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Developing Cholinergic Basal Forebrain Neurons Are Sensitive to 
Thyroid Hormone 

Elizabeth Gould” and Larry L. Butcher 

Laboratory of Chemical Neuroanatomy, Department of Psychology, University of California, Los Angeles, California 90024 

The influence of thyroid hormone on the development of 
cholinergic neurons in nucleus basalis was assessed in hy- 
perthroid, hypothyroid, and euthyroid rats by use of CAT 
immunohistochemistry and single-section Golgi-impregna- 
tion histology. Animals were made either hyperthyroid by daily 
injections of 1 .O Mg/gm body weight triiodothyronine starting 
at postnatal day (P) 3 or hypothyroid by providing 0.4% pro- 
pylthiouracil in the diet of dams from P2. Compared to de- 
veloping control rats, increased exposure to thyroid hormone 
resulted in accelerated expression of CAT in nucleus basalis 
neurons. Overshoot in cell body size, a normal develop- 
mental phenomenon of cholinergic neurons in the basal nu- 
clear complex, occurred earlier in hyperthyroid brains and 
was of a greater magnitude than in controls. Furthermore, 
increased numbers of primary dendrites and dendritic 
branchpoints accompanied by dendritic and perisomal filo- 
podia-like structures were observed for nucleus basalis neu- 
rons in hyperthyroid rats. These dendritic changes persisted 
throughout the second postnatal month. After the fifth post- 
natal week, cell body sizes of these hyperthyroid CAT-posi- 
tive neurons began to decrease and by P50 were signifi- 
cantly less than controls or similarly treated animals at earlier 
ages. By P64, the number of cholinergic neurons in nucleus 
basalis was appreciably less than in age-matched controls. 

Hypothyroidism resulted in a delay of normal CAT expres- 
sion that persisted throughout the third postnatal week. After 
this time, CAT staining increased until normal immunoreac- 
tivity was attained in cell bodies, fibers, and terminal regions 
by P35. A deficit in thyroid hormone during development 
prevented overshoot in perikaryal size and resulted in di- 
minished cross-sectional areas throughout the cholinergic 
nucleus basalis at all ages examined. Hypothyroidism also 
prevented the normal overproduction of dendrites in those 
cells and produced stunted dendritic trees at all ages ex- 
amined. These morphological abnormalities persisted 
throughout the second postnatal month. 

The effects of thyroid hormone on cholinergic projection 
neurons in the rat brain appeared relatively selective for cells 
in the basal nuclear complex because neither hypothyroid 
nor hyperthyroid treatment produced changes in the cell body 
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areas of the phenotypically similar CAT-positive neurons of 
the pontomesencephalotegmental complex. 

The present findings suggest that thyroid hormone stim- 
ulates the developmental expression of CAT in nucleus ba- 
salis. Additionally, thyroid hormone appears to be necessary 
for the normal morphological development of those cells. A 
deficit in thyroid hormone yields cholinergic neurons with 
small somata and stunted, abnormally shaped dendrites. An 
excess of thyroid hormone produces cell body hypertrophy 
and increased dendritic growth. This acceleration of normal 
developmental processes combined with continued treat- 
ment leads eventually to signs of degeneration and cell death 
in this neuronal population. 

It is now generally accepted that thyroid hormone plays a critical 
role in the development of several species (Kaltenbach, 1953; 
Kollros and McMurray, 1956; Eayrs, 1964; Sokoloff, 1977). A 
deficit or an excess of thyroid hormone during critical periods 
of development leads to profound and permanent biochemical 
(Kalaria et al., 198 1; Kalaria and Prince, 1985a, b) and mor- 
phological (Rami et al., 1986; Ipina et al., 1987) abnormalities 
in the mammalian nervous system. Biochemical evidence sug- 
gests that developing forebrain choline@ neurons are sensitive 
to thyroid hormone. The thyroid hormone 3,5,3’-triiodothy- 
ronine (T3) has been demonstrated to increase the cholinergic 
synthetic enzyme CAT (EC 2.3.1.6) in cultures of whole brain 
(Honegger and Lenoir, 1980; Atterwill et al., 1984), telenceph- 
alon (Honegger and Lenoir, 1980; Honegger, 1983), and medial 
septum (Hefti et al., 1986; Hayashi and Patel, 1987). Further- 
more, thyroid hormone treatment significantly increases CAT 
in the developing basal forebrain in vivo (Pate1 et al., 1988), and 
hypothyroidism has been demonstrated to decrease levels of 
CAT in developing whole brain (Valcana, 197 1; Kalaria et al., 
198 l), striatum (Kalaria and Prince, 1985a), and the basal fore- 
brain and its targets, the neocortex and hippocampus (Pate1 et 
al., 1987). Although these studies indicate that cholinergic fore- 
brain systems are biochemically sensitive to thyroid hormone, 
it is not known if morphological features of basal forebrain neu- 
rons are influenced by thyroid hormone as well. In addition, it 
is at present unknown if other central cholinergic neurons, such 
as those of the pontomesencephalotegmental (PMT) complex 
(Woolf and Butcher, 1986), are similarly responsive to thyroid 
hormone. To determine if thyroid hormone affects the histo- 
chemical expression of CAT, as well as the morphological char- 
acteristics of developing basal forebrain and PMT neurons, CAT 
immunocytochemical and single-section Golgi analyses were 
performed on brain sections from hypothyroid, hyperthyroid, 
and euthyroid rats. 



3348 Gould and Butcher * Thyroid Hormone Effects on Cholinergic Development 

600 

1 
E 

,I 400 

: 
2 

p” 
p” 

300 

= 
x 
c 
: 

200 

E 

T 

0 lb 2b 3’0 4; 6b 
postnatal day 

Figure 1. Perikaryal areas of CAT-positive neurons in nucleus basalis 
from developing euthyroid (O), hyperthyroid (Cl), and hypothyroid (W) 
rats. Each graph point indicates the mean + SEM ofdata from 4 animals. 
Data from P64 rats are not indicated in this figure because declining 
numbers of cells in the hyperthyroid groups (see Figs. 4, 5) rendered 
meaningful comparisons statistically inappropriate. 

