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ROSENBERG, P., A. HALARIS AND H. MOLTZ. Effects of central norepinephrine depletion on the initiation and 
maintenance of  maternal behavior in the rat. PHARMAC. BIOCHEM. BEHAV. 6(1) 21-24 ,  1977. - The catechol- 
aminergic neurotoxin, 6-hydroxydopamine (6-OHDA), was used to test the hypothesis that increased transmission 
across selected noradrenergic synapses is involved in the initiation of maternal behavior. Specifically, 6-OHDA was 
infused intraventricularly either two days before parturition or four days after parturition. Control animals were infused 
with the vehicle alone. Among prepartum animals, NE depletion of more than 30 percent of control levels interfered with 
the initiation of maternal behavior. Among lactating animals, similar degrees of NE depletion had no significant effect on 
the maintenance of maternal behavior. Thus, NE appears to be involved in the initiation of maternal behavior, but not in 
the maintenance of the behavior once that behavior is established. 
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R E C E N T  f indings  in our  l a b o r a t o r y  [4] ind ica te  tha t ,  
dur ing the  per iod  i m m ed i a t e l y  fo l lowing pa r t u r i t i on  in the  
rat,  the  c o n c e n t r a t i o n  of  h y p o t h a l a m i c  n o r e p i n e p h r i n e  
(NE) decreases whi le  t ha t  of  its ma jo r  me t abo l i t e ,  
3 - m e t h o x y - 4 - h y d r o x y - p h e n y l g l y c o l  (MHPG),  increases.  
This is to be c o m p a r e d  wi th  low h y p o t h a l a m i c  NE 
me tabo l i sm dur ing  mos t  of  p regnancy .  The  possible sig- 
n i f icance  of such an increase  in h y p o t h a l a m i c  NE m e t a b -  
olism dur ing  the  early p o s t p a r t u m  per iod  has been  inter-  
pre ted  by  Moltz  et aL [4] as a possible  n e u r o c h e m i c a l  
prerequis i te  to the  onse t  of  m a t e r n a l  behavior .  Moreover ,  
add i t iona l  evidence for  this  view has been  provided  by  the  
f inding t h a t  parallel  increases in the  m e t a b o l i s m  of  h y p o -  
tha lamic  NE have also been  found  in the  mate rna l ly -  
behaving  nu l l iparous  an imal  bu t  n o t  in con t ro l  females  t h a t  
do no t  r e spond  to fos te r  y o u n g  [5 ] .  

To tes t  f u r t he r  the h y p o t h e s i s  t h a t  increased trans-  
mission across selected noradrenerg ic  synapses  is involved in 
the in i t i a t ion  of  m a t e r n a l  behavior ,  the  ca t echo loamine rg i c  
n e u r o t o x i n ,  6 - h y d r o x y d o p a m i n e  (6 -OHDA) ,  was ad- 
min is te red  in t r aven t r i cu la r ly  to  p r imipa rous  rats  two days  
before  the onse t  of  pa r tu r i t ion .  To tes t  w h e t h e r  NE is also 
involved in the  m a i n t e n a n c e  of  m a t e r n a l  behav io r  once  t ha t  
behav ior  is es tabl ished,  6 -OHDA was similarly infused four  
days af ter  pa r tu r i t ion .  

METHOD 

Animals 

The animals  were 42 p r imipa rous  Wistar female  rats, 
be tween  1 2 0 - 1 8 0  days of  age, reared and m a t e d  in the  
a u t h o r s '  l a b o r a t o r y  f rom a s tock  ob t a ined  f rom the  Camm 
Research Ins t i tu te ,  Wayne,  NJ. The females  were main-  
ta ined on  a d a y - n i g h t  cycle of  12 /12  (lights on  at  8 :00  
a.m.),  and  f rom the  t ime  of  weaning were isola ted f rom 
lacta t ing animals  wi th  young.  

