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ABSTRACL Sulfonylurea receptors arc bclicwd to be 
related to A TP-scnsitil'c potassium channels and play a 
key role during hypoxia/ischemia in the CNS. Our prcYious 
work has shown that these receptors in rat brainstcm 
neurons arc more important in the adult rat than in the 
newborn during hypoxia. In the present study, we studied 
the time course of postnatal dcwlopmcnt of sulfonylurea 
receptors in detail and the effect of chronic hypoxia on 
receptor density in newborn pups and adult rats exposed 
to hypoxia either as fetuses or as 90-d-old rats using 
receptor binding and autoradiography. Our current results 
show that sulfonylurea receptor density 1) was \·cry low at 
birth and dcYclopcd fast within the first 2 postnatal wk 
and then gradually reached adult lcYcls and 2) continued 
to increase in the cortex and cerebellum but decreased in 
the brainstcm with little or no change in other areas after 
postnatal wk 5. Chronic hypoxia 1) decreased body weight, 
brain size, and brain protein concentration and 2) increased 
sulfonylurea receptor density in utero but had much less 
of an effect in the adult. From these data, we conclude that 
sulfonylurea receptors dcl'elop mostly in the first 2 wk 
postnatally and chronic hypoxia increases sulfonylurea 
receptor expression in utero in spite of the fact that oYcrall 
protein decreases. (Pediatr Res 3-t; 634-641, 1993) 

AbbrcYiations 

P, postnatal day 
POH, hypoxic newborn rat (hypoxia from Ell-12 to PO) 
Kn .. , A TP-scnsitiYc potassium 
HE PES, N-2-hydroxycthylpipcrazinc-N' -2-cthancsulfon

ic acid 
Fi02, fractional oxygen concentration 

We have recently shown that during graded hypoxic stress, 
adult rat neurons from the brainstem, hippocampus, and nco
cortex depolarize in a major way after difTerent time periods ( 1-
5). Newborn neurons, on the other hand, hardly depolarize over 
similar periods of time of 02 deprivation (3, 4). The reasons for 
this major difTerencc are not known but may be related by and 
large to better maintenance of ionic homeostasis in the young 
(4). 

Additional recent studies in ril'O and in ritro from our labo
ratory and those of others have shown that during hypoxia/ 
anoxia, extracellular K + increases due to loss of intracellular K + 
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in the brain with much greater extent in the adult than in the 
newborn. The loss of intracellular K+ is mainly through certain 
specific K + channels and can be blocked by glibcnclamidc, a 
potent sulfonylurea ligand. These results can imply that KArP 
channels play an important role in preventing or dampening the 
depolarization during brain hypoxia because evidence suggests 
that sulfonylurea blocks KArP channels (6, 7). We previously 
argued that this type of mechanism, i.e. activation of these 
channels, is an adaptive cellular response that may provide 
neurons with a means for delaying injury or surviving periods of 
insufficient oxygenation or energy supply (4 ). Because 1) chronic 
hypoxia is often seen in the clinical setting. whether in the adult 
or young human, and 2) KATP channels arc clearly linked to 
conditions afTccting intermediary metabolism and adaptation to 
stress (4, 8-1 0), we asked whether chronic hypoxia influences 
the expression of these channels in the CNS at a number of 
anatomical levels. It is also clear that because the expression of 
these channels is dependent on age, it is imperative to normalize 
to chronologie age, prenatally or postnatally. As a first step, we 
studied sulfonylurea receptor density using receptor binding 
techniques and autoradiography in the adult hypoxic rats and in 
newborn pups that were exposed to chronic hypoxia before birth. 
We hypothesized that both hypoxia and ontogeny arc stimuli for 
expression of these receptors. 

MATERIALS AND METHODS 

Jlaterials. 3 H-glibcnclamidc (54.7 Ci/mmol) was purchased 
from New England Nuclear (Boston, MA). Unlabeled glibcn
clamidc was purchased from Sigma Chemical Co. (St. Louis, 
MO). HEPES and other compounds were purchased from Ald
rich (Milwaukee, WI) or Sigma Chemical Co. 