Materials and Methods 
Experimental animals and pharmacological manipulations. On the day 
of birth (Pl), rat pups from 18 litters were pooled, and 8 pups were 
distributed to each dam. Pups of 6 of those litters served as no-treatment 
controls. Animals of another 6 litters were made hyperthyroid by dailv 
subcutaneous injections of 1 .O &gm body weight T3 (see Meaney et 
al.. 1987) from P3 until the dav of oerfusion. PUDS of the final 6 litters 
were made hypothyroid by providing 0.4% propylthiouracil (PTU) in 
the diet of the dams, as described by Kalaria and Prince (1985a), from 
P2 until the day of perfusion. PTU was provided in the food of the 
dams because it readily enters the milk (see Kalaria and Prince, 1985b), 
and oral administration is behaviorally less disruptive than injection or 
intubation of either the pups or dam&In addition, PTU treatment was 
initiated 1 d before T3 iniections because of the indirect route of drug 
application in the former”method (i.e., first to dam and then to pup).- 

On PlO, 13, 14, 18, 27, 35, 50, and 64, rats from each of the groups 
were perfused. They were first deeply anesthetized with 350 mg/kg 
chloral hydrate, placed on ice, and then transcardially perfused with 50 
ml PBS (pH 7.4), followed by 50 to 250 ml 4% paraformaldehyde 
containing 0.2% pi& acid. Brains were dissected from the cranial 
cavities and postfixed in a solution having the same composition as the 
above-described perfusate for 2 d before being processed for single- 
section Golai imureanation (Gabbott and Somoavi. 1984) or CAT 
immunohist~chem&ry according to an avidin-b:otin procedure de- 
scribed previously (Gould and Butcher, 1987) and outlined here. 

CAT immunohistochemistry. Sections, 50 pm, were cut using a vi- 
bratome and incubated for 24 hr at room temperature in a solution of 
a monoclonal antibody against CAT (code 1 l/255; for characterization 
see Eckenstein and Thoenen, 1982) diluted 1:50 in PBS containing 
sodium azide. After rinsing in PBS, the sections were incubated for 2 
hr in biotinylated rabbit antirat IgG with diluted rabbit normal serum 
(1:80 in PBS). After subsequent rinsing in PBS, the sections were in- 
cubated for an additional 2 hr in a solution of biotin-avidin-peroxidase 
complex. They were then rinsed in PBS and reacted for 15 to 20 min 
in diaminobenzidine and H,O, containing 2.5% nickel ammonium sul- 
fate. Sections were then rinsed in PBS, mounted on gelatinized slides, 
dehydrated, and coverslipped under Permount. As controls, some sec- 
tions were processed as described above but without the primary an- 
tibody. 

To maximize the reliability of staining intensity comparisons within 
and between animals, CAT immunohistochemistry was performed si- 
multaneously on forebrain and brain-stem tissue from brains of each 
age across all treatment groups. In all cases in which immunohisto- 
chemistry was performed on tissue sections from pharmacologically 
treated brains, control sections of the same age were processed at the 
same time. In addition, all immunohistochemical procedures, including 
incubation and postfixation times and the interval between perfusion 

Figure 2. CAT-immunoreactive neurons in nucleus basalis from con- 
trol (A), hyperthyroid (B), and hypothyroid (C) rats at age P14. These 
brain sections were incubated simultaneously to provide valid and re- 
liable comparisons among the treatment conditions. In relation to the 
euthyroid cells shown in A, observe the generally increased immuno- 
reactivity and soma sizes of neurons in B and the comparatively light 
staining and smaller cross-sectional areas of the perikarya in C. Arrow- 
heads point to comparably sized neurons or neuron fragments in A and 
B. Compare with corresponding neurons in Figure 3. Scale bar in C 
equals 30 pm and applies to all frames. 

and subsequent processing, were standardized to minimize interpretive 
errors in comparisons between different brains. Analyses of immuno- 
reactivity were always performed on randomly selected tissue sections. 

Before quantitative analysis, the slides containing tissue immuno- 
histochemically processed for CAT were coded, and the code was not 
broken until measurements were completed. Brain sections throughout 
the nucleus basalis (see Big1 et al.. 1982. and Mesulam et al.. 1983. for 
neuroanatomical boundari& of this cellular configuration) were selected 
randomly from each of four brains in each treatment group for each age 
examined. For each selected brain section, the cross-sectional areas of 
CAT-positive somata in the nucleus basalis were determined bv use of 
a microscope drawing tube (camera lucida) and a Zeiss Interact&e Dig- 
itizing Analysis System (see Gould et al., 1989). Statistical means of 
this variable were calculated for each animal for each age and treatment 
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Figure 3. CAT-positive neurons in nucleus basalis from control (A), 
hyperthyroid (B), and hypothyroid (C) rats at age P35. Tissue sections 
were incubated simultaneously to provide valid and reliable compari- 
sons among treatment conditions. Observe the essentially identical in- 
tensity of CAT staining in all frames, with the possible exception of 
slightly increased immunoreactivity in B. Note the substantially smaller 
cell body sizes in C compared to A. Arrows in B indicate dendritic 
outgrowths. Scale bar in C equals 30 pm and applies to all frames. 

group, and these data were evaluated by two-way analyses of variance 
(age vs treatment) with post hoc comparisons of individual means (Hays, 
198 1). Measurements of the cell body areas of CAT-positive neurons 
in the PMT complex from hypothyroid, euthyroid, and hyperthyroid 
brains were performed according to the same procedure and were sub- 
jected to the same statistical analyses. Tissue processed for CAT im- 
munohistochemically was then qualitatively analyzed with the use of a 
light microscope for cell body size and shape, number of dendrites, and 
intensity of immunoreaction product in the nucleus basalis and the 
pontomesencephalic tegmentum. To assess relative intensity of CAT 
immunoreactivity, sections that were processed simultaneously from 
different treatment groups of the same age were examined so that reliable 
comparisons could be made. The number of CAT-positive neurons on 
randomly selected sections throughout the nucleus basalis was deter- 
mined by use of a drawing tube and a low-power microscope. 

