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clear coactivators in the conventional man- 
ner. The allosteric ligand activation and the 
phosphorylation work synergistically to pro- 
mote receptor-mediated gene function. Final- 
ly, DA reinforces P action through a direct 
ligand-independent activation of the PR (I) 
as well as indirectly through activation of 
DARPP-32. It is implicit that cross-talk be- 
tween these two pathways is important for 
integration of the multitude of signals that 
modulate reproductive behavior. 
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The most disabling features of FAE/FAS are 
neurobehavioral disturbances ranging from hy- 
peractivity and learning disabilities to depres- 
sion and psychosis (2, 3). It is thought that the 
brain is particularly sensitive to the neurotoxic 
effects of ethanol during the period of synapto- 
genesis, also known as the brain growth spurt 
period, which occurs postnatally it rats but 
prenatally (during the last trimester of gesta- 
tion) in humans (4-6). Thus, ethanol treatment 
of neonatal rats causes reproducible effects rel- 
evant to FAEFAS, including a generalized loss 
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o f  brain mass and a specific loss o f  cerebellar 
and hippocampal neurons (7, 8). However, 
these circumscribed losses cannot account for 
the overall loss o f  brain mass, and the mecha- 
nism(~) underlying ethanol's injurious effects 
on the developing brain remain a mystery. 

Having recently found (9) that transient 
blockade o f  N M D A  glutamate receptors during 
the period o f  synaptogenesis causes widespread 
apoptotic neurodegeneration in the infant rat 
brain, we decided to evaluate ethanol, a known 
N M D A  antagonist (lo), for its ability to trigger 
apoptotic neurodegeneration in the developing 
rat brain. A 20% solution o f  ethanol in normal 
saline was administered to 7-day-old Sprague- 
Dawley rats in two separate treatments, 2 hours 
apart, each treatment delivering 2.5 glkg sub- 
cutaneously (sc); control rats were treated with 
saline only. The brains were examined histo- 
logically 24 hours after the first treatment. In 
the brains o f  saline-treated rats, both silver 
staining and TUNEL (terminal deoxynucleoti- 
dyl transferase-mediated deoxyuridie triphos- 
phate nick-end labeling) (11-13) revealed a 
very light pattern o f  neurodegeneration attrib- 
utable to physiological cell death (PCD), the 
apoptotic process by  which biologically redun- 
dant neurons are deleted from the developing 
brain. In the brains o f  ethanol-treated rats, these 
stains revealed a very dense and widely distrib- 
uted pattern o f  neurodegeneration, a pattern that 
overlapped with but was more extensive than 
that (9) induced b y  other NMDA antagonists 
(Fig. 1, A to H). As assessed by  electron mi- 
croscopy, the ethanol-induced cell death pro- 
cess clearly met ultrastructural criteria (14, 15) 
for apoptosis (Fig. 1L). 

Quantitative evaluation (16, 17) revealed contrast, the densities o f  degenerating neurons 
that the densities o f  degenerating neurons in in ethanol-treated pups ranged from 5 to 30% o f  
saline-treated rats varied from 0.13 to 1.55% o f  the total neuronal densities in the same brain 
the total neuronal density in brain regions ex- regions. The mean number (+SEM) o f  degen- 
amined (Table 1). This represents the rate o f  erating neurons in selected regions o f  the fore- 
spontaneous apoptosis (PCD) that occurs natu- brain (16) was 12,567,726 + 1,008,195 for the 
rally in the rat brain at postnatal day 8 (P8): In ethanol-treated rats (n = 6), compared to 

