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Abstract 

Identification of the neurotransmitter receptor subtypes within the suprachiasmatic nuclei (SCN) will further understanding 
of the mechanism of the biological clock and may provide targets to manipulate circadian rhythms pharmacologically. We have 
focused on the ionotropic GABA and glutamate receptors because these appear to account for the majority of synaptic 
communication in the SCN. Of the 15 genes known to code for GABA receptor subunits in mammals we have examined the 
expression of 12 in the SCN, neglecting only the t~6, 3,3, and p2 subunits. Among glutamate receptors, we have focused on the 
five known genes coding for the NMDA receptor subunits, and two subunits which help comprise the kainate-selective receptors. 
Expression was characterized by Northern analysis with RNA purified from a large number of mouse SCN and compared to 
expression in the remaining hypothalamus, cortex and cerebellum. This approach provided a uniform source of RNA to generate 
many replicate blots, each of which was probed repeatedly. The most abundant GABA receptor subunit mRNAs in the SCN 
were a2, a5, /31, /33, 71 and 3,2. The/91 (rhol) subunit, which produces G A B A  c pharmacology, was expressed primarily in the 
retina in three different species and was not detectable in the mouse SCN despite a common embryological origin with the 
retina. For several GABA subunits we detected additional mRNA species not previously described. High expression of both 
genes coding for glutamic acid decarboxylase (GAD65 and GAD67) was also found in the SCN. Among the NMDA receptor 
subunits, NR1 was most highly expressed in the SCN followed in order of abundance by NR2B, NR2A, NR2C and NR2D. In 
addition, both GiuR5 and GIuR6 show clear expression in the SCN, with GIuR5 being the most SCN specific. This approach 
provides a simple measure of receptor subtype expression, complements in situ hybridization studies, and may suggest novel 
isoforms of known subunits. 
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I. Introduction 

The suprachiasmatic nuclei (SCN) are a small, bilat- 
eral pair of anterior hypothalamic nuclei that function 
as the primary circadian pacemaker  in mammals  [29]. 
An understanding of the neurochemistry of the SCN 
may provide insights into the mechanism of the circa- 
dian pacemaker.  Furthermore,  determination of the 
neurotransmit ter  receptors within the SCN may iden- 
tify the best targets for drugs to manipulate circadian 
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rhythms in disorders such as advanced sleep phase 
syndrome, jet lag, and rotating shift schedules. Conse- 
quently, we have sought to determine receptor  sub- 
types of the two dominant neurotransmitters  in the 
SCN, G A B A  and glutamate [60]. 

G A B A  is the predominant  neurotransmit ter  made 
within the SCN, with glutamic acid decarboxylase 
(GAD) expression documented in at least 60% and 
perhaps 100% of all SCN neurons [43,45]. G A D  con- 
verts glutamate to GABA, presumably preventing use 
of both neurotransmitters  by the same neuron. Two 
related forms of GAD,  GAD65 and GAD67,  a r e  de- 
rived from two distinct genes shown to be differentially 
regulated [18,37]. Glutamate  appears  to be the primary 
neurotransmit ter  of visual input to the SCN. Photic 
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information needed to entrain the pacemaker to the 
environmental light/dark cycle is transmitted from the 
retina to the SCN via the retinohypothalamic tract [29]. 
Several lines of evidence suggest that glutamate is the 
primary neurotransmitter 'in these retinal neurons 
[9,17,40]. 

Receptors to GABA and glutamate can be broadly 
divided into metabotropic (G-coupled) and ionotropic 
(ligand-gated ion channels). Ionotropic GABA recep- 
tors may be further divided into GABA A (bicuculline 
sensitive) and GABA c (bicuculline insensitive) [8,25,55] 
while GABA B refers to the G-coupled metabotropic 
GABA receptors. The ionotropic GABA receptors, 
like those for nicotine, are thought to be composed of 
five subunits in a pentameric structure surrounding the 
central ion pore [48]. To date 15 genes that code for 
GABA receptor subunits have been described in mam- 
mals including 6 a, 3 /3, 3 y, 1 6 and 2 p subunits 
[8,16]. All but the p (rho) subunits form GABA A 
receptors; p subunits are expressed primarily in the 
retina and appear to form GABA c receptors [15,16, 
49,55]. 

Ionotropic glutamate receptors can be classified ac- 
cording to their relative affinities for kainate, AMPA 
and NMDA. 16 genes have thus far been cloned in 
mammals including GluR1-GIuR4 (AMPA selective), 
GluR5-GluR7 (kainate selective), KA1, KA2 (highly 
kainate selective) and NR1, NR2A-NR2D (NMDA 
selective) [47]. Further diversity in these receptor fami- 
lies is obtained by alternative splicing and RNA editing 
[47,56,58]. Pharmacological characterizations of two 
other related subunits, 61 and 62, have not yet been 
accomplished. In this paper, we examine expression in 

the SCN and other brain regions of 12 GABA receptor 
genes, both GAD genes, two kainate selective subunit 
genes, and all five known NMDA receptor genes by 
Northern analysis. While Northern blots lack the 
anatomical detail possible with in situ hybridization, 
advantages include the detection of multiple mRNA 
species derived from some of these genes and, at least 
under our conditions, greater sensitivity and consis- 
tency. 

