhi bitfon by' corticosteroid 
. . 

administration. The dose.of dexamethasone used.in these experiments i s  

one that  was show t o  produce maximal inhi.b.ition i n  adult ra ts  ( 2 ) .  

This dose, in mature rat.s, i s  sufficient  to suppress corticosterone 

response t o  1 minute ether, handling, e tc . ,  b u t  not 3 minute ether 

s t ress  (2 ) .  Twenty-one dqy old ra ts  were exposed t o  ether for 

approximately one minute fol 1 owing prior dexamethasone treatment (see 

Methods). Some ra ts  recovered from the anes tnesia quickly, others 

required longer periods of time or even resuscitation. The rats  in the 

former. group (A) tended t o  have suppressed cort i  costerone 1 eve1 s 20 

minutes a f t e r  ether; in the l a t t e r  group (B ) ,  corticcsterone 

cbncentrati ons were deptessed, b u t  were significantly ( p  < .005) higher 

than i n  the former group. 

The adrenal axis i s  a complex system composed of cerebral, 

hypothalamic, pi tui tary , and adrenal components. The competence and 

interconnection of these separate parts i s  essential for optimal 

functioning of the axis. The system as a whole i s  n o t  active i f  any 

one of the subunits does not synthesize and secrete i t s  hormone upon 

appropriate stimulation or i f  the secreted hormone does not reach the 

target tissue in sufficient  concsntrations. In the ra t ,  the various 

parts o f  the adrenal axis develop a t  different rates and a t  different 

times, both pre- and postnatally. Growth of neurons and their  

procssses continue for 1 - 10 days a f t e r  birth (12). I t  i s  only by 

6 - 12 weeks that  f iber t racts  .are fully myelinated and the majority 

of t.he interconnections are functional. Only when a l l  parts of the 



a,xis have at ta ined maturity and a re  functionally connected i s  a 
. . .  

coordinated' response possible. 

The time-course of development of di f fe rent  1 eve1 s of functi  oni'ng 

as determined by interventi'on and measurement of hormones within the 

hierarchy of the adrenal axis may proyi.de a clue to  the developmental 

sequence of t!i.e components of the axis  and the interconnecti'ons within 

i t o  Previous s tudies  (9)  have demonstrated tha t  the adrenal and 

p i tu i t a ry  glands a re  potent ial ly  functional by the time of b i r t h .  

Evidence i s  presented here tha t  the components of the negative feedback 

system are i n t a c t  and function by day 1 .  This s,uggests t ha t  the 

p i tu i t a ry  and possibly parts of  the hypothalamus are  mature by b i r th ,  

Therefom, any functional in~maturi ty in the neonatal adrenal axis 
- . . _ .._ ̂ - _ .  _ _ . _ _ _ _ _- _ _ _  . - .- . - -. - - . - -. . . . " .. . . . . . . . 

should reside within the hypothalamus or cerebral cortex. Development. 

m u s t  proceed to  include the neurotransmitters and releasing f ac to r  

st imulation, synthesi s ,  and secretion before fui 1 a c t i  vi ty i s  poss i bl e. 

This general scheme may a lso  be applied t o  other endocrine systems i n .  

order to  learn more about development in general. 
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FIGURE 1 

Plasma corticosterone concentraticins in r a t s  1 ,  7 ,  14, and 21 days 

old sacri.ficed immediately ( S )  ; dexamethasone injected ( D )  ; ether  

exposed ( E ) ;  or  dexamethasone injected and ether exposed ( D E ) .  

For detai  1 s , see tex t .  
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ABSTRACT 

P i  tutta.ry Responsi venesr ' i.n the Neonatal Rat 

Plasma ACTH concentrations were determined in neonatal rats 1 ,  7 ,  

14, and 21 days old, subjected t o  treatment wi.th etther corticotropin 

releasing factor (CRF], [the equivalent of the CRF activity in one adult 

median eminence/rat) or t o  ether exposure (45 - 60 sec), CRF injection 

elevated plasma ACTH levels on a l l  days tested. Ether exposure 

elevated ACTH level s on days 14 and 21, b u t  not on days 1 o r  7. These 

results indicate: 1)  t h a t  there i s  no diminution o f  responsiveness of 

the pituitary t o  direct stimulation as a function o f  age, and 2 )  that 

the mediators of the stress response above the level of the pituitary 

are not functionally mature until approximately day 14, Correlations 

with previous studies C11) also indicate that there i s  a delay in the 

return of adrenal responsiveness until some time after these mediators 

attain maturity. 