Golgi-impregnation histology. Brains from P 18 and P35 hyperthryoid, 

C.50 T+50 C64 T+64 

Figure 4. Number of CAT-positive neurons at one level of nucleus 
basalis for P50 euthyroid (C50) and hyperthyroid (T+50) and P64 eu- 
thyroid (C64) and hyperthyroid (T+64) rats. Values represent the mean 
+ SEM of data from 8 animals in the C50, C64, and T+64 groups and 
3 rats in the T+50 group. Diamond indicates statistically significant 
difference from C64 control (p < 0.01). In Nissl-stained material, a 
38% loss of somata was observed in T+64 rats compared to C64 con- 
trols (p < 0.0005). 

hypothyroid, and euthyroid animals were processed according to the 
single-section Golgi procedure of Gabbott and Somogyi (1984). These 
days were selected because significant dendritic changes occur in the 
normal basal forebrain at this time (Butcher et al., 1988; Gould et al., 
1989). Sections, 100 pm thick, were cut in a bath of 3% potassium 
dichromate in distilled deionized water and collected into a Petri dish 
containing the same solution. After 24 hr, the sections were removed, 
rinsed in distilled deionized water, and mounted onto glass slides. 
Coverslips were placed over the tissue and glued at the comers with 
cyanoacrylate. The slides were then placed into Coplin jars filled with 
1.5% silver nitrate and stored in the dark for 48 hr. The coverslips were 
removed, and the sections were rinsed in distilled deionized water before 
being mounted out of 2% potassium dichromate onto gelatinized slides. 
The tissue was dehydrated in absolute ethanol, cleared in methylsalic- 
ylate followed by xylene for 5 min, and coverslipped under Permount. 

In order to qualify for quantitative analysis, Golgi-impregnated neu- 
rons had to possess the following characteristics: (1) location within the 
nucleus basalis (see Big1 et al., 1982; Mesulam et al., 1983) (2) dark 
and consistent staining reaction throughout all dendrites, (3) a cell body 
in the middle third of the tissue section to avoid analysis of neurons 
extending largely into adjacent sections, and (4) morphological features 
consistent with those currently believed to be shared by cholinergic 
neurons. These criteria were formulated from data in several studies 
from our laboratory and others, using the methods of CAT immuno- 
histochemistry (Butcher et al., 1985), Golgi impregnation (Kristt et al., 
1985; Brauer and Winkelmann, 1987; Butcher et al., 1988; Dinopoulos 
et al., 1988), and combined Golgi impregnation and CAT immuno- 
histochemistry on the same tissue section (Gorman et al., 1987) to 
examine basal forebrain cholinergic neurons. These features included a 
large cell body (120 pm in maximum soma extent), multiple (3 or more) 
aspiny or sparsely spined dendrites, and, in some instances, varicose 
axons and dendrites. The selection of appropriate Golgi-impregnated 
nucleus basalis neurons from hyperthyroid and hypothyroid brains for 
analysis required familiarity with the morphological characteristics of 
nucleus basalis CAT-positive neurons in all treatment groups at P18 
and P35. For pharmacologically manipulated brains, these features were 
drawn primarily from our qualitative and quantitative analysis of CAT 
immunohistochemical tissue with reference to the previously mentioned 
studies performed on control brains. Slides containing Golgi-stained 
basal forebrain tissue were not coded for blind analyses because the 
selection of individual neurons required reference to CAT immuno- 
histochemical tissue from the appropriate age and treatment groups. 

On the basis of the foregoing criteria, 192 Golgi-impregnated neurons 
were selected from four P18 and four P35 hyperthryoid, four P18 and 
four P35 hypothyroid, and four P18 and four P35 control brains. Each 
Golgi-impregnated neuron was quantitatively analyzed for the number 
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Figure 5. Loss of CAT-positive neurons in the nucleus basalis (NB, 
arrows) of a P64 rat given daily injections of T3 from P3 until death 
(B, compare with age-matched euthyroid brain in A). Scale bar in A is 
100 pm and applies also to B. EP, entopeduncular nucleus; ic, internal 
capsule; T. thalamus. 

of primary dendrites, the number of dendritic branch points, and the 
length of the longest dendrite. This last measurement was made on 
dendrites that were straight. Results were statistically evaluated as de- 
scribed for CAT-positive neurons. 

Results 
Hyperthyroidism and hypothyroidism: general observations 
The effects of thyroid hormone administration became obvious 
during the second postnatal week. Whereas control rat pups 
showed fully opened eyes by P14, all hyperthryoid rat pups 
demonstrated fully opened eyes as early as PlO. In addition, 
hyperthyroid animals were larger in size than controls and pos- 
sessed other physical characteristics, such as larger teeth and 
coarser hair, that were more commonly observed in older con- 
trol animals. From P35 through P64, the oldest age examined, 
hyperthyroid animals were noticeably smaller than age-matched 
controls. Several distinctive behavioral characteristics were also 
noted for rats treated with thyroid hormone. During the second 
postnatal week, hyperthyroid rat pups showed increased ex- 
ploratory behavior, increased arousal to auditory stimuli, and 
a very pronounced tremor compared to age-matched controls. 
Hyperthyroid animals were also observed eating rat chow as 
early as P 14 but remained with the dam until the time of normal 
weaning (P22). 

The effects of the hypothyroid-inducing drug were apparent 
from the second postnatal week onward. Hypothyroidism re- 
sulted in significantly smaller body sizes than age-matched con- 
trols for animals at age P 14 and older that persisted throughout 
the second postnatal month. In addition, most hypothyroid an- 
imals did not show fully opened eyes until the fourth postnatal 

Figure 6. Camera lucida drawings of Golgi-impregnated neurons from 
the euthyroid nucleus basalis. Cells from P18 brains are depicted in A 
and B, and those from P35 brains are shown in C and D. Arrowheads 
indicate cut dendrites. Scale bar is 30 pm and applies to all neurons. 

week (P28). Hypothyroid animals also demonstrated immature 
physical characteristics, such as small teeth, a rounded face, 
undeveloped external ears, and soft, fine hair. Hypothyroid an- 
imals were not weaned at the end of the third postnatal week. 
These pups remained with the dam throughout the second post- 
natal month. Hypothyroidism also resulted in a number of ob- 
vious behavioral abnormalities, including decreased arousal to 
auditory stimuli, decreased exploratory behavior, and motor 
incoordination. 