2. Materials and methods 

2.1. Animals and SCN dissection 

Common  inbred mouse  strains, predominant ly  from the 
C57BL/10  line, were used to provide brain tissue. All animals were 
kept from birth under  a 12:12 light:dark cycle with ad lib food. The 
ages ranged from 5 to 30 weeks with approximately equal numbers  of 
males and females. All mice were sacrificed 4 to 8 h after light onset 
(ZT4-ZT8) .  Brains were carefully removed leaving the optic chiasm 
fully intact. The SCN were removed under  a dissecting microscope 
by making four cuts immediately around the optic chiasm with very 
fine micro-dissecting scissors followed by a single cut underneath,  
removing a cube of tissue approximately 1 mm 3 in volume. Histologi- 
cal examination of the remaining brain indicates only minimal con- 
tamination of this SCN tissue with surrounding hypothalamus. Over 
100 mouse SCN were dissected in this manner.  In a dozen animals 
the remaining hypothalamus (referred to as h y p o - S C N ) ,  the entire 
cerebral cortex, and entire cerebellum were also dissected. All re- 
gions were frozen immediately on dry-ice for subsequent  RNA 
isolation. Given the high cell density of the SCN and the low cell 
density of the optic chiasm, we estimate that less than 10% of the 
resultant SCN R N A  is contaminated with optic chiasm RNA and 
between 10-20% of the RNA is from areas immediately surrounding 
the SCN. Autoradiograms obtained from probing the resultant 
Northern blots with 3:p-labeled VIP cDNA indicate that the SCN 
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Fig. 1. VIP m R N A  is enriched in our SCN samples providing evidence for successful dissection of at least the ventral lateral region of the SCN. 
A: Northern analysis of total R N A  (5/zg) isolated from mouse cortex (lane 1), cerebellum (lane 2), hypothalamus minus SCN (lane 3), and SCN 
(lane 4). Following the VIP probing (top panel), the filter was stripped and reprobed with a /3-actin cDNA (lower panel) to control for equal 
loading and transfer. B: in situ hybridization with a radiolabeled VIP probe [59] on a coronal rat brain section through the SCN (two spots above 
the arrow) showing the high level of VIP m R N A  in these nuclei. Longer exposures also show VIP m R N A  in the cortex and other brain regions. 
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dissections were indeed highly enriched for at least the ventral 
lateral SCN mRNA (Fig. 1A). Fig. 1B shows that the SCN is highly 
enriched for VIP mRNA, as has been shown previously in all rodent 
species examined [4,29]. 

2. 2. RNA isolation and analysis 

Total RNA was extracted from several brain regions (including 
cortex, ce rebe l lum,  SCN, and h y p o -  SCN) using the 
guanidinium/CsCl method [12]. Generally, 0.55 to 0.65 ~zg of total 
RNA was isolated per SCN regardless of prep size. All RNAs were 
separated on 1.2% formaldehyde/agarose gels, and transferred to 
Nytran membranes (Schleicher and Schuell). Small well sizes, 1 mm 
(thick) and 2 mm (wide) were used to maximize the RNA density per 
unit area on the resultant filter and thus maximize the autoradio- 
graphic signal, with the exception of Fig. 3A which utilized a stand- 
ard gel and well size. RNA was visualized by ethidium bromide 
staining and crosslinked by UV irradiation. Following prehybridiza- 
tion, membranes were hybridized at 37°C in 5 x  SSC, 50% for- 
mamide, 50 mM sodium phosphate (pH 6.8), 1% SDS, 1 mM EDTA, 
2.5 x Denhardt's, 200 /~g/ml herring sperm DNA, and 4 - 1 0 x  106 
cpm/ml  of radiolabelled random primed cDNA probe [20]. Mem- 
branes were washed 2 x f o r  30 min at 58°C in 0 .4xSSC and 0.5% 
SDS. Filters were then exposed to Kodak XAR5 film for 1-12 days. 
Filters were subsequently stripped to remove old probe and rehy- 
bridized with other probes. /3-Actin or TPI (triose phosphate iso- 
merase) were used as control probes on all filters to assess RNA 
quality and quantity across brain regions. Both control mRNAs are 
expressed at similar levels in different brain regions. 