In the neonatal ra t ,  there i s  a period immediately a f te r  birth of 

cons i'derabl e pi tui tary-adrenal responsiveness to envi ronmental 

stimulation, fol l  owed by a period of depressed responsiveness which 

develops between days 2 and 5 and l a s t s  u n t i l  some time prior to  

weaning (1).  By three weeks of age, the plasma corticosterone response 

to  s t ress  has been found to be functioning a t  approximately an adult 

level (1). This pattern has been well established for the adrenal axis 

as a whole, b u t  not for the. isolated components or their  interactions. 

The period of di,minished responsiveness has not been explained, nor hss. 

the locus of th is  apparent loss been determined. 

In the mature rat., sti.muli'received by the central nervous system 

(CNS) result  in the release of various neurotransmitters which cause 

the release of corticotropin releasing factor (CRF) from the 

hypothalamus ( 2 ) .  CRF,  transported from the median eminence to  the 

pituitary via the portal circulation ( 3 )  in t u r n  stimulates the secretion 

of adrenocorticotropic hormone (ACTHI. The adrenal cortex synthesizes 

and releases corticosterone a t  an i.ncreased ra.te in response to elevated 

circulating ACTH levels ( 3 ) .  In the neonate, th is  complex sequence i s  

not ful ly developed; imposed stimuli do not, a t  a l l  ages , . resul t  in 

increased circulating corticosterone concentrations. 

In  th is  study, we have used plasma ACTH as the endpoint to  t e s t  the 

pitui tary 's  competence as a function of age. In addition', the cause of 

diminished responsiveness during the f i r s t  and second postnatal weeks 

was investigated. 



MTERIALS AND METHODS 

Pregnant Long-Evans hooded r a t s  (Blue Spruce Farms, A1 tamont, 

N.Y. ) ,  obtained on the 13-15th day of  ges ta t ion ,  were housed 

individual ly  i n  wire mesh maternity cages (42 x 36 x 24 cm) containing 

nest ing mater ia l ,  They were maintained a t  25 + 1 C ,  40 - 60% humidity, 

l i g h t  cycle  0600 - 1800 h. They were allowed food and water - ad 

l ibi tum. L i t t e r s  were cu l led  t o  t he  9 - 10 l a r g e s t  pups on day 1 ( t h e  

day a f t e r  b i r t h )  then l e f t  undisturbed, except f o r  cage cleaning,  un t i l  

the day of the experiment. 

L j t t e r s  wera randomly assigned t o  one of the  following groups: 

a )  control  ( s ac r i f i c ed  w i t h i n  1 - 3 minutes of  removal from the  cage) ; 

b) CRF in jec t ion  ( adu l t  r a t  median eminence (ME) e x t r a c t ,  generously 

supplied by Murray Saffran,  approximately 1 ME/50 pl /pup) ;  c )  e t h e r  

exposure (45 - 60 sec) ;  a t  1 ,  7, 14, o r  21 days of  age, Pups in jec ted  

w i t h  CRF o r  exposed t o  e t h e r  were rap id ly  sacr i f i ced  by decapi ta t ion 

2-1/2 - 5 minutes a f t e r  treatment, Trunk blood was s to red  a t  -20 C 

un t i l  assay. I t  was necessary t o  pool blood samples i n  the  youngest 

three  age groups t o  obtain s u f f i c i e n t  plasma t o  assay: 6 - 9 pups a t  

1 day old ,  4 - 6 pups a t  7 days o ld ,  and 2 - 3 pups a t  14 days old. 

