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To date only global dosages of tyrosine hydroxylase (TH) 
protein have been realized in the locus coeruleus (LC) with- 
out discriminating the enzyme contained in the cell body 
area from the one in the surrounding neuropil. The preceding 
immunohistochemical study (Bezin et al., 1994) revealed a 
dramatic plasticity of the cellular expression of TH in the LC 
during the postnatal development of the rat. It was therefore 
necessary to develop a quantitative biochemical approach, 
strengthened by a great anatomical resolution, to follow the 
developmental evolution of TH levels exactly in the space 
containing the coerulean TH-immunoreactive perikarya. In 
the present work two biochemical parameters necessary for 
precisely defining the phenotypic characterization of TH ex- 
pression within the rat LC have been established during the 
postnatal development at six different stages: postnatal day 
4 (PND4), PNDlO, PND14, PND21, PND30, and PND42. TH 
tissue concentration and content were precisely determined 
along the caudorostral extent of the LC within the previously 
(Bezin et al., 1994) defined spaces delimited by the TH- 
containing perikarya. TH tissue concentration remained quite 
stable during the postnatal development. TH quantity exhib- 
ited few age-related variations with a transient peak at PND 10 
and followed the same evolution as the volume containing 
the TH-expressing perikarya. The mean cell contribution to 
the total quantity of TH measured in the whole LC showed 
important age-related fluctuations with a dramatic peak at 
PNDlO followed by a drastic decrease until PND21. Such 
modifications of the steady-state levels of TH in the peri- 
karya of coerulean neurons could be related to temporal 
requirements of this enzyme in their other cellular compart- 
ments such as dendrites or terminals, and/or alterations of 
the synthesis of the protein. 

[Key words: tyrosine hydroxylase, locus coeruleus, post- 
natal development, somatic area, quantitative radioautog- 
raphy, plasticity] 

The tyrosine hydroxylase [TH: tyrosine 3-monooxygenase, L-ty- 
rosine, tetrahydropteridine: oxygen oxidoreductase (3-hydrox- 
ylating), EC 1.14.16.21 is the rate-limiting enzyme in the cate- 
cholamine (CA) biosynthesis pathway (Nagatsu et al., 1964; 
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Levitt et al., 1965). In the preceding companion study (Bezin 
et al., 1994) we aimed to characterize the spatiotemporal se- 
quences of events during the postnatal ontogeny that led to the 
organization of cells expressing TH protein in the adult rat locus 
coeruleus (LC) observed at steady-state conditions. We then 
quantitatively reconstructed the mean limit of the topological 
space of the LC delineated by the TH expressing perikarya and 
enumerated these perikarya. We have also determined the vol- 
ume delimited by the TH-positive cell bodies and the density 
of these perikarya. These parameters were examined along the 
caudorostral extent of the structure at six different postnatal 
stages between postnatal day 4 (PND4) and PND42. This study 
revealed invariant and variant cellular phenotypic characteris- 
tics of TH expression during postnatal ontogeny. The volume 
of the total LC delineated by the TH-expressing cells was stable 
during the period considered. However, a deep topological re- 
organization of the coeruleal TH-expressing perikarya occurred 
until the third postnatal week and a plasticity of TH expression 
was demonstrated by transient enhancements of the number of 
TH-containing cells at PND14 and PND21. From the quanti- 
tative reconstructions of the cellular topological space of the LC 
of PND14, PND21, and PND42 rats, three organized subsets 
of “quiescent” neurons, which would transiently express TH 
protein trait, have been suggested in different localizations of 
the structure. 

We intended in the present work to precisely define two more 
phenotypic characteristics of TH protein expression in the LC. 
So, we have accurately established the tissue concentration and 
the quantity of this protein. We also proposed to estimate for 
each development stage the mean cell contribution to the TH 
level evaluated in the somatic area of the total LC. Therefore, 
the quantitative biochemical evaluations of the TH tissue con- 
centration and the TH quantity were performed with precision 
along the caudorostral extent of the LC, exactly within the to- 
pological space delineated by the TH-expressing cell bodies, at 
the six postnatal stages selected in the earlier study: PND4, 
PND 10, PND 14, PND2 1, PND30, and PND42. 