0 Saline + 2.5pntg (2.5pntg x 1) 

A 1 3 5 7 9 11 13 15 

T i e  (hours) Dosing Regimen 

Fig. 2. Ethanol was administered to  P7 rats by several dosing regimens. The total dose ranged from 
0 to  5 g/kg sc and was administered either in a single injection or in multiple injections spaced 2 
hours apart. (A) Blood ethanol curves associated with each of several dosing regimens. (B) Severity 
of apoptotic neurodegeneration associated with each dose-blood ethanol curve. The histographic 
values in (B) represent total numbers of apoptotic neurons (means ? SEM, n = 6 per group) in the 
forebrains of saline- and ethanol-treated rats. Severity of degeneration was established using 
silver-stained sections and by counting argyrophilic profiles in 13 brain regions, as described (76). 
Many blood ethanol curves not shown were generated; those shown were selected because each 
is representative of a type of curve required to  trigger a certain amount of apoptotic neurode- 
generation. The data show that the severity of apoptotic degeneration does not correlate with total 
dose, but rather with the rate at which the dose is given and the length of time the blood ethanol 
level remains elevated above a toxic threshold in the range of 200 mg/dl. Dosing regimens that 
produced blood ethanol concentrations that did not exceed 200 mg/dl for more than 2 hours did 
not increase the rate of apoptotic neurodegeneration significantly above the spontaneous rate in 
saline-treated rats. If blood ethanol concentrations exceeded 200 rng/dl for 4 hours, apoptotic 
neurodegeneration was significantly increased, and if concentrations exceeded 200 mg/dl for more 
than 4 hours, the degenerative response became progressively more severe in proportion to  the 
length of time the concentrations exceeded 200 mg/dl. 

Fig. 1. (A to D) Low-magnification (25X) light microscopic overviews of A silver-stained (11-73) transverse sections from the parietal and cingulate 
A cortex of P8 rats treated 24 hours previously with saline, MK-801 (NMDA 

antagonist), phenobarbital, or ethanol Degenerating neurons (small dark dots) 
are abundantly present in several brain regions after treatment with MK-801, 
phenobarbital, or ethanol, but are only sparsely present after saline treatment. 
Note that MK-801 and phenobarbital both affect neurons superficial to  the 
cortical surface, whereas the middle cortical layers are affected very promi- 
nently by phenobarbital and are relatively spared by MK-801. The ethanol 
pattern resembles a combination of the MK-801 and phenobarbital patterns. 
(E to H) Light micrographs ( 5 5 ~ )  depicting the anterior thalamus at the level 
of the laterodorsal (LD), anterodorsal (AD), anteroventral (AV), and antero- 

3 medial (AM) nuclei, respectively. Note that MK-801 affects the LD, AV, and 

. ' ( AM nuclei but not the AD nucleus, whereas phenobarbital affects the LD and 
'b. 

? AD nuclei very prominently but almost entirely spares the AV and AM nuclei. 
The ethanol pattern includes all four nuclei. as would be ex~ected if it acts bv 

H a dual mechanism involving blockade of NMDA re~e~to rs '~ lus  activation i f  
CABA, receptors. (I to  1) Electron micrographs (1800X) illustrating that 
apoptotic neurodegeneration induced by MK801 (J), phenobarbital (K), or 
ethanol (L) has the same ultrastructural appearance as PCD (I), an apoptotic 

' 
phenomenon that occurs spontaneously in the developing brain. As we have 

I,;-. . 1 recently described (9, 74), in both spontaneous and induced apoptosis, the 

*: earliest signs are the formation of spherical chromatin masses and flocculent . , .  .- densities in the nucleus while the nuclear envelope remains intact and 

1, ." " " , cytoplasmic organelles are relatively unaltered; this is followed in the middle 
, and Late stages by fragmentation of the nuclear envelope, intermixing of 

nucleoplasmic and cytoplasmic contents, and progressive condensation of the 
entire cell All four examples shown here have a similar appearance, as they are 
all in the middle stage of apoptotic neurodegeneration. 