Surgery 

On Day 13 of ges ta t ion  the  females were anes the t i zed  
wi th  i n t r ape r i t onea l  in jec t ions  of  sod ium p e n t o b a r b i t a l  
( N e m b u t a l  - 40  mg/kg) ,  and placed in a Kopf  s tereotaxic .  
Guide cannulae ,  f a sh ioned  f rom 22 ga stainless steel tub ing  
were i m p l a n t e d  uni la tera l ly  1 m m  above  the  left  lateral  
ventr ic le  according  to the  s te reo tax ic  atlas of  D e G r o o t  (A-P 
= 6.6 ram,  Lat  = 1.1 mm,  DV = 4.0 m m )  and secured to the  
skull wi th  den ta l  cement .  A d u m m y  cannu la  cons is t ing  of  
28 ga filled wire was inser ted  in to  the  guide cannu la  and 
remained  in place at all t imes except  dur ing  infus ion.  Af te r  
surgery the  females were placed in individual  wire mesh  
cages and were al lowed 1 - 2  weeks to recover.  
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Drugs 

F o u r  groups  were inc luded  in the  design. Two groups  of  
females received e i the r  uni la te ra l  in fus ions  of 6 -OHDA (n = 
14) or the  vehicle a lone  (n = 8) two  days  pr ior  to the  
expec t ed  date  of  pa r t u r i t i on  ( P r e p a r t u m  Groups) .  The 
remain ing  two  groups  received similar  in fus ions  of  6-OHDA 
(n = 10) or vehicle a lone (n = 10) on p o s t p a r t u m  Day 4 
( P o s t p a r t u m  Groups) .  6 -OHDA ( 6 - h y d r o x y d o p a m i n e  
h y d r o b r o m i d e ,  Regis Chemical  Co.) was dissolved in 0.9% 
saline so lu t ion  to which  0.5% ascorbic  acid was added  to 
prevent  au to -ox ida t i on .  The drug was admin i s t e red  imme-  
diately u p o n  so lu t ion  at a dosage of  200  ug per  20 ul of  
vehicle f luid,  (6 -OHDA expressed as the  salt).  

The females  were l ight ly  anes the t i zed  u n d e r  e the r  dur ing  
infusion.  Each in jec t ion  was del ivered at a rate of  10 ul per  
min  t h r o u g h  a 28 ga in jec to r  cannu la  a t t a ched  by  silastic 
tub ing  to  a 10 ul H a m i l t o n  Syringe.  The  in jec to r  cannu la  
was c o n s t r u c t e d  so tha t  when  inser ted  in to  the  guide 
cannula ,  it e x t e n d e d  1 m m  b e y o n d  the  end of  the  guide 
cannula  i n to  the  ventr ic le .  In o rder  to admin i s t e re r  the  
comple t e  dosage,  the  i n j ec to r  cannu la  was r emoved  30 sec 
af ter  the  first 10 ~1 were del ivered,  qu ick ly  refil led, and 
re inser ted  in to  the  guide cannu la  and  the  r e m a i n d e r  of  the  
drug immed ia t e ly  admin i s t e red .  Sixty sec la ter  the  in jec to r  
cannu la  was r emo ved  and  the  d u m m y  cap was again in 
place. 

Testing 

Two days before  pa r tu r i t i on  all females,  regardless of  
group m e m b e r s h i p ,  were placed in indiv idual  obse rva t ion  
cages (8 .58 x 7 .80 cm)  equ ipped  wi th  a f ron t  panel  of  clear 
Plexiglas to  provide  an u n o b s t r u c t e d  view of  the  in ter ior .  
Food  and  wa te r  were available ad lib and  paper  s tr ips  were 
provided as nes t  mater ia l .  The females  were observed for  
the  occur rence  of  pa r tu r i t i on ,  and  on the  day o f  b i r t h  
l i t ters  were c o u n t e d  and weighed and the  qua l i ty  of  the  
ma te rna l  nes t  assessed accord ing  to m e t h o d s  previously  
descr ibed [5 ] .  The l i t ters  were t hen  culled to six and 
ro t a t ed  so t ha t  each female  received 6 pups  f rom a l i t te r  
o the r  t han  her  own.  This was usually accompl i shed  by  
simply swi tch ing  the  pups  b e t w e e n  a 6 -OHDA and corres- 
pond ing  vehic le - t rea ted  animal .  A s t andard  m a t e r n a l  be- 
havior  test  was c o n d u c t e d  in which  the  l i t t e r  of  6 pups  was 
sca t te red  a b o u t  the  cage and  la tency  to  retrieve,  lick and 
c rouch  over  the  y o u n g  was observed  t h r o u g h o u t  the  nex t  
h o u r  and  at r a n d o m  intervals  t he rea f t e r  for  the  nex t  24 hr. 
Retr ieving was judged  to have occur red  if  the  pups  were 
r e tu rned  to the  nes t  area. Crouch ing  and  l icking were 
scored posi t ively  if a female  was seen in a nursing-l ike 
pos tu re  over  the  y o u n g  and the  y o u n g  in t u rn  were clean 
and warm.  Test ing c o n t i n u e d  for  the  nex t  7 days in 
P repa r tum animals  and  for  10 days in P o s t p a r t u m  animals,  
beg inn ing  at 10 a.m. each morn ing .  At  this t ime the  l i t ters  
and m o t h e r s  were weighed,  the  qua l i ty  of  the  m a t e r n a l  nest  
scored,  and  behav io r  tests  were c o n d u c t e d .  Pups in a l i t t e r  
were replaced on ly  when  found  dead so tha t  the  l i t ters  were 
m a i n t a i n e d  at 6 live pups.  

