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GOODLETT, C. R., M. L. VALENTINO, O. RESNICK AND P. J. MORGANE. Altered development of responsiveness 
to ehmidine in severely malnourished rats. PHARMACOL B1OCHEM BEHAV 23(4} 567-572, 1985.--To examine 
the effects of malnutrition on the ontogeny of et2 noradrenergic receptor function, we compared the effects of clonidine 
during early development in severely malnourished and well-nourished rat pups. Independent groups of pups from 
dams given either 6% or 25% casein diets received one of five doses of clonidine at 5, 10, 15, 20 or 25 days of age 
and dose-response relationships for motor activity were determined. In the 25% pups the clonidine-induced locomotor 
activity was greatest at 5 and 10 days, intermediate at 15 days and not elevated at 20 and 25 days. The malnourished 
pups exhibited a significant delay in the transition from hyperactivity to hypoactivity, being activated by clonidine 
until at least 25 days. Wall-climbing measures indicated similar developmental trends as overall activity. These results 
are discussed in terms of the proposed mechanisms mediating the developmental change in the effects of a2 receptor 
stimulation. 
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activation 

EARLY malnutr i t ion is known to delay many aspects of 
deve lopment  of  the nervous system. For example ,  the DNA 
synthesis phase of the cell cycle of neurogenesis is prolonged 
[21 ], the rate of  cel lular  migrat ion in the olfactory bulb is 
reduced [8] and the onset of  sensory and motor  functions 
is de layed [1]. In addi t ion,  malnutr i t ion produced by re- 
striction of dietary protein to rat dams has also been reported 
to produce chronic and i r revers ible  e levat ions of brain nor- 
epinephrine,  serotonin and their  metabol i tes  [18, 25, 30]. 
However ,  l i t t le is known about the effects of  malnutr i t ion 
on the ontogeny of monoaminergic receptor function. Given 
the general  delays  in deve lopment  and the permanent  al- 
terations in norepinephrine metabolism resulting from early 
malnutr i t ion,  it is poss ible  that malnutr i t ion alters the de- 
ve lopment  of  noradrenergic  receptor  function.  

One approach that has proved useful in del ineat ing the 
ontogeny of  neurochemical  systems is a developmental  
psychopharmacolog ica l  analysis  [5,27]. Changes in the ef- 
fects of  specific receptor  agonists  or antagonists  during de- 
velopment may provide ontogenetic markers which indicate 
functional  changes in neuronal systems.  For example ,  one 
of the most striking demonstrations of age-related differences 
in behavioral effects elicited by a drug is seen with clonidine 
[19, 24, 28], an a2 adrenergic  agonist  [2, 3, 26]. In the 
first two weeks of  life the predominant  behavioral  effect of  
c lonidine is an increase in locomotor  act ivi ty  including 
stereotypic wal l -c l imbing  when a vert ical  edge is encoun- 
tered. Between 15 and 20 days of  age,  there is a dramatic 
change in the effects of  clonidine, with cataleptic hypoac- 

t ivi ty becoming the predominant  behavioral  effect. Since 
both the act ivat ional  effect of  c lonidine early in life and 
the behavioral  sedation produced in older  animals can be 
blocked by specific c~2 antagonists, it appears that both effects 
may involve a2-adrenoceptors in the central nervous system 
[9, 10, 11, 19, 20]. 

The present  study compared  the effects of  clonidine in 
severely  malnour ished and wel l -nour ished rat pups during 
early development ,  including the period of  transit ion from 
motor  act ivat ion to behavioral  sedation.  The dose-response  
curves obtained across early deve lopment  al lowed us to 
address whether  malnutr i t ion caused a delay in the loss of  
the motor  act ivat ional  effects of  clonidine.  

M E T H O D  

Dietary Treatments 

Subjects  were 296 pups of  the first l i t ters of  Sprague-  
Dawley dams obtained from Charles River  Breeding Lab- 
oratories .  The dams were maintained in our laboratory on 
diets containing ei ther  6% casein or 25% casein (Teklad 
Mil ls ,  Madison,  WI) ,  with the diets insti tuted five weeks 
before mating and lasting throughout gestation and lactation. 
(For a more detai led descr ipt ion of  the diets see [18 and 
25].) On the day of  birth (Day 0), each li t ter was weighed 
and the litter weight and the number of  live pups were 
recorded.  All  pups born on the same day within a part icular  
diet group were placed together  and eight  pups were ran- 
domly assigned to each dam. Those litters tested after 
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TABLE 1 

NUMBER OF SUBJECTS PER GROUP 

Age* 5 10 15 20 

Diet + 6% 25% 6% 25% 6% 25% 6% 25% 

25 

6% 25% 

Saline 5 5 6 5 5 6 4 5 6 5 
0.1 mg/kg 4 6 6 7 6 8 7 6 5 8 
0.5 mg/kg 5 7 7 7 7 6 7 6 5 5 
1.0 mg/kg 5 6 4 7 7 6 6 5 6 7 
2.5 mg/kg 7 5 5 6 6 6 8 6 6 6N, = 296 

* Age in days. 
+ % Casein of the two isocaloric diets provided the dams and offspring. 