f i . ,  
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Fig. 3. Age dependency of ethanol-induced ap- 8 0 , 0 0 0  835,360 5 101,079 for the saline-treated group 
optosis in the brains of developing rats. Imma- 
ture rats were exposed at different developmen- 
ta l  ages (El7 t o  P21) t o  saline or ethanol (2.5 
g/kg sc at 0 and 2 hours; total dose 5 @kg), and 
24 hours later we used the stereological disector 
method (76, 77) t o  assess the numerical densi- 
ties of degenerating neurons in DeOlmos silver- 
stained sections of various brain regions. To 
determine the apoptotic degeneration that 
could be attributed t o  ethanol, we subtracted 
the mean numerical density count for the saline- 
treated rats (n = 6) in a given brain region from 
the mean numerical density count for the etha- 
nol-treated rats (n = 6) in the same brain region. 
In each brain region there was a t ime window 
during which neurons showed vulnerability t o  
ethanol-induced apoptosis, and the timing of 
this vulnerability period was different for differ- 
ent brain regions. However, each region dis- 
played a temporal profile that f i t  into an early-, 
middle-, or late-stage category. Neuronal popu- 
lations showing the early-stage profile (ventro- 

7 0 , 0 0 0  

6 0 , 0 0 0-
E2 s o , o o o  

'i % 
-cl t , o , o o o  

1.'co" 2 3 0 , 0 0 0  

5 
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Developmental age (days) 

medial hypothalamus, mediodorsal and ventral thalamus) began t o  display a significant 
response t o  ethanol on day E19, which reached a peak at  PO and rapidly declined thereafter. 
Neurons showing the middle-stage profile (subiculum, hippocampus, caudate, and laterodorsal 
and anteroventral thalamus) began t o  show a response on E19, which reached a peak at  P3 and 
gradually declined t o  zero by P14. Those showing the late-stage profile (frontal, parietal, 
temporal, cingulate, and retrosplenial cortices) exhibited a degenerative response that began 
on day P3, peaked at  P7, was markedly diminished at  P14, and was absent at  P21. Each of the 
curves presented here pertains t o  a single brain region that is representative of a response 
pattern: ventromedial hypothalamus, early stage; laterodorsal thalamus, middle stage; and 
frontal cortex, layer II, late stage. 

(n = 6). 
In additional experiments with P7 rats, we 

administered ethanol by various dosing regi- 
mens and compared the severity of the apo- 
ptotic response (16) with the blood ethanol 
curves produced by each regimen. We found 
that the apoptotic response induced by etha- 
nol cannot be predicted by the dose, but 
rather depends on how rapidly the dose is 
administered and on how long the blood eth- 
anol levels are elevated above a toxic thresh- 
old in the range of 180 to 200 mgidl (Fig. 2). 
Maintaining blood ethanol concentrations at 
or above 200 mgidl for four consecutive 
hours was the minimum condition for trigger- 
ing neurodegeneration. If ethanol concentra- 
tions remained above 200 mgidl for more 
than 4 hours, the degenerative response be- 
came progressively more severe and more 
widespread in proportion to the length of time 
that the concentrations remained above this 
level. 

To determine how the apoptotic response 
to ethanol might differ as a function of de- 
velopmental age, we administered either sa- 
line or ethanol (2.5 gikg sc at 0 and 2 hours; 
total dose 5 gikg) to pregnant rats on embry- 
onic day 17 (E 17)or E 19 or to their offspring 
on PO, P3, P14, or P21; after 24 hours, we 

Table 1. Rate of apoptotic neurodegeneration in 15 brain regions of P8 rats 24 hours after treatment with saline, ethanol, diazepam, or MK801 

Saline 
Ethanol*: Diazepam*: MK801*: 

Brain region Numerical density, 
total cells 

(mean/mm3 2 SEM) 

Degenerating cell 
density as 

percentage of 
total cell density 
(mean 2 SEM) 

Degenerating cell 
density as 

percentage of 
total cell density 
(mean 2 SEM) 

Degenerating cell 
density as 

percentage of 
total cell density 
(mean 2 SEM) 

Degenerating cell 
density as 

percentage of 
total cell density 
(mean i SEM) 