Frozen plasma samples were shipped packed i n  dry i c e  and kindly 

assayed f o r  ACTH -In the laboratory of John Kendal I (4) .  

Two sample t - t e s t s  were done comparing ACTH concentrat ions a s  a 

function of age o r  treatment. An ana lys i s  of variance among a l l  four  

age groups a s  a function of treatment was a l s o  done. 



RESULTS 

Basal (control 1 ACTH concentrations were not s t a t i s t i c a l  l y  

d i f ferent  i n  r a t s  1 ,  7, 14; and 21 days old (Figure 1 ) .  Stimulation 

of the p i tu i ta ry  with corticotropin releasing fac tor  (CRF)  (Figure 2 )  

induces the same magnitude of ACTH secretion independent of age. ACTH 

increases from 98.6 ' 10.6 (SEM) t o  210.3 ' 12.4 pg/ml within 5 

minutes . a f t e r  CRF inject ion i n  r a t s  1 ,  7, 14; and 21 days old. There 

does not appear t o  be any diminution of responsiveness of the p i tu i t a ry  

to d i r ec t  stimulation as  a function of age. 

Indirect stimulation of p i tu i ta ry  secretion by an imposed s t r e s s  

(ether expostire), via CNS neurotransmitters and hypothal amic CRF, 

resu l t s  in increased plasma ACTH concentrations in 14 and 21 day old 

r a t s  (p < .025, p < .005, respectively),  b u t  not i n  1 or  7 day old 

r a t s  (Figure 3) .  CRF- and ether-stimulated increases in 14 and 21 day 

old r a t s  were of the  same magnitude. A summary of these resul t s  is 

presented i n  Figure 4 and Table. 1 . 



DISCUSSION 

The re su l t s  of our investigation c l ea r ly  demonstrate t h a t  the 

functional potential of the neonatal p i tu i ta ry  gland i s  v i r tua l ly  

unchanged during the f i r s t  three weeks of 1 i f e .  There does not appear 

t o  be any diminution of responsiveness of the p i tu i t a ry  to  d i r ec t  

stimulation as  a function of age, however, i nd i r ec t  stimulation of 

p i tu i t a ry  secretion by e ther  exposure r e su l t s  i n  increased plasma ACTH 

concentrations i n  rats 14 and 21 days old,  b u t  not in r a t s  1 and 7 days 

old. Since no elevation i n  plasma ACTE i s  apparent in 1 o r  7 day old : .  

r a t s ,  in wh'ich the p i tu i t a ry  has the potential f o r  response, CRF must 

not be reaching the p i tu i t a ry  gland following e ther  exposure. 

This may be. due t o  any of three factors:  1 )  i nab i l i t y  of 

endogenous CRF t o  reach the p i tu i t a ry ,  2)  absence of CRF production by 

the hypothal amus due to  a deficiency in the. synthet ic  process, sr 

. 3) lack of appropriate stimulation of the bpothalamus by 

neurotransmitters. Dugouy (5), however, has reported evidence of CRF 

a c t i  v i  ty  i.n hy'pothal ami c ex t rac ts  froin 20-day-01 d .fetuses.  I t  i s 

unlikely tha t  t h i s  CRF i s  simply unable t o  reach the p i tu i t a ry  because 

physiological 1 evels of exogenous CRF reach and stimulate the pi t u i  t'ary. 

There i s  evidence (6, 7) t ha t  excitatory and inhi.bi tory controls.  i n  the 

central  nervous system do not develop simultaneously and tha t  much of 

t h i s  development occurs postnatally.  

The development of regulatory mechanisms f o r  the control of C R F  o r  

ACTH may be s imilar  to  those postulated fo r  the control of growth 

. hormone ( G H )  secretion (8).  The f e t a l  p i tu i t a ry  has the capacity to  



synthesize and secrete Gtl, which may be autonomous or regulated by 

hypothalamic growth hormone releasi ng factor (GRF). With further 

maturation of the median emi nence and pi tui tary portal system, 

relatively unrestrained tonic release of GRF leads to  intense 

stimulation of GH secretion. -Then, neuroi nhi bi tory i nfl uences become 

operative', possibly partly related to the maturation of the 

hypothalamic neuronal network and coincident with the increased 

development of neurophysiologic function, Final ly , further maturation 

of regulatory mechanisms ctcurs and b o t h  inhibitory and excitatory 

effects are functional. Simil arly,  hypothalamic mechanisms for 

prolactin s'ecretion mature postnatally (6 ,  8, 9 ) .  

