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The Differential Expression of 16 NMDA and Non-NMDA Receptor 
Subunits in the Rat Spinal Cord and in Periaqueductal Gray 
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Diverse arrays of glutamate-gated channels in the spinal 
cord and associated pathways are partly responsible for 
sensory input, for altered sensitivity to peripheral stimuli 
during inflammation, and for generation of motor patterns. 
The expression of 16 genes, encoding all known subunits 
for the NMDA receptor (NRl, NRPA to NRSD), AMPA/low- 
affinity kainate (GIuR-A to -D), high-affinity kainate ionotropic 
receptors (KA-1, -2, GIuR-5 to -7) and two orphan receptor 
subunits (6-l and -2) was examined by in situ hybridization 
in rat lumbar spinal cord, and in the periaqueductal gray. 
Subunit mRNAs for GIuR-A, -B Flip, KA-2, and NRl were 
abundant in the dorsal horn, with NRPD lightly expressed. 
Occasional cells in lamina II contained NRSC mRNA. While 
the GIuR-A gene was preferentially expressed in laminae I 
and II-outer, GIuR-B mRNA was evenly expressed throughout 
all superficial laminae (I, II-outer, II-inner, and Ill). Large neu- 
rons in laminae IV and V expressed mainly NRl, GIuR-C, 
and to lesser extents the GIuR-B, GIuR-D, and NRSD genes. 
Lamina I contained occasional cells expressing the GIuR-5 
gene, whereas GIuR-7 mRNA was present in scattered cells 
in all superficial laminae. In motor neurons, GIuR-B Flip, -C 
Flip, -D Flip, and NRl mRNAs were expressed heavily, and 
those of NRPD and KA-1 weakly. Possibly connected to the 
RNA editing mechanism, GIuR-B was the only subunit whose 
RNA was concentrated in motor neuron cell nuclei in addition 
to the cytoplasm. 6-l and -2 mRNAs were found at low levels 
throughout the gray matter. NRPA, NRSB, and GIuR6 mRNAs 
were undetectable. For the periaqueductal gray, prominent 
mRNAs were GIuR-A, -B, and NRl. An en passant obser- 
vation concerned high levels of NRPC mRNA in the pineal 
gland. 

[Key words: glutamate receptor, NMDA, AMPA, kainate, 
mRNA, in situ hybridization, spinal cord, dorsal horn, motor 
neuron, central gray, pineal gland] 

The spinal cord was one of the first CNS areas in which it was 
demonstrated that amino acids such as glutamate depolarize 
neurons (Curtis et al., 1959; reviewed by Willis and Coggeshall, 
199 1). It is now established that the PNS fibers transmitting 
mechanical, thermal, and chemical stimuli into the dorsal horn 
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of the spinal cord use either glutamate or aspartate as principal 
excitatory transmitters (e.g., Zieglgansberger and Puil, 1973; 
Jesse1 et al., 1986; Sillar and Roberts, 1988; Gerber and Randic, 
1989; Morris, 1989; Dougherty et al., 1992; reviewed by Head- 
ley and Grillner, 1990; Willis and Coggeshall, 199 1; Nelson and 
Sur, 1992). Within the deeper laminae of the spinal cord, there 
are also many neurons that respond to excitatory amino acids 
(EAAs) via ligand-gated channels (Gerber and Randic, 1989; 
Burke, 1990; Smith et al., 199 1; Willis and Coggeshall, 199 1). 

Three EAA ionotropic receptor subtypes are classified on the 
basis of their selectivity to synthetic agonists as (1) NMDA, (2) 
high-affinity cu-amino-3-hydroxy-5-methyl-isoxazole-4-propio- 
nate (AMPA)/low-affinity kainate, and (3) high-affinity kainate 
receptors (reviewed by Young and Fagg, 1990; Monaghan and 
Anderson, 199 1; Gasic and Hollmann, 1992; Sommer and See- 
burg, 1992). Autoradiographic studies indicate the presence of 
all three binding sites in the mammalian spinal cord (Monaghan 
and Cotman, 1982, 1985; Jansen et al., 1990; Mitchell and 
Anderson, 199 1; Shaw et al., 1991; Kalb et al., 1992), but be- 
cause of a lack of selective antagonists, electrophysiological stud- 
ies have been confined to studies of NMDA versus non-NMDA 
ionotropic receptors. Molecular cloning studies have demon- 
strated that these EAA receptor subtypes are heterooligomeric 
assemblies of subunits (reviewed by Nakanishi, 1992; Sommer 
and Seeburg, 1992; Wisden and Seeburg, 1993a). The exact 
subunit composition of any channel type is not known, but 
varies in a brain region-specific manner. NMDA receptors com- 
prising the NRl and NR2A to -2D subunits are believed to 
exist in vivo as NR 1 /NR2 heteromerics (Moriyoshi et al., 199 1; 
Ikeda et al., 1992; Kutsuwada et al., 1992; Meguro et al., 1992; 
Monyer et al., 1992). They are distinguished by their voltage- 
dependent Mg*+ block, slow gating kinetics, and permeability 
to Ca*+ (reviewed by Bekkers and Stevens, 1990; Moriyoshi et 
al., 199 1; Monyer et al., 1992). High-affinity AMPAllow-affinity 
kainate receptors (consisting of the GluR-A to -D, GluRl to -4 
subunits) often colocalize with NMDA receptors in the same 
synapse and mediate “general purpose” fast excitatory trans- 
mission (Bekkers and Stevens, 1989; Hollmann et al., 1989; 
Boulter et al., 1990; Keinanen et al., 1990; Nakanishi et al., 
1990; Jones and Baughman, 1991). Each of the GluR-A to -D 
subunits exists as a Flip and Flop variant (Sommer et al., 1990). 
The Flip and Flop domains are mutually exclusive cassettes 
specified by alternative splicing, and confer different response 
characteristics to applied AMPA and glutamate (Sommer et al., 
1990; Jonas and Sakmann, 1992). Recombinant AMPA recep- 
tor configurations lacking the GluR-B subunit are permeable to 
Ca2+ (Hollmann et al., 199 1; Bumashev et al., 1992a), as is the 
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case in vivo on a minority of neuronal and glial cell types where 
the GluR-B subunit is not expressed (Pruss et al., 1991; Bur- 
nashev et al., 1992b; Miiller et al., 1992). High-affinity kainate 
receptors can be constructed from heteromeric and/or homo- 
meric combinations from two classes of subunits: KA- 1 and -2 
and GluR-5, -6, and -7 (Egebjerg et al., 1991; Werner et al., 
1991; Herb et al., 1992; Sakimura et al., 1992; Sommer et al., 
1992). In contrast to AMPA/low-affinity kainate receptors, high- 
affinity kainate receptors have currents that desensitize rapidly 
in the presence of kainate. The physiological function of high- 
affinity kainate receptors is not understood, and it is likely that 
members of this subfamily are mainly located on presynaptic 
terminals and dendrites (e.g., Good et al., 1992). Additionally, 
high-affinity kainate receptors, particularly those containing the 
GluR-5 subunit, are synthesized in dorsal root ganglion cells 
(Bettler et al., 1990; Headley and Grillner, 1990; Huettner, 1990; 
Sommer et al., 1992), and may function as presynaptic auto- 
receptors on primary afferent terminals (Headly and Grillner, 
1990). The 6-l and 6-2 subunits are in the same gene family, 
but currently cannot be assigned to a particular EAA receptor 
subunit type (Yamazaki et al., 1992; Lomeli et al., 1993). 