2.3. cDNA probes 

GABA A receptor subunit cDNAs from the a, /3, 3', and 
subclasses were obtained from Dr. Peter Seeburg [33,51,52,57,64,67- 
69]. GABA receptor subunit pl  cDNA was obtained from Dr. Garry 
Cutting [15]. GAD65 and GAD67 cDNAs were obtained from Dr. 
Allan Tobin [18]. GIuR5 and GIuR6 cDNAs were obtained from Dr. 
Paul Gregor [22]. NR1, NR2A-2D cDNAs were obtained from Dr. 
Shigetada Nakanishi [24,46]. A/3-actin cDNA was obtained from Dr. 
Elaine Fuchs to use as a control probe. TPI cDNA [36] was also used 
as a control probe on some blots. 

3. Results 

The collected SCN tissue yielded an average of 0.6 
/zg of total RNA per animal, comparable to that ob- 
tained by other SCN dissections [30]. Most Northern 
analyses were done on the mouse SCN, the hypothala- 
mus minus the SCN ( h y p o -  SCN), the cerebellum, 
and the cerebral cortex. Expression of the 21 genes 
examined was seen in most of these brain regions. For 
GABA p, which is expressed most highly in the retina, 
RNA from other species was also analysed (rat, cow 
and squirrel). Table 1 summarizes the data obtained on 
all 21 genes and takes into account the data shown in 

Table 1 
Relative levels and sizes of GABA and glutamate receptor mRNAs in the SCN, hypothalamus minus SCN, cortex, and cerebellum 

Brain regions Message size (kb) 

CORTEX CEREB HYPO-SCN SCN Rat a COW b Mouse c 

a l  + + + + + + + + 4.3, 3.8 4.5 
a2  + + / - + + + + 6.0 > 3.0 8.5 
c~3 + + + + 3.0 4.0 
a4  + + + + + / - - 3.5 
a5 + + - + + + + 2.8 - 
/31 + + + + + + 11 13, 4.0 
/32 + + + + + + 8.0 8.0 
/33 + + + + + + + + + + 6.0 > 2.5 8.0 > 7.0 
),1 + + + + +  + + +  - - 
~/2 + +  + + +  + + +  + + +  4.2 - 

+ + +  . . . .  

p . . . .  4.8 > 2.3 3.9 
p (mRNA sizes in the retina) {squirrel 6.0 > 12 = 4.8 = 2.6 > 1.7"} 4.1 > 1.7 * 3.9 > 4.8 = 3.1 
GAD65 + + + + + + + + + + + + + 5.7 
GAD67 + + + + + + + + + + + + + 3.7 - 
GIuR5 + + + + + + 4.0 4.0 
GIuR6 + + + + + 6.0 > 7.0 ",4.0 ~ 
NR1 + + + + + + + + + + + + 4.4,4.2 
NR2A + + + + + + 12 
NR2B + + - + + + + 15 
NR2C + + + + + + 6.0 
NR2D + / - + / - + + / - 7.0 

4.3, 3.8 
6.0 > 3.5 * 
3.5 
3.9 > 2.5 * 
2.8 > 3.3 
13 > 5.8 > 2.7 > 6.9 
8.0 
5.8 > 2.9 
3.8 > 4.7 = 8.0 > 1.4 
3 . 3 > 1 . 4 > 2 . 1  
1.6 

5.7 
3.7 
4.0 
6.0 
4.4,4.2 
15 
18 > 16 * 
4.6 > 12 
5.5 > 6.5 

*, not consistently observed. 
a, references [18,22,24,27,28,35,42,46,50,52,64,68,69]. 
b, references [15,22,33,67,68]. 
c, results from the current study, but see references [22,31,39,57,62,63] for other mouse data. 
- ,  below level of detectability; + / - ,  barely detectable; + ,  low level expression; + + ,  moderate level expression; + + + ,  high level expression; 
+ + + + ,  very high level expression. 
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Fig. 2. GABA A receptor subunit expression in the mouse cortex, cerebellum, hypothalamus minus SCN, and SCN (lane order and loading is the 
same as in Fig. IA). Filters were stripped and reprobed with successive subunit cDNAs and control probes. Exposure times following each 
probing differ and thus direct comparisons cannot be made between the autoradiograms. See Table 1 for estimates of relative levels based on 
exposure time, specific activity of each probe, and other considerations. Estimated sizes for each band are shown at the right. 

Figs. 2 - 5 ,  add i t i ona l  p rob ings  no t  shown,  and  o t h e r  

i n f o r m a t i o n  such  as the  spec i f ic  act ivi ty  o f  e a c h  c D N A  

p r o b e  at the  t ime  of  use,  exac t  wash ing  cond i t ions ,  and  
a u t o r a d i o g r a p h i c  e x p o s u r e  t imes.  

