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Summary. The effects of alteration of thyroid state on 
neurochemical maturation have been studied in rats 
made hypothyroid by daily injections of methimazole or 
hyperthyroid by daily supplementation with thyroid hor- 
mone (T3) from postnatal days 1 to 27. Biochemical 
assays on seven brain regions plus the spinal cord were 
carried out on 14 and 28 day-old rats as well as in adult 
rats after at least 40 days of recovery. 2',3'cyclic nucleo- 
tide phosphohydrolase (CNPase), a specific marker for 
oligodendrocytes and myelination was significantly de- 
creased in all regions except the spinal cord of hypothy- 
roid rats. The astrocytic marker glutamine synthetase 
(GS) was slightly increased in the hippocampus of hypo- 
thyroid rats. Choline acetyltransferase (CHAT), a specific 
marker for cholinergic neurons, was decreased in the 
prefrontal and visual cortices, the striatum and the 
superior colliculus and increased in the cerebellum of 
hypothyroid rats; in addition, the enzyme activity was 
increased in the prefrontal cortex and striatum and de- 
creased in the cerebellum of hyperthyroid rats. Acetyl- 
cholinesterase (ACHE) activity was decreased in the pre- 
frontal cortex and in the striatum of hypothyroid rats 
while 3H-quinuclidynil benzilate (QNB) muscarinic 
binding was decreased in all cortical areas and in the 
hippocampus of hypothyroid rats. Glutamate decar- 
boxylase (GAD), a specific marker for GABAergic neu- 
rons, was decreased in the cortical areas of hypothyroid 
rats. Aromatic amino acid decarboxylase (AAD), a 
general marker for monoaminergic neurons, was unaf- 
fected. Alteration of neurochemical parameters was 
never observed in the spinal cord. Under our experimen- 
tal conditions, the effects of alteration of thyroid state 
appeared graded and selective with respect to temporal, 
regional and cellular parameters. 
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Introduction 

The effects of neonatal dysthyroidism on brain matura- 
tion have been the subject of numerous investigations 
(Legrand 1983; Dussault and Ruel 1987; Vaccari 1988). 
A general conclusion of these studies in the rat is that 
nerve tissue is particularly sensitive to the action of thy- 
roid hormone during a temporally restricted postnatal 
period which roughly corresponds to the time of ac- 
quisition of specific morphological, functional and 
biochemical properties from the various cell types. This 
notion is also supported by the fact that nuclear triiodo- 
thyronine (T3) receptors in the rat brain peak at an early 
postnatal stage and then decrease substantially towards 
adult values (Valcana and Timiras 1978; Dussault and 
Ruel 1987). 

In addition to anatomical and behavioural studies 
concerning the effects of thyroid hormone on brain mat- 
uration, interest has been recently focussed on the rela- 
tionship between neonatal dysthyroidism and acquisition 
of biochemical markers specific for maturation of neuro- 
nal and glial cell types. This aspect is currently under 
active investigation both in vivo and in vitro (Legrand 
1983; Dussault and Ruel 1987; Vaccari 1988). 

From some of the in vivo studies, it appears that not 
only are the effects of neonatal dysthyroidism temporally 
restricted but also that these effects may be specific with 
respect to the brain region under examination and to the 
various cellular types. For neurons, in particular, the 
selectivity of the effects may be in some way related to 
the different neurotransmitters used by different neuro- 
nal populations (Kalaria and Prince 1985,1986; Patel et 
al. 1987a, b). The above mentioned suggestions come 
from a variety of studies dealing with various neuro- 
chemical markers in few, and sometimes relatively large, 
brain subdivisions and employing different schedules of 
antithyroid treatments or thyroid hormone supplementa- 
tion. 