Material and Methods 
Animal and tissue preparation. All experiments were carried out in 
accordance with the French (87-848, Minis&e de 1’Agriculture et de la 
For&) and European Community (86-609, EEC) guidelines for care of 
laboratory animals and were approved by the regional ethical animal 
use committee. 

OFA male rats (Iffa-Credo, Lyon, France) were examined at different 
postnatal stages to evaluate the tissue concentration and the quantity 
of TH within the somatic area of the LC: postnatal days 4 (PND4), 
PNDlO, PNDl4, PND2 1, PND30, and PND42. The day of birth was 
taken as PNDO. Distortions between animals belonging to a same age 
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Table 1. Control of age groups by recording the body weight of the rats and experimental conditions 
(freezing time of the brains in -30°C liquid isopentane) before processing 

Postnatal PND4 
age (n = 6) 

Body weight 10.31 

km) +0.12 
Freezing time 30 set 

PNDlO 
(n = 6) 

25.75 
kO.19 
40 set 

PND14 
(n = 5) 

30.48 
*0.4 
50 set 

PND2 1 
(n = 6) 

42.19 
kO.59 
1 min 

PND30 
(n = 6) 

92.13 
kO.79 
1 min 

PND42 
(n = 6) 

224.00 
*1.66 

1 min 

G Mean and SEM obtained for n animals. 

group had been avoided by recording the body weight of the pups (Table 
1). For rats aged from PND4 to PND14, litters arrived to the animalery 
with a foster mother 3 d before experiments. Older rats were kept 1 
week in the animalery under a 12: 12 hr dark/light cycle at 21°C with 
food and water ad libitum before experiments. 

After decapitation, the brains were rapidly removed from the skull 
and frozen by immersion in isopentane liquid. Freezing time and tem- 
perature are reported for each age group in Table 1. Brains were stored 
at - 80°C until further use. 

Two or three adjacent frontal cryostat-cut sections (10 pm thick) were 
selected at 80 pm intervals along the caudorostral extent of the LC. The 
first slice was directly collected onto nitrocelhtlose filter (Millipore HAHY) 
as described in previous studies (Weissmann et al., 1989) to perform 
TH radioautographic dosage. At PND 14-PND42, the second slice was 
collected onto 1% gelatin (Sigma)-coated glass slides and processed for 
TH immunohistochemistry (Bezin et al., 1994). The third slice (at PND14 
through PND42) or the second slice (at PND4 and PND 10) was collected 
onto a glass slice and was stained with cresyl violet for histological 
reference. 

TH immunoradioautography. The calibration of the radioimmuno- 
chemical labeling of the TH protein was made using two different so- 
lutions of adult rat adrenal gland and adult rat cerebellum prepared as 
described in previous studies (Debure et al., 1992) by homogenizing 
(20% w/v) the fresh tissues in a 5 mM phosphate buffer &HPO,, RI&PO,, 
pH 6.0) containing 0.2% Triton X-100. From these two solutions, a 
scale of seven TH protein standards was prepared by diluting in series 
the TH protein contained in the solution of adrenal gland with the 
solution of cerebellum (containing very low concentration of TH pro- 
tein) to keep constant the total protein concentration. The ratios of 
dilution for each TH protein standard were, finally, 1, 1:2, 1:4, 1:8, 
1: 16, 1:32, and 1:64. Aliquots of 1 pl of each standard and cerebellum 
solution were directly deposited onto nitrocellulose filters (Millipore 
HAHY). 

After saturation of the nitrocellulose filters (containing transfers of 
standards or tissue sections) in a Tris-HCl-buffered saline solution (TBS, 
50 mM, pH 7.4) containing 1% (w/v) bovine serum albumine (BSA 
fraction V, Boehringer) for 45 min, the filters were then incubated for 

18 hr with TH mouse monoclonal antibody (40 &ml; Boehringer) 
1:4000 diluted in a solution of TBS/l% BSA or with TH antibody-free 
buffer for blanks. This concentration of antibody was selected as the 
lowest saturating all the antigenic sites in rat brain tissue (Debure et al., 
1992). After washing, each time 10 min, once in TBS/l% BSA, and 
twice in TBS, the filters have been incubated for 2 hr with 1251-labeled 
protein A (Amersham, S.A.; 30 mCi/mg; 50 nCi/ml) prepared in a TBS/ 
1% BSA solution and successively rinsed for 10 min each time in TBS/ 
1% BSA, TBS, TBS 500 mM, and finally briefly in distilled H,O, and 
then dried. The immunoradiolabeled filters were then applied to 3H- 
sensitive hypertilm (Amersham, RPN12). 