There i s  a marked contrast between the continued responsiveness of 

the pituitary upon d i rect  stimulation with CRF and the diminution. in 

responsiveness of the adrenal upon ACTH stimulation d u r i n g  the f i r s t  

and second postnatal weeks (Figures 2,  5 ) .  There i s  evidence that  the 

depressed adrenal responsiveness between dzys 4 and 12 may reside a t  

the adrenal level (10). Studies have shown that  the adrenal response 

to ACTH closely parallels that  to  histamine (10) and ether (11) s t ress ,  

suggesting that  adrenal competence i s  the limiting factor. Butte -- e t  a l .  

(12) proposed that the h i g h  plasma corticosterone levels jus t  prior to 

and during the f i r s t  2 days a f te r  birth exert an inhibitory influence on 

the hypothdlamus or pl t u I  tary. This, in turn, may result  in the 

gradually decreasing response of the adrenal cortex. Cote and Yasumura 

(10) feel that  before b i r t h ,  a maternal influence maintains the fetal 

adrenal cortex and that a f te r  bir th,  the adrenal cortex undergoes a 

functional invol ution involving di~~iinjshed sterol dogenic capacity. By 



day 9,  they postulate,  the neonatal r a t ' s  hypothalamic-pi tu i  t a ry  axis 

has matured suf f ic ien t ly  t o  maintain i t s  own adrenal gland. 

In t h i s  study, we have provided evidence tha t  the decreased 

responsiveness w i t h  respect t o  corticosterone secretion following s t r e s s  

i s  not due t o  p i tu i ta ry  immaturity. The level of tonic ACTH secretion 

does not vary with age, nor does the level of ACTH secretion following 

d i r e c t  stimulation w i t h  CRF. The depressed responsi veness may reside,  

a t  l e a s t  pa r t i a l ly ,  w i t h i n  the adrenal cortex. However, CNS and 

hypothalamic factors  a re  probably a l so  involved. I t  is not until  day 14 

t h a t  the p i tu i t a ry  response t o  ether  s t r e s s  i s  manifest, a process t h a t  

would requdre maturation of the neurotransmitter and releasing f ac to r  

apparatus. 

Although the p i tu i ta ry  s t r e s s  response appears "mature" by day 14., 

adrenal responsiveness lags behind. Despite s imilar  plasma ACTH 

concentrations 5 minutes a f t e r  e ther  exposure in 14 and 21 day o l d  r a t s ,  

the plasma corticosterone concentrations are  s t r ik ing ly  different .  The- 

steroidogenic capacity of the adrenal cortex i s  apparently dimi ni shed 

and requires time. and, possibly, continued stimulation t o  become ac t ive  

again. 
",%. 

The responsiveness of the adrenal cortex on day.1 remains puzzling. 
'. .._ 

The a b i l i t y  to  respond may be maintai,ned, as Cote and. Yasumura (10) 

suggest, . . by maternal influences, klowever, our data ra i se  the quest.ion 

uf what the stlmulus f o r  the response 1s I n  t h e  one day old r a t .  