The activation of EAA receptors in the spinal cord and higher 
brain nuclei is important for both general “housekeeping” and 
pathological functions. Non-NMDA receptor activation is es- 
sential for fast excitatory transmission between many spinal 
neuronal cell types, as in other areas of the CNS (reviewed by 
Burke, 1990; Willis and Coggeshall, 199 1). For example, the 
monosynaptic stretch reflex involving the direct action of pri- 
mary afferents on motor neurons utilizes fast EPSPs generated 
by the activation of AMPA/low-affinity kainate receptors (Burke, 
1990; Di-Prisco et al., 1990; Long et al., 1990; Jiang et al., 199 1), 
as does neurotransmission of inspiratory drive from nuclei in 
the brainstem synapsing directly onto motor neurons (Mc- 
Crimmon et al., 1989). The special integrative properties of 
NMDA-gated channels (voltage-dependent Mg*+ block, and 
prolonged open time) are required for generating bursting pat- 
terns in the spinal cord (Grillner and Matsushima, 199 1). Such 
burst properties are utilized by pattern-generating circuits in- 
volved in the execution of regular movements (Grillner and 
Matsushima, 199 1). 

At a pathological level, regulation of the voltage-dependent 
Mg*+ ion block of NMDA receptors is in part responsible for 
the central sensitization of pain perception (Davies and Lodge, 
1987; Chen and Huang, 1991; Woolf and Thompson, 1991; 
reviewed by Stevens, 1992). Electrophysiological studies have 
demonstrated that repeated stimulation of pain fibers gives pro- 
gressively larger responses in the central pain-reporting neurons 
to which they project-a phenomenon termed “wind-up.” 
NMDA receptors directly participate in this wind-up of dorsal 
horn neurons (Davies and Lodge, 1987; Schouenberg and Dick- 
enson, 1988; TolIe et al., 1989; Woolf and Thompson, 1991). 
The sensitized neurons respond to non-noxious stimuli to which 
they would not normally respond-a process termed hyperal- 
gesia (reviewed by Simone, 1992). 

The mesencephalic central gray/periaqueductal gray (PAG), 
which consists of a dense layer of neurons surrounding the ce- 
rebral aqueduct, and the reticular formation, which consists of 
a diffuse network of nuclei, are both important relay/processing 
centers for ascending and descending sensory/motor pathways 
to the spinal cord (Fields and Basbaum, 1978; Beitz, 1982; 
Mantyh and Peschanski, 1982; Basbaum and Fields, 1984; An- 
drezik and Beitz, 1985; Jordan at al., 1992; for review, see 
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Zieglgansberger, 1986; Willis, 1988). Both these areas receive 
nociceptive input from the periphery. Intracerebral administra- 
tion of EAAs to discrete regions of the brainstem results in 
spontaneous algogenic behavior with sensitive sites largely lim- 
ited to the mesencephalic PAG (Jensen and Yaksh, 1992). Be- 
sides sensory information processing, these sites represent im- 
portant relays for the initiation of locomotion in vivo and in 
vitro (Cazalets et al., 1992). 

Until now, there have been no studies reporting on ionotropic 
EAA receptor subunit gene expression in the spinal cord. In this 
article, using in situ hybridization with subunit specific oligonu- 
cleotides, we have mapped the expression of all 16 currently 
known genes in the ligand-gated EAA receptor superfamily. 

Materials and Methods 
Segments of adult female Wistar rat lumbar spinal cord (n = 5) were 
dissected from freshly decapitated non-perfusion-fixed animals. Blocks 
of spinal cord were frozen on dry ice. Sections (14 pm) cut on a cryostat 
at -20°C were processed for in situ hybridization as described previ- 
ously (Wisden et al., 199 1 b). Oligonucieotides (36mers and 42-45mers) 
were labeled with a--‘S-dATP ( 1200 Ci/mmol; New England Nuclear) 
using terminal transferase (Boehringer Mannheim) and a 3O:l molar 
ratio of dATP : oligonucleotide. Sections were hybridized in 50% form- 
amide, 4 x saline-sodium citrate (SSC), 10% dextran sulfate at 42°C for 
12 hr, and were washed in 1 x SSC at 55°C. Sections were then either 
exposed to Kodak XAR-5 film (for 4 weeks) or dipped in Ilford KS 
emulsion (for 8 weeks). After development, sections were counterstained 
with thionin. 