The aim of the present study was to investigate the 
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effects o f  p o s t n a t a l  a l t e ra t ion  o f  t hy ro id  s tate  on  a num-  
ber  o f  neu rona l  and  glial  chemica l  m a r k e r s  in several  
discrete b ra in  regions  as well as in the  spinal  cord .  Select- 
ed b ra in  regions  were:  the  p re f ron ta l ,  f ron ta l  sensory-  
m o t o r  and  occ ip i ta l  visual  cort ices,  h i p p o c a m p u s ,  stri- 
a tum,  super io r  col l iculus and  cerebel lum.  The  neuro-  
t r ansmi t t e r  m a r k e r s  s tudied  were re la ted  to chol inerg ic  
and  cho l inocep t ive  neurons  (chol ine ace ty l t ransferase ,  
CHAT;  ace ty lchol ines terase ,  ACHE;  3[H]-quinucl idinyl  
benzi la te ,  Q N B ,  musca r in ie  b inding) ,  G A B A e r g i c  neu- 
rons  (g lu tamate  deca rboxy lase ,  G A D )  and  m o n o a m i n e r -  
gic neurons  ( a roma t i c  a m i n o  ac id  decarboxylase ,  A A D ) .  
Gl ia l  ma rke r s  were:  g lu t amine  synthe tase  (GS),  a selec- 
tive m a r k e r  for  as t rocytes  (Patel  et al. 1983; F o n n u m  
1985) and  2 '3 ' -cycl ic  nuc leo t ide  p h o s p h o h y d r o l a s e  
(CNPase) ,  a specific m a r k e r  for  o l i godend rocy t e s  and  
myel in  ( G o u l d  1985). The  t e m p o r a l  span  o f  the effect was 
m o n i t o r e d  by  measu r ing  the neurochemica l  p a r a m e t e r s  
a t  m i d w a y  and  at  the end o f  the  exper imen ta l  t r e a tmen t  
as well as in adu l t s  an imals  which  were a l lowed to recover  
for  a t  least  40 days .  

Methods 

Animals 

Non primiparous Wistar female rats were caged together with adult 
males of the same strain. Pregnant females were individually caged 
until partum and during lactation. 

Rats were kept at constant 22-24 ~ C temperature under a 12 
hour light/12 hour dark cycle (illumination lasting from 7 a.m. to 
7 p.m.). Starting from postnatal day 1 (i.e. the day after birth) each 
litter was reduced to six pups (usually three males and three 
females). Two pups of each litter were injected daily with the 
anti-thyroid drug methimazole (Aldrich, 20 mg/kg dissolved in 
saline, s.c.) (Vaccari et al. 1983); two pups were injected daily with 
L-triiodothyronine (Aldrich, 20 lag/kg dissolved in 0.1 N NaOH and 
brought to pH 7-7.4 with HC1 before use, s.c.); the remaining two 
pups were used as control for the experimental conditions: they 
were removed from the dam and manipulated in a way similar to 
that of experimental pups but they did not receive any injection. 
Pups belonging to the different experimental groups were marked 
with non-toxic colours on their back. Rats were weaned on day 23. 
The treatment lasted from postnatal day 1 to postnatal day 27 
(injections being made between 4-6 p.m. of each day) and resulted 
in negligible mortality. Doses were selected from data available in 
the literature (Rastogi et al. 1976; Vaccari et al. 1983) after prelimi- 
nary experiments which resulted in substantial mortality of pups for 
higher drug doses (in particular for higher doses of T3). Every 
experimental procedure adopted to provoke dysthyroidism, and in 
particular the use of goitrogen drugs, has its disadvantages and 
unfavourable side effects (see Vaccari 1988, for a comprehensive 
discussion). The use of individual injections of the anti-thyroid drug 
methimazole (Rastogi et al. 1976; Vaccari et al. 1983 ; Gottesfeld et 
al. 1987), instead of the more widely used method of feeding the 
lactating mother with propylthyouracil (Patel et al. 1980; 1987a, b) 
does not make the mother itself hypothyroid and has the additional 
advantage of allowing the comparison between animals belonging 
to the same litter. It is also noteworthy to recall that recent data 
(Sherer and Bull 1989) suggest that the doses of propylthyouracil 
commonly used (50 rag/dam/day ) are several times higher than 
those which result in a maximal decrease of circulating thyroid 
hormone, thus increasing the possible occurrence of unwanted side 
effects. A possible problem with the use of individual injections of 
methimazole or T3 to selected pups of the same litter may reside in 

