
compositions in the two groups were 
very similar; this strongly suggests that 
the tubercle exudate is the wax material 
that eventually covers the surface to wa- 
terproof the beetle. The type of protein 
present and the chemical nature of the 
lipid-protein interaction were not deter- 
mined. The protein fraction is probably 
essential for the morphological changes 
observed at the various humidity ex- 
tremes, in view of the hydrophobic na- 
ture of the hydrocarbons and most of the 
other components of the lipid fraction. 

The adaptive value of the color phases 
exhibited by C. verrucosa in response to 
humidity is uncertain. The wax filament 
network that accumulates at low humidi- 
ty occurs at a time when the potential for 
transpiration is high. The boundary lay- 
er of air between the cuticle surface and 
the inner surface of the wax filaments, 
plus the meshwork of filaments itself, 
will increase the resistance to diffusion 
of water. A similar accumulation of wax 
filaments on sorghum leaves is believed 
to be responsible for this species' toler- 
ance of drought (6). Increased diffusion 
resistance was tested for in C. verrucosa 
by comparing the rates of water loss of 
blue and black beetles at 40?C and 0 RH 
over a 6-hour period (7). The mean water 
loss of blue beetles (0.109 ? 0.032 mg 
cm-2 hour-l) was slightly lower than that 
of black beetles (0.140 + 0.026 mg cm-2 
hour-') (P < .01; Student t = 4.43; 18 
d.f.). This difference can be attributed 
largely to evaporation of adsorbed cu- 
ticular moisture in black beetles (8). 

The blue (light) color created by the 
wax meshwork should also increase re- 
flection of radiation and thus reduce the 
heat load on individuals directly exposed 
to sunlight. Namib Desert tenebrionid 
beetles with white elytra exhibited high- 
er reflectance and lower body temper- 
atures than closely related all-black spe- 
cies (9); similar results were obtained 
when Eleodes armata (black) from the 
Sonoran Desert were compared with in- 
dividuals with their elytra painted white 
(10). Attempts to experimentally verify a 
similar relationship in C. verrucosa by 
comparing heating rates of blue and 
black beetles under artificial radiation 
were unsuccessful. Evaporation of water 
from the cuticle of black beetles cooled 
them sufficiently to keep their heating 
rates slightly below those of blue beetles 
in each test run. These results, however, 
are rather meaningless in view of the na- 
ture of the black phase, which is unlikely 
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rates slightly below those of blue beetles 
in each test run. These results, however, 
are rather meaningless in view of the na- 
ture of the black phase, which is unlikely 
to occur under actual desert conditions. 
Blue phase beetles, which are common- 
ly encountered in the field, probably de- 
rive some thermoregulatory benefits 
from increased reflection of radiation, 
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but this is also of questionable signifi- 
cance because of the species' pre- 
dominantly nocturnal surface activity. In 
any case, these adaptive benefits are sec- 
ondary to the low cuticular transpiration 
rates that result from the production and 
deposition of surface lipids by this 
unique wax-secreting system. 
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Cell divisions of functionally and mor- 
phologically distinct neuronal groups in 
the central nervous system occur in tem- 
porally discrete bursts (1). When two 
neuronal types differ significantly with 
respect to their time of "birth," the se- 
lective destruction of one group with 
sparing of the other may follow brief fe- 
tal or neonatal exposure to agents toxic 
to dividing cells (2). After this type of de- 
velopmentally incurred brain damage, 
novel synaptic relationships among the 
remaining neurons probably account for 
some neurologic and behavioral abnor- 
malities (3). In this report, we demon- 
strate that a single treatment of the rat 
fetus with methylazoxymethanol, a nu- 
cleic acid alkylating agent, results in an 
abnormally dense noradrenergic inner- 
vation of the atrophic neocortex in adult- 
hood. 

The cerebral cortex receives wide- 
spread innervation from noradrenergic 
neurons with cell bodies localized in the 
locus coeruleus. The cells that form the 
locus coeruleus undergo a period of in- 
tense mitotic activity between 11 and 13 
days of gestation in the rat, after which 
cell division ceases; neurochemical and 
histofluorescence microscopic studies 
indicate that noradrenergic axons reach 
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the primordial neocortex by 15 days of 
gestation (4, 5). In contrast, the neurons 
with cell bodies intrinsic to the rat neo- 
cortex undergo terminal cell divisions 
during days 14 to 20 of gestation with the 
smaller and more superficially located 
neurons dividing last (6). 

In the present experiments we de- 
stroyed selectively, in fetal rats, the cor- 
tical neurons which divide on day 15 of 
gestation by injecting pregnant dams 
with a single dose of methylazoxy- 
methanol acetate (MAM), the aglycone 
of cycasin. This compound is a potent al- 
kylating agent that kills dividing cells by 
methylating the purine bases of the nu- 
cleic acids; the cytotoxic effects of MAM 
are confined to a brief period from 2 to 24 
hours after injection, with maximum ef- 
fects occurring at 12 hours (7). Previous 
studies have shown that a single injec- 
tion of MAM to rats during the last week 
of gestation results in offspring with mi- 
crocephaly (8). 