TABLE 2 

BEHAVIORAL CATEGORIES USED FOR THE TIME SAMPLING SCORING 
PROCEDURE 

1. Lying Still - On Ventrum or Side 
2. Lying Still - On Back 
3. Locomoting or Turning 
4. Rolling or Kicking on Back 
5. Angled Against Wall - No Treading 
6. Wall-Climbing - Front Paws Treading 
7. Paddling - Front Paws Treading on Floor 
8. Paddling - Back Paws Treading 

9. Twitching or Rhythmic Jerks 
10. Grooming 
11. Rearing 
12. Sniffing 
13. Yawning 
14. Chewing 
15. Defecating 
16. Crouching 

weaning (21 days) were provided the appropriate diet and 
housed four to a cage with their same-sex lit termates until 
the day of  testing. All rats were given food and water ad 
lib and maintained on a 12 hr light: 12 hr dark cycle (lights 
on between 0700 to 1900 hr). 

Design 

The study used a completely randomized factorial design 
having diet, age and dose as the three between-group factors. 
Thus, independent groups of rat pups from the two nutritional 
treatments were tested at 5, 10, 15, 20 or 25 days of  age 
and were given one of  five drug doses. Within each age 
group dose-response relationships were determined using 
the saline vehicle or 0.1, 0.5, 1.0, or 2.5 mg/kg of clonidine 
(see Table 1 for summary of  design and group n 's) .  All 
pups from a litter were tested on the same day and each 
pup was given a single inject ion and tested once. Pups were 
assigned to the drug dose groups such that no more than 
two pups within a litter received the same dose, and at least 
four litters were represented at each dose within each age. 
The drug solutions were coded so that the observer was not 
informed of the dose given.  Behavioral  observations were 
made for 90 minutes beginning 5 minutes after injection of  
the drug (see below). 

Procedure 

All testing was done between 0800 and 1600 hours in a 
room separate from the vivarium. Due to the length of  the 
testing a maximum of  two litters could be tested during this 

period. When possible one litter of  each diet was tested per 
day. 

The pups were observed in one of  four individual cham- 
bers having wire mesh floors and Plexiglas walls 
(18 x 18 x 12.5 cm for 5 and 10 day old pups and 18 x 18 x 19 
cm for 15, 20 and 25 day old pups) placed inside a clear 
plastic incubator (Marsh Manufacturing,  Inc.).  As in pre- 
vious experiments  (e .g . ,  [24]), the ambient temperature 
was maintained at 33°C for the 5 and 10 day olds and 3 1 -  
32°C for the older pups. On the day of  testing the first group 
of four pups from a litter were weighed and placed in the 
chambers for a five minute adaptation period. Following 
the adaptation period each pup was injected subcutaneously 
with the appropriate,  coded dose in a volume of 10 p.1/g 
body weight.  Five minutes after the last pup was injected 
a 90 minute time sampling of behavior was begun with 
observations recorded once every 30 seconds. Each obser- 
vation was recorded as one of  sixteen mutually exclusive 
behavioral  categories (see Table 2), yielding 180 total ob- 
servations per pup. At the end of  the 90 minute test period 
the pups were returned to the dam and the remaining pups 
of  the litter were tested in the same manner. 

Data Analysis 

The data were initially examined as a function of 15 
minute intervals fol lowing injection. In general,  the drug 
effects declined over  time for both groups. Since these 
functions reflected essentially the same results as the total 
scores summed across the 90 minute interval,  for the sake 
of  clarity only the total scores will be reported. The number 
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TABLE 3 
BODY WEIGHT (IN GRAMS) 

Age 5 10 15 20 

Diet 

25 

6% 8.1 ± 0 .7"  9 . 2  ± 0 . 4  11 .9  ± 1.2 15.1 ± 0.9 17.5  ± 1.3 

25% 13.6 ± 1.3 30.0 - 1.1 46.6 ± 1.1 61.5 ± 6.1 83.1 ± 6.3 

* Mean --- standard error of the mean for pups tested at each age. 

of  observat ions  were totaled for each behavioral  category 
and an overal l  act ivi ty  score was obtained by summing the 
counts for locomot ing ,  rol l ing,  wall  c l imbing and paddl ing 
(categories  3 - 8  of  Table  2). Due to the low incidence of  
the grooming,  rear ing,  sniffing and mouthing,  no further 
analyses  were per formed in these measures.  A three-way 
analysis  of  var iance was per formed on the scores of  overal l  
act ivi ty and on the wal l -c l imbing  measure ,  with age,  dose 
and diet  as the three factors.  Tukey ' s  cr i t ical  range test was 
used to compare  group means in allpost hoc mult iple  com- 
par isons.  