Speci f ic i ty  o f  the  p r o b e s  u t i l i zed  is s u p p o r t e d  by 

severa l  obse rva t ions .  In  m a n y  ins tances ,  t he  size o f  t he  

R N A  message ( s )  in t he  m o u s e  was k n o w n  f r o m  the  

l i t e r a tu re  and  c o m p a r e d  to t he  size on  o u r  f i l ters .  In  
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most other cases, the size of the mRNA was known for 
the rat which is usually the same or similar size as 
mouse. In cases where message size was not known, 
relative abundances of mRNAs in different brain re- 
gions were compared to studies utilizing in situ hy- 
bridization. In addition, comparisons across blots be- 
tween related members of subfamilies allowed detec- 
tion of any cross-hybridization. In particular, the G A B A  
pl cDNA probe used should detect the p2 subunit 
mRNA since they are over 90% identical in this region, 
In each case our cDNA probes gave band sizes and 
expression characteristics appropriate for the corre- 
sponding mRNAs. 

3.1. GABA A receptor subunits 

All a, /3 and y subunits examined were detectable 
in the SCN and other brain regions (Fig. 2). Among 

A 

these subunits a2, a5, 131,/33, y l  and y2 all exhibited 
substantial expression in the SCN comparable to (but 
not higher than) the hypothalamus as a whole. The a l ,  
a4 and f12 subunits were substantially lower in the 
SCN compared to the remaining hypothalamus. Among 
o~ and /3 subunits the size of mRNAs detected were 
quite similar to those reported previously in other 
species (Table 1), although additional bands not previ- 
ously described were apparent in some of our probings. 
These additional bands may in some cases be artifacts, 
but were generally reproducible. They may reflect 
degradation products, alternative splicing of the pre- 
cursor RNAs, unspliced forms, alternative start sites, 
alternative poly(A) ÷ signals, or the mRNAs from re- 
lated genes. This last possibility, however, seems un- 
likely given the general lack of cross-hybridization ob- 
served among known members of each sub-family. 
However, we did see at least one case of apparent 

B 

4.8 kb- 

2.6 kb- 

1 2 3 4 5 6 7 8 9 10 11 

-12 kb 

-6.0 kb 

-4.1 kb 
-3.9 kb 
-3.1 kb 

-1.7 kb 

2 3 4 5 6 7 8 

-4.8 kb 
-3.9 kb 
-3.1 kb 

[3-actin -1.9 kb -1.9 kb 

Fig. 3. The GABA c receptor subunit p (rho) is not detectable in the mouse SCN but can be detected in the retina and some brain regions of 
other mammals. A: lanes 1-5 have 30 txg of total RNA isolated from the rat cortex (lane 1), ports (lane 2), medulla (lane 3), midbrain (lane 4), 
and cerebellum (lane 5). Lanes 6-8  have 10 ~g  of total RNA isolated from the cow cerebellum (lane 6), striatum (lane 7), and retina (lane 8). 
Lanes 9-11 have RNA isolated from the rat eye (50 p.g, lane 9), squirrel eye (20/~g, lane 10) and squirrel colliculli (25/~g, lane 11). B: lane 1 has 
1 /~g of Poly(A) + RNA isolated from whole mouse brain. Lanes 2-7  contain 10/~g of total RNA from mouse whole brain (lane 2), cortex (lane 
3), cerebellum (lane 4), hypothalamus minus SCN (lane 5), SCN (lane 6), and hippocampus (lane 7). Lane 8 has 5/xg of total RNA from the cow 
retina (lane 8). The cow retina was the first tissue found to have substantial levels of p mRNA [15]. The filters shown were probed with a portion 
of the pl  cDNA that should also hybridize to p2 mRNA (see text). Both filters were stripped and reprobed with a ¢l-actin cDNA to help assess 
relative loading. 
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cross-hybridization with the /31 probe. This probe de- 
tected the expected 13 kb mRNA most strongly, but 
the 5.8 kb band and possibly the 2.7 kb band may be 
derived from the/33 gene. The 3,1 and 3,2 probes both 
detected multiple bands as well, with only the small 1.4 
kb band in common. ~ was readily detectable in the 
cerebellum but not in the SCN or hypothalamus (Fig. 
2). Several subunit mRNAs were also examined by 
RT-PCR and gave quite similar results (not shown). 