Quantitative analysis of radioautograms. A computer image analysis 
system (IMSTAR) was used to determine the optical densities (OD) of 
the radioautograms from a variable gray scale. The program yielded an 
average integrated OD per mm* for a selected area (mmz) of interest. 
Measurements from radioautograms of the tissue transfer were made 
in well-defined anatomical regions corresponding to the TH-positive 
somatic area of the LC previously delineated on the adjacent section 
processed by TH immunohistochemistry (PND14, PND21, PND30, 
and PND42) or Nissl staining (PND4 and PNDlO). The contribution 
of the background was measured from section transfers incubated with- 
out anti-TH antibody, and the corresponding OD was systematically 
substracted from every measure. 

One unit of TH (UTH) was defined as the mean TH protein content 
of 10 pg of adult rat adrenal gland. The number of UTH contained in 
1 ~1 of each standard was known. The linear relationship between the 
UTH contained in one mm* of each deposited standard and the cor- 
responding mean integrated OD per mm* enabled us to convert the 
densitometric measurement of tissue transfers radioautograms into UTW 
mm*. The surface (mm’) of the measured areas had been determined 
to calculate the number of UTH contained in the region of interest. 

Expression of the results. The tissue transfer from different rats at 
each developmental stage were initially set in a defined anatomical 
register. At PND42, the first rostra1 anatomical level on the caudorostral 
extent of the LC (level 11) corresponded to interaural coronal coordinate 
-0.72 mm referring to the stereotaxic atlas of Paxinos and Watson 
(1986). For each section, the volume V of the transferred region of 

Figure 1. Radioautograms obtained 
from lo-pm-thick rat brain coronal sec- 
tions referring to the first anatomical 
level of the anterior region of the LC 
(level 11 on the caudorostral extent of 
the Structure). Total brain proteins of 
these sections were transferred onto ni- 
trocellulose filters that were incubated 
with monoclonal anti-tyrosine hydrox- 
ylase (TH) antibody. This antibody was 
recognized by the lZSI-labeled protein 
A. Two different developmental stages 
are shown PND4 (A) and PND42 (B). 
The localization of surrounding ana- 
tomical landmarks is represented using 
the superimposition of the radioauto- 
graphic images and the adjacent Nissl- 
stained sections. aLC, anterior LC, cer, 
cerebellum; daLC, dorsal anterior LC, 
vaLC, ventral anterior LC, 4~. fourth 
ventricle. Scale bar, 300 pm. 
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PNDlO PND4 

q pLC HdaLC ElvaLC q pLC n daLC ElvaLC 

.8 
1 

.8 
% I 

A ’ 13 15 17 19 
C23udo5rosLl LiLnical intervals 

B ’ 13 15 17 19 
C~uddroskal anatomical intervals 

PND4 PLC daLC vaLC total LC 

TH tissue 160.66 76.92 163.79 125.91 
concentr6tion f 4.63 f 3.49 f 6.67 f 3.16 

(lJTH/mgt) 

TH quwMy 7.37 0.53 2.06 9.96 
(UW f 0.63 f 0.06 f 0.09 f 0.59 

(73.9 %) (5.3 %) (20.6 %) (100 %) 

PNDlO PLC daLC vaLC total LC 

TH tissue 171.30 69.74 157.60 131.74 
concentr6tion f 10.60 f 6.79 f 9.34 f 4 53 

(UTHlmgt) 

TH quantity 11.39 0.76 1.76 13.91 
(UW f 0.66 f 0.06 f 0.26 f 0.57 

(61.9 X) (6.5 X) (12.6 %) (100 %) 

C 
C 

Figure 3. 