nutritional differences, the hyperthyroid pups showing a more ac- 
tive and aggressive behaviour. To minimize such differences we have 
used experienced (non primiparous) mothers and we have reduced 
to six the number of the pups. Under these conditions it is very 
unlikely that nutritional differences have occurred since feeding 
competition is practically abolished. Neurochemical determinations 
were carried out on 14 and 28 day-old rats as well as on adult rats 
(67-70 day-old males and 72-78 day-old females) which had been 
allowed to recover for at least 40 days after the last treatment. 
Experimental groups at 14 and 28 days of age were composed of 
approximately the same number of males and females while adult 
experimental groups were exactly composed of the same number of 
males and females. 

Neurochemical assays 

For each experiment, groups of animals from the same litter were 
killed by decapitation, the brain and the spinal cord were quickly 
removed and kept in ice. The thoracocervical spinal cord was 
homogenized in 0.32 M sucrose; the brain was weighed and the 
cerebellum was dissected and homogenized in 0.32 M sucrose. The 
rest of the brain was cut in the cold room in transverse slices 
(400-500 lain thick) with a Sorvall tissue chopper and selected 
regions were obtained by microdissection under the stereomicro- 
scope. Each region was homogenized in 0.32 M sucrose (50-70 
mg/ml). Aliquots of the homogenates were added with Triton 
X-100 (0.5 % final concentration) and used for the determination of 
ChAT (Fonnum 1975), AChE (Ellman et al. 1961), GAD (Fonnum 
et al. 1974), AAD (McGeer et al. 1973) and GS (Berl 1966), modi- 
fied with the addition of 1 mM ouabain to the incubation medium 
(Patel et al. 1983). For CNPase determination, homogenates were 
treated with sodium deoxycholate (0.4% final concentration) and 
samples were incubated at 30 ~ C (Prohaska et al. 1973). For QNB 
binding the homogenates were diluted with 0.32 M sucrose in order 
to obtain an approximate final concentration of 50 lag protein/ 
sample, The assay was essentially run as described by Coyle and 
Yamamura (1976) using 1 hour incubation at 25 ~ C with a fixed 
concentration of 2 nM 3H-QNB (NEN) and 100 laM oxotremorine 
as a cold displacer. Separation was made by filtration with a 12 
channel Skatron cell harvester. Proteins were determined by the 
method of Lowry et al. (1951). 

Statistical analysis 

Results were subjected to analysis of variance with two way classifi- 
cation, the two criteria of classification being the experimental 
treatments and the ages at which observations had been made. Since 
a relationship of direct proportionality existed between the absolute 
values of the means and their respective variances at the different 
ages, the data were subjected to logarithmic transformation before 
the analysis of variance was performed (Snedecor and Cochran 
1982). The F value obtained for the second criterion of classification, 
namely age, was always highly significant, while the corresponding 
F value using treatment as the criterion was only significant for 
some neurochemicaI markers in specific brain regions as illustrated 
in the tables and/or mentioned in the Results section. In these cases 
the common standard error obtained by the residual variance of the 
analysis of variance was used to evaluate the statistical significance 
of the hyperthyroid and hypothyroid treatments by means of Dun- 
can's t-test. 

Results 

Assessment of treatment efficacy 

Several  g rowth  and  b e h a v i o u r a l  p a r a m e t e r s  were a l te red  
in h y p o t h y r o i d  and  h y p e r t h y r o i d  ra ts  as c o m p a r e d  to 



Table 1. Effect of postnatal alteration of thyroid state on brain 
and body weight 

Body weight (g) Brain weight (g) 

14 days 

C (21) 30.7_+0.5 1.142_+0.013 
TX (21) 27.2_+0.8** 1.122_+0.015 
T3 (19) 29.6_+0.7 1.084_+0.011"* 

28 days 

C (17) 70.7-t-2.9 1.454-1-0.018 
TX (18) 41.2_+2.0"** 1.314_+0.030"** 
T3 (18) 71.5_+3.1 1.358_+0.022"* 