GAD65 

1 2 3 4  

-5.7 kb 

3.2. GABA c receptor subunits 

p subunit mRNAs were not detectable in any brain 
region using our standard amounts of RNA (Fig. 3a). 
The pl probe used was capable of detecting mRNAs in 
the CNS of rats when greater amounts of RNA were 
electrophoresed (Fig. 3b). Since p subunits are ex- 
pressed primarily in the retina, we compared RNA 
from the rat eye and CNS, and from the cow and 
squirrel as well. The cow generally had higher levels of 
p mRNA than do rodents, especially in the cerebellum. 
In addition, the squirrel eye had 5-10 times higher 
levels of p mRNA than rat eye. The squirrel also 
exhibited substantial expression of p in the superior 
coll iculus,  a visual area  shown to conta in  
bicuculline/baclofen insensitive GABA receptors in 
the guinea pig [5]. In the squirrel and cow, the domi- 
nant mRNA transcript size appeared to be the same in 
the eye and CNS, while rat eye had a unique transcript 
size. Whether these bands reflect pl  or p2 mRNAs is 
unclear given the high sequence similarity. 

GAD67 -3.7 kb 

13-actin -1.9 kb 

Fig. 4. Expression of GAD65 and GAD67 in the mouse cortex, 
cerebellum, hypothalamus minus SCN, and SCN. Order and condi- 
tions are the same as Figs. 1A and 2. As in other Figures, exposure 
times for the two probings are not identical. Throughout the brain, 
GADs7 expression is actually somewhat higher than GAD65. 

SCN. NR2A and NR2B were expressed most highly in 
the cortex although NR2B was nearly as high in the 
SCN. NR2A was lower in the SCN as compared to 
cortex, but was still easily detected. All mRNA sizes 
were consistent with those previously reported. 

3.3. GAD6_ s and GAD67 

GAD65 and GAD67 expression were both quite high 
in the SCN and other brain regions (Fig. 4). GAD67 
mRNA was highest in the cerebellum and appeared to 
be somewhat more abundant than GAD65 throughout 
the brain. GAD65 was highest in the hypothalamus 
although somewhat lower in the SCN. The sizes of 
GAD6v and GAD65 mRNAs were approximately 3.7 
and 5.7 kb, respectively, as in the rat. 

3.4. GluR5, GluR6 and N M D A  receptor subunits 

All seven glutamate receptor subunit mRNAs exam- 
ined were present in our dissected SCN samples (Fig. 
5). NR1 mRNA, which was present at high levels in all 
four brain regions, was probably the most abundant 
subunit in the SCN, followed by GluR5 which was the 
only subunit examined that is specifically enriched in 
the SCN relative to the rest of hypothalamus. GluR6 
and NR2C were expressed most prominently in the 
cerebellum but were present at lower levels in the SCN 
and other brain regions. NR2D was expressed most 
highly in the hypothalamus and at lower levels in the 

4. Discussion 

In this study we have examined by Northern analysis 
the relative mRNA adundances of 12 ionotropic GABA 
receptor subunits, both GADs, and 7 ionotropic gluta- 
mate receptor subunits in the SCN and other brain 
regions. We have examined all of the ionotropic GABA 
receptor subunits likely to be important in the SCN. Of 
the three currently known subunits not examined, a6  
and 3,3 are probably not expressed significantly in the 
SCN based on their overall pattern of expression [65], 
and p2 would likely be detected by the p l  probe 
utilized [16]. This analysis, therefore, may allow us to 
speculate on the likely subunit combinations in the 
SCN with the goal of understanding the pharmacologi- 
cal actions of GABAergic compounds in this tissue. 
Such an analysis has recently been done throughout 
many brain regions, but unfortunately, the SCN was 
not examined [65]. Similarly, we have examined the 
expression of all five known NMDA receptor subunits 
that may suggest likely combinations. Such speculation 
rests on two main assumptions. First, mRNA levels 
must correlate well with protein levels and, second, the 
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predominant mRNAs seen in each subunit class must 
be made in the same cells (or, at least, a significant 
percentage). We also assume that the 21 cDNA probes 
utilized in this study hybridize with roughly equal effi- 
cacy. Ten of the twelve GABA receptor subunit probes 
utilized are cDNAs derived from rat which, in all 
known cases, have greater than 90% identity at the 
nucleic acid level with the mouse. The remaining two, 
a2 and pl, are derived from the human. The a2 
coding region has greater than 90% identity between 

the human and rat while pl has over 90% identity 
between human and cow (Garry Cutting personal com- 
munication), suggesting similar levels of identity with 
the mouse. The two GAD cDNAs and the five NM- 
DAR cDNAs are also from the rat while GluR5 and 
GIuR6 are from the mouse. 