R E S U L T S  

Body Weight 

The mean weights  for the 25% and 6% pups at each test 
age are presented in Table 3. Pups from the 6% dams weighed 
less than the 25% pups from birth and throughout  the ages 
tested,  and at 25 days the weights of  the 6% pups were only 
20% of  those reached by the wel l -nour ished  pups.  These 
weights agree with data on the deve lopment  of  pups from 
the 6% paradigm that have been previously  reported by our 
group [25]. 

Effects of Clonidine 

As shown in Fig. 1, c lonidine  induced a dose-dependent  
motor  act ivat ion at younger  but not o lder  ages,  y ie ld ing a 
significant dose × age interact ion for the total act ivi ty  
measure ,  F ( 1 6 , 2 4 6 ) =  8.3, p < 0 . 0 0 1 .  As seen in the left 
panel of  Fig.  1, the 25% pups '  total act ivi ty  levels induced 
by clonidine were greatest at 5 and 10 days, and intermediate 
and signif icant ly lower  at 15 days than at 10 days (Tukey 
test: 0.5 m g / k g , p < 0 . 0 5 ;  2.5 m g / k g , p < 0 . 0 1 ) .  For the 25% 
pups at 20 and 25 days ,  c lonidine  did not induce e levated 
act ivi ty  relat ive to saline controls .  Thus, the act ivi ty levels 
at these older  ages were s ignif icant ly lower than at 15 days 
(Tukey test: p < 0 . 0 1  at the 3 highest  doses) .  

In the 6% group (see right panel ,  Fig. 1) the loss of 
c lon id ine- induced  hyperac t iv i ty  was de layed by about 5 
days,  producing a significant diet × age interact ion,  
F(4,246)  = 15.79, p < 0 . 0 0 1 .  For the 6% pups the act ivi ty 
levels induced by clonidine at 15 days were not significantly 
different  at any dose level  from that induced at 10 days ,  
and a significant reduct ion in c lonid ine- induced  act ivi ty 
between 15 and 20 days occurred only at the 2 highest  doses 
(Tukey test: 1.0 mg/kg,  p <0 .05 ;  2.5 mg/kg,  p <0 .01  ). Fur- 
thermore,  unlike the 25% pups,  a significant reduct ion in 
clonidine-induced activity occurred between 20 and 25 days 
for the 6% pups (Tukey test: 0.1 and 0.5 mg/kg,  p < 0 . 0 1 ,  
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FIG. 1. Mean (and SEM for highest dose) total activity scores as 
a function of age and dose for pups from dams given the 25% 
casein diet (left panel) and from dams given the 6% casein diet 
(right panel). 

1.0 and 2.5 mg/kg,  p < 0 . 0 5 ) .  The observers  reported that 
the older  pups (20 and 25 days for the well nourished group, 
25 days in the malnourished) had long periods of immobility 
with short bursts of  act ivi ty  interspersed throughout  the test 
period.  Since we did not want to disturb the pups to ad- 
minis ter  per iodic  tests for ca ta lepsy,  our scoring procedure 
was insensitive to decreases in activity below saline controls 
and measures  of  this apparent  catalept ic  immobi l i ty  were 
not avai lable .  