Assay 

Between  seven and nine  days af te r  infus ion ,  the  females  
were gui l lo t ined  and the h y p o t h a l a m u s  quick ly  dissected 
and s tored in l iquid n i t rogen  un t i l  a suff ice in t  n u m b e r  was 
col lected for  assay. Care was t a k e n  to sacrifice each female 

at a p p r o x i m a t e l y  the  same t ime  of  day,  tha t  is, at 1 :00 p.m. 
H y p o t h a l a m i c  tissue was assayed for  the  presence  of  
n o r e p i n e p h r i n e  (NE)  and d o p a m i n e  (DA)  fol lowing the  
m e t h o d s  of  A n t o n  and Sayre [1] modi f i ed  according  to 
Barchas et al. [2] and descr ibed in detail  e lsewhere [51- 

R E S U L T S  

Infus ions  of  6 -OHDA two days pr ior  to b i r th  had no  
disrupt ive  effects  on the  t iming  of pa r t u r i t i on  no r  on  the  
immed ia t e  survival of the  young.  6 -OHDA-t rea ted  females  
gave b i r th  at  the expec ted  t ime  (Day 23)  to  l i t ters  which  
did no t  differ  f rom co r re spond ing  vehic le- t rea ted females 
e i ther  in size or weight.  Moreover ,  the  in fus ion  p rocedure  
i tself  did no t  appear  to  d is rupt  pa r tu r i t i on  as evidenced by  
the  fact  tha t  the  ges ta t ion  day,  l i t te r  size, and l i t te r  weights  
of females  receiving infus ions  prior  to pa r tu r i t i on  were 
wi th in  the  same range as those  observed in females  which  
were u n t r e a t e d  unt i l  four  days af te r  giving b i r th ,  F (1 )  = 3, 
p > 0 . 0 5 .  

On p o s t p a r t u m  Days 1 - 7 ,  the  l i t ters  of  6-OHDA 
P r e p a r t u m  females  were marked ly  d i f fe ren t  f rom those  of  
con t ro l  females.  As Fig. 1 shows, l i t ters  of  6-OHDA 
Prepa r tum females  e i the r  gained less weight  per  day or 
showed  weight  losses as c o m p a r e d  wi th  l i t ters  of  corres- 
0ond ing  vehic le- t rea ted animals ,  t (20)  = 2.20, p < 0 . 0 5 .  
A m o n g  the  l i t ters  of 6 -OHDA Prepa r tum females,  a to ta l  of  
50 pups  was found  e i the r  dead or missing dur ing  the  7-day 
p o s t p a r t u m  test  period.  Only one pup  died in the  l i t ters  of  
vehic le- t rea ted  females.  Moreover ,  among  the  surviving pups  
reared by 6-OHDA Prepa r tum mothe r s ,  weight  gains were 
e i ther  absen t  or depressed as compared  wi th  pups  reared by 
vehicle- infused mothe r s .  
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F1G. 1. Daily weight changes of litters reared by females receiving 
infusions of 6-OHDA or vehicle either 2 days prior to parturition 
(Prepartum) or on postpartum Day 4 (Postpartum). Arrow indicates 

day of infusion. * = p<0.05. 