This last assumption of probe equivalence, we be- 
lieve, is more likely to be true in Northern analysis 
where the RNA is purified and fractionated by size, 
than with in situ hybridization studies, where many 

1 2 3 4  1 2 3 4  

GluR5  -4.0 kb  

N R 2 A  

-15 kb  

G luR6  -6.0 kb  

~ - a c t i n  

NR1 

-1.9 kb  

-4.4 kb  
-4.2 kb  

NR2B 

NR2C 

NR2D 

-18 kb  

-12 kb  

-4.6 kb  

-5.5 kb  

~ - a c t i n  -1.9 kb  

[3-ac t in  l l  -1.9 kb 

Fig. 5. Expression of GluR5, GluR6 and the five NMDA receptor subunits, in the mouse cortex, cerebellum, hypothalamus minus SCN, and 
SCN. Order and conditions are the same as Figs. 1A, 2 and 4. 
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probes can bind non-specifically to certain areas of the 
brain. This may account for some of the discrepancies 
between our data and previous in situ studies. Other 
causes of discrepancies may be due to the fact that in 
situ studies often require high mRNA expression on a 
per cell basis to be detectable above the background 
whereas Northerns require either high expression in a 
small percentage of cells or low expression in a higher 
percentage of cells. Discrepancies specifically in the 
SCN expression could also be due to expression in cells 
just outside the SCN which are present in our dissec- 
tion. Since each method may miss what the other can 
see, the two methods are clearly complementary. 
Northerns also offer the possibility of detecting multi- 
ple mRNA species. 

4.1. GAB/t A receptor expression 

Our results for GABA receptor subunit mRNAs are 
generally consistent with previous publications in all 
four brain regions examined. Wisden et al. [65] exam- 
ined expression of all 13 c~, /3, y, 3 subunits by in situ 
hybridization throughout most of the brain, but did not 
report on the SCN. Araki et al. [6] and Araki and 
Tohyama [7] reported on eight of the 13 subunits 
throughout the brain including the SCN and all major 
hypothalamic nuclei. None of the a subunits examined 
( a l ,  a3, a4) and only one /3 subunit (/33, but not /31 
and /32) were detectable in the SCN, whereas both 3'1 
and 3'2 were found. In our study, we found that a2  
and a5 were the most abundant a subunit mRNAs 
while a l ,  c~3 and a4 were detectable but present at 
lower levels. The greatest difference between our re- 
sults and the above reports is our finding of relatively 
high /31 and /32 in the hypothalamus and SCN. This 
difference is not likely to be due to dissection contami- 
nants since our hypothalamic dissection was quite con- 
servative. However, we do find /33 to exhibit the high- 
est expression in the hypothalamus and SCN which is 
consistent with the in situ studies [7,65]. We also find 
quite high levels of expression in the hypothalamus and 
SCN for both 3'1 and 3'2, consistent with previous 
reports [6,7,65], although our levels appear higher rela- 
tive to other t~ and /3 subunits. In three cases, /31, 3,1 
and y2, we were surprised to see multiple bands hy- 
bridizing to each cDNA probe (Fig. 2). All three have 
been previously reported as single bands in rodents 
[50,68,69] although one report mentions an additional 
band for 3,2 [62] aside from the known splice variants 
T2S and y2L which are too close in size to distinguish 
on most Northerns. The most intense band for/31, 3'1 
and 3,2 on our autoradiograms does correspond closely 
with the previous reports. However, on longer expo- 
sure the other bands become clearly visible. These 
additional bands could be non-specific hybrids, specific 
degradation products (in the case of smaller bands), 

alternatively spliced RNAs, incompletely spliced RNAs 
(in the case of larger bands), alternative start sites, 
alternative poly(A) + signals, or the mRNAs of related 
genes. Since only/31 cross-hybridized with other known 
members of each subfamily, this last possibility seems 
unlikely to explain most of the extra bands. 

Some of our mRNA sizes are smaller than previous 
reports which we believe is due to overestimations in 
some publications which utilize the 18S and 28S rRNA 
as the only size markers. The 18S rRNA is actually 
about 1870 bases in most mammals, but generally mi- 
grates considerably faster than similar size mRNAs 
even under denaturing conditions. In our formalde- 
hyde/agarose  gels the 18S rRNA migrates consistently 
with mRNAs of 1.5 + 0.05 kb. Likewise, the 28S rRNA, 
which is about 4700 bases in most rodents, consistently 
migrates with mRNAs of 4.0 _+ 0.1 kb. For this reason, 
some mRNA sizes are overestimated in the literature. 

Given that every GABA A receptor subunit mRNA 
except fi was detectable in the SCN, it is difficult to 
make predictions on the probable subunit composition 
of actual GABA receptors. However, if we take the 
most abundant subunit mRNAs in each class, a2, a5, 
/31,/33, 3,1 and 3,2, we may be able to suggest some of 
the most common combinations. In addition, if we 
assume that certain subunit combinations have a ten- 
dency to form together, we can utilize previous infor- 
mation from the rest of brain. For example, Wisden et 
al. [65] finds that a2  and /33 tend to have similar 
expression patterns as do a5 and /31. If this tendency 
occurs within the SCN, the most common combinations 
would be a2/33(3, l /y2)  and ot5/31(3,1/3,2). Double 
labeling experiments would be necessary to further 
investigate these possibilities. In any case, the low level 
of a l  and/32 mRNAs would suggest a more BZ II-like 
rather than BZ I-like pharmacology [51]. 