Oligonucleotides specific for the rat subunit mRNAs were as used 
previously. The AMPA-selective oligonucleotides (GluR-A to GluR-D) 
were described by Keinlnen et al. (1990). The Flip and Flop splice 
variants of the GluR-A to -D subunit genes were identical to those used 
by Sommer et al. (1990). The high-affinity kainate oligonucleotides (KA- 
1, -2, GluR-5, -6, and -7) were described by Wisden and Seeburg (1993b); 
The 6-l and -2 probes were as described by Lomeli et al. (1993); the 
NMDA receptor subunit oligonucleotides were as used by Monyer 
et al. (1992). The NR2D oligonucleotide was 5’-CGTGGCCA- 
GGCTTCGGTTATAGCCCACAGGACTGAGGTACTC-3’ con- 
structed to the region between the putative first and second membrane- 
spanning regions (Ikeda et al., 1992; H. Monyer and P. H. Seeburg, 
unpublished observations). Controls for specificity included incubating 
sections with a loo-fold excess of unlabeled probe with the correspond- 
ing 35S-labeled probe. 

To minimize cross-hybridization to very closely related sequences, 
the shorter (36mer) Flip and Plop probes were still hybridized and 
washed with identical conditions to those used for the longer (pan) 
probes, with the result that they gave much weaker autoradiographic 
images. Thus, it was not possible to compare signal intensities directly 
between the pan and Flip/Plop probes. 

Results 
The results are semiquantitatively summarized in Tables 1 and 
2. The anatomy of the spinal cord is presented in Figure 1 in 

Figure I. Schematic and matching Nissl-counterstained slice of the 
adult rat lumbar spinal cord. The figure shows the attached dorsal root 
(dr) and the Rexed laminae (1-x). Modified from Brichta and Grant 
(1985). 

order to enable the reader to orientate the results with the dif- 
ferent numbered laminae mentioned below. 

Distribution of AMPA receptor subunit mRNAs (GluR-A to -D 
including the Flip and Flop splice variants) in lumbar spinal 
cord 

As assessed using the pan oligonucleotide probes, all four high- 
affinity AMPA receptor subunit mRNAs are present in the spi- 
nal cord, although they exhibit pronounced differential distri- 
butions (Fig. 2, Table 1). In laminae I and II of the dorsal horn, 
GluR-A and -B transcripts are the most abundant (Fig. 2a,b). 
While the GluR-A gene is preferentially expressed in neurons 
of laminae I and II-outer (II-o), the GluR-B mRNA is more 
evenly expressed throughout all superficial laminae, that is, I, 
II-o, II-inner (II-i), and III, revealing a substantial mismatch 
between these two subunits. This is reflected at the cellular level 
(Figs. 3a,b, 4a,b). In fact, GluR-B is the only prominent AMPA- 
selective subunit in lamina III (Fig. 4b). The dorsal horn pan 
GluR-A signal consists of both Flip and Flop components (Fig. 
6, Table 2). In contrast, most of the dorsal horn GluR-B signal 
is derived from GluR-B Flip (Fig. 6). The mRNAs encoding 
GluR-C and -D can also be detected in the dorsal horn, with 
the GluR-C gene being moderately expressed in a few isolated 
cells (Fig. 4c) and that of GluR-D being expressed at low levels 
in some cells in laminae I and II (Fig. 4d). The GluR-C gene 

Table 2. Summary of the distribution of the Flip and Flop GIuR-A to -D splice variants in rat lumbar 
spinal cord 

GluR-A GluR-B GluR-C GluR-D 

Flip flop Flip Flop Flip flop Flip flop 

Dorsal horn 
Laminae I-III ++ 

(‘+I + 

+++ + 0 (+I 
Laminae IV-VI + 

(‘+I (‘+, 
(+I 

Lamina X (+I + + + (+I 
Ventral horn 

Laminae VII-VIII (+I + + (+I (+) (+I (+I 
Motor neurons (+I (+) ++ + ++ ++ +++ 

0, Not detectable; (+), weakly detectable; +, detectable; + +, quite abundant; + + +, very abundant. 

(+I 
(+I 
(+I 

(+) 
0 
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Figure 2. X-ray film autoradlographs Illustrating the distribution of high-affimty AMPA receptor subunit transcripts (GluR-A. -R. -C, and -D) in 
rat lumbar spinal cord. a. GluR-A; h, GluR-B; c. GluR-C; d, GluR-D. Wife areas represent high densities of mRNA, for example, in the dorsal 
horn (a, b) or in motor neurons of the ventral horn (c, d). Scale bar, 300 Km. 

is the only member of the high-affinity AMPA series to be 
expressed prominently in large neurons in laminae IV and V 
(Fig. 24. There is weaker expression ofthe GluR-B and GIuR-D 
genes in these large cells (Fig. 24. 

