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a normal thymus, a single peptide does not 
select millions of different TCRs, as has 
been suggested in the analyses of H-2M 
knockout and AbEp mice ( 3 ;  4). Instead, the 
signal through the TCR that eventually 
leads to positix-e selection is driven by and 
dependent on specific interactions with self 
peptides. This degree of selectivity may be 
silnilar to the recognition of peptide during 
T cell activation. Indeed, it would be rea- 
sonable for the ilnmune system to evaluate 
T cells during develop~nent on the basis of 
the rules of recognition that are required in 
the periphery. 

The specific recognition of peptides ap- 
pears so cent& to the generation of a com- 
plete T cell repertoire that even peptides 
present at very Ion, lex-els can contribute to 
positive selection of T cells. These peptides 
generate the bulk of the diversity within 
MHC-bound peptides and probably support 
the development of the majority of selected 
thymocytes. This requirement for diverse, 
low-abundance peptides suggests that speci- 
ficity during positive selection is funda~nental 
to the generation of a broad, functioilal T cell 
repertoire. 
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Programmed cell death (apoptosis) occurs during normal development of the 
central nervous system. However, the mechanisms that determine which neu- 
rons will succumb to apoptosis are poorly understood. Blockade of N-methyl- 
D-aspartate (NMDA) glutamate receptors for only a few hours during late fetal 
or early neonatal life triggered widespread apoptotic neurodegeneration in the 
developing rat brain, suggesting that the excitatory neurotransmitter gluta- 
mate, acting at NMDA receptors, controls neuronal survival. These findings may 
have relevance to human neurodevelopmental disorders involving prenatal 
(drug-abusing mothers) or postnatal (pediatric anesthesia) exposure to drugs 
that block NMDA receptors. 

Glutamate promotes certain aspects of neuro- 
nal dex-elopment, including migration, differ- 
entiation, and plasticity (I). In the first 2 
weeks of neonatal life in the rat, the NMDA 
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subtype of glutamate receptor undergoes a 
period of hypersensitivity, in which neurons 
bearing NMDA receptors are rendered highly 
sensitix-e to excitotoxic degeneration (2). 
During this period, NMDA receptors are pri- 
mary mediators of glutamatergic fast excita- 
tory neurotransmission in the brain (3). Al- 
though NMDA receptor activation can pro- 
mote sun~ix-a1 of cerebellar granule cells in 
x-itro (4) or dentate granule neurons in vivo 
(5 ) ;  ex-idence that ex-en transient inactivation 
of NMDA receptors can be lethal for many 
neurons has not been described. We now 
report that during a specific stage in onto- 
genesis coinciding with the period of 
NMDA receptor hypersensitivity, transient 
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blockade of NMDA receptors triggers a 
wave of apoptotic neurodegeneration in 
which large numbers of neurons are deleted 

from the developing brain. 
Seven-day-old rats were injected intra- 

peritoneally (ip) with vehicle or dizocilpine 

Fig. 1. (A and 8) Low-magnification (~9.8)  images of transverse hemisections from the brains of 
8-day-old rats treated with vehicle (A) or (+)MK801 (0) 24 hours previously. Both sections were stained 
by the TUNEL method. TUNEL-positive neurons (small dark dots) are abundant in the brain of the 
(+)MKBOI-treated rat (B), but present in insignificant amounts in the vehicle-treated control (A). (C) 
Enlargement (X98) of the boxed region in (A). (D) Enlargement (X98) of the boxed region in (B). (E) 
Magnified view (X98) of the superficial parietal cortex of an 8-day-old rat 24 hours after PCP treatment, 
showing that PCP triggers the same apoptotic response as (+)MK801 in layer I I  neurons of the parietal 
cortex. (E) was stained by the DeOlmos silver method (7) and shows that this silver method stains the 
same populations of degenerating neurons as the TUNEL method in the immature brain after PCP or 
(+)MK801 treatment. (F and G)  Electron micrographs of degenerating neurons in (B). Ultrastructural 
changes after (+)MK801 treatment are similar to those seen in neurons undergoing programmed cell 
death (70, 7 7). (F) Early stage of apoptosis. (C) A later stage in which the cell is more condensed and 
the nuclear membrane (arrows) has become fragmented and discontinuous. Throughout both stages the 
plasma membrane remains intact. Magnification, X3275. 