CAI hippocampus 
Subiculum 
Caudate 
Laterodorsal 

thalamus 
Mediodorsal 

thalamus 
Septum 
Pallidum 
Frontal cortex 

layer II 
Frontal cortex 

layer IV 
Parietal cortex 

layer II 
Parietal cortex 

layer IV 
Cingulate cortex 

layer II 
Cingulate cortex 

layer IV 
Retrosplenial 

cortex layer II 
Retrosplenial 

cortex layer lV 

*In all brain regions, the rate of apoptosis was significantly higher (P < 0.001) in rats treated with ethanol (2.5 g/kg x 2) (n = 7), diazepam (30 mg/kg x 1) (n = 6), or MKBO1 (0.5 
mg/kg X 3) (n = 6) than in rats treated with saline (n = 5). For all comparisons (ethanol, diazepam, or MK801 versus saline), the P values exceeded the Bonferroni corrected levels 
(P = 0.05145 = 0,0011). 
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compared the neurodegenerative response in 
the fetal or infant brains with the response in 
P7 rats. To assess the degenerative response 
to ethanol, we compared the density of de- 
generating neurons in various brain regions 
of saline-treated rats with the density of de- 
generating neurons in the same brain regions 
of ethanol-treated rats. We found that there is 
a time window from E l  9 to P14 when various 
neurons in the forebrain show transient sen- 
sitivity to ethanol-induced neurodegenera-
tion, and within this period, which coincides 
with the synaptogenesis period, different neu- 
ronal populations display transient sensitivity 
at different times. Three response patterns 
were observed (Fig. 3). 

To assess whether the apoptotic response 
to ethanol is associated with a loss of brain 
mass, we administered saline or ethanol (2.5 
g k g  sc at 0 and 2 hours; total dose 5 gkg)  to 
infant rats on P7 and found, when the exper- 
iment was terminated at P12, that the brain 
weights (whole brain or forebrain and cere- 
bellum weighed separately) of the ethanol- 
treated rats were significantly lower than 
those of the saline-treated rats (Fig. 4). 

Because ethanol triggered apoptosis in 
some brain regions that are not typically af- 
fected by NMDA antagonists, we attempted 
to identify other possible mechanisms to ex- 
plain ethanol's effects in these brain regions. 
In a series of experiments (18), we were 
unable to demonstrate an appreciable apopto- 
tic response to agents that act as either ago- 
nists or antagonists at dopamine receptors, 
block kainic acid or muscarinic cholinergic 
receptors, or block voltage-gated ion chan- 
nels. However, a robust apoptotic response 

Saline 

0Ethanol

III 
Whole FBIMB CB/BS
Brain 

Fig. 4. On day P12, the brains of rats that were 
treated with saline (n = 6)  or ethanol (n = 6)  
on day P7 were weighed to obtain a whole 
brain weight, then were dissected at the level 
of the pons into two portions, one including the 
forebrain (FB) and midbrain (MB) and the other 
including the cerebellum (CB) and brainstern 
(BS). Sampling and weighing of the brains were 
performed in a blinded manner. The weights for 
the ethanol-treated brains (whole or in parts) 
were significantly Lower than those for the 
saline-treated brains (*P < 0.05, **P < 0.01; 
Student's t test). 

was triggered by benzodiazepines and barbi- 
turates, "GABAergic" agents that either 
mimic or potentiate the action of GABA at 
GABA, receptors. The agents tested were 
diazepam [lo to 30 mgkg intraperitoneally 
(ip) at 0 hours, n = 61, clonazepam (0.5 to 4 
mgkg ip at 0 hours, n = 6), pentobarbital (10 
mgkg ip at 0 and 4 hours, n = 6), and 
phenobarbital (50 to 75 mgkg ip at 0 hours, 
n = 6). These agents, in a dose-dependent 
manner, triggered widespread cell death in 
the infant rat brain, which was apoptotic as 
assessed by ultrastructural analysis (Fig. 1K). 
The pattern of degeneration was similar for 
each GABAergic agent, but this pattern dif- 
fered in several major respects from that in- 
duced by NMDA antagonists (Fig. 1, A to H). 
However, superimposing one pattern on the 
other resulted in a composite pattern closely 
resembling that induced by ethanol. We also 
studied the window of vulnerability to the 
proapoptotic actions of diazepam and pheno- 
barbital, and we determined that it coincides 
with the period of synaptogenesis. 