In the ventral horn, GluR-B, -C, and -D mRNAs are present 
in motor neurons, with the GluR-C and -D subunit genes being 
the most expressed (Fig. 2~4. The GluR-A Flop mRNA is 
expressed very weakly in motor neurons (Figs. 2a, Sa, 6). Emul- 
sion autoradiography confirms the heavy expression of the -C 
and -D subunits in these cells (Fig. 5c.d). The pan GluR-C motor 
neuron signal is probably generated from a combination of both 
the Flip and Fiop splice forms Fig. 6, Table 2). In contrast, the 

pan GluR-D motor neuron signal seems to be derived exclu- 
sively from GluR-D Flip (Fig. 6). Interestingly, the majority of 
silver grains obtained with the pan GluR-B probe (presumably 
derived from GluR-B Flip; Fig. 6) are located mainly over the 
motor neuron ccl1 nucleus, with many fcwcr grains over the 
cytoplasm (Fig. 56). This observation is found to be true for all 
motor neurons examined in any section. Conversely, the -C and 
-D mRNAs are always abundant in the cytoplasm as well as 
the nucleus. Besides their strong expression in motor neurons, 
AMPA-selective subunit mRNAs are found in laminae VII and 
VIII, and in the area surrounding the central canal (lamina X) 
(see Fig. 2). 
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Figure 3. Low-power dark-field optics illustrating cells expressing high-affinity AMPA receptor subunit transcripts in the substantia gelatinosa 
(dorsal horn) area of the spinal cord. u, GluR-A; h. GluR-R; c, GluR-C, d, GluR-D. h’roken lines are. &fived from camera lucida drawings ofeach 
individual Nissl-stained section and delineate the boundaries of the white and gray matter. Rexed )aminae are k+&i according to Bfichta and 

Grant (I 985). Scale bar, 100 pm. 

Distribution of high-affinity kainate and 6-subunlt mRNAs 
(GluR-5, -6, -7, KA-I, -2, b-1, -2) in lumbar spinal cord 
Levels of the high-affinity kainate receptor transcripts are much 
lower than those of the AMPA receptor transcripts. The GluR-6 
gene is not expressed at all in the spinal cord, although as a 
positive control, the same probe detects signals in the hippo- 
campus (see Fig. 11~). At the level of x-ray film, KA-1 mRNA 
is marginally the most prominent member of this subclass in 
motor neurons (Fig. 7a), whereas KA-2 mRNA is the most 
abundant in the dorsal horn (Fig. 7b). Cclllular resolution reveals 
small cells expressing the KA-2 gene in the substantia gelatinosa, 
with few grains over each cell (Fig. 8d), and a moderate signal 
for KA- I in motor neurons (Fig. 8~). In contrast to the situation 
observed for the AMPA receptor subunit mRNAs, many cells 
are not labeled with the KA-2 probe. Thus, the KA-2 gene is 
likely to bc expressed in a subpopulation of cells that express 
the AMPA-selective subunits. The GluR-5 and -7 probes give 
very low signals on x-ray film (Fig. 7c.d). However, there are 
small numbers of positive cells expressing these genes in the 
substantia gelatinosa. The GluR-5 subunit gene expression is 
more restricted to occasional cells in lamina I (Fig. 8a), whereas 
GluR-7 is found in occasional cells in all superficial laminae of 
the dorsal horn (Fig. 8b). Emulsion autoradiography with the 
GluR-5 probe reveals a few silver grains specifically located over 
a small number of motor neurons (not shown). The 6-l and -2 
mRNAs are present in weak diffuse levels throughout the gray 
matter, with a slightly more pronounced expression in the sub- 
stantia gelatinosa for the 6-2 subunit (Fig. 7eJ). Both the b-1 

and -2 probes give weak but detectable signals over motor neu- 
rons. 

Distribution of NMDA receptor subunit mRNAs (NRl, NRZA 
to NRZD) in lumbar spinal cord 

Ofthe NMDA receptor subunit mRNAs, only those ofthe NR 1, 
NRZC, and NR2D genes arc detectable. However, the NRl 
mRNA is considerably more abundant than the others (Fig. 9), 
being found in virtually every neuron, as confirmed by cellular 
resolution. The NRl gene is expressed in many cells both in 
the substantia gelatinosa (Fig. IOa) and in motor neurons (Fig. 
10d). The NR2C mRNA is weakly present in the substantia 
gelatinosa and the NR2D is present at low levels everywhere in 
the gray matter, but is slightly concentrated in the substantia 
gclatinosa and lamina X (central canal area) (Fig. 9b.c). The 
NR2D gene is also expressed at low levels in motor neurons 
(Fig. 10~). The NRZC mRNA can be detected in occasional cells 
in the substantia gelatinosa laminae I and II (Fig. lob). The 
NRZD-positive cells are more numerous in the substantia ge- 
latinosa than those of NRZC (Fig. lOb,c), although these must 
be subsets of the NR 1 -positive neurons. 

Expression ofglutamate receptors in the PAG 

We analyzed the expression ofthe ionotropic glutamate receptor 
genes in serial sections of the PAG from caudal (at level of the 
pineal gland and inferior colliculus) to rostra1 (at level of the 
hippocampus) (Figs. 1 l-l 3). Serial sections of the PAG are pre- 
sented counterstained with thionin in order to enable the reader 
to orientate the results with the different anatomical structures 
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Figure 4. High-power bright-field photomicrographs showing expressing of the GluR-A (a), GluR-B (b), GluR-C (c), and GluR-D genes (d) in 
the substantia gelatinosa area. GluR-A is most prominently expressed in Iaminae Z and II-o, while GluR-B is more evenly distributed in neurons 
of all laminae of the superficial dorsal horn. Roman numerals in a indicate Rexed laminae. Scale bar, 20 pm. 
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Figure 5. High-power bright-field photomicrographs showing the expression of the high-affinity AMPA receptor genes in motor neurons. a, GluR- 
& b, GluR-B; C, GIuR-C, d, GluR-D. GluR-B, -C, and -D subunits genes are the most expressed. The majority of silver grains obtained with the 
GluR-B probe are located mainly over the motor neuron cell nucleus, with fewer grains over the cytoplasm. &le bar, 25 rm. 
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illustrating distribution of the Flip and 
Flop mRNAs in rat lumbar spinal cord. 
Row u, GluR-A Flip and Flop; row 6, 
GluR-B Flip and Flop; row c, GluR-C 
Flip and Flop; row d, GluR-D Flip and 
Flop. Scale bar, 300 pm. 