Figure 2. 

Figures 2-7. A and B, Distribution of the TH tissue concentration (A) and the TH quantity (B) along the caudorostral extent of each of the 
subregions of the LC somatic area: pLC, daLC or aLC and vaLC. Each bar represents the mean + SEM (n = 5-6) of these parameters determined 
in 80 pm anatomical intervals. C, Mean TH tissue concentration and the quantity of TH in the total LC and its subdivisions. Results are expressed 
as the mean f  SEM of the parameters. The percentage of the quantity of TH in each subdivision versus the value obtained in the total LC is 
reported. D (Figs. 4-7), Correlation between the quantities of TH and the number of TH-immunoreactive cell bodies. TH protein quantities were 
calculated at intervals of 80 Nrn along the caudorostral extent of the structure and the corresponding number of TH-immunoreactive perikarya was 
estimated from the postfixed adjacent section after immunocytochemical detection (Bezin et al., 1994). This correlation was established beyond 
PNDlO when it was possible to process TH immunohistochemistry on postfixed sections obtained from fresh-frozen brains. 
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PND14 

q pLC n daLC ElvaLC 
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2 

1 

0 
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L 

PND14 PLC daLC vaLC total LC 

TH tiswe 164.5 101.89 81.75 132.44 
concentretion 

(UTH/mgt) 
f 5.27 f 10.08 f 6.91 f 5.86 

TH quwMity 9.26 0.91 0.31 10.5 
(UW f 0.97 f 0.16 f 0.06 f 0.94 

(88.4 %) (8.7 %) (2.9 %) (100 %) 

C 
4- 

y = 0.0054h x - O.lYlX5 

Figure 4. 

PND21 

q pLC n aLC 

PNDPl PLC aLC total LC 

TH tissue 153.70 106.40 136.67 
concentration 

(UTH/mgt) 
f 9.55 f 5.70 f 9.14 

THc,,,HyW f 9.34 0.85 f 0.74 0.10 f 10.06 0.81 
(92.7 %) (7.3 %) (100 X) 

C 
4 

y = n.nMYl x 0.07841 I 

TH positive cells 

Figure 5. 

interest was calculated [V = S. t, mm); where S (mm2) is the area in 
which the OD measure was made and t the thickness of the section]. 
From the quantity of TH (Q, unit of TH) measured in this area, the 
tissue concentration of TH (ZC) was calculated (TC = Q/ P’, unit of THI 
mg of tissue (mgt), 1 mgt = 1 mm’). 

The results were expressed as the caudorostral distribution of the 
mean + SEM of the TH tissue concentration and the TH quantity 
estimated in 80 pm intervals from values corresponding to 1 O-pm-thick 
sections. 

The mean + SEM of the TH tissue concentration and the mean + 
SEM of the total TH quantity in the whole structure and in each one 
of its subregions were also calculated by adding values estimated all 
along the caudorostral extent of the structure (or part of it). Statistical 
analysis of these resul?s was performed using a one-way analysis of 
variance (ANOVA I), where n is the number of animals, to compare 
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Figure 6. 

TH positive cells 

the effect of postnatal development on these two parameters. The com- 
parison between any two developmental stages was made in each of the 
subregions of the LC using the 95% Bonferroni simultaneous confidence 
intervals. An ANOVA I was also used to statistically test, in each age 
group, the effect of the caudorostral level on each parameter value (n 
was the number of all sections analyzed in each group). 

Results 
Anatomical identification of the TH immunoradioautographic 
signal 
At each developmental stage, the TH radioautographic detec- 
tion was very highly specific since the superimposition of the 
radioautograms with the adjacent Nissl-stained sections allowed 

TH tissue 173.70 138.91 
concentration 

157.45 
(UTHlmgt) f 4.58 f 2.13 f 2.36 

TH quantity 10.46 1.48 11.94 
(UW f 0.38 f 0.08 f 0.45 

(87.6 %) (12.4 %) (100 %) 

Figure 7. 

to identify the reaction in the noradrenergic nucleus LC. TH 
protein stained by the immunoradioautographic method after 
transfer of coronal brain sections onto nitrocellulose filters is 
shown at two different postnatal stages: PND4 (Fig. 1A) and 
PND42 (Fig. IB). 