CAT immunohistochemistry 
Immunohistochemical controls revealed an absence of nonspe- 
cific immunoreactivity of the secondary antibody in all exper- 
imental groups. The results of other controls for the specificity 
of the immunohistochemical procedure for CAT have been de- 
scribed in numerous previous publications from this laboratory 
(Woolf and Butcher, 1986; Gould and Butcher, 1987; Woolf et 
al., 1989). 

Light microscopic examination of CAT-positive neurons in 
the developing nucleus basalis of untreated rats corroborated 
our previous findings on normal animals (Butcher et al., 1988; 
Gould et al., 1989). The somata of CAT-positive basal forebrain 
neurons of control brains steadily increased in size during the 
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Figure 7. Golgi-impregnated neurons in the nucleus basalis from P 18 (A) and P35 (B. c) hyperthyroid brains in a single plane of focus. The entire 
extents of these neurons in a single brain section, designated by the same letters, are shown in Figure 8. Arrows point to proliferative morphological 
nrofiles not typically encountered in these cells (compare with corresponding neurons in Fig. 6). Scale bar in A is 20 Wm. Scale bar in C is 15 wrn 
grid applies alSo to B. 

early postnatal period to P 18, after which they underwent cell 
body shrinkage until adult soma sizes were reached by P35 (Fig. 
1). During this period of increasing perikaryal area, CAT im- 
munoreactivity also increased in intensity. Neurons of the P 10, 
P13, P 14, and P18 basal forebrains of hyperthyroid rats, how- 
ever, were generally more intensely immunoreactive for CAT 
than those of age-matched controls (Fig. 2 B, compare with A). 
By P27 and through P35, however, control basal forebrain neu- 
rons attained levels of CAT immunoreactivity that were com- 
parable to hyperthyroid brains (Fig. 3, B, compare with A). 
Normal CAT-positive neurons at all ages examined were rela- 
tively large and multipolar (e.g., Figs. 2A, 3A). 

Statistical analyses of the cell body areas of euthyroid, hy- 
perthyroid, and hypothyroid basal forebrain neurons during de- 
velopment demonstrated a significant relationship between age 
and treatment condition [F( 10,54) = 110.9, p < 0.000 11. Quan- 
titative analyses of CAT-positive neurons in the nucleus basalis 
of hyperthyroid animals showed that cell body hypertrophy was 
reached at an earlier time than that observed in normal controls. 
In hyperthyroid animals, the maximum soma size occurred at 
the end of the second postnatal week, approximately 4 d before 
peak cell body size was reached in controls (Fig. 1). At P14, the 
peak cell soma size was also significantly greater @ < 0.0002) 
than the peak perikaryal size observed in P18 controls (Fig. 1). 
Thereafter, soma shrinkage occurred rapidly, and by P27, the 
perikaryal sizes of neurons in the nucleus basalis of hyperthyroid 
rats did not differ significantly from those in normal P35 animals 
(Fig. 1). Surprisingly, examination of CAT-positive basal fore- 
brain neurons from hyperthyroid brains after P35 revealed a 
significant decrease in soma size compared to earlier develop- 
mental time periods (Fig. l), and by P50, cross-sectional areas 
of these cells were not significantly different from those observed 
in the hypothyroid condition (Fig. 1). Although the distribution 
of nucleus basalis neurons in hyperthyroidism was comparable 
to age-matched control rats through P50 (Fig. 4), by the latest 
time period examined, P64, a significant decrease in the number 
of CAT-immunoreactive somata was observed in nucleus basa- 
lis (Figs, 4, 5). 

Morphological profiles of CAT-positive neurons of the hy- 
perthyroid basal forebrain varied throughout development. At 
P14, when maximal cell body size was noted in these neurons, 
CAT-positive cells from hyperthyroid brains resembled those 
of the control basal forebrain on P18. These neurons were most 
often round or oval in cell body shape (Fig. 2B). During the 

third and fourth postnatal weeks, as CAT-positive neurons were 
decreasing in cell body size, these neurons became more varied 
and complex in appearance. Many neurons retained their im- 
mature morphologies, showing round, globular cell bodies, 
whereas other neurons took on more complex cell body shapes 
(Fig. 3B). In many instances, CAT-positive hyperthyroid basal 
forebrain neurons possessed more dendrites, as well as dendrites 
with larger varicosities, than were observed for age-matched 
controls. Despite the reduction of CAT-positive neurons in nu- 
cleus basalis by P64, the remaining neurons continued to dem- 
onstrate increased numbers of dendrites coupled with a greater 
number of protuberances extending from both the cell body and 
dendrites. Many of these remaining cells had somata that ap- 
peared somewhat shriveled (see trend indicated in Fig. 1) and 
irregularly shaped. 

Compared to euthyroid controls, CAT-positive neurons in 
the nucleus basalis of PTU-treated rats evinced significantly 
smaller soma areas at all ages examined (Figs. 1, 2C, 3C’). The 
cell bodies of these neurons did not undergo hypertrophy at any 
age examined and remained significantly smaller throughout the 
second postnatal mounth (Figs. 1, 2C, 3C). Qualitative exam- 
ination of hypothyroid brains showed a normal distribution of 
CAT-positive cells throughout the basal forebrain region that 
was comparable to age-matched controls at all ages examined. 
From P 10 until P 18, however, hypothyroid treated brains showed 
noticeably less CAT immunoreactivity within cell bodies, den- 
drites, and fibers when compared to euthyroid conditions (Fig. 
2, C, compare with A). Beginning at P27 and definitely by P35, 
CAT-positive basal forebrain neurons from hypothyroid brains 
showed levels of immunoreactivity similar to those of age- 
matched controls (Fig. 3, C, compare with B). Throughout de- 
velopment, fewer CAT-positive dendrites were noted for basal 
forebrain neurons from hypothyroid brains in comparison to 
controls (Fig. 3, C, compare with B). Aberrant dendritic profiles 
also were noted in nucleus basalis neurons, and many such CAT- 
positive cells from PTU-treated rats possessed stump-like den- 
drites that extended only short distances with little, if any, 
branching. Those dendrites that did not appear to be abnormally 
formed possessed varicosities, which is also a characteristic of 
normal basal forebrain cholinergic neurons. These qualitative 
features of hypothyroid nucleus basalils neurons in hypothyroid 
animals were observed in the entire extent of the cholinergic 
basal nuclear complex. 