Animals. Spraguc-Dawlcy rats at PO (within 12 h after birth), 
P 14, P21, P90, and P 120 and pregnant rats on the II th to 12th 
d of gestation were used. For autoradiographic quantitation of 
sulfonylurea receptor binding, each group contained four rats. 

Induction !i(hnwxia. Because we were interested in imposing 
a significant stress on these rats, we exposed rats to a relatively 
long period of hypoxia. We exposed fetuses at an early stage, 
starting at 11-12 d of conceptional age. For adult rats, exposure 
was for I mo. Thus, pregnant rats and P90 rats were placed in 
an isobaric chamber at an Fi02 of 8-10%. Pups whose mothers 
were exposed to hypoxia were killed within 12 h after birth 
(POH). Adult hypoxic rats were killed at 120 d of age (Pl20H). 
Control litters were kept in a normal environment and killed at 
the appropriate age (POC, P 120C). Animals were killed during 
methoxyflurane inhalation anesthesia. Before the rats were killed, 
body weight and hematocrit were measured. 

Tissue preparation. The brains were rapidly removed into cold 
Ringer's solution and then frozen in isopcntanc in a dry icc/ 
methanol bath. The frozen brains were stored in a -SOT freezer. 
Using a Hacker-Bright cryostat (Hacker Instruments, Inc., Fair
field, NJ), I0-11m thick coronal sections were cut at -20oC. For 
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determining brain size, measuring protein. and counting bound 
radioactivity. four levels of the brain were sectioned. The first 
level ( L l )  was around 3.3 m m  posterior to bregma according to 
the rat brain atlas of Paxinos and Watson (1 I), containing 
frontoparietal cortex, rostra1 hippocan~pus, thalamus. and hy- 
pothalamus (Fig. lu). The second level (L3) was around 5.8 m m  
posterior to brcgn~a. containing striate cortex. caudal hippocani- 
pus, and substantia nigra (Fig. Ih). The third level (L3) was 
around 9.8 mnl posterior to brcgma, containing cercbelluni and 
pons (Fig. Ic). The fourth level (L4) was around obcx level. 
containing hypoglossal and solitary tract nuclei (Fig. I(/). The 
sections were thaw-mounted onto precleaned and gelatin-coated 
microscope slides and stored at -80°C. 

,2fcuslrrc1r)ic1nr c?fhr(~it~ .sizcl. Using a computer image processing 
system, surface areas of brain autoradiographic images were 
measured and pixel values were used as an index for brain size 
because all brains  ere treated in the same way. 

,2fcrrs~rro?lclnr of hrrrit~ \t,c~i,~ht. The rat brain was cut at the 
level of 2 m m  below obcx and then the whole brain was dipped 
in liquid nitrogen and weighed. 

C'or,il~uri~ot~ ~ f p r o t c ~ i t ~  u t ) i o ~ ~ t ~ ~ .  Protein amount in brain sec- 
tions was assayed using Bradford's method (13). Because all 
sections were of the same thickness ( I 0  pm), the relative amount 
of protein in a given brain scction was obtained by measuring 
protein in a particular brain scction and determining the area in 
the adjacent scction. In brief, after quantitating pixel number in 
sections by a computerized image processing system. protein 
content (pg protein/scction) was normalized to pg protein/pixel 
unit and the difference between control and hypoxia groups was 
converted to  Dcrcent change (with control values as 100%). This 
method allowed us to diteimine whether dilf'erenccs existed 
among various brain levels using small amounts of tissue. 

Rcc'c>~)lov hit~rling. The n~c thods  have been described in our 
previous publication ( 1  3). In brief. the slide-mounted scctions 
were gradually brought up to rooni temperature and dried in 
cool air for 10 min. T o  deplete the tissue of putative endogenous 
ligands, the thawed and dried sections were prcincubatcd for 10 
min at 30°C in 30 mM HEPES-NaOH buffer (pH 7.4) and then 
were blown dry with a stream of cool air at room temperature 
for 10 min. The scctions were incubated for 60 nlin at 4°C with 
2.5 nM 'H-glibenclamide in 20 mM HEPES-Na0H buffer (pH 
7.4). Nonspecific binding was estimated from adjacent sections 
in parallel incubations in the presence of 1 pM unlabeled gliben- 
clamide. T o  wash nonspecific binding, incubated slides were 
consecutively rinsed in seven different jars containing 500 n1L 
of cold buffer (30 s cach) and finally dipped in a jar containing 
500 mL of cold distilled water. The binding studies were carried 
out blind. 