(Fig. 13f ). The autoradiographs generated of the consecutive transcripts being the most abundant (Fig. 1la.b). There are no 
sections through these areas of the midbrain further highlight overt differences in AMPA subunit expression between rostra1 
the heterogeneity of ionotropic EAA receptor expression in the and caudal areas of the central gray. The only representatives 
CNS. of the high-affinity subunit series in the PAG are KA- 1, -2 (Fig. 

All four high-affinity AMPA receptor subunit mRNAs are 12a,b), and GluR-7 (Fig. 1 le). The GluR-5 and -6 subunit 
present in the central gray (Fig. 1 la-d), with GluR-A and -B mRNAs are absent, although specific signals for these mRNAs 
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Figure 7. Macroscopic x-ray film autoradiographs illustrating the expression of high-affinity kainate receptor subunits and b-subunits in rat lumbar 
spinal cord. u. KA-1; h, KA-2; c. GIuR-5; (1. GluR-7; e. b-l; J; b-2. KA-I is marginally the most prominent member of this subclass in motor 
neurons (a), whereas KA-2 is most abundant in the dorsal horn (b). GluR-5, -7 and b-l, -2 give low signals on x-ray film. dh, dorsal horn; vh, 
ventral horn; sg substantia gelatinosa; mn. motor neurons; cc, central canal. Scale bar, 300 pm. 
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Figure 8. High-power bright-field photomicrographs showing cellular resolution of various high-affinity kainate receptors in spinal cord. GluR-5 
subunit eene was restricted to occasional cells in lamina I la). whereas GluR-7 was found with few silver arains in numerous cells of all laminae 
(b). c, c- 1 is almost restricted to motor neurons; d, KA-i ii abundant in the dorsal horn. Roman numerh indicate Rexed laminae. Scale bars, 
20 pm. 

are detected elsewhere on the sections, for example, superior 
colliculi for GluR-5 and hippocampus for GluR-6, thus con- 
firming that the probes are not defective (Fig. 1 1Jg). 

Considering the levels of NMDA receptor subunit transcripts 
in the PAG, NR 1 mRNA is massively expressed relative to the 
members of the NR2 series. For the NRI subunit, there is no 
difference in gene expression between caudal to rostra1 areas of 
the PAG (Fig. 134 left to right). The NR2A and NR2B subunit 
mRNAs are not detectable, and the NR2C gene is poorly ex- 
pressed in the PAG (Fig. 13&4. However, on the same section, 

the NR2C probe detects high levels of mRNA in the pineal 
gland and cerebellar granule cells (Fig. 134. As noted previously 
(Wisden and Seeburg, 1993) KA-2 mRNA is also found in the 
pineal gland (Fig. 12b, left). The NR2D gene is weakly expressed, 
at approximately the same intensity as in the spinal cord (Fig. 
12e). 

Discussion 
We have examined the expression of the 16 genes whose en- 
coded polypeptides collectively comprise subunits for the NMDA 
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(NR 1, NR2A to NR2D), AMPA/low-affinity kainate (GluR-A 
to -D), and high-affinity kainate (KA-I, -2, GluR-5 to -7) re- 
ceptors as well as two orphan subunits (6- 1 and -2) in the spinal 
cord and the PAG. As in other parts of the CNS (e.g., Bettler 
et al., 1990, 1992; KeinHnen et al., 1990; Sommer et al., 1990; 
Monyer et al., 1992; Wisden and Seeburg, 1993b), EAA receptor 
subunit transcripts show differential distributions within the 
gray matter of the two structures (summarized in Tables 1 and 
2). In both sites their expression is of interest because of the 
identified role of EAA receptors in relation to sensory trans- 
mission, including pain, as well as their general “housekeeping” 
contribution to local circuitry. It is believed that non-NMDA 
(AMPA/low-affinity kainate) receptors mediate the responses 
of dorsal horn neurons to monosynaptic inputs while NMDA 
receptors mediate responses to polysynaptic inputs involving 
interneurons (see Willis and Coggeshall, 199 1; Dougherty et al., 
1992, and references therein). Further, NMDA receptors are 
implicated in the production of the enhanced responsiveness of 
dorsal horn neurons following peripheral injury (e.g., Haley et 
al., 1990; Chen and Huang, 199 1; Woolf and Thompson, 199 1; 
Dougherty et al., 1992; Ren et al., 1992; reviewed by Stevens, 
1992). Neurons originating in the PAG serve to suppress pain 
by controlling the input transition from primary afferents to 
spinofugally projecting dorsal horn neurons, and are also excited 
by EAAs. 

AMPA receptor heterogeneity 

Based on our in situ hybridization results, the postsynaptic 
AMPA/low-affinity kainate receptor subunit composition in the 
spinal cord probably varies with the type of afferent input. For 
example, Ia afferents originating from receptors on muscle spin- 
dles synapse directly onto motor neurons in the ventral horn to 
generate the EPSPs of the simple stretch reflex arc (Burke, 1990). 
The postsynaptic AMPAllow-affinity kainate receptors activat- 
ed on these motor neurons by Ia terminals and also the excit- 
atory terminals from interneurons onto motor neurons are likely 
to be of composition GluR-C FlipFlop/GluR-D Flip or GluR- 
B/GluR-UGluR-D Flip. However, in the dorsal horn (laminae 
I, II-o), afferent fibers probably activate AMPA/low-affinity 
kainate receptors mainly of composition GluR-A/GluR-B Flip, 
with only a minor population of receptors that contain the 
GluR-C and GluR-D subunits. In laminae II-i and III, where 
there is very little GluR-A mRNA, homomeric GluR-B AMPA/ 
low-affinity kainate receptors may predominate. Large neurons 
in laminae IV and V may principally express GluR-C/GluR-D 
heteromerics. From their anatomical location, these GluR-C/ 
GluR-D-expressing cells may correspond to neurons associated 
with the spinothalamic and spinoreticular tracts (Willis et al., 
1974; Giesler et al., 1979; Chaouch et al., 1983; for review see 
Willis and Coggeshall, 1991). Many lamina IV and V neurons 
send their dorsal dendrites into laminae I and II, and can thus 
receive a direct primary afferent input from fibers entering the 
superficial laminae. Thus, a particular primary afferent fiber 
terminating in laminae I and II could activate two types of 
AMPA/low-affinity kainate receptor: the GluR-A/GluR-B re- 
ceptors on laminae I/II neurons and the GluR-C/GluR-D re- 
ceptors on dendrites from deeper neurons. 