From PND4 to PND14, it was possible to observe, with the 
anatomical resolution of this method, the distinct division of 
the radioautograms into dorsal and ventral parts in the middle 
of the caudo rostra1 extent of the LC (level 11, Figs. 211). 

In this study, and for all age groups, the anatomical level 11 
represents the first rostra1 plane of the LC on its caudorostral 
axis. At PND42, it corresponds to IA: -0.72 mm in Paxinos 
and Watson’s stereotaxic atlas (1986). 
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8;fyf~ 

4 
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4 1014 21 30 42 

Figure 8. Statistical analysis of the 
postnatal evolution of the biochemical 
parameters defining the phenotypic 
characterization of TH expression, 
quantitatively determined in the so- 
matic area of the total LC and each of 
its subregions. Results are expressed as 
the mean f  the 95% Bonferroni con- 
fidence interval for each age. The effect 
of development on these parameters is 
studied using a one-way analysis of 
variance. Significant difference (p < 
0.05) between two age groups can be 
considered when their respective 95% 
Bonferroni confidence intervals do not 
overlap. For the total LC, the postnatal 
development affects TH tissue concen- 
tration (p < 0.004) and the quantity of 
TH 0, i 0.0001). ForthepLC, the post- 
natal development affects the quantity 
of TH (p < 0.003) but does not affect 
TH tissue concentration (p < 0.327). 
For the duLC, from PND4 to PND14 
and from PND2 1 to PND42, the values 
for the daLC and aLC are reported, re- 
spectively. Postnatal development af- 
fects TH tissue concentration (p < 
0.0001) and the quantity of TH (p < 
0.0001). For the vuLC, postnatal de- 
velopment affects TH tissue concentra- 
tion (p < 0.0001) and the quantity of 
TH (p < 0.0001). 

Postnatal evolution of the phenotypic characteristics of TH 6) and PND42 (Fig. 7). The TH tissue concentration and the 
protein TH quantity were evaluated at intervals of 80 pm, exactly within 

The biochemical parameters characterizing the TH expression the topological space delineated by the TH-expressing cell bod- 
in the LC somatic area were examined along the caudorostral ies, in different subdivisions of the LC: posterior LC (pLC), 
extent of the structure at six postnatal stages: PND4 (Fig. 2) dorsal anterior LC (daLC) or anterior LC (aLC) and ventral 
PNDlO (Fig. 3) PNDl4 (Fig. 4) PND21 (Fig. 5), PND30 (Fig. anterior LC (vaLC) when it was detectable. 
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total LC than at the other stages, with the exception of PND42 (Fig. 8). 

za 
The highest values of TH quantity were observed at PND 10 at 

2’ 0,013 
levels 8-10 (Fig. 3B) as well as at PND14 but only at level 9 

c-3 
LJ 

(Fig. 4B). 

z.2 

29 
0,011 - Mean cell contribution to the TH quantity of the LC 

A highly significant correlation was observed between the num- 

si 
ber of TH-immunopositive perikarya counted at every anatom- 

0,009 - ical level (x; results reported in Bezin et al., 1994) and the TH 

ha quantity measured within the somatic area on the adjacent sec- 
.% A=i -w-w tion (J). From PND 14 through PND42 the equation of the curve 

5 .5 
0,007 - (n, number of sections considered) and significance of the linear 

ga regression (ANOVA I) are reported; PND14: y = 0.00546x - 

x8 
0,005 - 

0.19815, n = 65, RZ = 0.932, p < 0.0001 (Fig. 40); PND21: y 

-5 
= 0.00491x - 0.07841, rz = 97, R* = 0.901,~ < 0.0001 (Fig. 