[(+)MK801] (0.5 mg per kilogram of body 
weight) at 0, 8, and 16 hours and the brains 
examined at 24 hours by TUNEL (terminal 
deoxynucleotidyl transferase-mediated dUTP 
nick-end labeling) and silver staining to de- 
tect degenerating cells (6, 7). In the vehicle- 
treated rats, degenerating neurons were sparsely 
distributed in the forebrain (Fig. 1, A and C, 
and Table 1). In contrast, in (+)MK801- 
treated rats there was a marked increase of 
degenerating neurons in specific regions (Fig. 
1, B and D, and Table 1). Using an unbiased 
optical dissector method (a), we determined 
that MKS01 caused an increased numerical 
density of degenerating neurons from 3-fold 
in the hypothalamus to 39-fold in the lat- 
erodorsal thalamus (Table 1). The density of 
degenerating neurons in vehicle-treated rats 
varied from 0.2 to 1.55% of the total neuronal 
density in the brain regions examined, where- 
as in (+)MK801-treated pups the density of 
degenerating neurons was as high as 15 to 
26% of the total neuronal density in layer I1 
of parietal, frontal, and cingulate cortices and 
12% in the laterodorsal thalamus (Table 1). 
Examination of the degenerating cells by elec- 
tron microscopy (9) revealed (Fig. 1, F and 
G) that the degenerative process was ultra- 
structurally indistinguishable from the phys- 
iological (programmed) cell death that occurs 
naturally in the developing brain (10, 11). 

To determine whether nomeuronal cells 
were vulnerable to the proapoptotic effect of 
(+)MK801, we used *L si&ing in com- 
bination with immunohistochemistry for glial 
fibrillw acidic protein (GFAP) to identify 
astrocytes (12). Examination of histological 
sections from 7-day-old rats treated with 
(+)MK801 revealed that cells staining posi- 
tive for GFAP were distinct from those stain- 
ing positive for TUNEL. Apoptotic cells that 
were examined by electron microscopy in the 
early stages of degeneration retained the mor- 
phological characteristics of neurons. 

Administration of (+)MKS01 (0.25 to 1 

Fig. 2. (A) The effect of dose on the apoptotic response to (+)MK801 (a) or A B 
(-)MK801 (0) was studied by administering a single dose of (+)MK801 (0.05,0.25, % 150- 
0.5, 0.75, or 1 mg/kg ip) or (-)MK801 (0.05, 0.5, or 1 mglkg ip) on P7 and killing 
the rat pups 24 hours later (n = 5 to 7). Degenerating neurons were sampled by the Q 125- 
optical disector method (8) in silver-stained brain sections to provide a numerical 
density (degenerating neurons per cubic millimeter) for each of the 16 brain regions 100. 
designated in Table 1. The numerical density counts from these brain regions were 
added to give a cumulative density count of degenerating neurons for each brain, 
and a mean was calculated for each treatment condition. Analysis of variance 
(ANOVA) revealed a significant effect of treatment with (+)MK801 [F(5,26) = 5 SO 
53.97; P < 0.0001)] with multiple comparisons showing that a dose of 0.05 mg of 
(+)MKS01 per kilogram did not trigger apoptosis, whereas doses >0.25 mglkg 
significantly increased apoptosis. Treatment of rat pups with (-)MK801 on P7 
resulted in a weak neurodegenerative response that became significant compared +I 
with vehicle-treated rats (dashed line) only at the dose of 1 mg/kg. (8) The time I d 4 a 12 16 24 48 