These varying subunit compositions have implications for 
the properties of ion flow that occurs in response to agonist 
activation. AMPA receptors containing either the Flip or Flop 
forms or a combination of both subunit types exhibit different 
functional properties, although the physiological significance of 

Figure 9. X-ray autoradiographs showing NMDA receptor subunit 
gene expression in the lumbar spinal cord. a, NR 1; b, NR2C, c, NR2D. 
The NRl mRNA is the most abundant in the whole gray matter of the 
dorsal and ventral horn. dh, dorsal horn; vh, ventral horn; sg, substantia 
gelatinosa; mn, motor neurons; cc, central canal. Scale bar, 300 pm. 
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Figure 10. High-power bright-field emulsion autoradiographs illustrating expression of NMDA receptor subunit genes in the spinal cord. a, Many 
cells in the substantia gelatinosa express the NRl subunit gene. b, occasional cells in the gelatinosa contain the NR2C subunit mRNA. c, Numerous 
cells in the substantia gelatinosa express the NR2D subunit gene at low levels. d, NRl subunit gene expression in motor neurons. e, NRZD subunit 
gene expression in motor neurons. Roman numerals indicate Rexed laminae. Scale bars: a, 30 pm; b+, 20 pm. 

+ 

Figure 11. Macroscopic x-ray images of the distribution of high-affinity AMPA receptor subunit (u-d) and high-affinity kainate receptor subunit 
mRNAs (e-g) in the PAG in serial sections from caudal (left, level of inferior colliculi) to rostra1 (right, level of hippocampus). a, GluR-A, b, GluR- 
B c GluR-C d GluR-D. GluR-A and -B transcripts are most abundant with no overt differences between caudal and rostra1 areas of the central 
&a;, pug. rf; ieticular formation. e, GluR-7;1; GluR-5; g, GluR-6 corresponding to the upper anatomical caudaVrostra1 level. GluR-7 probe gives 
low signal in the PAG region. For anatomical orientation, see matching Nissl-counterstained slices (Fig. 13f ). Scale bars, 1500 pm. 
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Figure 12. Macroscopic x-ray images 
of the distribution of high-affinity kain- 
ate receptor subunit mRNAs in the PAG 
in serial sections from caudal (left, level 
ofinferior colliculi) to rostra1 (right, level 
of hippocampus). a, KA-1; b, KA-2; c, 
6-I; d, 6-2. Note the very low signal of 
KA-1 and -2 in the PAG and reticular 
formation (rf). For anatomical orien- 
tation see matching Nissl-counter- 
stained slices (Fig. 13f). Scale bar, 2000 
cm. 

Figure 13. Macroscopic x-ray images of the distribution of NMDA receptor subunit mRNAs in the PAG in serial sections from caudal (left, level 
of inferior colliculi) to rostra1 (right, level of hippocampus), a, NRl; b, NR2A, c, NRZB, d, NRZC, e, NRZD, 1; matching Nissl-counterstained 
slices. NR 1 mRNA is massively expressed, compared to missing signal for NRZA and NRZB and the very low signals for NRZC and NRZD. Note 
the detection of high levels of NR2C signal in the pineal gland. cb, cerebellum; co, cortex; hi, hippocampus; ic, inferior colliculus; pug, periaqueductal 
gray; pi, pineal gland; po, pons; SC, superior colliculus; rf; reticular formation. Scale bar, 1500 pm. 
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this remains unknown (Sommer et al., 1990; Jonas and Sak- 
mann 1992). AMPA receptor configurations lacking the GluR-B 
subunit are permeable to Ca*+ as well as Na+ or K+ ions and 
show doubly rectifying current-voltage relationships (Hollmann 
et al., 1991; Hume et al., 1991; Bumashev et al., 1992a). Thus, 
since the large GluR-C-positive neurons in lamina IV/V contain 
very little GluR-B mRNA, they might bear Ca*+-permeable 
AMPA/low-affinity kainate receptors. The consequences of Ca2+ 
entry into the cell via non-NMDA receptors in a voltage-in- 
dependent manner is not known, but the phenomenon is con- 
sistent with reports of divalent cation-permeable non-NMDA 
receptors from other areas of the CNS (Iino et al., 1990; Pruss 
et al., 199 1; Bumashev et al., 1992b; Miiller et al., 1992). How- 
ever, the majority of AMPA receptors in the spinal cord prob- 
ably contain the GluR-B subunit, and thus have a very low Ca*+ 
permeability (Hollmann et al., 199 1; Bumashev et al., 1992b). 
For example, in the higher midbrain centers that are related to 
pain, the most prominent AMPA/low-affinity kainate receptor 
subtype is likely to be a GluR-A/GluR-B heteromeric. 