Adults 

C (14) 267_+ 13 1.829 _+ 0.028 
TX (14) 222_+ 10" 1.713 _+0.023*** 
T3 (14) 250_+ 14 1.718_+ 0.031"* 

Values are the mean _+ S.E. of the number of animals reported 
in brackets. C: control animals; TX: hypothyroid animals; T3: 
hyperthyroid animals. Statistical significance of the differences with 
respect to controls (Student's t-test): *p<0 .05 ;  **p<0.01;  
*** p < 0.005 

controls, in a way similar to that reported by others for 
comparable experimental conditions (Balazs et al. 1971; 
Rastogi et al. 1976; Vaccari et al. 1983; Kalaria and 
Prince 1986; Gottesfeld et al. 1987). Eyelid opening was 
advanced by about 3 days in hyperthyroid pups while it 
was delayed by 3-5 days in hypothyroid ones. Body 
growth was severely retarded (up to -42%)  in hypothy- 
roid rats (Table 1). A substantial recovery took place in 
adults, although the body weight of hypothyroid rats was 
still significantly lower (by 17 %) as compared to control 
rats of the same sex and age. The brain weight of 28 
day-old hypothyroid rats was reduced in comparison to 
controls but to an extent much lower than the reduction 
in body weight ( -  11%). As a consequence, the brain/ 
body weight ratio was significantly higher in hypothyroid 
than in control rats at this stage. In adults, the brain 
weight of hypothyroid rats remained slightly but signifi- 
cantly reduced in comparison to controls ( -6%).  The 
brain weight of hyperthyroid rats was slightly decreased 
in comparison to controls at every age ( -  10% to - 6%). 

Methimazole-treated rats showed other characteris- 
tic features of hypothyroid condition, particularly ev- 

Table 2. Effect of alteration of thyroid state on a specific markers 
(mmoler/g prot/h) 
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ident between the second and the fourth week of age: 
they were obviously of much smaller size with a shorter 
and round body, a shorter tail and snout and abnormal 
subcutaneous accumulation of fat. Behaviourally, hypo- 
thyroid rats were considerably less active than controls 
while hyperthyroid rats showed a greater excitability and 
motor activity. 

In order to obtain additional information about the 
extent of thyroid deficiency in methimazole-treated rats, 
serum levels of T3 and T4 hormones were measured by 
radioimmunoassay in pups at 14 days of age, approxi- 
mately 16-18 hours after the last administration of 
methimazole. Both T3 and T4 levels were significantly 
lower in methimazole-treated pups (T3: Control, 
51 4- 1.5; Methimazole-treated, 23 4- 0.1 ng/100 ml. T4: 
Control, 3.35 • 0.12; Methimazole-treated, 2.01 4- 0.02 
lag/100 ml. Means 4- S.E. of 4-5 determinations). 

Theoretically, a rigorous experimental design would 
have required two control groups of rats, one injected 
with the vehicle used for T3 and the second with the 
vehicle used for methimazole. In order to keep down the 
number of animals to be used and to allow the com- 
parison of hypothyroid and hyperthyroid rats with the 
same controls, we have used a single control group which 
did not receive any vehicle injection. Control pups, how- 
ever, were manipulated in a way similar to that of experi- 
mental animals, in order to minimize differences due to 
the stress caused by the experimental procedure. 

Glial celLrelated markers 

All the values for neurochemical markers are expressed 
as specific activity/unit of protein weight. No significant 
differences in protein content/unit of weight were mea- 
sured at the different developmental stages in the various 
regions examined (data not shown). 

Analysis of variance showed that CNPase levels were 
significantly affected by dysthyroidism in all the regions 
examined (Table 2) with the exception of the spinal cord 
(not shown). Enzyme activity was decreased by a maxi- 
mum of 30-45% in hypothyroid rats at 14 and 28 days, 
while some recovery was apparent in adults. Hyper- 
thyroidism did not significantly affect CNPase levels at 
any stage. 

for oligodendrocyter 2',3'-Cyclic Nucleotide 3'-phosphohydrolase 

Age Prefrontal-cortex Frontal-cortex Visual-cortex Hippocampus Striatum Colliculus sup. Cerebellum 