Like cholinergic neurons in nucleus basalis, light microscopic 
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Figure 8. Camera lucida drawings of 
the nucleus basalis neurons shown in 
part in Figure 7. Observe the extensive 
dendritic arbors and the perisomal and 
dendritic filopodia-like structures 
(compare with corresponding neurons 
in Fig. 6). Arrowheads point to cut den- 
drites. Scale bar is 30 wrn and applies 
to all neurons. 

examination of CAT-positive cells of the euthyroid PMT com- 
plex corroborated previously obtained results on normal rats 
(Butcher et al., 1988). CAT-positive PMT neurons steadily in- 
creased in soma size until P 13 (Table 1). Thereafter, PMT cho- 
linergic neurons underwent a period of shrinkage, with the adult 
morphological profile being reached by the fourth postnatal week 
(Table 1). Neither hyperthyroid nor hypothyroid conditions re- 
sulted in significant alterations in CAT immunoreactivity at any 
age examined. Furthermore, quantitative analysis of cell body 
area of CAT-positive PMT neurons from hyperthyroid and hy- 
pothyroid brains showed no significant differences when com- 
pared to age-matched controls throughout postnatal develop- 
ment (Table 1). PMT cholinergic neurons of both treatment 
groups showed a steady increase in cell body size until P 13 and 
then underwent a period of shrinkage. CAT-positive PMT neu- 
rons of hyperthyroid and hypothyroid brains were also mor- 
phologically indistinguishable from control CAT-positive neu- 
rons of the same age. In addition, no differences were seen in 
number or distribution of CAT-positive neurons throughout the 
PMT region with either treatment at any age examined. 

Table 1. Mean cell body area of CAT-positive neurons in the PMT 
complex 

Control Hyperthyroid Hypothyroid 
Postnatal (pm2 -t SEM) (pm* k SEM) (pm2 + SEM) 
day n=4 n=4 n=4 

10 185.3 i 11.5 183.4 * 13.4 190.2 * 21.3 
13 323.4 + 24.3 337.2 + 15.2 340.7 * 20.1 

18 300.5 f 20.1 299.5 + 28.1 300.9 * 19.3 

27 276.3 f 13.8 275.6 t 17.9 264.0 f 25.0 

35 254.3 + 10.9 241.3 + 25.4 249.2 + 21.9 

50 265.9 -c 19.8 255.7 zk 11.2 252.3 k 23.8 

Means from treated animals are not significantly different from those of age- 
matched controls. 

Golgi-impregnation histology 

Analyses of Golgi-impregnated nucleus basalis neurons pos- 
sessing somatal profiles similar to CAT-positive cells from iden- 
tically treated brains revealed some striking differences in the 
dendritic architecture in hyperthyroid rats compared to control 
animals. Such alterations were also seen occasionally in CAT- 
immunoreactive tissue. By P 18, Golgi-impregnated neurons of 
the basal forebrain with similar morphological features to CAT- 
positive hyperthyroid neurons evinced more primary dendrites, 
more dendritic branchpoints, and longer dendrites than age- 
matched controls (Figs. 5-l 1). Furthermore, short, fine dendritic 
or filopodia-like processes were observed extending directly from 
somata as well as from thicker primary and secondary dendrites 
(Figs. 7, 8). In some cases, these dendritic extensions could be 
traced up to 50 pm. These filopodia-like outgrowths were not 
evenly distributed along dendrites and, in some cases, were 
varicose (Figs. 7B, 8). 

Quantitative analysis of Golgi-impregnated nucleus basalis 
neurons of control brains corroborated previously reported find- 
ings on pharmacologically unmanipulated rats (Butcher et al., 
1988). Normal neurons at P18 evinced significantly more pri- 
mary dendrites and dendritic branchpoints than did P35 cells 
(p < 0.0002; see Figs. 9, 10 and 12, 13), but the lengths of the 
longest dendrites were significantly shorter (p < 0.0005; see Figs. 
11, 14). Statistical evaluation of P18 and P35 brains indicated 
that, compared to age-matched controls, hyperthyroidism pro- 
duced nucleus basalis neurons with significantly increased num- 
bers of primary dendrites, increased numbers of dendritic 
branchpoints, and increased lengths of longest dendrites com- 
pared to age-matched controls (Figs. 9-11). Golgi-impregnated 
nucleus basalis neurons from hyperthyroid rats at age P35, how- 
ever, were not significantly different (‘p > 0.05) with respect to 
these variables from basal nuclear cells of T3-treated animals 
at P18 (Figs. 12-14, compare with Figs. 9-11). Although no 
significant morphological changes occurred between P 18 and 
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Cl8 TX18 T+18 

Figure 9. Effects of hypothyroidism (TX 18) or hyperthyroidism (T+ 18) 
on number of primary dendrites in nucleus basalis neurons at age P18. 
Asterisks signify statistically significant difference (p < 0.00 1) from eu- 
thyroid control (C 18). Each bar value is based on data from 4 animals. 
Vertical error lines indicate SEM. 

P35 for hyperthyroid basal forebrain neurons, control neurons 
underwent dendritic length increases during this time to exceed 
those seen in T3-treated animals (Fig. 14, compare with Fig. 
11). Nonetheless, the number of primary dendrites, as well as 
dendritic branchpoints, remained significantly higher than in 
controls in nucleus basalis neurons from hyperthyroid rats at 
age P35, as was the case in P18 animals (Figs. 12, 13, compare 
with Figs, 9, 10). 

Light microscopic analysis of Golgi-impregnated tissue from 
PTU-treated brains at age P18 indicated the presence of many 
neurons throughout the basal forebrain resembling the small, 
predominantly round, CAT-positive neurons of the hypothy- 
roid basal forebrain (Figs. 15B, 16B; compare with Fig. 30. 
These cells also evinced dendritic profiles similar to those ob- 
served in tissue processed for CAT. Dendrites were thick relative 
to the cell body size and extended for short distances, with 
considerably less branching than seen in basal forebrain neurons 

Cl8 TX18 T+18 

”  .  