GluR-B transcripts are unique in that they undergo an editing 
process during which an adenosine residue is converted into 
guanosine (Sommer et al., 199 l), generating an arginine instead 
of a glutamine in a predicted channel-forming region of the 
protein. It is this arginine residue that controls the Ca2+ per- 
meability discussed above (Hollmann et al., 199 1; Hume et al., 
1991; Bumashev et al., 1992b). Possibly connected with the 
RNA editing mechanism is the reproducible high level of the 
GluR-B autoradiographic signal in the nucleus of motor neu- 
rons, with a relatively reduced signal in the cytoplasm (Fig. 5b). 
This is easy to observe in motor neurons because of the large 
size and clear staining of the cell components. All other subunit 
probes consistently detect more signal in the cytoplasm of motor 
neurons. 

High-afinity k&ate receptors 

It is likely that most electrophysiological studies of “kainate” 
receptors in the spinal cord have concerned the AMPA/low- 
affinity kainate sites, which are characterized by nondesensitiz- 
ing current responses to kainate (e.g., Trussel et al., 1988; Gerber 
and Randic, 1989; Smith et al., 1991; Yoshimura et al., 1991). 
High-affinity kainate receptors whose currents exhibit rapid de- 
sensitization to kainate have not been functionally detectable 
in the CNS, even though their subunit mRNAs and binding 
sites are often abundant (Monaghan and Cotman, 1982; Bettler 
et al., 1990, 1992; Egebjerg et al., 1991; Werner et al., 1991; 
Lomeli et al., 1992; Wisden and Seeburg, 1993b). This electro- 
physiological “invisibility” might be explained because these 
receptors could be located on dendrites and thus are difficult to 
patch clamp (Good et al., 1992). Although electrophysiological 
responses to dendritically applied kainate (100 MM) can be de- 
tected on acutely dissociated dorsal horn neurons, with these 
responses being even larger than those obtained from the cell 
body (Arancio et al., 1993), it is not clear which type(s) of kainate 
receptor is activated. However, rapidly desensitizing high-affin- 
ity kainate receptors that have properties identical to certain 
combinations of recombinant subunits are found on dorsal root 
ganglia (Beltler et al., 1990; Huettner, 1990; Sommer et al., 
1992). 

In contrast to the situation in some other CNS structures (e.g., 
Wisden and Seeburg, 1993b), high-affinity kainate receptor sub- 
unit mRNAs are not abundant in either the spinal cord or PAG. 
Indeed, the GluR-6 subunit mRNA is altogether undetectable 

using our in situ hybridization assay and thus probably has no 
role in nociception or movement control in these structures. In 
the PAG, high-affinity kainate receptors may consist of the KA-2 
and GluR-7 subunits. In the dorsal horn, there are occasional 
cells expressing the GluR-5 and -7 subunit genes, and rather 
more cells that contain the KA-2 mRNA (Fig. 7a,b,d). Thus, 
the GluR-5, -7, and KA-2 mRNAs are probably found in a 
subset of cells expressing the AMPA/low-affinity (GluR-A, -D) 
subunits. The weak presence of the orphan subunit 6-l and -2 
mRNAs in the spinal cord does not reveal anything about their 
in vivo function. Motor neurons express the KA-1 gene, the 
orphan subunits 6-l and -2 at low levels, and the GluR-5 gene 
very weakly in a small number of cells. However, a preliminary 
report of GluR-5 gene expression in the ventral horn of the rat 
(Fan et al., 1992) together with the finding of a close chromo- 
somal vicinity of the human GluR-5 gene and of a mutant gene 
causing familial amyotrophic lateral sclerosis (Eubanks et al., 
1993; Gregor et al., 1993; Potier et al., 1993) were taken as 
convergent evidence that a mutated GluR-5 gene may be re- 
sponsible for the familial form of the neurodegenerative disease 
(Eubanks et al., 1993). In contrast, the present study in the 
rodent and another study in chick a-motor neurons (Lowe et 
al., 1992) demonstrate only a low level of GluR-5 expression 
in motor neurons. Indeed, the familial form of amyotrophic 
lateral sclerosis has now been shown to be associated with a 
mutation in the radical-scavenging enzyme cytosolic superoxide 
dismutase (Rosen et al., 1993). Nevertheless, kainate/AMPA 
receptors could still be indirectly involved in the pathology of 
motor neuron degeneration. One hypothesis (see McNamara 
and Fridovich, 1993, for review) is that physiological activation 
of kainate/AMPA receptors on motor neurons over the course 
of a lifetime, combined with the decreased dismutase activity, 
leads to an accumulation of free radicals and to the gradual 
death of motor neurons. If this is true, then as part of a potential 
therapeutic option, it will be important to take into account the 
EAA receptor subunit combinations on motor neurons. 

NMDA receptor heterogeneity 

There is a puzzling feature of the NMDA receptor system in 
the spinal cord. The NRl subunit mRNA is present in virtually 
every neuron at high levels, but there is a large abundance mis- 
match between NR 1 and the members of the NMDAR2 family 
(NR2C and NR2D) found in this area of the CNS. As is the 
case for the GluR-6 subunit, the NR2A and NR2B subunit gene 
expression is not detectable using our in situ hybridization meth- 
od in the gray matter of the spinal cord and in the PAG and 
reticular formation. The NR2C subunit mRNA is present in 
only a very small number of cells in the substantia gelatinosa, 
whereas the NR2D subunit mRNA is more universally distrib- 
uted, but rather weakly in comparison to NRI. An identical 
situation applies to the NRl/NR2D mRNA ratio noted in the 
PAG. Several reasons might account for the abundance dis- 
crepancy between NRl mRNA and that of the other subunits. 
For example, many NMDA receptors in the cord and PAG could 
be homomeric assemblies of the NRl subunit, or the high ratio 
of NR 1 mRNA to that of the other subunits might imply some- 
thing about the stoichiometry of the subunits in the receptor 
complex. Studies with subunit-specific antibodies will reveal the 
abundance of the NR2 proteins. In the cord, the turnover of 
NR2 subunit mRNA might be very low. Alternatively, there 
could be unknown NMDA receptor subunits. The distribution 
of NRl splice variants has not yet been determined, but our 
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NRl oligonucleotide probe will hybridize to all splice variants 
(Sugihara et al., 1992). 