C TX T3 C TX T3 C TX T3 C TX T3 C TX T3 C TX T3 C TX T3 

14days (9) 15.6 11.1 a 16.5 24.015.3 b 25.8 18.4 11.3 b 17.7 37.7 23.0" 41.8 29.5 19.7" 38.1 21.9 15.8 a 27.3 56.9 43.9 61.2 
28 days (8) 30.6 17.7 a 34.4 58.3 31.8 b 63.8 59.1 33.3 b 59.0 135 117 128 100 83.4 98.3 144 104 a 141 108 76.3 104 
Adults(6) 47.5 34.9 42.8 106 84.1 99.7 94.8 70.9 92.1 154 160 154 131 118 130 196 193 191 121 122 111 

Common 
S.E. 2.9 4.3 5.3 8.7 7.0 9.8 11.2 
Treatment p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 
Interaction n.s. n.s. n.s. p<0.05 n.s. n.s. n.s. 

Results are the mean of experiments carried out on the number of  animals reported in brackets. 
C control rats; TX hypothyroid rats; T3 hyperthyroid rats. 
"p<0 .05 ;  b p<0.01 



558 

Table 3. Effect of postnatal alteration of thyroid state on cholinergic neurons. Choline Acetyltransferase (gmoles/g prot/h) 

Age Prefrontal-cortex Frontal-cortex Visual-cortex Hippocampus Striatum Colliculus sup. Cerebellum 

C TX T3 C TX T3 C TX T3 C TX T3 C TX T3 C TX T3 C TX T3 

14 days (8) 
28 days (9) 
Adults (12) 
Common 
S.E. 
Treatment 
Interaction 

13.8 10.1 b 17.4 b 16.9 13.2 b 18.1 11.6 8.73 b 12.6 18.3 15.8 a 21.0" 89.7 50.06105 a 19.5 16.6 a 20.8 5.18 7.57 b 3.70 a 
35.5 32.7 38.6 29.3 30.0 29.4 29.1 28.2 29.8 35.9 38.1 37.0 200 163 b 219 44.1 42.0 46.3 3.66 4.22 4.62 
45.3 44.1 48.0 35.2 35.1 34.7 36.4 34.5 35.1 46.3 47.5 45.0 259 218" 261 53.2 54.2 52.2 4.18 4.55 4.57 

1.2 1.2 1.2 1.5 3.7 1.7 0.39 
p<0.01 n.s. p<0.01 n.s. p<0.01 p<0.05 p<0.01 
p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.05 p<0.01 

Results are the mean of experiments carried out on the number of animals reported in brackets. All indications are the same of Table 2 

While a slight increase in GS activity was observed 
in some brain regions of hypothyroid rats at 14 days, the 
overall activity of this enzyme was not significantly af- 
fected by hypothyroidism, except in the hippocampus 
where an increase of 32% was measured at 14 days. No 
alterations of GS related to hyperthyroid conditions were 
observed (not shown). 

ChAT activity for which a significant interaction was 
demonstrated in all the regions with the exception of the 
spinal cord (Table 3). Furthermore a significant interac- 
tion was noticed for CNPase activity in the hippocampus 
(Table 2). 

Discussion 

Neurotransmitter~related markers 

The cholinergic/cholinoceptive markers were differential- 
ly affected. Overall significant differences were recorded 
in the prefrontal and visual cortices, the striatum, the 
superior colliculus and the cerebellum for ChAT (Table 
3), in the prefrontal cortex and striatum for AChE (not 
shown), and in the cortical regions and hippocampus for 
QNB binding (not shown). Individual comparison of 
each experimental treatment at the various stages with 
respect to controls (Table 3), indicated in most cases a 
significant decrease of activity in hypothyroid rats (up to 
a maximum of -45% for ChAT in the striatum at 14 
days) with the exception of the cerebellum where ChAT 
activity was increased in 14 day-old hypothyroid rats 
(+  46%). Only in the prefrontal cortex and the striatum 
was there a significant increase (up to + 26% at 14 days) 
of ChAT levels in hyperthyroid rats in comparison to 
controls. In contrast, ChAT levels decreased by 29% in 
the cerebellum of hyperthyroid rats at 14 days of age 
(Table 3). In the striatum, AChE was decreased to a 
maximum of 19 % in hypothyroid rats while it was in- 
creased to the same extent in hyperthyroid rats at 14 days 
of age (not shown). The decrease of QNB binding was 
only apparent at 14 days of age in hypothyroid rats and 
reached a maximum in the prefrontal cortex ( -  37%) as 
compared to controls. No effect of the hyperthyroid 
conditions on this binding was noticed (not shown). 
AAD was unchanged at every developmental stage in all 
the brain regions examined (not shown). GAD was sig- 
nificantly affected in the three cortical areas, the effect 
being due to decrease of enzyme activity in hypothyroid 
condition (up to -26% in the frontal cortex at 14 days). 
No effects were noticed for the spinal cord in either 
hypothyroid or hyperthyroid conditions. 