Cl8 TX18 T+18 

Figure I I. Effects of hypothyroidism (TX1 8) or hyperthyroidism 
(T+ 18) on length of the longest dendrite in nucleus basalis neurons at 
age P 18. Asterisk and diamond signify statistically significant difference 
(p <.O.OOl and p < 0.05, respectively) from euthyroid control (C18). 
Each bar value is based on data from four animals. Vertical error lines 
indicate SEM. 

of untreated brains (Figs. 15, 16; compare with Fig. 6). The 
majority of Golgi-impregnated neurons from the nucleus basalis 
of hypothyroid rats demonstrated dendrites that tapered at the 
ends, suggesting that these cells were, in many cases, small enough 
to be present entirely within one 100 pm section. This was not 
the usual case with nucleus basalis neurons from euthyroid and 
hyperthyroid brains. Processes of these latter cells frequently 
extended beyond the tissue section (Figs. 6, 8). Many of the 
dendrites that could be traced further on impregnated tissue did 
not extend in a linear fashion but, instead, seemed to twist in 
an aberrant, corkscrew-like fashion or possess abnormal pro- 
tuberances (Figs. 15, B, C, 16, B, c). As observed in CAT- 
stained material from hypothyroid brains, Golgi-impregnated 
basal forebrain neurons showed dendritic varicosities, usually 
on those processes that appeared to be more normally formed 

C35 TX35 T+35 

Figure 10. Effects of hypothyroidism (TX18) or hyperthyroidism Figure 12. Effects of hypothyroidism (TX35) or hyperthyroidism 
(T+ 18) on number of dendritic branchpoints in nucleus basalis neurons (T+35) on number of primary dendrites in nucleus basalis at age P35. 
at age P18. Asterisks signify statistically significant difference (p < 0.00 1) Asterisk signifies statistically significant difference (p < 0.001) from 
from euthyroid control (Cl 8). Each bar value is based on data from 4 euthyroid control (C35). Each bar value is based on data from 4 animals. 
animals. Vertical error lines indicate SEM. Vertical error lines indicate SEM. 
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C35 TX35 T+35 

Figure 13. Effects of hypothyroidism (TX35) or hyperthyroidism 
(T+35) on number of dendritic branchpoints in nucleus basalis neurons 
at age P35. Asterisksignifies statistically significant difference @ < 0.00 1) 
from euthyroid control (C35). Each bar value is based on data from 4 
animals. Vertical error lines indicate SEM. 

c35 TX35 T+35 

Figure 14. Effects of hypothyroidism (TX35) or hyperthyroidism 
(T+35) on length of the longest dendrite in nucleus basalis neurons at 
age P35. Asterisk and diamond signify statistically significant difference 
(p < 0.001 and p < 0.05, respectively) from euthyroid control (C35). 
Each bar value is based on data from 4 animals. Vertical error lines 
indicate SEM. 

than others (Figs. 154, 16A). Quantitative analysis of Golgi- 
impregnated nucleus basalis neurons indicated that P18 hy- 
pothyroid basal forebrain neurons possessed significantly fewer 
primary dendrites, fewer dendritic branchpoints, and shorter 
lengths of the longest dendrite than age-matched controls (Figs. 
9-l l), but these differences for the former 2 variables disap- 
peared by P35. The average length of the longest dendrite, how- 
ever, was significantly shorter in the P35 hypothyroid basal 
forebrain in comparison to the P35 control (Fig. 14). The num- 
ber of primary dendrites and branchpoints and lengths of the 
longest dendrite in P35 hypothyroid animals, however, were not 
significantly different (p > 0.05) from those in P18 hypothyroid 
rats (compare Figs. 12-14 with Figs. 9-l 1). 

Discussion 
Thyroid hormone efects on CAT expression 
The results of this study indicate that developmental hyperthy- 
roidism leads to an accelerated appearance of CAT immuno- 
reactivity in basal forebrain neurons. Conversely, hypothyroid- 
ism results in delayed expression of CAT-like immunopositivity 
in those cells. These observations are compatible with biochem- 
ical findings demonstrating that hypothyroidism results in a 
decrease in CAT activity in vivo (Pate1 et al., 1987) and that 
thyroid hormone increases CAT activity both in vitro (Honegger, 
1983; Hefti et al., 1986; Hayashi and Patel, 1987) and in vivo 
(Pate1 et al., 1988). Collectively, our results and those of the 
cited studies suggest that thyroid hormone stimulates basal fore- 
brain neurons to synthesize CAT during development. Although 
hypothyroidism produced a delay in maximal CAT expression, 
immunoreactivity for that enzyme appeared to increase in in- 
tensity and achieved levels of staining in cell bodies and fibers 
by P27 comparable to age-matched controls. This observation 
is consistent with the findings of Pate1 et al. (1987) that recovery 
of CAT occurs in basal forebrain projection regions, specifically 
the hippocampus and neocortex, following cessation of PTU 
treatment in animals given that drug during development. Al- 
though recovery of CAT activity was noted in target areas of 
basal forebrain neurons, CAT levels in the basal forebrain itself 

failed to return to normal levels (Pate1 et al., 1987). In this report, 
we have shown recovery of CAT immunoreactivity in nucleus 
basalis neurons despite continued PTU treatment. A possible 
explanation for these seemingly inconsonant findings is that 
Pate1 et al. (1987) included striatal tissue in their “basal fore- 
brain” samples. The lack of CAT recovery by these latter in- 
vestigators, therefore, might be due to a more permanent effect 
of hypothyroidism on the cholinergic enzyme in striatal tissue, 
a phenomenon previously reported by Kalaria and Prince 
(1985a). We have also observed a decrease in CAT immuno- 
reactivity in striatal cells and neuropil that does not return to 
normal with the passage of time (Gould, 1988). Since CAT 
immunoreactivity in the basal forebrain recovered despite con- 
tinued PTU treatment, it is likely that thyroid hormone is not 
the only factor contributing to the expression of this enzyme in 
basal forebrain neurons. Both estradiol and NGF have been 
demonstrated to increase CAT activity in the developing sep- 
tohippocampal system (Hefti et al., 1984; Luine, 1985) for 
example, indicating that developmental increases in CAT in 
basal forebrain neurons could result from a number of available 
factors. Some evidence suggests that the effects of T3 and NGF 
on cultures of basal forebrain neurons are similar but work 
through different mechanisms (Hefti et al., 1986; Hayashi and 
Patel, 1987; Pate1 et al., 1988). Because thyroid hormone has 
been shown to directly influence the differentiation of astroglia 
(Aizenman and de Vellis, 1987) it is also conceivable that the 
thyroid hormone effects we observed for cholinergic basal fore- 
brain neurons reflected a dependence on glial factors. Indeed, 
NGF effects on cholinergic neurons can be augmented by as- 
troglia (Hartikka and Hefti, 1988) which strongly implicates 
glial cell mediation of thyroid hormone-NGF interactions. 