Foll owing e ther  exposure, plasma corticosterone concentration r i s e s  

despite the f a c t  t ha t  no increase i n  plasma ACTH can be measured. The 

one day old pi tui tary, ' though i t  has the capabi l i ty  t o  synthesize and 



secrete ACTH, does no t  appear t o  do so after ether stimulation. A 

similar discrepancy has been found in the relationship between CAMP r ise  

after histamine stress as opposed t o  ACTH stimulation (10). Despite 

increased corticosterone levels on day 2 ,  the injection of histamine 

' does not result in a significant r ise in adrenal cN4P until day 12, 

whereas ACTH injection results in significant elevations of bo th  CAMP 

and corticosterone on day 2. .Therefore, stress responsiveness on days 

1 and 2 may be due to a more primitive mechanism which i s  superseded by 

the developing adult mechanism by days 12  - 14. 
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TABLE 1 

PROBAB l L l T Y  ( p )  VALUES FOR THE STUDIES 

ILLUSTRATED IN FIGURES 1-4 

Ages ' (days) 

' Treatment 

sacr i  f i  ce 

CRF 

e ther  

1 ' v s ;  7 ' 7 ' v s .  ' 1 4  ' 1 4  vs.  .21  

Day 1 Day 7 Day 1 4  Day 21 

sac r i f i ce  vs. e ther  NS NS < .025 < ,005 

sac r i f i ce  vs. CRF < -01 < .01 .: -005 .: .005 

ether  vs .  CRF < .005 < .005 NS NS 



FIGURE. 1 

- 
Bass! plasma ACTH concentrations in rats 1 ,  1 ,  14, and 21 days o l d .  

Shown are the mean. 2 SEM. The numbers of animals for each 

determination art! indicated.above.the appropriate bar. 



I 7 14 2 1 

AGE (DAYS) 



FIGURE 2 

CRF-stimulated plasma ACTH concentrat ions in r a t s  1 ,  7 ,  14, and 21 days 

old.  Shown a r e  the mean + SEM. The numbers of  animals f o r  each 

determination are indics ted above the  appropriate bar,  



AGE (DAYS) 



FIGURE 3 

Ethe r - s t imu la t ed  plasma ACTH c o n c e n t r a t i o n s  i n  r a t s  1 ,  7 ,  1 4 ,  and 21 

days o ld .  Shown a r e  t h e  mean 5 SEM. The numbers o f  animals  f o r  

each de t e rmina t ion  a r e  i n d i c a t e d  above t h e  a p p r o p r i a t e  bar .  





FIGURE 4 

Basal (e-a) ,  CRF- (ao-e) and ether- (+o++) stimulated plasma 

ACTH concentrations in rats 1 ,  7, 14, and 21 days old. Shown are 

the mean t SEM. 





Basal (59-8) and ACTH- (V--v) stirnulatsd plasma corticcrsterone 

concentrations.  in  r a t s  1 ,  7, 14, and 21 days old. Shown a re  the 

mean -I: SEM. 





SUMMARY 

The overall experimental design for this thesis i s  based on the 

hierarchical organization of the hypothalaino-hypopbseal-adrenal axis 

(Figure 1 ) .  

A n  attempt was made to dissect the adrenal axis and examine , 

individual components and then add increasing orders of complexity, 

The limiting step, a t  a given stage of development, could thereby be 

deduced, 

The fo1 lowing experiments were done (refer t o  Figure 1 )  : 

[ I ]  basal corticostero~e, t o  determine the tonic level of 

adrenal secretion 

[2] ACTII-stimul ated corti.cos terone, t o  determine adrenal 

responsiveness t o  direct hormonal stimulation 

l3] '  CRF-stimul ated corticosterone, to determine pituitary- 

mediated adrenal responsiveness following direct hormonal 
+ I  

stfmulation of the pi t u i  tary 

[4] stress-i nduced corticosterone , t o  determine adrenal 

responsiveness to envi ronrental stimulation 

151  basal ACTH, t o  determine the tonic level of pituitary 

s ~ c r e t i  on 

161 CRF-induced ACTH, t o  determine pituitary responsiveness t o  

direct harrnona! stimulation 

[7] stress-induced ACTH, t o  determine pituitary responsiveness 

to environmental stimulation 
. - 



[8] corticosterone, t o  determine the effectiveness of 

dexamethasone as a feedback inhib i tor  

[9] co r t i  costerone, t o  determine t h g  e f f e c t  on the tlHA axis o f ,  

postnatal, corticosterone o r  ACTH administration. 