Rrrdior~c'til~il!~ c.olrr~tit~,y. Incubated brain sections on each slide 
were completely wiped off with filter paper and placed into a 
counting vial. Ten n1L of scintillation liquid (OPTI-FLUOR, 
Packard. Meriden, CT) u.ere added to each vial. The radioactivity 
was counted in a Packard beta-counter. After subtracting non- 
specific binding and mcasuring the protein amount of the adja- 
cent section, the radioactivity in a given section was nornlalized 
to fmol/mg protein. 

. ~ l ~ r t o r c i c / i o ~ y r ( ~ / ~ I ~ j - .  The rinsed slides were dried rapidly under a 
stream of cold and dry air and stored in a desiccant and prcssure- 
reduced jar at 4°C for 3 d. Subsequently. slides \+,ere placed in 
exposure cassettes along with tritium standards and covered with 
a tritium-sensitive film ([3H]-Ultrofilm. Cambridge Instruments 
GmbH,  Nussloch. Germany) and stored at 4°C for exposure. 
After 8 wk. the films were developed in Kodak D-19 for 5 min 
at 19°C and fixed. 

Ir,lugcJ cit~~b:si.s. After developing cach film. all brain sections 
werc stained with cresyl violet for histologic verification of ana- 
tomical structures. which werc identified by rcfercnce to the rat 
brain atlas ( I  I). The autoradiographic images were quantitated 
with a computcrizcd imaging system. After corrcction for the 
contribution of nonspecific binding and background film density, 

Fig. 1. Cilibenclarnidc binding at four brain level5 in the adult rat 
CNS. Note that the darker tlie color tlie higher the binding density is. 
All b u r  pictures have the sarne density scales. ri. Brain level I :  11. b r ~ i n  
level 2.: 1.. brain level 3: and (1, brain level 4. C:-13, field CA3 of Aninion's 
horn: C'11.y. granular layer of ccrchclluni: C'lInr. molecular laycr of 
cerebelluni: C'G. central gray matter: C'l'rr. caudate putamen: I)(;. dentate 
gyrus: D.11, dorsoniedial hypothalamic nuclcus: I)lJll. dorsal parabrachial 
nuclcus: 117:y. dorsal tegnicntal nucleus: I'r.ll. fiontoparietal cortex. 
motor area: I.'r.S. frontoparietal cortex. sonlatosensory area: 11)'l'. liy- 
poglossal nucleus: 10, inlkrior olive: 11'. interpeduncular nuclcus: .\I(;. 
nlcdial geniculatc nucleus: 1'0. posterior tlialan~ic nuclear group: R. red 
nucleus: S,\'R, suhstantia n i g r ~ ,  reticular part: SIT. striate cortca: and 
17'11. ventral parabrachial nuclcus. 
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Table I .  Otito,qcti~~ c~/"ll-,ylihct~cl(i~~iid~~ hiti~litig S ~ I L ~ S  ill rut CA'S* 

Areas PO PI4 P2 I P35 PI20 

Cortex 
Frontoparictal cortex. motor area 2.4 + 0.5 25.8 + 3.4 32.9 + 1.6 36. I + 2.4 43.4 + 2.9 
Frontoparietal cortex, somatosensory area 2.3 + 0.6 22.3 + 2.6 25.6 + 1.5 31.6 + 2.5 40.1 + 4.5 
Striate cortex 3.7 + 0.3 17.4 + 1.4 25.4 + 4.8 3 I .5 + 4.8 34.2 + 1.0 
Retrosplenial cortex 15.9 + 1.6 24.6 + 4.0 32.2 + 5.6 33.7 + 4.1 
Posterior cingulate cortex 1.8 + 0.4 25.2 + 2.4 31.8 + 1.6 34.5 + 3.2 36.9 + 5.0 
Temporal cortex. auditory area 13.5 + 1.5 18.2 + 4.9 22.5 + 3.2 25.0 + 0.5 
Primary olfactory nucleus 24.1 + 2.3 19.1 + 2.6 20.2 + 2. l 20.4 + 1.3 
Entorhinal cortex 17.0-C 1.1 12.7 + 3.4 17.5 + 2.5 18.4 + 3.7 