-2; aJ 0,003 I I I I I 
5D); PND30: y = 0.00652x - 0.03303, n = 104, R2 = 0.90, p 

SP 
4 10 14 21 42 

< 0.000 1 (Fig. 60); PND42: y = 0.0076 lx - 0.07337; n = 113, 
R2 = 0.954, p < 0.0001 (Fig. 70). 

age (pm tna tal day) 

Figure 9. Postnatal development of the mean TH quantity provided 
by each cell in the TH-positive somatic area of the total LC. The post- 
natal evolution of the mean cell contribution to the quantity of TH 
measured in the somatic area of the LC is represented in two different 
ways. In the first (solidcircles), it is reported as the slope ofthe correlation 
curve between the quantities of TH and the number of TH-immuno- 
reactive cell bodies evaluated in each slice along the caudorostral extent 
of the LC. Each slope is significantly different from the others (p < 
0.0001, Student’s t test). In the second (open circles), this parameter is 
reported as the ratio of the mean quantity of TH in the total LC versus 
the mean number of TH-immunoreactive cell bodies in the total LC. 
At PND4 and PNDlO, different groups of animals were used for the 
auantification ofTH and the enumeration ofthe TH-uositive nerikarva. 
Beyond PNDlO, both parameters were obtained on the same animals. 
Note the similarity in the evolution of the two different means of cal- 
culation of the parameter considered. The number of TH-immuno- 
reactive cell bodies in the total LC was reported in the nrecedina study 
(Bezin et al., 1994) for each postnatal stage studied. I; equaled 1432, 
1116, 2298, 2297, 1563, and 1728 TH-positive perikarya at PND4, 
PND 10, PND 14, PND2 1, PND30, and PND42, respectively. 

TH tissue concentration 

At each developmental stage, the TH tissue concentration was 
distributed (p < 0.0001, ANOVA I, 66 < number of sections 
< 113) along the caudorostral axis of the structure, though the 
differences in this parameter between the posterior and the dor- 
sal anterior subdivisions of the LC were reducing from PND4 
to PND42 (Figs. 2A-7A). 

The mean tissue concentration of TH was always higher in 
the pLC than in the daLC and aLC whereas it was the same in 
the pLC and the vaLC at PND4 and PNDlO (Figs. 2C-7C, 8). 

The mean tissue concentration of TH remained constant dur- 
ing the postnatal period within the pLC whereas it progressively 
increased within the daLC (Fig. 8). 

TH quantity 
At each developmental stage, the TH quantity was strongly 
distributed (p < 0.0001, ANOVA I, 66 < number of sections 
< 113) along the caudorostral extent of the structure (Figs. 2B- 
7B). The pLC contained 73.9-92.7% of the amount of the TH 
evaluated in the total LC. This validated the division of the LC 
into a large posterior and a small anterior subregions. 

The dosage of TH revealed a greater TH quantity at PND 10 

The slope of these correlation curves was considered as the 
mean TH quantity provided by each cell in the somatic area 
and it was estimated in the total LC at PND 14, PND2 1, PND30, 
and PND42 as 0.00546 UTH/cell, 0.0049 1 UTH/cell, 0.00652 
UTH/cell, and 0.0076 1 UTH/cell, respectively. Each slope was 
significantly different from the others (p < 0.0001, Student’s t 
test). 

The TH quantity brought by each cell exhibited a postnatal 
evolution with a peak at PNDlO largely detached from the 
values calculated at the other stages (Fig. 9). 

Discussion 
We aimed to state accurately the biochemical parameters de- 
fining the phenotypic characterization of TH expression in the 
LC at each studied developmental stage. The TH tissue con- 
centration and the TH quantity were evaluated with precision 
in the spaces delineated by the cells expressing TH protein. This 
ontogenic followup of the TH-expressed protein revealed in- 
variant and variant phenotypic characteristics of TH expression 
in the somatic area of the LC. 