Our results show that exposure of the 
developing rat brain to ethanol for a period of 
hours during a specific developme~tal stage 
(synaptogenesis) predictably induces an apo- 
ptotic neurodegenerative reaction that deletes 
large numbers of neurons from several major 
regions of the developing brain. Of ethanol's 
many actions in the brain, it appears that 
two--its blocking action at NMDA glutamate 
receptors and its positive modulatory action 
at GABA, receptors-are primarily respon- 
sible for its proapoptotic effects. In addition, 
the developmental period during which the 
immature brain is vulnerable to the proapop- 
totic action of NMDA antagonists, GABAer- 
gic agents, and ethanol is the same: For all 
three, it coincides with the synaptogenesis 
period. 

In humans, as noted earlier, the period of 
synaptogenesis occurs prenatally, during the 
last 3 months of gestation (6). If a pregnant 
mother imbibes ethanolic beverages for sev- 
eral hours in a single drinking episode, she 
could expose her third-trimester fetus to 
blood ethanol levels equivalent to those re- 
quired to trigger apoptotic neurodegeneration 
in the immature rat brain (200 mg/dl lasting 4 
hours or more). 

From a clinical perspective, it is important 
to recognize that both NMDA antagonists and 
GABA, agonists are frequently used as seda-
tives, tranquilizers, anticonvulsants, or anesthet- 
ics in pediatric andlor obstetric medicine. These 
agents also are drugs of abuse. Because the 
human brain growth spurt spans not only the 
last trimester of pregnancy but several years 
after birth (6), the developing human brain may 
be exposed to these agents by medical profes- 
sionals or by drug-abusing pregnant mothers. 
Also relevant is our observation that within the 
synaptogenesis period, different neuronal pop- 

ulations have different temporal patterns of re- 
sponse to the apoptosis-inducing effects of 
these drugs. Thus, depending on the timing of 
exposure, different combinations of neuronal 
groups will be deleted, which signifies that this 
is a neurodevelopmental mechanism that can 
contribute to a wide spectrum of neuropsychi- 
atric disturbances. 
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Evidence for DNA Loss as a 
Determinant of Genome Size 

Dmitri A. PetrovI1* Todd A. Sangster,' J. Spencer John~ton,~ 
Daniel L. Hartl12 Kerry L. Shaw2 

Eukaryotic genome sizes range over five orders of magnitude. This variation 
cannot be explained by differences in organismic complexity (the C value 
paradox). To test the hypothesis that some variation in genome size can be 
attributed to differences in the patterns of insertion and deletion (indel) mu- 
tations among organisms, this study examines the indel spectrum in Laupala 
crickets, which have a genome size 11 times larger than that of Drosophila. 
Consistent with the hypothesis, DNA loss is more than 40 times slower in 
Laupala than in Drosophila. 

Wide variation in eukaryotic genome size is a 
pervasive feature of genome evolution. Large 
differences in haploid DNA content (C value) 
are found within protozoa (5800-fold range), 
arthropods (250-fold), fish (350-fold), algae 
(5000-fold), and angiosperms (1 000-fold) 
(I). This variation is called the C value par- 
adox (2, 3) because genome size is not cor- 
related with the structural complexity of or- 
ganisms or with the estimated number of 
genes. Despite much progress in the study of 
genomes, the C value paradox remains large- 
ly unresolved. 