During the f i r s t  few hours a f t e r  b j r t h ,  corticosterone 

concentrations [I] a re  high. Plasma corticosterone immediately 

begins t o  decrease rapidly and i s  very low on day 7 .  Thereafter, 

basal corticosterone gradually increases by day 14 and fur ther  by day 

21 (day 1 >> day 7 < day 14 < day 21). In contrast ,  the tonic  

secretion of ACTH [5] by the p i tu i t a ry  is unchanged during the f i r s t  

three postnatal weeks (day 1 = day 7 = day 14 = day 21). 

There i s  a postnatal' f a l l  i n  s e n s i t i v i t y  of the adrenals between 

days 1 and 7 ,  independent of the stimulus [2], [3], [4]. Responsiveness 

reappears by day 14 and reaches tha t  of the adul t  by day 21 (day 1 >> 

day 7 < day 14 << day 21). Direct stimulation of the p i tu i t a ry  [6] 

resu l t s  i n  a doubling of ACTH secretion in a l l  ages of r a t s  tes ted 

(day 1 = day 7 = day 14 = day 21). Ether stimulation of the p i tu i t a ry  

[7] r e su l t s  in no increase i n  ACTH secretion i n  1-  o r  7-day-old r a t s  

and a doubling of ACTH secretion i n  14- and 21-day-old r a t s  (day 1 = 

da.y 7 << day 14 = day 21). 

Feedback inhibi t ion [8] i s  demonstrable i n  r a t s  1 ,  14, and 21 days 

old. Seven-day-old r a t s  could not  be tested because of the absence of 

response t o  both d i r ec t  and indi rec t  stimulation. 

The responsiveness of the adrenal gland in 7-day-old r a t s  can be 

increased by pr ior  treatment on days 1 - 6 w i t h  e i the r  corticosterone 



o r  ACTH [ill. Daily treatment r e su l t s  in elevation of plasma 

corticosterone following ACTH or  CRF administration on day 7 t o  levels  

seen in 14-day-old r a t s  following s imilar  stimulation. 

These experiments demonstrate tha t  the r a t  adrenal gland is  

functional by the time of b i r th  b u t ,  probably due t o  insuf f ic ien t  

continued stimulation, becomes refractory by the end of the f i rs t  

week. This may be due t o  a loss  of s e n s i t i v i t y  of the adrenal to  

ACTH. Direct stimulation w i t h  CRF resul t ing in increased ACTH 

secretion demonstrates tha t  the p i t u i t a r y  i s  potent ia l ly  responsive t o  

s t r e s s  by bir th .  However, because no elevation in plasma ACTH occurs 

fol iowing environmental stjmulation u n t i  1 day 14, mediators of the 

s t r e s s  response above the level of the p i tu i t a ry  must not be functional 

unt i l  the second postnatal week. 

Feedback inhibi t ion involves p i tu i t a ry ,  hypothalamus, and CNS 

s i t e s  in the adul t  r a t .  A t  l e a s t  one of these t i ssues  must  be-  

functional by day 1 to' account fo r  dexamethasone suppression of the 

s t r e s s  'response a t  t ha t  age. However, they may not be fu l ly  mature 

even by day 21 , because dexamethasone inhibi t ion can be overridden more 

eas i ly  than iri adul t  rats. 
'\. 

With repeated d i r e c t  adrenal stimulation duri,ng the f i r s t  week, 'a,..,.. 
'. .._ 

degree of res.ponsiveness can be maintained by day 7. This i s  

presumably due t o  a d i r ec t  action of ACTH on adrenal steroidogenic' 

capacity. The f a c t  t ha t  responsiveness can a lso  he maintained with 

pr ior  corticosterone treatment sugges ts ' tha t  corticosterone may be 

required a t  the level a f  the hypothalamus or CNS t o  allow normal 

maturation of the HHA axis.  



In summary, 'evidence has been presented, indicating tha t  b o t h  

the adrenal and p i tu i ta ry  glands are  potent ial ly  functional a t  b i r th .  

The central  nervous system and/or hypothalamic mediators of the 

stress response, however, are  not mature unt.il a t  l eas t  the second o r  

third postnatal week. 