The quantitative radioautographic dosage of TH protein con- 
tent after direct transfer of total proteins from unfixed brain 
sections (10 pm thick) onto nitrocellulose filters constituted a 
sensitive method supported by a high anatomical resolution. It 
was possible to precisely delimit and then restrict the measure- 
ments to the somatic area of the LC that were very impregnated 
on radioautographic images. The anatomical resolution of the 
method was first illustrated by the close superimposition of the 
dense radioautographic images and the catecholaminergic ele- 
ments stained on the adjacent section after TH-immunohisto- 
chemistry. Moreover, the anatomical dichotomy of the anterior 
region of the LC between a dorsal and a ventral subdivision at 
the early stages, first identified in the preceding immunohisto- 
chemical study (Bezin et al., 1994) has also been observed on 
radioautographic images. Finally, the caudorostral extent of the 
radioautographic detection of TH protein was similar to the 
extent determined from the previous immunohistochemical 
study. At each developmental stage the efficiency of the direct 
transfer of total brain proteins was verified. In all cases, the 
amount of proteins transferred from frozen unfixed brain sec- 
tions of 5-30 pm thick was directly proportional to the slice 
thickness, as already demonstrated by Weissmann et al. (1989) 
and exhibited a global recovery of 90% of total brain proteins 
at the end of the incubation period necessary for the specific 
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detection of TH (data not shown). With the exception of PND4 
and PNDlO, it was possible to determine the TH content and 
the number of TH-expressing cells on adjacent sections. A highly 
linear correlation between these two parameters was demon- 
strated from PND 14 and beyond, the intercept of the correlation 
curves being almost zero. Such results suggest that the origin of 
TH protein measured in the somatic area in one interval was 
exclusively from coeruleal neurons (perikarya and their very 
proximal dendrites) of the considered interval. We then esti- 
mated the mean TH quantity provided by each cell in the so- 
matic area (or mean TH quantity per cell for simplification), 
which corresponded to the slope of these correlation curves. At 
PND4 and PND 10, methodological limits prevented the deter- 
mination of the TH content and the enumeration of TH-ex- 
pressing cells from adjacent sections; each of these parameters 
was obtained from distinct animals. The mean TH quantity per 
cell was estimated by a second method: the mean TH quantity 
in the total LC was divided by the mean number of TH-ex- 
pressing cells in the total LC. The two methods gave similar 
evolution of the mean TH quantity per cell from PND14 to 
PND42. So, the evolution of the mean cell contribution to the 
total LC TH content could be observed from PND4 to PND42. 

The examination of TH-expressed protein parameters within 
the rat LC during its postnatal development revealed the in- 
variability of some phenotypic characteristics of TH expression 
in this structure. 

Our results demonstrate that the mean value of the TH tissue 
concentration and the mean TH quantity in the pLC are always 
greater than the one measured in the daLC during postnatal 
development. So, at each developmental stage, the caudorostral 
distributions of the TH tissue concentration and the TH quan- 
tity should make for an objective separation of the LC into a 
posterior and an anterior subregion, as already observed for 
cellular parameters: the number of TH-expressing perikarya and 
the volume delineated by these perikarya (Bezin et al., 1994). 

The TH content measured within the compartment of peri- 
karya and their very proximal dendrites resulted from the tissue 
concentration of TH and the volume of this compartment. The 
tissue concentration of TH and the volume delineated by the 
TH-expressing cell bodies remained quite stable during the post- 
natal development. Thus the TH quantity exhibited little age- 
related differences, excepting the transient peak observed at 
PND 10. However, the evolution of the TH quantity evaluated 
in this study did not correspond to the progressive increase of 
TH quantity reported in the LC using a Western blot procedure 
(Zyzek et al., 1990). This could be as a result of methodological 
differences. The Western blot analysis was realized from LC 
tissue punches that included the perikarya and most of the sur- 
rounding neuropil. There might therefore be a different evolu- 
tion of TH content between the compartment formed by the 
perikarya and their proximal dendrites on the one hand, and 
the compartment formed by the surrounding neuropil on the 
other. We can reasonably hypothesize that TH quantity in this 
latter compartment would progressively increase during the 
postnatal period. 

The tissue concentration of TH within the pLC remained 
constant during the postnatal development. Concerning the 
vaLC, the TH tissue concentration at PND4 and PNDlO was 
close to the value observed in the respective pLC. We have also 
demonstrated that the volume of the anatomical entity, which 
may be composed by the pLC and the vaLC, remained constant 
during postnatal development (Bezin et al., 1994). So, in this 

probable anatomical entity, invariant developmental phenotyp- 
ic characteristics of TH expression could be represented by the 
tissue concentration of TH and the volume delineated by the 
TH-expressing cell bodies. 