Basal ganglia 
Globus pallidus 4.0 + 0.4 38.1 + 1.2 42.9 + 4.0 37.4 + 2.7 32.4 + 2.0 
Caudate putamen 3.8 + 0.5 26.8 + 4.3 25.8 + 1.0 27.6 + 1.1 35.0 + 4.0 

Amygdala 
Basolateral amygdaloid nucleus 3.7 + 0.3 19.3 + 1.3 19.3 + 4.2 2 1.6 * 0.9 19.8 + 3.1 
Medial amygdaloid nucleus 10.7 + 3.8 14.9 + 2.4 14.9 + 1.7 11.5 + 2.2 
Posteromedial cortical amygdaloid nucleus 2.4 + 0.5 13.9 + 0.6 18.0 c 5.8 19.2 + 4.6 14.2 + 1 . 1  

Hippocampus 
Field CAI of Ammon's horn 3.9 + 0.3 22.6 + 1.6 21.3 + 2.0 25.1 + 1.8 23.6 + 6.1 
Field CA3 of Ammon's horn 4.6 + 1.0 36.5 + 4.7 43.0 + 1.5 41.0 + 3.4 41.1 + 2.5 
Dentate gyrus 24.3 + 1.3 26.1 + 4.5 29.2 + 1.4 34.4 + 3.0 

Thalamus 
Ventroposterior thalamic nucleus, medial 5.4 + 1.2 23.3 + 1 . 1  33.5 + 2.9 32.3 + 2.3 27.7 + 4.6 

part 
Ventropostcrior thalamic nucleus, lateral 26.7 + 2.0 27.4 + 2.3 26.2 + 0.9 2 1 .O + 4.2 

part 
Posterior thalamic nuclear group 22.9 + 1.6 31.6 + 1.2 30.8 + 2.0 31.6 + 5.3 
Laterodorsal thalamic nucleus 4.7 + 0.4 21.4 + 1.9 24.2 + 2.3 27.6 + 0.5 29.8 + 2.8 
Habenular nucleus 14.9 + 0.6 22.5 + 3.5 20.1 + 3.2 13.7 + 2.2 

Hypothalamus 
Dorsal hypothalamic area 9.0 + 1.3 1 1.8 + 0.6 18.0 + 2.7 15.3 + 0.4 
Ventromedial hypothalamic nucleus 4.7 + 2.0 1 1 . 1  k 0 . 8  1 1.7 + 0.8 16.3 + 0.7 9.7 + 2.2 
Lateral hypothalamic area 4.0 + 0.8 17.2 + 5.1 15.6 + 0.7 19.6 + 3.1 10.6 + 2.2 

Midbrain 
Substantia nigra. reticular part 7.3 + 1.5 29.9 r 3.4 44.1 f 12.1 53.0 + 2.0 50.1 + 3.4 
Medial geniculate nucleus 6.3 + 1.3 27.0 + 5.2 36.2 + 2.8 26.6 + 4.8 21.2 + 3.9 
Superficial gray layer of superior colliculus 16.4 + 0.3 18.0 + 7.5 20.3 + 3.5 18.0 + 2.7 
Anterior pretectal area 13.8 + 0.9 21.4+ 5.1 20.4 + 2.8 I 1.2 + 2.0 
Central gray 6.2 + 1.3 10.1 + 2.1 18.9 + 7.4 21.5 + 3.1 16.7 + 2.0 
Red nucleus 13.1 +0.7  17.9 + 1.6 20.0 + 2.4 7.8 + 0.8 
Inferior colliculus 34.2 2 1.6 20.3 + l .O 