To assess w h e t h e r  the  reduced  survival of  6-OHDA l i t ters  
was in fact  due to a d i s rup t ion  in ma te rna l  behav io r  r a the r  
than  to an in t e r f e rence  wi th  the  process  of  lac ta t ion ,  the  
daily ma te rna l -behav io r  scores of  6-OHDA P r e p a r t u m  and 
co r re spond ing  vehic le- t rea ted  females  were compared .  As 
Fig. 2 shows,  females  t rea ted  wi th  6-OHDA two days 
p r e p a r t u m  bui l t  s ignif icant ly  poore r  ma te rna l  nests  than  
co r re spond ing  vehic le- t rea ted animals ,  par t icular ly  dur ing  
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FIG. 2. Daily nest building scores for females receiving infusions of 
6-OHDA or vehicle either 2 days prior to parturition (Prepartum) or 
on postpartum Day 4 (Postpartum). Arrow indicates day of 

infusion. * = p<0.05. 

the first 3 - 5  days of  the pos tpar tum period,  t(20) = 2.20, 
p<  0.05. Moreover,  daily observat ions of  crouching behavior  
indicated that  6-OHDA Prepar tum females adopted  little if 
any nursing posture toward their pups, so that  the major i ty  
of their l i t ters had no access to the nipple or the warmth  of  
their mothers  (Fisher test, p<0 .05 ,  see Fig. 3). No 
disruption in crouching behavior  was observed in corres- 
ponding vehicle-treated females. In contrast ,  the retrieving 
behavior of  6-OHDA Prepar tum females was no t  sig- 
nif icantly disrupted during standard retrieving tests. 

In contrast  to prepar tum t rea tment  with 6-OHDA, 
pos tpar tum t rea tment  had only a transient effect  on 
maternal  behavior ,  an effect  conf ined mainly to the day 
following infusion. By the second day after infusion,  weight  
gains of  litters and maternal  behavior  scores were in- 
distinguishable be tween  the two groups treated pos tpar tum.  

Posttest  f luor imetr ic  assays for NE and DA revealed that 
6-OHDA t rea tment  administered ei ther  in late pregnancy or 
on Day 4 pos tpar tum resulted in approximate ly  3 0 - 6 0 %  
deplet ion of  hypo tha lamic  NE as compared  with  NE levels 
in corresponding vehicle-treated animals (see Table 1). In 
view of the behavioral  differences be tween  the pre- and 
pos tpar tum drug infused animals, it is impor tan t  to 
emphasize that bo th  sustained the same degree of  NE 
deplet ion.  Hypotha lamic  values for DA did not  differ  
be tween 6-OHDA- and vehicle- treated animals (Table 1). 

D I S C U S S I O N  

Intraventr icular  infusions of  6-OHDA significantly dis- 
rupted maternal  behavior  when adminis tered to the pre- 
parturient  female,  but  not  when given to the female that  
had successfully nursed her  young  for 4 days prior  to 
infusion. Moreover ,  this differential  behavioral  effect  in the 
face of  the same degree of  NE deple t ion  indicates that  the 
disruption was not  due to general debil i tat ion.  These results 
are consistent with the hypothes is  that noradrenergic 
activity in selected neural  s tructures may be involved in the 
init iat ion of  maternal  behavior;  at the same t ime such 
activity does no t  appear to be involved in the main tenance  
of maternal  behavior.  However ,  a number  of  quest ions still 
remain. First,  it is not  clear from the present s tudy which 
specific neural s tructures mediate  the noradrenergic 
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FIG. 3. Percentage of females receiving infusions of 6-OHDA or 
vehicle either 2 days prepartum or 4 days postpartum that were 
found nursing their young during each daily observation period. 

Arrow indicates day of infusion. * = p<0.05. 