The present findings indicate that CAT expression in cholin- 
ergic PMT neurons is not affected by hypothyroidism or by T3, 
the latter result being consistent with the observations of Ho- 
negger and Lenoir (1980) that telencephalic cultures respond to 
thyroid hormone with more dramatic increases in CAT than is 
observed for whole brain cultures. Available evidence indicates 
that PMT neurons, in contrast to basal forebrain neurons, are 
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Figure 15. Golgi-impregnated neurons in nucleus basalis from P18 (A) and P35 (B, C) hypothyroid brains in a single plane of focus. The entire 
extents of these neurons in a single section, designated by the same letters, are shown in Figure 16. The arrowheads in A point to dendrites with 
features characteristic of normal nucleus basalis neurons (compare with cells in Fig. 6). Arrows indicate morphologic entities not typically encountered 
in euthyroid controls (see Fig. 6). Scale bar in B is 15 pm. Scale bar in A is 10 rrn and applies also to C. 

also not sensitive to NGF (Richardson et al., 1986; Woolf et 
al., 1989), and the present observations suggest a further dif- 
ference between cholinergic basal forebrain and PMT neurons, 
namely their sensitivity to thyroid hormone manipulations. In 
addition, chronic hyperthyroidism, which resulted in eventual 
loss of CAT-positive cells in the basal forebrain, appeared to 
have no effect on PMT cholinergic neurons. This lack of re- 
sponse of PMT neurons to the seemingly degenerative effects 
of hyperthyroidism suggests that T3 treatment does not produce 
generalized neuropathologies in the brain but, rather, targets 
particular neuronal populations. 

Thyroid hormone effects on the morphology of cholinergic 
neurons 
It is likely that the Golgi-impregnated neurons we analyzed were 
cholinergic, not only because of the stringent morphological 
criteria imposed in the present experiments but also because the 
vast majority of the neurons in the nucleus basalis, approxi- 
mately 90%, are immunoreactive for CAT in the normal brain 
(Mesulam et al., 1983). Furthermore, hypothyroidism, as well 
as hyperthyroidism, did not alter the number of CAT-positive 
neurons in this brain region during the time period when Golgi 
analyses were performed. 

The present results suggest that cholinergic basal forebrain 
neurons may rely on thyroid hormone for the normal overshoot 
in cell body size and for the development of normal dendritic 
profiles. The observations that hypothyroidism prevents somal 
hypertrophy and that hyperthyroidism hastens cell body hy- 
pertrophy are compatible with the conjecture that the normal 
overshoot in perikaryal size is controlled, at least in part, by 
thyroid hormone. It has been suggested that the critical period 
for thyroid hormone action in the euthyroid developing rat is 
between P14 and P35 (Eayrs, 1964). This time corresponds 
roughly to the period when large increases and subsequent de- 
creases in basal forebrain cell body size occur (Butcher et al., 
1988; Gould et al., 1989). The premature increase in cell body 
size in the basal forebrain of hyperthyroid animals suggests that 
excess thyroid hormone accelerates normal developmental phe- 
nomena in this cell group. The observation that these same 
neurons attain an even greater size than normal basal forebrain 
neurons and undergo a more rapid period of cell body shrinkage, 
however, suggests that hyperthyroidism, at least when produced 
according to procedures used in this laboratory, does not result 

in a synchronized shift of a normal developmental occurrence. 
It remains possible, however, that smaller doses of T3 might 
result in an accelerated occurrence of authentically normal de- 
velopmental phenomena. 

The dendritic architecture of basal forebrain neurons raised 
in a dysthyroid state also suggests that hyperthyroidism or hy- 
pothyroidism does not merely hasten or slow, respectively, the 
normal sequence of morphological development. Hyperthy- 
roidism results in basal forebrain neurons with an increased 
number of primary dendrites and an increased number of den- 
dritic branchpoints as compared to age-matched controls at both 
P18 and P35. The dendritic outgrowths observed with hyper- 
thyroid neurons were somewhat similar to those observed for 
the control neurons described in this report (see also Dinopoulos 
et al., 1988), but those outgrowths were longer and more nu- 
merous and extended from perikarya as well as proximal and 
distal dendrites. The observations of perisomal and dendritic 
filopodia that persist into adulthood and the presence of fine 
outgrowths from cholinergic fibers in target regions suggest that 
chronic treatment with thyroid hormone results in basal fore- 
brain neurons with abnormal morphological features. 

Our findings with prolonged PTU administration suggest that 
hypothyroidism prevents the normal development of the num- 
ber of primary dendrites, the number of dendritic branchpoints, 
and the length of dendrites. By P35, however, nucleus basalis 
neurons from hypothyroid brains did not differ from P35 con- 

Figure 16. Camera lucida drawings of the nucleus basalis neurons 
depicted in part in Figure 15. Observe the meagre and sometimes ab- 
normal dendritic arbors (compare with neurons in Figs. 6 and 8). Scale 
bar is 30 pm and applies to all neurons. 
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trols with respect to number of primary dendrites and number 
of dendritic branchpoints. These quantative measures could 
suggest a trend toward normal adult profiles in the hypothyroid 
animal with increasing age, but there was no corresponding 
evidence suggesting an increase in the mean length of the longest 
dendrite. Furthermore, many of these neurons possessed aber- 
rant dendritic protuberances as late as P35 that were never 
observed on normal basal forebrain neurons. The observation 
that cell body size remained substantially diminished at the 
latest time period examined further suggests that basal forebrain 
neurons raised in a hypothyroid state do not attain normal 
morphologies during the passage of time. 