Although GABA is the dominant inhibitory neuro- 
transmitter in the SCN where 60-100% of neurons 
make GABA [43,45], the pharmacology of GABA A 
receptors here has been somewhat unclear. In vivo 
studies have generally shown that benzodiazepines are 
capable of influencing the circadian clock [41,53,54], 
however, an SCN transplant study suggested the in- 
volvement of sites outside the SCN [10]. Studies of the 
effects of GABA and benzodiazepines on isolated SCN 
cultures indicate that the mature SCN contains neu- 
rons with GABA A receptors composed of subunits 
from the a, /3 and 3, classes [34,38]. Iontophoretically 
applied chlordiazepoxide or flurazepam enhanced 
GABA-evoked suppression of in vitro SCN firing which 
could be blocked by the GABA antagonist bicuculline. 
In addition, it has been shown that there is a moderate 
level of [3H]-diazepam or flunitrazepam binding by 
autoradiography in the mature SCN, consistent with 
the electrophysiological observations [43]. On the other 
hand, others have been unable to observe either Zn 2+ 
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sensitivity or benzodiazepine potentiation of GABA 
mediated CI- currents in dissociated cultures of SCN 
neurons taken from 21 day old rats [26]. This observa- 
tion would indicate that, at least at this stage of devel- 
opment, the GABAA receptors in the rat SCN do not 
possess 3, subunits. The expression pattern of GABA A 
receptor subunit mRNAs changes markedly during de- 
velopment but by postnatal day 21 the levels of 
mRNAs are comparable to those in the mature dien- 
cephalic structures [32]. One possibility is that ,/ mR- 
NAs present in the SCN at postnatal day 21 are not 
translated into functional protein. In any case, the 
majority of the data support the existence of predomi- 
nantly a2,/31,3,3,1,2 or a5,/31,3,3,1,2 GABA A receptor 
subtypes in the mature SCN. 

4.2. GABA c receptor expression 

GABA c receptors have been defined as those that 
are bicuculline and baclofen insensitve [25]. Several 
lines of evidence suggest that the GABA p subunits 
confer this property [55]. p expression is highest in the 
mammalian retina where GABA c pharmacology has 
been documented most thoroughly [49], and this phar- 
macology is exhibited when p subunits are expressed 
alone or in combinations in the frog oocyte system [55]. 
The SCN and retina share common embryological ori- 
gins and this, coupled with somewhat unusual GABA 
pharmacology in the SCN, led us to investigate GABA 
p subunits in this region. Although very low levels of 
GABA p mRNAs are probably expressed in the SCN 
as occurs in most brain regions, p subunits appear 
unlikely to contribute to the pharmacology in the SCN. 
In the rat, cow and squirrel we were able to show 
hybridization to several bands in the eye and brain. 
The rat was unusual in having a predominant mRNA 
in the eye (presumably retina) that is distinct from the 
brain. The predominant mRNA in the squirrel eye and 
cow retina is expressed in other brain regions although 
additional bands are also detected in the eye. Interest- 
ingly, the squirrel superior colliculus expressed rela- 
tively high levels of p mRNA which may suggest that 
visual structures utilize p subunits more than other 
brain regions. Bicuculline and baclofen insensitive 
GABA receptors have been documented in the guinea 
pig superior colliculus [5]. It may also be worth noting 
that the squirrel eye has considerably higher levels of 
expression than the rat eye, which may relate to the 
very high cone density in ground squirrels. It is unclear 
which bands on Northerns (Fig. 3) are derived from pl 
vs. p2. 

4.3. GAD expression 

Both genes coding for GAD, GAD65 and GAD67 , 
are expressed in the SCN. In other brain regions, our 

results are consistent with previous in situ studies which 
suggest generally higher GAD67 than GAD65 mRNA 
throughout the brain [19], although Table 1 does not 
discriminate between these two genes because of the 
limitations of a qualitative assessment system when the 
absolute level of expression is high. GAD67 in some 
brain regions is substantially higher than GAD65, such 
as the cerebellum. The hypothalamus has among the 
highest GAD65 expression, where it appears to be even 
higher than GAD67 mRNA levels. The SCN expresses 
somewhat less GAD65 than the rest of the hypothala- 
mus, but probably more than most brain regions. Both 
GADs appear to be quite abundant, however, in all 
brain regions. Since the two GADs can be regulated 
differently, this allows multiple controls on the ulti- 
mate levels of GABA synthesized [37]. The issue of 
GAD expression may be important given the growing 
evidence for a circadian rhythm of GABA synthesis 
and release in the SCN [3,11]. Preliminary data in our 
laboratory suggests that GAD67 mRNA levels may be 
higher at night. 