course of the apoptosis response to (+)MK801 was studied by administering a o 0.5 1.0 
single dose of (+)MK-801 (0.5 mg/kg ip) on P7 and killing the rat pups 4,8, 12, 16, MK 801 (mglkg) ~ h r e  (hnr) 
24, or 48 hours later. The apoptotic response was evaluated as described in (A). 
ANOVA revealed a significant effect of posttreatment interval on severity of brain damage [F(6,28) = 34.43; P < 0.0001], with multiple comparisons 
showing significant increase at 4 hours and a more robust response at 16 and 24 hours. By 48 hours there were no remaining signs of apoptosis. Dashed 
line indicates spontaneous apoptosis. 
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mg'kg ip) triggered apoptotic neurodegenera- effect of MK801 can be attributed to its 
tion in the 7-day-old rat brain that was dose- NMD'4 receptor-blocking activity, we ad- 
dependent (Fig. 2A). Rat pups that were killed ministered the NMD,4 antagonists phen- 
at 4, 8, 12, 16, 24, and 48 hours after cyclidine (PCP), ketamine, and carboxypi- 
(f )MK801 (0.5 mg'kg) treatment showed an perazin-4-yl-propyl-1-phosphonic acid (CPP). 
apoptotic response at 4 hours that increased When administered by dosing regimens cal- 
progressively in the 12- to 24-hour interval culated to maintain a steady blockade of 
(Fig. 2B). NMDA receptors for at least 8 hours (13), all 

To determine whether the proapoptotic three agents induced a pattern of cell degen- 

Table 1. The NMDA antagonist (:)MK801 increases the rate of apoptosis in the brain of 8-day-old rats. 
Seven-day-old rats received either vehicle or (+)MK801 (0.5 mglkg ip) at 0, 8, and 16 hours and were 
killed at 24 hours on postnatal day 8 (P8). By use of an optical dissector method (8), the numerical cell 
densities (cells per cubic millimeter) and degenerating cell densities (degenerating cells per cubic 
millimeter) in 16 brain regions of vehicle- and (:)MK801-treated rats (n = 5 t o  7) were estimated. 
Shown are numerical cell densities (mean t 5EM) in vehicle-treated 8-day-old rats. The extent of 
apoptosis in vehicle-treated and (+)MK801-treated rats is shown as the ratio of degenerating cell density 
t o  total cell density and is expressed as a percentage (mean t SEM). * *P  < 0.01, * * *P  < 0.001 (Student's 
t test). CAI  HPC: CAI hippocampus; DG: dentate gyrus; Thal Id: laterodorsal thalamus; Thal md: 
mediodorsal thalamus; Thal v: ventral thalamus; Hypothal vm: ventromedial hypothalamus; Fr: frontal 
cortex; Par: parietal cortex: Cing: cingulate cortex; Rspl: retrosplenial cortex; II, IV: layers 2 and 4. 

eration similar to that induced by 
(+)MK801 (Tables 1 and 2 and Fig. 1, E 
and F). Electron microscopy verified that 
the degenerative reaction induced by each 
agent was ultrastructurally indistinguishable 
from the programmed cell death that occurs 
naturally during brain development (10; 11). 
We also tested the (-) enantiomer of 
MK801; which is substantially less potent 
than (+)MK801 in blocking NMD,4 recep- 
tors. At a dose of 1 mg'kg, (-)MK801 trig- 
gered a weak apoptotic response compared 
with the same dose of (+)MK801 (Fig. 2A). 

We administered either vehicle or 
(+)MK801 to rats on postnatal days 0 (PO), 
P3, P7, P14, or P21. In addition, we treated 
pregnant rats on embryonic day 17 (E17), 
E19, or E21 with (+)MK801 [0.5 mgikg 
subcutaneously (sc) at 0, 8, and 16 hours] 
This dose regimen was chosen because it - 

Vehicle MK801 produced a maximal apoptotic response in 
our initial experiments with 7-day-old rats. 

Brain region Numerical cell Degenerating cells/ Degenerating cells/ 
density (total) total cell density (%) total cell density (%) 

(mean/mm3 i SEM) (mean 1 SEM) (mean i SEM) 

CAI HPC 
DG 
Subiculum 
Caudate 
Thal Id 
Thal md 
Thal v 
Hypothal vm 
Fr II 
Fr IV 
Par II 
Par IV 
Cing II 
Cing IV 
Rspl II 
Rspl IV 

Table 2. NMDA antagonists trigger an increased rate of apoptosis in the rat 
brain on PO, P3, or P7. At these ages rat pups received either vehicle or 
(+)MK801 (0.5 nig/kg ip) at 0, 8, and 16 hours and were killed at 24 hours. 
The proapoptotic effect of PCP, ketamine, or CPP was tested in 7-day-old rats. 
Drugs were administered according t o  the dosing regimen described in (13). 
By use of an optical disector method (8) ,  the numerical densities of degen- 
erating neurons (degenerating neurons per cubic millimeter) in 14 brain 
regions of vehicle- and MK801-treated pups were estimated. Shown are mean 

Fetuses (rem'ved by hysterotomy-on El8  or 
E20) or postnatal pups were killed at 24 hours 
after the first treatment of the mother with 
(+)MK801. 