Pregnant Sprague-Dawley rats that 
were sperm-positive on a definite date 
were housed in separate cages after 13 
days of gestation. On day 15 of gestation, 
the rats received intraperitoneal injec- 
tions of either MAM (20 mg/kg, diluted 
to a concentration of 10 mg/ml in 0.9 
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Methylazoxymethanol Treatment of Fetal Rats Results in 

Abnormally Dense Noradrenergic Innervation of Neocortex 

Abstract. A single injection of methylazoxymethanol in pregnant rats at 15 days of 
gestation results in severe cortical atrophy in the offspring. In the adult offspring, the 
neurochemical markers for the cortical y-aminobutyric acid-containing neurons 
are severely reduced, whereas the noradrenergic markers are minimally altered. Im- 
munohistofluorescence microscopy demonstrates a marked increase in the density of 
noradrenergic axons which have an abnormal pattern of distribution in the atrophic 
cortex. The results suggest that the central noradrenergic neurons determine the 
number of axons to be formed early in brain development, but local factors in the 
terminalfield regulate the ultimate distribution of the noradrenergic axons. 
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percent NaCI; Aldrich Chemical) or an 
equivalent volume of diluent. The litters 
were born on day 22 of gestation and 
were reduced to ten or fewer pups with 
runts being discarded. Offspring of the 
MAM-treated mothers did not differ sig- 
nificantly from controls with respect to 
size at 7 weeks of age [controls, 153 + 

6 g (mean + standard error); MAM- 
treated, 165 + 5 g; N= 12 in each 

group] or the incidence of external 
anomalies. 

All rats exposed to MAM prenatally 
had strikingly smaller forebrains at 7 
weeks of age which left the colliculi ex- 
posed by the deficient cortical expan- 

Table 1. Female rats were injected with MAM (20 mg/kg body weight) on day 15 of gestation. 
The neurochemical markers for GABA-containing neurons and noradrenergic axons in lateral 
neocortex were determined in the offspring when they were 7 to 10 weeks old. Control dams 
were treated with diluent alone and their litters were reared under identical conditions. Each 
value (mean + standard error) was the result of at least five determinations in duplicate. Ani- 
mals in each experiment were from at least three different litters. 

Tyrosine Norepi- Glutamate ymino- 
Group butyric Group 

hydroxylase nephrine decarboxylase acid 

Specific activity or concentration 
(pmole hour-' (ng/mg (pmole hour-l (nmole/ 
mg protein-') tissue) mg protein-') mg tissue) 

Control 12.5 + 0.9 0.44 + 0.04 35.8 + 1 1.07 + 0.09 
Treated 54.5 ? 5.6* 1.03 ? 0.03* 31.4 + It 1.17 + 0.12 
Percentage change +336 +133 -12 +9 

Total activity or amount 
(pmole hour-' (ng per (nmole hour-' (nmole per 

per slab) slab) per slab) slab) 
Control 44.3 + 4.2 31.5 + 2.4 127 + 7.7 62.7 + 7.1 
Treated 51.3 ? 9 24.5 + 1.2t 29.6 + 4.5* 26 ? 4.9t 
Percentage change + 16 -22 -77 -59 

*P < .001. tP < .05. tP < .01 (for control versus treated rats, Student's t-test). 

sion. Forebrain weight was reduced to 
47 percent of control (MAM-treated, 
573 + 19 mg; control, 1207 ? 16; N 
10 in each group; P < .001). In contrast, 
the appearance and weight of the pons, 
medulla, and cerebellum were un- 
changed. The size and weight of unilater- 
al neocortical slabs dissected according 
to white matter landmarks (9) were con- 
siderably reduced in the treated animals 
(MAM-treated, 15 + 2 mg; control, 
45 ? 3 mg; N = 10 in each group; P 
< .001). Nissl-stained sections through 
the lateral neocortex revealed marked 
thinning and cytoarchitectonic alteration 
of the cortex with an increased thickness 
in the apparent layer I, virtual absence of 
neurons in layers II and III, and some 
disruption of pyramidal cell orientation 
in the remaining cell layers. 

To assess the effects of MAM treat- 
ment on a defined population of neurons 
in the cerebral cortex, we examined neu- 
rochemical markers for the y-amino- 
butyric acid (GABA)-containing neu- 
rons [glutamate decarboxylase (E.C. 
4.1.1.15) and endogenous GABA] in- 
trinsic to the cortex and for the noradre- 
nergic axons [tyrosine hydroxylase 
(E.C. 1.14.16.2) and endogenous norepi- 