4.4. NMDA receptor expression 

All five genes coding for NMDA receptor subunits 
were expressed in the SCN. To form fully functional 
NMDA receptors, NR1 subunits must combine with 
one or more of the four known NR2 subunits in an 
unknown stoichiometry [47]. Consistent with this re- 
quirement, NR1 mRNA was present in the SCN and 
other brain regions at the highest level. The four NR2 
genes were expressed more variably. Different NR2 
subunits when combined with NR1 confer different 
pharmacological properties [31,47]. The cerebellum 
stands out as having quite high levels of NR2C and 
undetectable NR2B, consistent with earlier reports 
[24,31]. The SCN in our study appears to have the 
highest levels of NR2B followed by NR2A, NR2C and 
NR2D in that order. The SCN had generally similar 
levels to the rest of hypothalamus except for NR2D 
which is lower in the SCN. These results in the SCN 
and hypothalamus differ somewhat from a recent in 
situ hybridization study which found relatively high 
levels of NR1 mRNA throughout the SCN and sub- 
stantial NR2C in the dorsomedial region of the SCN, 
but detected little or no NR2A or NR2B in any hy- 
pothalamic nuclei [44]. As discussed above, this dis- 
crepency may reflect differences in methodology. Un- 
der our conditions, Northern analysis is both more 
sensitive and more consistent between probes than in 
situ hybridization. The mRNA sizes we found for the 
NR receptor subunits in the mouse were similar to 
previous reports in both the rat [24] and mouse [31,39]. 
The mouse subunits were originally designated ~'1 
(NR1), E1 (NR2A), E2 (NR2B), and E3 (NR2C). Re- 
cently, the e3/NR2C and the ~I /NR1 mRNAs have 
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been show to cycle under both LD (standard light and 
dark conditions) and DD (constant dark), and to un- 
dergo phase dependent light induction [23]. These re- 
sults suggest the possible involvement of these subunits 
in the signaling pathway of the circadian system. As 
discussed in the methods, our mice were sacrificed 
between ZT4-8, when levels of NR2C and NR1 mRNA 
were found by Ishida et al. [23] to be high relative to 
ZTI 8. 

4.5. GluR5 and GIuR6 

gion, there may be less bias than with in situ hybridiza- 
tion studies where cell density and other features can 
play a large role in detectability. Other advantages of 
Northerns are the ability to detect multiple mRNA 
species, as we found for several GABA subunits, and 
the elimination of many possible sources of back- 
ground. The primary advantage of in situ, of course, is 
the superior neuroanatomical resolution. Comparisons 
of data using both techniques should provide the most 
complete picture of gene expression. 

As published previously [22] and consistent with in 
situ hybridization studies [66], GluR5 is specifically 
enriched in the SCN. We also found similar levels of 
GluR6 in the SCN and rest of hypothalamus, differing 
from Wisden et al. [66] who found high levels of GluR5 
and undetectable GluR6 in the SCN. Given that this 
study also does not find much GIuR6 surrounding the 
SCN, this difference is probably explained by the dif- 
ferent methodologies and not by contamination in our 
SCN dissections. GIuR5 may be expressed at high 
levels in a subset of SCN cells and thus shows up well 
by in situ, while GluR6 may be expressed by the 
majority of cells at lower levels less detectable by in 
situ. However, a new report utilizing in situ hybridiza- 
tion found both GluR5 and GluR6 mRNA in the SCN 
along with GluR1, 2, 4 and NR1 subunits [61]. Specific 
antibodies to many glutamate receptor subunits have 
now been made which should provide good neu- 
roanatomical information at the protein level, as has 
been done for GIuRI,2,3 [21]. 

Both NMDA and non-NMDA receptors appear to 
be important in the tranfer of light information from 
the retina to the SCN. MK801 (a non-competitive 
NMDA antagonist), CPP (a competitive NMDA antag- 
onist) and DNQX (a non-NMDA antagonist) all block 
the light-induced phase-shift in activity rhythms follow- 
ing an appropriate light pulse [13,14] and can also 
block the induction of immediate early genes, such as 
c-los, thought to play a role in this process [1,2]. 

4.6. Conclusions 

The expression of 21 genes involved in GABA and 
glutamate neurotransmission was examined by North- 
ern analysis in the SCN, the master biological clock in 
mammals. This simple analysis provides a rough mea- 
sure of the relative abundance of these mRNAs sug- 
gesting, in the case of receptor subunits, possible com- 
binations that may form the complete receptor. This 
information provides basic data on the neurochemistry 
within the SCN and may ultimately by useful in the 
design or selection of drugs that specifically alter clock 
properties. Since our comparisons of mRNA abun- 
dances are based on total RNA from each brain re- 
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