Between PO and P14, (+)MK801 trig- 
gered apoptosis, but the magnitude of the 
response was dependent on the developmen- 
tal age (Tables 1 and 2). Sensitivity to 
(+)MK801-induced apoptosis was high on 
both PO and P3, increased between P3 and 
P7, and then decreased sharply between P7 
and P14. On P21 apoptotic neurons were 
undetectable in vehicle-treated rats and de- 
tectable at very low levels in (+)MK801- 
treated rats. 

Distinct patterns of apoptotic neurodegen- 
eration were observed at different develop- 
mental ages (Table 2). The rate of spontane- 

numerical densities of degenerating neurons t SEM (n = 5 t o  7). Effects of 
NMDA antagonists on the rate of apoptosis at each age are presented as 
ratios of mean numerical densities of degenerating cells in drug-treated 
versus age-matched vehicle-treated rats [expressed as fold increase ( ? ) I .  
NMDA antagonists do not trigger apoptosis in brain regions displaying no 
physiological apoptosis, and vulnerability to  the proapoptotic action of 
NMDA antagonists is dependent on developmental age, *P < 0.05, * *P  < 
0.01, * * *P  < 0.001 (Student's t test). Abbreviations as in Table 1. 

Numerical dens~ty of degenerat~ng neurons (means/mm3 z SEM) 

Age (days) 
PO P3 P7 

Braln reglon Veh~cle MK801 (fold ;) Veh~cle MK801 (fold P )  Veh~cle MKS01 (fold , ) PCP (fold ;) Ketam~ne (fold ' ) CPP (fold I ) 

CA1 HPC 
DC 
Sub~culurn 
Caudate 
Hypothal vm 
Thal Id 
Thal rnd 
Thal v 
Fr I1 
Par I1 
Clng I1 
Clng V 
Rspl I1 
Rspl V 
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ous apoptosis in vehicle-treated rats was high 
on PO, especially in the mediodorsal and ven- 
tral thalamic nuclei, the ventromedial hypo- 
thalamus, and caudate. Brain regions with an 
appreciable rate of spontaneous apoptosis on 
PO also showed a robust response to MK801, 
which was most evident in the dentate gyius 
(17-fold increase over the spontaneous rate). 
I:I contrast to all other brain regions studied, 
apoptosis was not detected in the cerebral 
cortex in either vehicle- or MK801-treated 
aninlals on PO. On P3 the rate of spontaneous 
apoptosis decreased markedly in the hypo- 
thalamus and mediodorsal and ventral tha- 
lamic nuclei, r~nlained at a moderately high 
level in most other regions, and de novo 
increased to high levels in layer I1 of the 
frontal; parietal, cingulate, and retrosplenial 
divisions of the cerebral cortex. On P3, 
MK801 triggered apoptosis in all regions 
studied, notably the subiculum (8-fold) and 
laterodorsal thala~nus (10-fold). On P7 the 
spontaneous rate declined to modest levels in 
all regions, but the MK801-induced increases 
remained high in inany regions (14.6, 16.5, 
18, 18, 24.2, 24.8, and 39.7 times the spon- 
taneous rate in the frontal cortex, caudate, 
subiculuin, retrosplenial, parietal, cingulate 
cortices, and laterodorsal thalamus, respec- 
tively). Regions that showed high spontane- 
ous or induced rates on PO (dentate gyms, 
CAI hippocainpus, ventroinedial hypothala- 
mus; and ventral and mediodorsal thalamus) 
displayed low spontaneous and induced rates 
on P7. 