In compar ing the effects of  c lonidine between the two 
dietary groups at each age,  no evidence of  differences in 
general  act ivi ty  were seen at 5 days.  The 6% pups were 
significantly less active than the 25% pups at 10 days (Tukey 
test: 0.5 mg/kg, p<0.05;  2.5 mg/kg, p<0.01),  and the 10- 
day old 6% pups were also signif icantly less active than the 
5-day old 6% pups (Tukey test: 0.1,  0.5 mg/kg,  p < 0 . 0 5 ;  
2.5 mg/kg,  p < 0 . 0 1 ) .  This suggests  that by 10 days of  age 
the pups from the dams fed the 6% diet  had developed a 
reduced sensi t ivi ty  to the effects of  c lonidine in producing 
hyperac t iv i ty  in neonates.  The most obvious differences 
between the two dietary groups in response to clonidine 
occurred at 20 days (Tukey test: p<0.01 for all doses of 
c lonidine) .  Here the 6% animals  given clonidine continued 
to show signif icantly e levated act ivi ty  (though less than the 
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FIG. 2. Mean (and SEM) total activity induced by 1 mg/kg of 
clonidine plotted as a function of age for the two dietary groups. 
This illustrates the significant delay in the loss of clonidine-induced 
hyperactivity that normally occurs in the third week of life. 
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FIG. 3. Mean number of wall-climbing counts (category 6 of Table 
2) graphed as a function of age and dose. Note the continued wall- 
climbing activity induced by clonidine induced in the 6% pups at 
20 days of age. 

15 day old 6% pups) ,  while the 25% pups did not. Even at 
25 days the 1.0 mg/kg dose of  c lonidine produced a sig- 
nificant increase in act ivi ty  relat ive to saline controls  in the 
6% pups (Tukey test: 1.0 mg/kg, p<0.05).  

The deve lopmenta l  delay of  the 6% pups is c lear ly il- 
lustrated in Fig.  2 showing the mean act ivi ty scores for 
each age at the 1.0 mg/kg dose of  clonidine.  Whi le  there 
was a sharp decl ine in act ivi ty  from 15 to 20 days in the 
25% animals ,  the decl ine was more gradual  for the 6% pups 
with these animals  remaining at e levated act ivi ty levels 
until at least 25 days. This delay in the loss of  clonidine- 
induced hyperac t iv i ty  in the 6% pups suggests  a delay in 
the funct ional  maturat ion of  the substrate(s)  which mediate  
the reduced locomotor  act ivi ty  in the older  pups fol lowing 
c lonidine adminis t ra t ion.  

We analyzed the frequency counts of  wal l -c l imbing in 
addi t ion to the overal l  act ivi ty scores since wal l -c l imbing 
is one of  the character is t ic  features of  c lonid ine- induced 
activation (see Fig. 3). In general, the developmental trends 
were s imilar  to those of  overal l  act ivi ty ,  with more wall-  
c l imbing induced at the younger  rather than the older  ages 
(dose x age interaction:  F ( 1 6 , 2 4 6 ) = 4 . 2 ,  p < 0 . 0 0 1 ) .  As 
with the total activity measure, the loss of clondine-induced 
wal l -c l imbing  was de layed by about five days in the 6% 
group, contributing to the significant diet x age interaction, 
F(4,246)  = 2.48,  p < 0 . 0 5 .  In teres t ingly ,  the 5-day old 6% 
pups given clonidine showed significantly less wall-climbing 
at the three highest doses than their 25% counterparts (Tukey 
test: 0.5 mg/kg, p<0.05;  1.0 mg/kg, p<0.01;  and 2.5 mg/ 
kg p<0.01).  It appeared that this resulted from a motoric 
immatur i ty  of  the malnour ished pups,  since it was observed 
that the 5 day old malnourished pups were poorly developed, 
were less coordinated  in their  movements  and less capable  
of  mainta in ing the balance necessary for long bouts of wall-  
c l imbing.  This was also apparent  as an increase in rol l ing 
behavior in the malnourished pups relative to the 5 day old 
c lonid ine- t rea ted  25% pups.  

D I S C U S S I O N  

The malnour ished rat pups exhibi ted a developmenta l  

delay of  the change in the effects of  c lonidine from hyper- 
act ivi ty  to sedat ion,  indicat ing a delay in the maturat ion of  
the substrates mediat ing this change.  While  we cannot dis- 
count the poss ib i l i ty  of  pharmacokinet ic  differences in the 
dis tr ibut ion or metabol i sm of  c lonidine between well-nour-  
ished and malnourished rats,  it seems unl ikely that such 
potent ial  differences would result  in s imilar ,  but delayed,  
effects of  c lonidine in malnour ished rats. 

While  the mechanisms responsible  for the transit ion in 
the behavioral  effects of  c lonidine from hyperact iv i ty  to 
sedation during the third week of  life are not known, it is 
clear  that both types of  effects are related to actions of 
c lonidine at et2 sites. Both the hyperact iv i ty  produced by 
clonidine in 7-day old rats [19] and the reduced act ivi ty 
seen in 20-day old [20] or adult  rats [11] are blocked by a 
variety of  et2 antagonist  drugs.  