Pons 
Facial nucleus 25.7 + 1.1 22.9 + 2.8 21.0 + 2.5 20.7 + 4.1 
Dorsal tegment nucleus 6.4 + 0.7 14.8 + 0.6 17.6 + 2.3 23.6 + 2.3 14.7 + 6.4 
Ventral parabrachial nucleus 1 1.7 + 0.4 13.9 + 2.2 2 1.2 + 4.9 1 1.3 + 2.4 
Pontine reticular nucleus, caudal part 6.7 + 1.5 15.5 + 0.6 13.6 + 2.7 18.6 + 1.9 6.9 + 1.1 
Motor trigcminal nucleus 25.2 + 1.3 20.0 + 2.8 20. I + 5.8 9.7 + 2.6 
Raphe pontis nucleus 14.5 + 1.0 13.3 + 0.9 20.1 + 1.3 9.6 + 0.4 

Medulla 
Hypoglossal nucleus 7.3 + 1.4 26.9 + 1.3 35.0 + 8.9 32.6 + 1.3 25.5 + 1.2 
External cuneate nucleus 25.2 -c 5.7 20.4 + 0.4 21.9 + 3.7 15.9 + 2.0 
Cuneate nucleus 15.5 + 0.7 15.7 + 0.8 17.4 + 2.6 10.9 + 1.3 
Raphe obscurus nucleus 18.2 + 2.1 1 1.7 + 0.3 9.9 + 2.0 5.8 + 1.5 
Medullary reticular nucleus 7.7 + 1.3 17.0 + 0.9 15.8 + 0.4 16.1 + 3.6 8.6 + 0.4 
Inferior olive 19.0 + 5.5 23.0 + 5.4 16.1 + 1.5 1 1.6 + 2.4 
Spinal trigeminal nucleus, caudal part 8.6 + 0.4 18.9 + 0.4 17.5 + 1.1 18.8 + 2.4 8.9 + 0.8 

Cerebellum 
Cerebellum. granular layer 2.3 + 0.3 14.3 c 1 . 1  19.9 + 5.9 20.3 + 4.4 20.7 + 1.0 
Cerebellum. molecular layer 2.5 + 0.3 24.6 a 2.2 31.7 + 6.9 35.8 + 1.8 42.5 + 2.7 

* Unit = fmol/mg tissue. 

the OD values were converted to  binding density of labeled RESULTS 
glibenclamide. The measurements from bilateral areas in a sec- 
tion were avera ed as a single value. Three corresponding sections Ot~to~yctly o f S u I J i ) t l ~ ~ l u r  Rc>c[c'cptors it1 RNI  Ur(iit1. Table 1 and fp  were analyzed or  one area per animal. The binding density value Figure 2 show the quantitation of sulfonylurca receptor density of a nucleus, in fmol/mg tissue, was expressed as mean f SD 
from 12 sections of four animals in each group. In some regions. in the CNS from birth to adulthood. 
data from several nuclei examined were averaged as a single lf(.r!* /0\ t3  (k.ti.~il!~ t/lrori<y/loirt CNS lit birth. AS seen in Table 1 
value to  reflect general density. and Figures 2 and 3, there was a comparatively low density of 
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AGE 
Fig. 2. Development of sulfonylurca receptors in major brain rcgions. Note that S D  reflects differences anlong nuclei in rcgions. ..lr,lj.. amygdaloid: 

BG, basal ganglia: CB, cerebellum: Clj,q. granular layer of ccrcbcllum: C'UIII,  molecular layer of cerebellum: CI.~, frontal cortex: I l i l ~ .  hippocampus: 
I l ~ p .  hypothalamus: .iltprl. medulla: ,\fir/. midbrain: and Tl~a ,  thalamus. 

glibenclamide binding sites at birth throughout the rat CNS with Fusl c l i l v c l l o ~ ~ t ~ ~ c ~ t ~ ~  utld .slrlfi)t~!~llirc~cr rcc*clpror c~.v~~rcs.siotl it1 1/1c1 

an extremely low density in the cerebellum and the cortex. The .firs1 2 N * X -  r~lic'r hir.111. Binding sites developed relatively quickly 
brainstem, midbrain, and some thalamic nuclci (cl.g. ventropos- during the first 2 wks. By P14. most brainstem nuclei had rcached 
tenor and ventrolateral nuclei) had a higher binding density than peak levels. In the cerebellum and rostra1 brains. the density 
other regions. but the density levels were still lower than those increased by several to morc than 10-fold. Receptor expression 
in the adult (Fig. 1). was, however, very heterogeneous. For example, the globus pal- 