Drosophila species, which have small ge- 
nomes, spontaneously lose DNA at a much 
higher rate than mammalian species, which 
have large genomes (4-7). Although many 
mechanisms can affect genome size-includ- 
ing polyploidy, fixation of accessory chromo- 
somes or large duplications (8), and expan- 
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sions of satellite DNA or transposable ele- 
ments (9)-the Drosophila findings suggest 
that some differences in haploid genome size 
may result from variation in the rate of spon- 
taneous loss of nonessential DNA (4). Here, 
we test this hypothesis by examining the 
indel spectrum in Hawaiian crickets (Lau- 
pula), which have a genome size -1 1-fold 
larger than that of Drosophila (10). Specifi- 
cally, we test the prediction of a lower rate of 
DNA loss in Laupala than in Drosophila, 
corresponding to the large difference in ge- 
nome size. 

Sequences unconstrained by natural selec- 
tion exhibit patterns of substitution, reflecting 
the underlying spectra of spontaneous muta- 
tions (11). As pseudogene surrogates we chose 
nontransposing copies of non-LTR (long termi- 
nal repeat) retrotransposable elements (4, 12). 
Transposition of non-LTR elements usually re- 
sults in a 5'-truncated copy that is unable to 
transpose because of lack of a promoter and 
lack of the capacity to encode functional pro- 
teins (13, 14); these "dead-on-anival" (DOA) 
elements are essentially pseudogenes. 

We identified a new non-LTR element in 
Laupala, here designated Laul, by means of 
polymerase chain reaction (PCR) with degen- 

receptor-activated ion channels are highly permeable 
to CaZC ions, we tested whether blockade of calcium 
influx via other routes (i.e., voltage-dependent Ca2+ 
channels) may also cause apoptotic neurodegenera- 
tion in the brain. For this purpose we treated P7 rats 
with the Ca2+ channel blockers nimodipine (50 mg/ 
kg ip at 0 and 8 hours; n = 6) or nifedipine (10 mg/kg 
ip at 0 and 8 hours; n = 6). We examined the brains 
histologically 24 hours after each of these treat-
ments. None of these agents reproduced the apop- 
tosis-inducing action of NMDA antagonists. 
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erate primers to conserved regions of the 
non-LTR reverse transcriptase (15). Evolu- 
tion of unconstrained DOA elements can be 
distinguished from that of the constrained, 
active elements via phylogenetic analysis of 
nucleotide sequences of individual DOA el- 
ements (4, 12). Substitutions in a transposi- 
tionally active lineage are represented in mul- 
tiple DOA elements generated by transposi- 
tion of the active copy, whereas substitutions 
in each DOA lineage are unique (barring 
parallel mutations) because of the inability of 
DOA elements to transpose. This implies 
that, in a gene tree of non-LTR sequences 
from closely related species, the active lin- 
eages map to internal branches (identified 
through substitutions shared among ele-
ments), whereas DOA lineages map to termi- 
nal branches (identified through unique sub- 
stitutions). Some DOA lineages may also 
map to internal branches, because elements 
from different species may be identical by 
descent (IBD) because of transmission of the 
same (allelic) DOA copy from a common 
ancestor (7, 12). Nevertheless, as long as the 
number of active lineages is small and the 
sampling is dense, substitutions in the termi- 
nal branches will correspond primarily to the 
DOA element evolution (12). 

If the terminal branches of the Laul gene 
tree (Fig. 1) represent unconstrained evolu- 
tion of DOA elements, we predict the absence 
of purifying selection operating along these 
branches. Confirming this prediction, point 
substitutions in terminal branches map with 
equal frequencies to all three codon positions 
(G test; P = 0.64). In addition, the terminal 
branches feature numerous element-specific 
indels (48 deletions and 18 insertions in 49 
terminal branches). The internal branches 
show evidence of relaxed selection as well, 
which suggests that many elements in our 
sample are IBD through inheritance of ances- 
tral allelic DOA copies. The substitutions in 
the internal branches are found at equal fre- 
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