T A B L E  1 

HYPOTHALAMIC NE AND DA CONCENTRATIONS FOR FEMALES 
R E C E I V I N G  I N T R A V E N T R I C U L A R  I N F U S I O N S  OF 6-OHDA OR 
V E H I C L E  B E F O R E  ( P R E P A R T U M )  OR A F T E R  ( P O S T P A R T U M )  

PARTURITION 

Prepartum Postpartum 
6-OHDA Vehicle 6-OHDA Vehicle 

NE (ng/g) 61.8 143.2 47.1 128.3 
(SE) (5.2) (11.7) (1.6) (3.2) 

DA (ng/g) 170.1 178.0 131.9 142.4 
(SE) (14.1) (22.7) (25.2) (38.3) 

init iat ion of  maternal  behavior.  The hypotha lamus  is clearly 
implicated as a likely target area based on the observat ion 
that changing hypotha lamic  levels of  NE are closely l inked 
to the initial appearance of  the behavior [4,5] .  However,  
the involvement  of cortical  and l imbic structures cannot  be 
ruled out. 

Another  quest ion that  might be raised relates to the 
observation that  some maternal  responsiveness in pre- 
par tum 6-OHDA-treated females, namely,  nest building and 
crouching, appears four  or five days fol lowing initial 
infusion of 6-OHDA. The late appearance of these re- 
sponses may suggest that  noradrenergic activity has only a 
short-lived effect  on the ini t iat ion of  maternal  behavior  or, 
more likely, that  the eventual  appearance of maternal  
behavior is due instead to the developing supersensit ivity of  
remaining noradrenergic synapses for NE [3] .  

Finally,  the failure of  6-OHDA to disrupt maternal  
behavior in the lactating females even while substantially 
depleting the hypotha lamus  of NE suggests that  the 
maintenance of  maternal  behavior is independent  of  hypo-  
thalamic NE activity,  possibly relying instead on dop- 
aminergic or serotonergic systems. However ,  another  
explanat ion can be offered.  It is well known that the 
lactating females reacts different ly  from her nonlactat ing 
counterpar t  to a variety of  stimuli,  including responsiveness 
to ether stress, shock-induced fighting [7] and re- 
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sponsiveness to pen tobarb i t a l - induced  d is rupt ion  of  tem- 
perature regulat ion [6 ,8] .  The failure of  6-OHDA to 
disrupt  maternal  behavior  in the lactat ing females may also 
be due to al tered responsiveness.  In this case the h o rmo n a l  
and neural  events of  lac ta t ion may alter the sensitivity of  

pos t -synapt ic  receptors  to noradrenergic  s t imulat ion.  That  
is, the lactat ing female may be so highly sensitive to such 
s t imulat ion that  what  little NE remains after 6-OHDA 
infusion is suff ic ient  to suppor t  maternal  behavior.  Addi- 
t ional research is necessary to clarify this possibility.  

REFERENCES 

1. Anton, A. H. and D. F. Sayre. A study of the factors affecting 
aluminum oxide-trihydroxyindoles procedures for the analysis 
of catecholamines. J. Pharmac. exp. Ther. 138: 360-375, 
1962. 

2. Barchas, J., E. Erdely and P. Angwin. Simultaneous de- 
termination of indole- and catecholamines in tissues using a 
weak action exchange resin. Anal. Biochem. 50: 1-17, 1972. 

3. Kostrzewa, R. M. and D. M. Jacobowitz. Pharmacological 
actions of 6-hydroxydopamine. Pharmac. Rev. 26: 200-288, 
1974. 

4. Moltz, H., D. Rowland, M. Steele and A. Halaris. Hypothalamic 
norepinephrine: concentration and metabolism during preg- 
nancy and lactation in the rat. Neuroendocrinology 19: 
252-259, 1975. 

5. Rosenberg, P., L. Leidahl, A. Halaris and H. Moltz. Changes in 
the metabolism of hypothalamic norepinephrine associated 
with the onset of maternal behavior in the nulliparous rat. 
Pharmac. Biochern. Behav. 4: 647-649, 1976. 

6. Stern, J. M. and S. Levine. Psychobiological aspects or 
lactation in rats. In: Progress in Brain Research, Vol. 41, edited 
by D. F. Swaab and D. P. Schade. Amsterdam: Elsevier, 
433-444, 1974. 

7. Thoman, E. B., R. L. Conner and S. Levine. Lactation 
suppresses adrenal corticosteroid activity and aggressiveness in 
rats. J. comp. physiol. Psychol. 70: 364-369, 1970. 

8. Thoman, E. B., A. Wetzel and S. Levine. Lactation prevents 
disruption of temperature regulation and suppresses adreno- 
cortical activity in rats. Communs behav. Biol. 2: 165-171, 
1968. 