Fig. 3. Comparison of sulfonylurea receptor density between PO and P35. Note that the binding density in the nenborn is hornogencous and 
extremely low and that the distribution pattern in P35 is very similar to that of the adult (Fig. I ) .  The density scales in this figure are different from 
those in other figures. (I-(/, rostra1 to caudal brain levels in the newborn rat (PO): c-11. rostral to caudal brain lcvcls in the P35 rat. See legcnd of 
Figure 1 for abbreviations. 

lidus had a density as high as 38 fmol/mg tissuc. The CA3 arca 
of hippocampus, substantia nigra, caudate putamen, thalamic 
nuclei, and hypoglossal nucleus also had high binding density 
(more than 20 fmol/mg tissue) at  this stage. But the central gray 
and dorsal hypothalamic areas had a density of 9-10 fmol/mg 
tissue. 

Slo~t,cr dcvclol~r?~ct~l drrrir1,r: su0.sc.tlrrcr11 postr~r~~crl 11,cc>ks. Sul- 
fonylurea receptor density changed at a slow rate in the 3rd wk 
postnatally (Table 1).  In the brainstem, most nuclei had no or 
little change in binding density compared with the PI4 levels: 
only a few nuclei such as the hypoglossal nucleus increased in 
receptor dcnsity. In rostral brain areas, the rate of expression 
during this period varied. Most areas such as the motor area of 

the frontoparictal cortex, the auditory arca of the temporal 
cortex. and hippocampus increased rcccptor density but at a 
much lower rate compared with the first 2 wk of life. In contrast. 
the somatoscnsory area of the frontoparicl cortex, striate cortex, 
and both the molecular and granular laycrs of the cerebellum 
continued to increase at a fast rate. 

Most brain arcas, both brainstcm and rostral arcas, had little 
change in receptor dcnsity between P2 I and P35 (Table 1). For 
example, the densities of the ventropostcrior thalamic nucleus 
and posterior thalamic nuclear group at P35 wcrc 32 and 31 
fmol/mg tissue, respectively, which were very similar to levels at 
P2 1.  

Sulfonylurea receptor densities at P2 1 o r  P35 reprcscnted pcak 
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those of b r ~ i n  sire from nine to 12 sections in each group. Note that there is a large decrease in body byeight of both hypoxi3 groups and a n ~ a j o r  
decrease in brain size in POI{. ( I ,  p < 0.05: 11.11 < 0.01. 

Table 2. Cottil~(rri.sot~ of"ll-gli/~et~c~l~~ttii~lc~ hit~(lin,y ~crivit j~ it1 
control ruts ut1r1 rats e~poscrl to I ~ j y ~ o ~ i u  it1 ~ltcro* 

Brain level Control H v ~ o x i a  

* Value unit: fmol/mg protcin. 
t p < 0.05. 

levels for most brain areas (Table I, Fig. 3). After P35, most 
subcortical areas including the thalamus, hypothalamus, and 
midbrain decreased in density by a small amount and reached 
adult levels. In the hippocampus, substantia nigra, facial nucleus. 
and granular layer of the cerebellum, there was no difference in 
the receptor density between P35 and P120. In almost all brain- 
stem areas, however, binding density decreascd by a measurable 
amount. For example, the pontine and medullary reticular nuclei 
decreased in density by 45-60%, while most cortical areas and 
the molecular layer of the cerebellum kept increasing in receptor 
density during this period. As seen in Figure 2, the density of the 
cortex was higher at PI20 than in P35. 

Slr/Junj,/irrc~u Reccylor E.~prc~.siot7 (Ir~rit~~q CJ~rot~ic 11~po.vi~1. 
Chronic hypoxia greatly affected rat development it1 Irtcro. As 
shown in Figure 4, hypoxia caused a decrease not only in body 

weight but also in brain size. The amount of brain protein in 
POH decreased by 10-15% in most brain levels. In the adult rat, 
however, hypoxia did not affect brain size (Fig. 4) significantly, 
although body weight decreased greatly. Data of the brain weight 
showed that weight of hypoxic rat brains (2.03 + 0.07 g. mean 
f SD, n = 4) was very close to control level (2.15 + 0.04 g. mean 
+ SD, n = 4). The brain protein declined by less than 8% in all 
brain levels. The most striking difference between ages was in 
hematocrit. which decreased by about 40% in POH (from 45.8 
f 3.3 in the control to  27.5 + 2.1 in hypoxia, mean k SD, 11 = 
4) but increased by about 50% in the adult hypoxic rats (from 
42.0 f 1.8 in the control to 62.8 f 1.8 in hypoxia, mean f SD, 
tl = 4). 