Fig. 1. Photomicrographs of noradrenergic axons in the lateral cortex 
of (A) MAM-treated and (B) control rats as revealed by immuno- 
histofluorescence microscopy with antiserum to rat dopamine /3-hy- 
droxylase (10, 12). Both photomontages, which are typical of the re- 
sults obtained from three rats in each treatment group, are presented 
at the same magnification (scale bar, 50 ,um) to allow for comparison 
of the relative density of noradrenergic axons; as a result, only the 
upper 40 percent of the cortex from a control rat is shown, whereas 
the entire thickness of the atrophic cortex from a MAM-treated rat 
occupies the same area. The sections in (A) show the dense plexus of 
noradrenergic axons; the pattern of innervation is constant through- 
out all cortical layers from the pial surface (P) to the corpus callosum 
(CC) with short, randomly oriented axon segments. In contrast, the 
cortex from the control rat (B) has a distinctly lower density of norad- 
renergic axons, which run parallel to the pial surface (P) in layer I and 
have a radial orientation in the deeper layers. 
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nephrine] innervating the cortex (10). 
The lateral cortex from the MAM- 
treated rats contained considerably 
higher concentrations of the catechol- 
aminergic neurochemical markers than 
cortex from the controls (Table 1). 
The specific activity of tyrosine hy- 
droxylase was four times higher in the 
MAM-treated rats than in the controls 
and the concentration of its end product, 
norepinephrine, was more than two 
times higher. In contrast, the specific ac- 
tivity of glutamate decarboxylase was re- 
duced slightly, but significantly, by 12 
percent and the concentration of endoge- 
nous GABA was not significantly al- 
tered. Although the concentrations of 
neurochemical markers are relevant to 
understanding the local relationships 
within the damaged neocortex, ex- 
pressing the results in terms of total 
amount per cortical slab highlights the 
absolute deficiency in the neuronal num- 
ber produced by MAM treatment. When 
expressed in this manner, the MAM- 
treated neocortex exhibited severe defi- 
cits in the presynaptic markers for the 
GABA-containing neurons, with a 77 
percent reduction in glutamate decar- 
boxylase activity and a 59 percent reduc- 
tion in the amount of GABA. In contrast, 
the total activity of tyrosine hydroxylase 
per cortex was not significantly altered 
and the amount of endogenous norepi- 
nephrine was only slightly reduced. 
These results strongly suggest that the 
MAM-treated cortex possesses a normal 
complement of catecholaminergic axons 
whose density is increased as a result of 
the deficiencies in other cortical neuron- 
al populations. 

To examine more directly the al- 
tered noradrenergic innervation of 
MAM-lesioned cortex, we visualized 
the noradrenergic axons by means of 
immunohistofluorescence microscopy, 
using a homologous antibody to dopa- 
mine /3-hydroxylase (E.C. 1.14.17.1) 
(11), an antigenic marker for the noradre- 
nergic neurons (12, 13). The lateral cor- 
tex from the MAM-treated animals (Fig. 
1) exhibited a much higher density of 
dopamine fi-hydroxylase-containing ax- 
ons than cortex from the same area in 
control rats. In coronal sections of cor- 
tex from control rats, the noradrenergic 
innervation follows the laminar organiza- 
tion of the cortex with fibers running par- 
allel to the pial surface in layer I and a 
predominance of long, radially oriented 
fibers in the deeper layers (14). In con- 
trast, in the MAM-lesioned cortex, nor- 
adrenergic axons form a dense plexus of 
randomly oriented segments of fibers 
with no laminar organization apparent. 
These immunohistochemical studies 
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concur with the neurochemical data in 
demonstrating a relative noradrenergic 
hyperinnervation of the cerebral cortex 
rendered atrophic by a fetal insult. 

This example of noradrenergic hyper- 
innervation was produced by elimination 
of neurons intrinsic to the cerebral cor- 
tex at early stages of their formation. A 
similar increase in noradrenergic axon 
density has been described in the cere- 
bellum of certain mutant mice in which 
the granule cell population fails to devel- 
op (15); however, the cerebellar dysgen- 
esis occurs after birth whereas the phar- 
macologic lesion used in the present 
study takes place at much earlier stages 
of brain differentiation. Perinatal treat- 
ment of rats with 6-hydroxydopamine, a 
toxin specific for catecholaminergic ax- 
ons, can markedly attenuate the devel- 
opment of noradrenergic innervation to 
the rostral regions of the brain but results 
in a compensatory hyperplasia of nor- 
adrenergic fibers in caudal regions (16). 
Thus, the present neurochemical and im- 
munohistofluorescence observations, as 
well as previous studies, suggest that 
central noradrenergic neurons are pro- 
grammed early in development for the 
total number of their axons to be formed 
in a manner that is relatively indepen- 
dent of the regions innervated. Never- 
theless, our results indicate that the post- 
synaptic neurons play an essential role in 
regulating the pattern of axon distribu- 
tion in the terminal field. This conclusion 
is supported by the observation that 
irises implanted into brain develop a pat- 
tern of innervation from central noradren- 
ergic neurons typical for iris and not for 
brain tissue (17). The maintenance of a 
normal number of noradrenergic axons 
in the atrophic cortex with an altered 
pattern of innervation makes it likely 
that unusual functional relationships 
may exist between the noradrenergic ax- 
ons and the residual cortical neurons. 
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