Thyroid hormone has been demonstrated to affect morpho- 
logical characteristics of several other neuronal populations, in- 
cluding cerebellar Purkinje cells (Legrand, 1977; Morreale de 
Escobar et al., 1983), dopaminergic hypothalamic neurons (Puy- 
mirat et al., 1983) and pyramidal cells of the neocortex (Ipina 
et al., 1987) and hippocampus (Rami et al., 1986). Nonetheless, 
the lack of apparent effect of thyroid hormone on the devel- 
opment of cholinergic PMT neurons suggests that thyroid hor- 
mone can influence specific neuronal configurations, including 
selected cells within categories ofneurons having the same trans- 
mitter phenotype. 

Functional considerations 
A dysthyroid state during the critical period of development 
leads to profound and lasting behavioral abnormalities (Eayrs, 
1964; Macfaul et al., 1978). Among the most commomnly noted 
functional abnormalities associated with a hypothyroid or hy- 
perthyroid developmental state are learning and memory defi- 
cits (Eayrs, 1964; Maenpaa, 1972; Macfaul et al., 1978). It is 
possible, therefore, that brain regions that are involved in leam- 
ing and memory are particularly sensitive during development 
to thyroid hormone. Several lines of evidence suggest that the 
cholinergic basal forebrain plays a role in learning and memory 
(Collerton, 1986; Hepler et al., 1985; Salazar et al., 1986; Mi- 
yamoto et al., 1987). Biochemical studies (Hefti et al., 1986; 
Hayashi and Patel, 1987; Pate1 et al., 1987) and the immuno- 
histochemical and morphological data presented in this report 
suggest that cholinergic basal forebrain neurons are dramatically 
affected by abnormal levels of thyroid hormone during devel- 
opment. These morphological and chemical abberations may 
represent a major cause of the learning and memory deficits 
that result from developmental hyperthyroidism or hypothy- 
roidism. It is unlikely that the delay in CAT appearance ob- 
served with hypothyroidism significantly contributes to per- 
manent memory impairment, since normal levels appear to be 
attained with time. The morphological alterations, however, did 
not show any trend toward recovery during the time period 
examined, and these possibly permanent morphological changes 
could contribute significantly to enduring learning and memory 
deficits. Stunted dendrites and decreased perikaryal sizes in the 
basal forebrain of hypothyroid animals would substantially di- 
minish the membrane area available for receiving synaptic in- 
puts. Furthermore, abnormal and excessive numbers of den- 
drites observed in cholinergic basal forebrain neurons of 
hyperthyroid animals could dramatically change the pattern of 
afferent input to those cells. Premature cell body hypertrophy 
and CAT increases could also alter the sequence of develop- 
mental events necessary for the formation of appropriate affer- 

normalities resulting from hypothyroidism or hyperthyroidism 
might prevent the adequate functioning of certain systems (e.g., 
the cholinergic basal forebrain) necessary for learning and mem- 
ory formation. 

Deleterious efects of chronic thyroid hormone treatment 
The significant decrease in the number and cell body sizes of 
cholinergic nucleus basalis neurons of hyperthyroid brains, ob- 
served at the latest time periods examined, suggests that chronic 
treatment with T3 produces eventual degeneration in this neu- 
ronal population but only after relatively long periods of ex- 
posure. Since hyperthyroid brains at earlier time periods showed 
excessive dendritic and perisomatic growth, it is conceivable 
that a phase of aberrant neuronal proliferation leads into and 
perhaps contributes directly to degenerative mechanisms. In this 
regard, it is noteworthy that morphological profiles indicative 
of abnormal neuronal growth have been reported in neural re- 
gions where cellular degeneration is also observed in the brains 
of Alzheimer’s disease (Arendt et al., 1986) and Down’s syn- 
drome patients (Marin Padilla, 1972; Fabregues and Ferrer, 
1983), as well as in the normally aging nervous system (Coleman 
and Flood, 1986). The most common explanation of these cy- 
toarchitectural aberrations embraces the notion that growth oc- 
curs in certain healthy neurons to compensate for the death of 
neighboring cells (Coleman and Flood, 1986). Although this 
conjecture may suffice for some situations, such a hypothesis 
cannot explain the results presented in this report for nucleus 
basalis. Because a developmental study was performed exam- 
ining several postnatal time periods, it cannot be argued that 
degeneration preceded morphological indicators of neuronal 
growth. 

Since there is a paucity of available information concerning 
the presence or absence of thyroid hormone receptors on cho- 
linergic basal forebrain neurons, it is difficult to assess whether 
or not the detrimental effects of T3 treatment were mediated 
through other hormones or growth factors. Hyperthyroidism 
has been demonstrated to increase blood levels of glucocorti- 
coids and other indices of the hypothalamic-pituitary-adrenal 
axis (Poland et al., 1979; D’Agostino and Henning, 1982; Hen- 
ning et al., 1986), and some evidence suggests that glucocorti- 
coids stimulate cholinergic markers in the forebrain (Riker et 
al., 1979). These findings present the possibility that hyperthy- 
roidism influences cholinergic neurons in nucleus basalis by 
direct effects on glucocorticoids. A recent study has shown that 
short-term glucocorticoid treatment results in hippocampal neu- 
rons with increased numbers of protein synthesis-related or- 
ganelles (Miller et al., 1988). Chronic treatment with glucocor- 
ticoids, on the other hand, produces acceleration of age-related 
degeneration in the hippocampus (Sapolsky et al., 1985). Col- 
lectively, these results suggest that a period of growth precedes 
neuronal degeneration in this latter model as well. 

The frequency of hypercortisolism, as well as thyroid abnor- 
malities, also appears to increase with advancing age (Sapolsky 
et al., 1987; Spaulding, 1987) and are more common in Alz- 
heimer’s disease patients than in control individuals (Sapolsky 
et al., 1987; Heyman et al., 1983, 1984). Since the hippocampus 
and the cholinergic basal forebrain are both significantly affected 
in aging and age-related dementias (Collerton, 1986) increased 
understanding of the interactive and independent roles these 
hormones play in the development, maintenance, and senes- 

ent or efferent connections. Collectively, the developmental ab- cence of neurons in these brain regions would appear critical. 
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