The value of the interaction parameter between treat- 
ments and ages given by the analysis of variance, was not 
significant in most cases with the relevant exception of 

Our systematic study confirms and adds new data to 
previous evidence ( Rastogi et al. 1976; Patel et al. 1980; 
Legrand 1983; Vaccari et al. 1983; Kalaria and Prince 
1985, 1986; Dussault and Ruel 1987; Patel et al. 1987a; 
1989a) that neonatal dysthyroidism differentially affects 
glial and neuronal chemical markers depending on the 
brain region and the neurochemical marker considered. 
Under our experimental conditions, these neurochemical 
alterations were almost exclusively linked to thyroid hy- 
pofunction since supplements of  exogenous T3 produced 
only marginal and transitory effects on the biochemical 
maturation of the brain. Previous data (Rastogi and Sin- 
ghal 1976; Ito et al. 1977; Smith et al. 1980; Vaccari et al. 
1983) suggest that higher doses of T3 or administration 
of T4 instead of T3 may result in more significant altera- 
tions of some neurochemical markers in hyperthyroid 
rats. In our hands, as stated before, higher doses of T3 
(40-100 gg/kg body weight) resulted in high mortality. 
For this reason, we selected a dose (20 gg/kg) wich 
resulted in practically no mortality while producing so- 
matic effects clearly related to the hyperthyroid conditions 
(advanced eyelid opening, hyperactivity, decreased brain 
weight). Furthermore, our hyperthyroid rats showed in 
a limited number of cases significant increases of some 
neurochemical parameters (see below and Tables 3 and 4). 

Among the glial cell-related markers examined in the 
present study, CNPase activity proved to be highly sen- 
sitive to thyroid hormone deprivation since it was signifi- 
cantly reduced in all regions, except the spinal cord, of 
hypothyroid rats. This fits with the well-known impair- 
ment of myelination in hypothyroid rats (Legrand 1983; 
Dussault and Ruel 1987) and confirms that oligodendro- 
cytes are a preferential target for thyroid hormone during 
development, consistent with the recent finding of nu- 
clear receptors for T3 in oligodendrocytes, at least under 
in vitro culture conditions (Sarlieve et al. 1988). The 
presence of a statistically significant interaction between 
treatments and ages for the hippocampus, suggests that 
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the early effect of hypothyroidism on myelination is re- 
versed in this region at later developmental stages. 

After completion of the present study a paper on the 
effect of hypothyroidism on CNPase levels in the rat 
cortex, hippocampus and cerebellum has been published 
(Patel et al. 1989a). The results are in general agreement 
with our findings with some minor differences, possibly 
due to the different method to provoke experimental 
hypothyroidism. 

At variance with oligodendrocytes, astrocytes seem 
to be rather insensitive to dysthyroidism as suggested by 
the relative stability of the specific marker GS. Only in 
the hippocampus, hypothyroidism resulted in significant 
increase of GS. This may result from indirect stimulation 
of astrocyte metabolism following a reduction in the 
maturation rate of neurons (Patel et al. 1989a). The 
possibility of direct effects of thyroid hormone on as- 
trocytes cannot, however, be ruled out (Madarasz 1987). 
Previous reports on the effect of hypothyroidism on 
astrocytic markers in the rat hippocampus had given 
conflicting results (Rami and Rabie, 1988; Patel et al. 
1989a). 