Spatial mismatches between mRNA and binding sites 
An interesting observation is the mismatch between receptor 
sites identified by ligand autoradiography and the cell bodies 
identified by the in situ hybridization studies. All autoradio- 
graphic studies highlight the enrichment of the three ionotropic 
EAA receptor classes in the dorsal horn (Monaghan and Cot- 
man, 1982, 1985; Jansen et al., 1990; Mitchell and Anderson, 
1991; Shaw et al., 1991; Kalb et al., 1992), yet in situ hybrid- 
ization suggests that both AMPA/low-affinity kainate and 
NMDA receptors will also be abundant in the ventral horn in 
addition to their concentration in the substantia gelatinosa. Spe- 
cifically, motor neurons express the GluR-B, -C, -D (as discussed 
above), KA- 1, NR 1, and NR2D genes and more weakly those 
of GluR-A, 6- 1, and 6-2. However, in the spinal cord of the cat, 
the density of NMDA binding sites in the dorsal horn is ap- 
proximately three times that found in ventral horn, the density 
of AMPA sites four times higher, and that of the high-affinity 
kainate sites twice as high (Mitchell and Anderson, 199 1), al- 
though some of the high-affinity kainate sites may reside on 
primary afferent terminals (Bettler et al., 1990; Huettner, 1990; 
Sommer et al., 1992). Similar results have been found in the 
rat (Monaghan and Cotman, 1982, 1985), mouse (Gonzalez et 
al., 1993), and human cord (Jansen et al., 1990). Alternatively, 
in addition to a difference in binding site densities, the obser- 
vation of greater binding in the dorsal horn than the ventral 
could reflect either a regional difference in lipid quenching or a 
difference in affinities between different subtypes. 

Indeed, in the neonatal rat spinal cord, two distinct popula- 
tions of NMDA receptors can be identified: one population 
labeled with 3H-glutamate and the noncompetitive channel 
blocking agent ‘H-MK-80 1 is present throughout the spinal gray 
matter, whereas the NMDA receptor antagonist 3H-CGP (3H- 
labeled chorionic growth hormone prolactin 39653) labels only 
the dorsal horn (Kalb et al., 1992). NMDA-sensitive ‘H-glu- 
tamate binding also decreases in the mouse ventral horn during 
postnatal development (Gonzalez et al., 1993). Thus, these au- 
thors indicate that motor neurons express NMDA receptors, 
but only in the neonate (Kalb et al., 1992). 

Nevertheless, a study using adult human cord has reported 
focal areas of high 3H-MK-801 binding corresponding to lower 
motor neurons in the ventral horn (Shaw et al., 199 1). Further, 
NMDA receptor activation of adult motor neurons contributes 
to background activity and the formation of long-latency EPSPs 
in these cells (Pole, 1985, 1987; Jiang et al., 199 1). In conclusion, 
NMDA receptors are likely to be important in motor as well as 
sensory spinal synaptic transmission. A candidate motor neuron 
NMDA receptor would be an NRl/NR2D configuration. Sim- 
ilarly, there is ample electrophysiological evidence for AMPA/ 
low-affinity kainate receptors on motor neurons (see introduc- 
tory remarks for references), in agreement with the in situ hy- 
bridization data suggesting a GluR-A/-B/-C subtype, even though 
there is very little ‘H-AMPA binding over the ventral horn. 

Another example of a spatial mismatch between mRNA and 
binding sites is that of the GABA, receptor. In situ hybridization 
analysis predicts the abundant presence of an o12/33-y2 subtype 
of GABA, receptors on motor neurons (Persohn et al., 1991; 
Wisden et al., 1991a). Consistent with this, motor neurons re- 
ceive GABAergic inhibition from Renshaw cells and have GA- 
BA, activatable chloride channels (Haefely and Pole, 1986). Yet, 

GABA, receptor ligands preferentially bind to sites in the dorsal 
horn (Persohn et al., 199 1, and references therein). One possible 
solution to this problem for both GABA and glutamate receptors 
is that dendrites of motor neurons extend far from the cell soma 
into more dorsal regions, and hence the receptors may reside 
on the dendrites. 

Rationale for receptor subtypes 
Why should different cell types in the spinal cord contain dif- 
ferent proportions of receptor subunit mRNAs? For all classes 
of EAA ionotropic receptors, different combinations of subunits 
show differing channel kinetics, dose-response characteristics, 
or voltage dependence and ion selectivities (Boulter et al., 1990; 
Nakanishi et al., 1990; Sommer et al., 1990; Hollmann et al., 
199 1; Verdoom et al., 199 1; Bumashev et al., 1992a,b; Herb et 
al., 1992; KGhler et al., 1993). The functional differences be- 
tween these receptor subtypes may be tailored to fit the require- 
ments of the particular neuronal circuit in which they are ac- 
tivated. For example, AMPAllow-affinity kainate receptor 
channels in the cochlea nucleus of the chicken have unusually 
rapid onset and termination of their currents. These channel 
properties are uniquely suited to the transmission of timing 
information and allows phase locking of synaptic signals to au- 
ditory stimuli (Raman and Trussell, 1992). Similar considera- 
tions probably apply to different neuronal types in the spinal 
cord. Ionotropic EAA receptors involved in pattern-generating 
circuits on motor neurons may need to respond quicker and 
produce larger currents to transmitter activation than receptors 
involved in long-term adaptational responses to sensory stimuli 
(e.g., Haley et al., 1990). 
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