The rate of (+)MK801-induced apoptosis 
in fetuses exposed in utero on E21 and killed 
on PO (24 hours after the first treatment of the 
mother) was similar to that of animals treated 
as infants on PO (27.3, 9.9, and 2.5 times 
higher than the spontaneous rate in the den- 
tate gyius, hippocampal CA1 subfield; and 
ventroinedial hypothalamus, respectively). 
Fetuses exposed in utero on E l 9  showed no 
increases in regions examined, with the ex- 
ception of the ventromedial hypothalamus 
(1 .%fold higher than vehicle-treated rats). Fe- 
tuses exposed in utero to either vehicle or 
MK801 on E l  7 showed neither spontaneous 
nor induced apoptosis in any of the regions 
examined. 

To detennine the specificity of the pro- 
apoptotic action of NMDA antagonists, we 
tested the effects of 6-nitro-7-sulfamoylben- 
~~[flquinoxaline-2,3-dione (NBQX); an an- 
tagonist of non-NMDA glutamate receptors 
[20 mg/kg ip given at 0; 75, 150 min and 8 
hours (rz = 5)], and scopolamine hydrobro- 
inide, an antagonist of cholinergic inuscarinic 
receptors [0.3 mg!'ltg ip given at 0, 4; and 8 
hours (n = 5)]. In addition, me tested halo- 
peridol, an antagonist of dopamine receptors 
[ l o  mg,'ltg ip given at 0 and 8 hours ( i ~  = 5)]. 
Kone of these agents reproduced the apopto- 
sis-inducing action of NMDA antagonists. 

Finally, because NPYIDA receptors are 
highly permeable to Ca2+ ions (13), we ex- 
ainined vihether blockade of Ca2+ influx by 
other routes-that is, voltage-dependent 
Ca2- channels-also cause apoptotic neuro- 
degeneration in the brain. We treated 7-day- 
old rats with the Ca2--channel blockers (14) 
niinodipine (50 ing!kg at 0 and 8 hours; rz = 

6) or nifedipine (10 inglltg at 0 and 8 hours; 
11 = 6) and examined the brains by TUNEL 
and silver staining at 24 hours after treatment. 
Neither of these agents caused significant 
apoptosis in the 7-day-old rat brain. 

Our findings indicate that in the develop- 
ing rat brain transient blockade of NMDA 
receptors causes sensitive neurons to die by a 
process that resembles the prograinined cell 
death that occurs naturally in the developing 
brain (10, 11). The effect is caused by 
NMDA receptor blockade because agents 
that block NMDA receptors by different 
inechanisins triggered the response. The ef- 
fect is age-dependent and is specific for 
NMDA receptors because it was not repro- 
duced by blockade of other inajor excitatory 
systems in the brain (muscarinic and non- 
NMDA glutamatergic) or by blockade of a 
major inhibitoi-y systein (dopaininergic). 
Thus. it appears that inany neurons in the 
mammalian brain undergo a stage during de- 
velopment when they are critically dependent 
on glutamate stimulation through NMDA re- 
ceptors, and sustained deprivation of this in- 
put activates prograinmed cell death. 

The neuronal populations vulnerable to 
degeneration induced by NMDA antagoilists 
have abundant SMDA receptors (lj). How- 
ever, receptor density is not the sole determi- 
nant of neuronal Lulnerability, because neu- 
rons in the CA1 hippocampal region express 
high levels of m&YA for the NR1 receptor 
subunit (15) on P7 and at this age are less 
sensitive than cortical layer I1 neurons to the 
proapoptotic action of NMDA antagonists. 
However; on E21 and PO; CAI neurons are 
more Lulnerable than cerebrocoitical neurons 
to NMDA antagonists, which suggests that 
additional factors, such as the stage in syn- 
aptogenesis and the subunit coinposition of 
the NMDA receptor assembly, may govein 
neuronal Lulnerability. 