Among neurotransmitter-related markers, AAD was 
not affected by dysthyroidism, whereas cholinergic and 
GABAergic markers showed region-specific alterations. 

The cholinergic innervation of several brain regions 
appeared particularly sensitive to neonatal hypo- 
thyroidism and in at least two cases (the prefrontal cortex 
and the striatum) also to the hyperthyroid condition. 
Patel et al. (1987a) have recently described a transient 
decrease of ChAT in the cortex and hippocampus of 
hypothyroid rats. The same authors found, in addition, 
a permanent decrease of ChAT in a large "basal fore- 
brain" region which included the thalamus, striatum and 
septum in addition to the basal telencephalon proper. 
These findings, together with the demonstration of a 
synergistic effect of thyroid hormone and nerve growth 
factor ( Hefti et al. 1986; Hayashi and Patel 1987; Patel 
et al. 1988a; Patel et al. 1989b), may suggest that thyroid 
hormone deprivation during development does 
preferentially affect some of the neurons of the basal 
forebrain which are responsible for cortical and hippo- 
campal cholinergic innervation and which are known to 
be a major target for endogenous nerve growth factor 
(Seiler and Schwab 1984; Mobley et al. 1986). It is, 
however, unlikely that this effect is permanent since 
cholinergic levels return to normal in the cortex and 
hippocampus of adults (Patel et al. 1987a and present 
results). In agreement with that, a recent immunohis- 
tochemical study (Gould and Butcher, 1989) has shown 
accelerated maturation of cholinergic cells in the basal 
forebrain of hyperthyroid rats and delayed maturation 
in hypothyroid rats during development without per- 
manent effects in the adult. The permanent decrease 
found by Patel et al. (1987a) in their "basal forebrain" 
samples may be primarily due to the permanent decrease 
occurring in the striatum (Kalaria and Prince, 1985 and 
the present results) and possibly in other regions not yet 
individually tested, such as the thalamus. It is relevant to 
stress the fact that analysis of variance of our data on 
CHAT, which is the most specific marker for cholinergic 

innervation, has demonstrated the existence of a signifi- 
cant interaction between treatments and ages in all re- 
gions except the spinal cord. This suggests that the effect 
of experimental dysthyroidism is more effective at earlier 
developmental stages and it is then counteracted by the 
developmental modifications of some endogenous factor. 
In view of the sensitivity of brain cholinergic neurons to 
nerve growth factor and of the synergistic action between 
thyroid hormone and nerve growth factor (Seiler and 
Schwab 1984; Hefti et al. 1986; Mobley et al. 1986; 
Hayashi and Patel 1987; Patel et al. 1988a; Patel et al. 
1988b), it is tempting to speculate about the possibility 
that a developmental increase of nerve growth factor 
production may be able partially or totally to counteract 
the earlier dependence of cholinergic neurons on thyroid 
hormone. Available data on NGF accumulation in some 
brain regions of the rat during development are in appar- 
ent agreement with this possibility since NGF levels in 
the cortex, hippocampus and basal forebrain dramatical- 
ly increase between the 10th and the 20th postnatal days 
(Large et al. 1986; Auburger et al. 1987). 

The contrasting pattern of dysthyroidism-induced 
alterations on cerebellar cholinergic markers has been 
previously noticed by others (Patel et al. 1980; Patel et 
al. 1987b) and the explanation is likely to reside in the 
unique developmental profiles of cholinergic markers in 
the cerebellum (Coyle and Yamamura 1976; Virgili et al. 
1990). The highest cholinergic levels are indeed measured 
in the rat cerebellum at early postnatal stages (Coyle and 
Yamamura 1976; Virgili et al. 1990) and they thereafter 
decrease towards adult values, the effect being ascribed 
to the fact that the early-developing archicerebellum is 
richer in cholinergic innervation than the late-developing 
paleo- and neocerebellum (Patel et al. 1980). Since the 
main effect of thyroid hormone is to accelerate cerebellar 
maturation, the process of natural decrement of choliner- 
gic levels is delayed in hypothyroid rats while it is ac- 
celerated in hyperthyroid condition. 