FIGURE 1 

Experimental des,ign f o r  t h e  s tudy of neuroendocrine cont ro l  o f  

adrenocor t ica l  funct ion  i n  t h e  neonatal r a t .  
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TABLE 1 

CORTICOSTERONE LEVELS (pg/dl) IN  NEONATAL RATS 

1 DAY OLD 

TREATMENT 



TABLE 2 

CORTICOSTERONE LEVELS (pg/dl ) IN NEONATAL RATS 

7 DAYS OLD 

TREATMENT 

Dex + 
Ether 

0.4 
0.4 
0.4 
0.2 
0.1 

0.30 
0.14 
0.06 

5 

Dexa- 
methasone 

0.2 
0.8 
2.0 
0.2 

0.80 
0.85 
0.43 

4 

Sac r i f i ce  

0.4 
0.4 
0,2 
0.2' 
0.4 
0.4 
0.5 
0.4 
0.4 
0.5 

0 
0 
0 

0.4 
0.7 
0. 7 

' 0.35 
SD 0,22 
SEM 0.05 

(n) 16 

ACTH 

0.1 
0 

3.4 
3.4 
2.3 
2.2 
2.1 
2.3 
1.8 
1.4 

1.90 
1.16 
0.37 

10 

Sat i ne 

1.0 
1.3 

0 
0 
0 

1.7 
1.6 
1 .I 
2.1 
1 . O  
0.2 

0.91 
0.76 
0.23 

11 

CRF 

1.4 
0.4 
1.3 
1.3 
4.5 
1.3 
2.4 
1.6 
2.6 
1.7 
0.7 
2.4 
1.4 
1.1 
1.6 
1.6 

1.77 
0.94 
0.24 

16 

Ether 

0.2 
0.3 
0,8 
0.4 
0.1 
0.1 
1 .O 
1.5 

0.55 
0.50 
0.18 

8 



TABLE 3 

CORTICOSTERONE LEVELS (pg/dl  ) I N  NEONATAL W T S  

7 DAYS OLD 



. . 

: p Wave 
Exposure 

1.6 
2.0 
2,2 
2.0 
1.9 
1.4 

. . . .  

0.5 
0.8 
0.7' 
0.4 
7.1 
0.8 
3.3 
0 
0 
0 
0 

0.3 

. . 

. . 

: Ether 

: 1.0 
: 1.5 
: '  1.0 
: 1.0 
: 1.0 
1.7 

: 1.0 
: lS6 
: 1.4 
. : . '0.7 

. . 
:' 1.5 
: 1.1 
: 2.7 
: 1.7 

2.3 
: 3.1. 
: 3.1 
: 1.3 
: 2.6 

. . .  

, 

~ C R F  

: 

. 

. .  

. 

: 
. '  

: 

i 

, .  

. 

. . . . . . . . . . .  

TABLE 3 (conti.nued) 

! A C T H  
, . 

1 . 7  
: 2.8 
: 2.7' 
1-2.6 
:. 2.9 
: 2.3 
: 2.0 
: 1.4. 
:. 1 . 9 ,  
: 1.9 
: .  2 . 2  
. 

. i.: 
: 2,5 . 

1 '  3.0 
1.0 
3,8. 

' 4'.4 
10.5 

: 2.8. 
: 4.0 

i ~ a l  in@ 

. . 

- ,  

. 

i:; 
. '  1.9 

1.9 
2.6 
4.- 3 
1.8 

. ' . 2.2. 
2i9: 

P re-. 
treatment 

Ether 

.,.. . , 

. , 

:sdlrifiee 

' 0.2. 
:. ' 0.1. 
- 0.8 

0.7. 
: 0.5 

, . 

. 

1.1 
' 1  5..0 
: 0.6'. 

. . 
. , 0.6: 

. . .  0.6 
. .. 

(8.0). 
1'. 2 

. 0.1' . 

. 0.4 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  

Acthar 1-6 

. . 

0.4 
1 (6.8) 

0 
0 

0.2. 
4,4, 
0..5 . 