Our receptor binding data indicated that bound 3H-gliben- 
clamide in the hypoxic brain was more than that in control at 
the same levels (Table 2). Autoradiographic images showed that 
the hypoxia-induced increase occurred mostly in the rostra1 brain 
areas such as the basal ganglia, hippocampus, and thalamus. For 
example, binding density in the ventroposterior thalamic nucleus 
was more than 35% higher in hypoxic pups than in control pups. 
Midbrain areas such as the central gray matter also had higher 
binding density in the hypoxic than in the control group. In the 
brainstem, especially in the medullary areas. there was little or 
no increase in receptor density with hypoxia. In three major 
medullary structures (the caudal nucleus of the spinal tract of 
the trigeminal nerve, the medullary reticular formation, and the 
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hypoglossal nucleus), the average difference in binding density 
was less than 4% between hypoxia and control. There was. 
however, no major decrease in expression in any area studied in 
newborn rats exposed to hypoxia in rrrcro. 

In contrast to  POH, there was little change after chronic 
hypoxia in the adult hypoxic rats. In most areas, glibcnclamide 
binding density in the hypoxic group was close to  the control 
level. Slight decreases (mostly around 10%) were seen in a few 
areas such as the entorhinal cortex, basolateral amygdaloid nu- 
cleus, posterior thalamic nuclear group. and inferior olive. In the 
substantia nigra, there was only a slight increase in binding 
density (Fig. 5). 

DISCUSSION 

Otitogcnj1 (~fsirlfi~ti!~lirrcu rcccprors. The present study draws a 
detailed time course for the postnatal development of sulfonyl- 
urea receptors in various areas of the rat CNS. Our  results show 
that sulfonylurea receptor density is very low and its distribution 
is homogeneous at birth. The  large increase in the binding density 
after birth is due to  an increase in receptor number rather than 
an increase in binding affinity because the kd values for gliben- 
clamide binding in the newborn CNS are very similar to  those 
in the adult ( I  3). 

The current results with respect to ontogenic expression are 
not similar to those of Mourrc cr ul. (14). inasmuch as we 
observed different developmental profiles. We found a rapid 
development in the first 2 wk after birth. For example, by P14. 
most rostral brain areas had a density that was larger than 50% 
of the adult level. Mourre (.I ul. (14) observed a much slower 
developing profile than what we demonstrated. By 15 d, the 
motor area of the frontoparietal cortex in their rats contained a 
density of only about 30% of the adult levels. In addition, we 
found that in almost all brain areas there was no major increase 
in density after P35, but Mourre cl ul. showed that many areas 
increased in density by a large amount after P32. Possible reasons 
that could explain the differences between our study and theirs 
are related to rat species (Sprague-Dawley vcrs1r.s Wistar) and 
adult age used (PI20 rcrsrrs P90). 

Although we provide strong evidence that an increase in 
glibenclamide binding density o r  receptor number occurs with 
postnatal age, the implications of this increase may not be 
straightforward. The function ofthese rcceptors has been invoked 
at  a number of CNS sites and in a number of physiologic and 
pathophysiologic conditions such as  in glucose metabolism, neu- 
rotransmitter release, and seizure disorder and during hypoxic 

stress (4, 8-10). However. we believe that the increase in this 
receptor with age in various CNS regions supports the idea that 
this glibenclamide binding site may play a more prominent role 
in the adult rat brain than in the newborn rat brain. Indeed, we 
and others have previously shown that this reccptor/channel 
complex plays an important role during Oz dcprivation in the 
adult rat. Mature neurons activate the emux of K+ through these 
channels when ATP decreases to a low level (4. 10, IS). Such 
receptors are not well developed in early life, possibly because 
the level of  ATP or high-energy phosphate groups does not 
decrcase as readily during stress in the newborn as in the adult 
o r  mature nerve cell (1 5). Although the relation between sulfo- 
nylurca receptors and K+ emux during hypoxia in the CNS is 
based on a number of studies (4.6-8, 14, 16, 17). there are newer 
studies showing that glibenclamide may not be a specific blocker 
for K A I p  channels (18, 19). Therefore, we caution the reader that 
there may be other K+ channels that are contributing to K+ 
emux during hypoxia. 