We have, nevertheless, observed variant developmental phe- 
notypic characteristics of TH expression within the LC during 
the postnatal period. The tissue concentration of TH did not 
follow the same postnatal evolution in the different subdivisions 
of the LC, which gave further evidence for the heterogeneity of 
the structure. An age-related reducing of the mean TH tissue 
concentration differences between the pLC and the daLC was 
observed. It resulted to an age-related increase in this parameter 
in the daLC whereas TH tissue concentration remained stable 
in the pLC. The steady state of the tissue concentration of TH 
would have been established early in the pLC (before PND4), 
whereas the daLC would reach it later (beyond PND42). Such 
hypothesis about the somatotopic organization of the LC neu- 
rons have been advanced from the analysis of the target area 
organization of this structure (Loughlin et al., 1986), from the 
TH expression in basal conditions (Debure et al., 1992), and 
from responses to pharmacological treatment (Debure et al., 
1992; Schmitt et al., 1993). Intensive variations of the mean 
TH quantity per cell have been observed during the early stages 
of the postnatal development. The more numerous the TH- 
expressing cells during postnatal development, the less each one 
contributed to the total amount of TH protein in the LC. The 
highest amplitude of variation occurred during the first 2 weeks 
concomitant with the deep topological reorganization of the 
caeruleal TH-positive cell bodies (Sievers et al., 198 1; Bezin et 
al., 1994). 

We have demonstrated that invariant and variant phenotypic 
characteristics are involved in the developmental evolution of 
the TH expression in the LC. In this structure, plasticity of both 
the number of TH-expressing cells and TH quantity per cell 
have been revealed during the postnatal ontogeny. However, 
the total volume of the structure and the mean TH tissue con- 
centration were stable during the same period. These observa- 
tions fostered the interest to hypothesize about a possible link 
between these phenomena. 

All measurements were realized in steady-state conditions 
that represent a balance between the mechanisms involved in 
the synthesis and in the disappearance of the protein. The mod- 
ifications in the mean TH quantity per cell may be explained 
in part by alterations in the rate of synthesis of the protein. This 
rate could be enhanced between PND4 and PNDlO; the evo- 
lution of TH mRNA expression needs to be studied to test this 
hypothesis. Beyond PNDlO, the dramatic decrease in the mean 
TH quantity per cell could correspond to increases in the dis- 
appearance rate of the protein, .which would be too fast to be 
balanced by the synthesis mechanisms. The transport of the 
protein either in the terminal fields, in the dendritic compart- 
ment or both of them could explain such a decrease. In this 
way, studies in the olfactory bulb have reported a high increase 
in the density of the noradrenergic innervation from the LC 
neurons beyond the first postnatal week (McLean and Shipley, 
1991). 

Another hypothesis is possible. The mean TH quantity per 
cell could be regulated to keep constant the TH tissue concen- 
tration in the somatic area constant. As TH activity in the pons 
was reported to reach the adult value at PND14 (Coyle and 
Axelrod, 1972) the concomitant stabilization of these two pa- 
rameters could have a functional importance in the develop- 
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mental steps of young rats. It is interesting to note that the 
autoinhibitory synaptic mechanisms mediated by the a2 adre- 
noceptors were established beyond PND15 in the LC (Kimura 
and Nakamura, 1987). The end of the second postnatal week 
would represent a critical period in the establishment of the 
functions of the LC. 

We have demonstrated in this work that the establishment 
of TH expression in the LC exhibited variant and invariant 
phenotypic characteristics during postnatal development. A di- 
chotomy of the structure into a posterior and an anterior sub- 
region was confirmed by differences in the kinetics of establish- 
ment of the TH protein expression. A plasticity of the quantity 
of TH per cell was revealed during this period. Because the 
number of TH-expressing cell bodies was concomitantly fol- 
lowing an opposite evolution to the one observed for the TH 
quantity per cell, TH tissue concentration remained quite stable 
in the space that containing these perikarya. Further studies are, 
however, necessary to apprehend the postnatal evolution of the 
phenotypic characteristics of TH expression in the dendritic 
compartment of coeruleal neurons, which are known to extend 
considerable distances beyond the cellular limits of the nucleus 
at the adult stage (Swanson, 1976). 
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