The results for AChE activity only in part paralleled 
those obtained for CHAT, presumably reflecting the fact 
that AChE is not only a marker for cholinergic neurons 
but also for neurons receiving cholinergic synapses but 
using different neurotransmitters at their own termina- 
tions (Bradford 1986). 

The differences recorded for muscarinic binding in 
the cortices and hippocampus, are probably due to the 
impaired development of dendritic trees which is one of 
the most obvious structural alterations of cortical and 
hippocampal neurons in cases of thyroid hypofunction 
(Legrand 1983; Ipina and Ruiz-Marcos 1986; Rami et al. 
1986). 

GAD was only affected in the cortical regions, the 
effect being clearly due to a decrease in hypothyroid 
condition. 

The comparison of the results obtained for markers 
of different neurotransmitter systems may suggest some 
sort of specificity of developmental dysthyroidism for 
neurons utilizing given neurotransmitters. The striatum 
seems a good example for this sort of specificity of thy- 
roid hormone. Both cholinergic and GABAergic neurons 
are intrinsic to the striatum, are largely generated during 
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an overlapping medium-to-late prenatal  period (Bayer 
1984; Fibiger et al. 1987) and their postnatal  neurochem- 
ical matura t ion  curves are essentially comparable  (Coyle 
and Y a m a m u r a  1976; Coyle and Enna 1976; Virgili et 
al. 1990). In spite of  these common features, the choliner- 
gic striatal neurons are sensitive to postnatal  alteration 
of  the thyroid state while GABAergic neurons seem to 
be totally unaffected (see also Kalar ia  and Prince 1985). 
These, and additional differences like the apparent  lack 
of effect of  thyroid hormone on glutamatergic neurons 
and on monoaminergic  neurones (Kalaria and Prince 
I985; Patel et al. 1987b and the present results on AAD),  
may actually suggest that  differential sensitivity to thy- 
roid hormone is in some way related to the neurotrans- 
mitter used by a given neuron. This conclusion, how- 
ever cannot  have a general validity since, for example, 
GABAergic neurons of  the cortex are affected by 
thyroid hypofunction (present results) and the same 
holds true for GABAergic neurons of  the basal forebrain 
(Patel et al. 1988a). 

Finally, it must  be stressed that the effects of  dys- 
thyroidism seem to be strictly related to the degree of  
maturi ty reached by a given region at the time when the 
alteration of  thyroid function starts. In this context, it is 
interesting to remark that we have never observed signifi- 
cant effects of  neonatal dysthyroidism on the spinal cord 
in which functional and neurochemical matura t ion  is 
considerably more  advanced than in the brain at birth 
(Virgili et al. 1990). 

Brain region-, time- and cell-specific effects of  neo- 
natal dysthyroidism seem to be related to a differential 
sensitivity of  populat ions of  developing neural cells to 
thyroid hormone at different stages of  their maturat ion.  
A possible explanation for this differential sensitivity 
may reside in different receptors density in specific cell 
types at critical times of  development.  Regional 
heterogeneity of  T3 receptor density in the brain has been 
documented for adult animals (Valcana and Timiras 
1978; Valcana 1979; Dozin and De Nayer  1984; Ruel et 
al. 1985). No  similar data are available during develop- 
ment. It  is, however, conceivable that these differences 
are even more pronounced and more relevant physiolog- 
ically during the critical postnatal  period when both 
maximal expression of  T3 receptors and maximal  depen- 
dence on thyroid hormone do occur. Future studies 
focussed on this aspect may  be helpful for better under- 
standing the action of  thyroid hormone  on brain de- 
velopment. 

In conclusion the present study provides a systematic 
survey on the effects of  neonatal  disthyroidism on neuro- 
nal and glial chemical markers  in several different regions 
of  the CNS. In addition to new data which can give better 
insight into the mechanism of  action of  thyroid hormone,  
the results may  constitute an useful f ramework for stud- 
ies wanting to address the effect of  thyroid hormone on 
specific neurochemical markers  in some brain regions at 
selected developmental stages. 
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