I r o t i  l o  1 s i / t i I r  roccptors. Although effect 
of transient ischemia on brain glibenclamide binding sites has 
been reported (16). there is no information about the sulfonyl- 
urea receptor regulation during chronic hypoxia with develop- 
ment. Our results showed that the effect of in rrlcro chronic 
hypoxia on binding sites is clearly different from that of the 
adult. Although there is a consistent increase in the receptor 
density in practically all rostral CNS areas studied in POH, there 
is no increase or  even decreasc in most adult brain areas in 
response to hypoxia. There are several important issues that 
should be addressed in this regard. 

First, although Poz measurements in brain tissue would have 
been very helpful in ascertaininga drop in Oz with the inhalation 
of a lower FiO?, these measurements are very difficult to perform, 
especially on fetuses in rrirro or  in the very young. It is reassuring, 
however, that the effect of hypoxia is detected on variables other 
than glibenclamide receptor density. For example, the hematocrit 
was altered and body and brain size were decreased. In addition, 
total brain protein was diminished. A corollary issue is whether 
the fetal and adult brains were exposed to similar hypoxic 
conditions. This is an important question that cannot be easily 
addressed without actual Poz and othcr physiologic mcasure- 
ments. However, our experiments have been performed to de- 
termine the effect of chronic hypoxia at  each age and not 
necessarily compare across ages. In addition, chronic exposure 
of rats to  a level lower than an FiOz of 8% (a concentration given 
to rats in this study) may interfere with cardiovascular stability 
and may jeopardize the model. It is important to realize that the 
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observed changes in the present study could have been very 
different if the duration or  severity of hypoxia were altered. 

Second, it was relatively clear from our rcsults that receptor 
expression was higher in the newborn brain aftcr maternal ex- 
posure to hypoxia than in control brains, mostly in rostra1 areas. 
Indeed, one important aspect of our  results is that hypoxia does 
not have a homogeneous cffcct in terms of receptor expression 
on all brain areas. 

Third, it is interesting to note that sulfonylurea receptor expres- 
sion increased in POH while total brain protein decreased after 
exposure to  chronic hypoxia. Although it may not be appropriate 
to compare the changcs in receptor expression seen in certain 
specific brain regions with the amount of protein measured in 
much larger brain areas. our  protein assays as \veil as those of 
others have always indicated either n o  change or a distinct 
decrease in brain protein amount (I  5). Therefore, one conclusion 
that can be drawn from these results is that the decrease in 
cellular protein during O? deprivation is not generalized. This 
idea is supported by the fact that some protein such as heat shock 
protein increased during ischemia in the CNS (17, 20-22) at  a 
time when total protein synthesis is diminished. We d o  not 
know, however, at what level the hypoxia-induced change occurs. 
although there is evidence to suggest that hypoxia can afrcct 
processes at the transcriptional and translational levels (15). 

It is important to note that there was a major difference 
between immature and adult brain response to  hypoxia in our 
animals, i .c.,  there was no increase in sulfonylurea receptors at 
the time when there was a decrease in total brain proteins in the 
adult. In another animal model, Mourre (11 01. (16) found that 
transient ischemia caused no change or  a decrease in glibenclam- 
ide binding density in adult rat brain. Therefore, our results from 
hypoxic adult brains arc similar to theirs. It is possible that. 
unlike the immature brain. the adult one does not exhibit the 
ability to differentially process proteins during hypoxic/ischcmic 
stress. and this may play a key rolc in hypoxic tolerance. 

; ! c k t ~ o ~ t ~ l ~ ~ ( ( q ~ ~ ~ c ~ t ~ t .  The authors thank Ralph E. Garcia for his 
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