. . 0. 
1.7 
0.8 

: . 0.4 

: 4.2 1 : 4.0 

. . .  . . . .  

0 
0 

0.4' 
. 0.8. 

2..0- 
0.1 
0 

0.3 

: .2.4 
200 

: 2.8 
' 2.2. 

2.9 
: 2.4 
: 3.3 

3. 3 
4.1 
2.6 
2.. 2. 
1 ..7 . .  . . 

. : 13.0 
' 5.2 

1'. 3- 
4.9 

. 7.0 
4..3. 

: 0.1 
. 13.3 
13.1 

.. 1.7 
: 2.0 

0.4 
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TABLE 3 (continued) 
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TABLE 4

CORTICOSTERONE LEVELS (ug/dl) IN NEONATAL RATS

14 DAYS OLD

TREATMENT

Dexa- Dex +

Sacrl fi ce Saline ACTH CRF Ether methasone Ether

1.2 5.2 3.1 3.4 4.4 OIl           0
1.5 5.3 3.0 4.8 2.4                          0                     0

1.7 6.2 3.8 3.2 4.4 0.1           0
0.5 4.6 2.6 5.5 2.1 3.1           0
0.6 2.7 4.8 4.2 1.8 3.0           0

1.0 4.0 4.4 5.5 1.6 3.4 4.6
1.3 4.0 9.0 3.6 2.7
4.6 4.2 8.6 2.9 2.9
3.7 4.4 6.6 4.5
3.6 4.7 8.0 3.3
8.0 5.2 7.4

3.2 7.8
8.4
7.7

11.7
7.8
7.9
9.3

R 1.08 4.67 3.90 4.36 6.49 2.03 1.80
SD 0.48 1.21 1.69 0.82 2.97 1.64 , 1.99
SEM 0.20 0.50 0.51 0.24 0.70 0.58 0.63

(n)     6           6  ,     11      12       18           8         10
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TABLE 5

CORTICOSTERONE LEVELS (ug/dl) IN NEONATAL RATS

21 DAYS OLD

TREATMENT
-

* Dexa- •   Dex +
Sacrifice Saline ACTH CRF . Ether methasone     Ether

1.5 18.9 25.0 19.6 20.7 0.3 0.3
0.6 17.1 24.2 17.3 19.4 0.1 0.5
2.1 16.8 22.2 9.9 20.4 0.5 0.3
7.0 24.7 14.8 15.5 22.7 0.5 0.2
4.5 18.9 16.6 13.5 33.6 0.8 0.1

3.7 18.2 17.8 33.2 1.0 0.4
4.2 30.0 15.1 9.7 1.0 15.5
1.9 19.3 28.4 19.5 1.0 13.7

29.3 24.0 23.1 1.1 11.3
29.7 19.0 21.9 1.7 18.1

31.6 25.4 16.4
29.9

x    3.19 23.14 20.71 19.88 24.28 0.70 6.98
SO »2.07 5.95 4.68 7.34 5.66 0.34 7.85
SEM« 0.73 1.79 1.48 2.12 2.31 0.11 2.37

(n) .   8          11        10       12       6           10         11
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. : 
TABLE 6 

ACTH LEVELS (pglmi) IN NEONATAL RATS 

AGE CONTROL CRF ETHER 

. 91 2.79. (SD) 207 +. i8 (SD) 78 +. 52 (SD) 
. . 35: (SEM) ' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 . (SEM) . 21 (SEM) 

83 -+. 59 (SD) 
24- (SEM) 

174 2 46 (SD) 59 k 21 (SD) 
21 (SEM) 9 (SEM;) 

131 2 '19 (SD) 
8 (SEM) 

215 2 29 (SD) 291 + 150 (SD) 
15 (SEM) 57 (SEM) 
. . . . . . . . . . . . . . . . . . . . . .  

94. 5 . 2 8  (SD) 246 k 87 (SD) 306 k 11 7 (SD) 
1 1  (SEM) 39 (SEM) 4 4 .  (SEM) 