NMDA antagonists were most effective in 
triggering apoptosis in the rat forebrain on P7, 
the age at which the rat forebrain is most ~ 1 -  
nerable to the excitotoxic effect of NMDA (2). 

sioil of hTR1 (15) and the brain growth spurt 
(18) occur in the first week after birth. If peak 
wlnerability of the humail forebrain to the pro- 
apoptotic action of N h D A  antagonists corre- 
sponds to these developmental events in the rat, 
the window of n~lnerability for humans would 
include the entire third trimester of pregnancy. 
Our findings inay have relevance in a hurnan 
context of drug abuse, where fetuses may be 
exposed in utero to agents such as PCP (angel 
dust), ltetamine (special K); and ethanol (18, 
19); all potent W D A  antagonists. Further- 
more, huinan infants are sometiines exposed to 
ketamine and nitrous oxide, two hMDA antag- 
onists widely used in pediatric anesthesia (20; 
21). 

It is important to consider the length of 
tiine for which NMD,4 receptors inust be 
blocked for the neurodegenerative process to 
becoine operative. The threshold dose of 
(+)MK801-induced apoptosis in our study 
was 0.25 ingikg, which produced behavioral 
symptoms indicative of NMDA receptor 
blockade lasting 4 to 6 hours. ,4n increased 
rate of apoptosis was detected in the infant rat 
brain beginning 4 hours after administration 
of a single dose of (+)MK801 (0.5 mg/l<g). 
Thus. blockade of NPYIDA receptors for -4 
hours is sufficient to trigger apoptotic neuro- 
degeneration in the developing inaminalian 
brain. 

Blocltade of NMDA receptors gives rise 
to different patterns of neuronal loss depend- 
ing on the stage of development at which the 
interference occurs. Such a mechanism could 
contribute to a variety of neuropsychiatric 
disorders. 
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Role of Heteromer Formation in 
GABA, Receptor Function 

Rohini Kuner, Ceorg Kohr, Sylvia Criinewald, Gisela Eisenhardt, 
Alfred Bach, Hans-Christian Kornau* 

Recently, GBRI, a seven-transmembrane domain protein with high affinity for 
y-aminobutyric acid (GABA), receptor antagonists, was identified. Here, a 
GBRI-related protein, GBRZ, was shown to  be coexpressed with GBRl in many 
brain regions and to  interact with it through a short domain in the carboxyl- 
terminal cytoplasmic tail. Heterologously expressed GBRZ mediated inhibition 
of adenylyl cyclase; however, inwardly rectifying potassium channels were 
activated by GABA, receptor agonists only upon coexpression with GBRl and 
GBRZ. Thus, the interaction of these receptors appears to be crucial for im- 
portant physiological effects of GABA and provides a mechanism in receptor 
signaling pathways that involve a heterotrimeric GTP-binding protein. 

GABA, receptors play a critical role in the 
fine-tuning of central nervous system synap- 
tic transmission (I) and are attractive targets 
for the treatment of epilepsy, anxiety, depres- 
sion, cognitive deficits; and nociceptive dis- 
orders (2). Their effects are brought about by 
multiple signaling cascades involving adeny- 
lyl cyclase, inwardly rectifying potassium 
channels ( G I N S ) ,  and voltage-dependent 
Ca2+ channels (1) .  Recently, the cDNA for a 
seven-transmembrane domain (7TM) protein, 
termed GABA, receptor 1 (GBRl), which 
exists in two NH,-terminal splice forms (A 
and B) and has high affinity for GABA, 
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receptor antagonists, was identified. GBRl 
can account for some, but not all, of the 
functional properties of native GABA, re- 
ceptors (3). 

We used the yeast two-hybrid system 
(Y2H) (4) to look for intracellular proteins 
that mediate signaling events downstream of 
GBRl activation. The COOH-terminal intra- 
cellular region of GBRl (amino acids 857 to 
960 in GBRlA) (3) was used as a bait (5) to 
screen a rat brain cDNA libraly ( 6 ) .  Our 
search through 2 X lo6 recombinant clones 
yielded five positive clones, all of which 
encoded overlapping fragments of the 
COOH-terminus of a previously unidentified 
protein. Full-length cloning (7) of the identi- 
fied cDNA revealed an open reading frame 
for a protein of 940 amino acids with an 
NH,-terminal40-residue signal sequence and 
seven internal hydrophobic segments charac- 
teristic for 7TM proteins (Fig. 1A) (8). A 
public database search for related sequences 
(8 )  revealed GBRlB with the best score (36% 
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