At least  four poss ible  al ternat ives may account for the 
developmenta l  change in the effects of  c lonidine in normal 
rats which could be delayed in our malnourished rats. Firs t ,  
there may be a developmenta l  onset of pre-synapt ic  regu- 
lation of noradrenergic transmission reflecting the functional 
maturat ion of  presynapt ic  receptors  on NE terminals  [29] 
or cell bodies [6, 7, 31, 32], or the maturation of epinephrine 
regulat ion of  noradrenergic  neurons via et2 receptors  [22]. 
However,  it seems unlikely that there is a dramatic functional 
onset of ct2 receptor-mediated inhibition of NE transmission 
in the third week of  life. Kel logg and Wennerstrom [15] 
showed that c lonidine pretreatment  prevented the loss of  
NE from the cortex and brainstem fol lowing inhibit ion of  
tyrosine hydroxylase  as early as 4 days of  age, indicat ing 
the presence of  functional  et2 receptors  which can exert  
presynapt ic  control  over  NE release.  

It has been suggested that the developmenta l  change in 
the effects of  c lonidine may be due to regional  differences 
in the deve lopment  of at2 receptors  [14,15]. Hart ley and 
Seeman [14] examined ct 2 receptor binding in the mesolimbic 
region,  frontal cortex,  hypothalamus and hippocampus as 
function of age and found large increases in ct2 receptor  
numbers in the mesol imbic  area between 7 -15  days and 
later between 2 1 - 2 8  days.  It is unl ikely  that these growth 
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phases could directly account for the dramatic behavioral 
change in the effects of clonidine between 15-20,  a time 
when the receptor numbers in the mesolimbic area was at 
a plateau according to their data. Still, regional differences 
in the ontogeny of et2 receptors cannot be excluded as a 
viable alternative to explain the developmental  change in 
c lonid ine ' s  effects on activity. 

It is also possible that clonidine acts on et2 receptors 
located on other neurons ( i .e . ,  a post-synaptic effect) and 
that a developmental  maturation of the modulation of these 
systems occurs. For example,  recent studies using tissue 
from adult rat brain have demonstrated that NE inhibits 
release of serotonin from cortical slices [13], from hippo- 
campal slices [12] and from cortical synaptosomes [23], 
and these effects were blocked by phentolamine or yo- 
himbine.  Raiteri et  al. [23] proposed that there are at least 
two forms of the or2 receptor, one receptor which inhibits 
neurotransmission of NE and most likely is located pre- 
synaptically to the NE terminal,  and one which inhibits 
release of serotonin and most likely is located on serotonin 
terminals but post-synaptic to noradrenergic terminals.  The 
suggestion that the clonidine-induced sedation may be related 
to the development  of direct alpha2-adrenergic modulation 
of serotonin transmission receives support from Zebrowka- 
Lupina et  al. [33]. They reported that clonidine produced 
hyperactivity in adult rats that had been given 6-hydroxy- 
dopamine lesions plus reserpine or PCPA but not when either 
treatment was given alone, indicating that depletion of 5- 
HT plus the destruction of the noradrenergic cells by 6- 
OHDA may be necessary for the appearance of clonidine- 
induced hyperactivity in adult rats. 

As a fourth alternative, other neurochemical  systems 
which may not be directly influenced by noradrenergic sys- 
tems but which influence motor activity in parallel with 
noradrenergic neurons, may develop inhibitory control over 
motor activity in the third week of life. A recent report [ 17] 
indicates that in 17 day old rats treated with cholinergic 
antagonists,  c lonidine produced hyperactivity and wall- 
c l imbing,  typically not seen at this age in normal rats. De- 
velopment of inhibitory cholinergic influences over activity 
and arousal by the end of the third week of life had been 
demonstrated in earlier developmental  psychopharmaco- 
logical studies [4]. If, as these results suggest, clonidine 
fails to elicit hyperactivity after 20 days because of the 
development of some tonic cholinergic inhibitory control,  
then the delay in the transition from activation to sedation 
seen in the malnourished pups may be due to a delay in the 
functional development of cholinergic systems. 

While the underlying processes mediating the develop- 
mental change in c lonidine- induced behavior remain to be 
clarified, it is clear that the severely malnourished pups 
were delayed in the loss of clonidine-induced hyperactivity. 
We are presently examining the development of adrenergic 
receptor binding to determine whether differences exist in 
the development  of these receptors as a consequence of 
malnutri t ion.  By correlating changes in the ontogeny of et2 
receptors (or changes in the functional development of other 
neurotransmitter systems as well, from the above discussion) 
with the observed delay in the reversal of the effects of 
clonidine,  we may be able to better understand the effects 
of protein malnutr i t ion on the developing nervous system 
and, eventually,  on the development of behavior. 
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