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ABSTRACT Three synthetic oligodeoxynucleotides com-
plementary to different parts of an RNA encoding a glycine
receptor subunit were used to discriminate heterogenous
mRNAs coding for glycine receptors in adult and neonatal rat
spinal cord. Injection of the three antisense oligonucleotides
into Xenopus oocytes specifically inhibited the expression of
glycine receptors by adult spinal cord mRNA. In contrast, the
antisense oligonucleotides were much less potent in inhibiting
the expression of glycine receptors encoded by neonatal spinal
cord mRNA. Northern blot analysis revealed that the oligonu-
cleotides hybridized mostly to an adult cord transcript of P10
kilobases in size. This band was also present in neonatal spinal
cord mRNA but its density was about one-fourth of the adult
cord message. There was no intense band in the low molecular
weight position (:2 kilobases), the existence of which was
expected from electrophysiological studies with size-fraction-
ated mRNA of neonatal spinal cord. Our results suggest that in
the rat spinal cord there are at least three different types of
mRNAs encoding functional strychnine-sensitive glycine recep-
tors.

Glycine is a major inhibitory neurotransmitter in the mam-
malian central nervous system and is predominant in the
spinal cord. Neuronal inhibition induced by glycine arises
from the opening of chloride channels operated by glycine
receptors, which can be blocked by a selective antagonist,
strychnine (1, 2).
Many attempts at elucidating the molecular structure of

glycine receptors are in progress (3). We (4-11) and others
(12-17) have shown that mRNAs extracted from the brain
and spinal cord of various animals, including human, induce
Xenopus oocytes to express functional voltage-dependent
ionic channels and neurotransmitter receptors, including
strychnine-sensitive glycine receptors. We have recently
shown that the glycine receptormRNA derived from adult rat
spinal cord differed from that of adult rat cerebral cortex in
molecular size and that some of the properties of the recep-
tors encoded were also different (18). Moreover, the char-
acteristics of the glycine receptor mRNA were shown to
change with postnatal development of the spinal cord (18).
Thus, the glycine receptor and its mRNA are not homoge-
nous, but rather it appears that multiple glycine receptor
mRNAs exist in the central nervous system.

Recently, a cDNA clone, encoding the strychnine binding
subunit of the glycine receptor from the spinal cord of
20-day-old rats, was isolated, sequenced, and expressed (19,
20). The information derived from that sequence is very
useful for distinguishing heterogenous glycine receptor
mRNAs. Based on that sequence we prepared three synthetic
oligodeoxynucleotides complementary to the mRNA coding

for the strychnine binding protein. These antisense nucleo-
tides were used to determine their ability to repress (see refs.
19 and 21) the synthesis of functional glycine receptors in
Xenopus oocytes injected with native mRNA, and radiola-
beled probes were used to detect glycine receptor mRNAs.

MATERIALS AND METHODS
RNA Preparation. Poly(A)+ mRNAs were extracted from

the spinal cord of adult and neonatal (3-4 days old) rats and
purified by oligo(dT)-cellulose chromatography as described
(11, 18). Part of the mRNAs was fractionated by linear
sucrose (32% to 10%; wt/vol) density gradient centrifugation
(260,000 x g for 13 hr at 4°C) in an SW 41 rotor (Beckman),
and 400-,l fractions were collected, precipitated with etha-
nol, dried, and then suspended in 20 ,1d of water (18, 22).

Antisense Oligonucleotides. Three 30-mer oligodeoxynucle-
otides complementary to the mRNA coding for a strychnine
binding subunit of the glycine receptor (19) were synthesized
by F. Hishinuma in an automatic DNA synthesizer. The
sequence of the antisense oligonucleotides and their corre-
sponding regions in the cDNA are shown in Table 1. The
antisense nucleotides were desalted and partially purified by
Sephadex G-25 column chromatography, and purity was
checked by polyacrylamide gel electrophoresis and staining
with ethidium bromide. The purified antisense nucleotides
were dissolved in water to make a 100 ,uM stock solution and
stored at -70°C. The concentration was determined by
measuring the optical density at 260 nm (22).
In Vivo Translation and Electrophysiological Recordings.

The solutions containing total mRNAs (2 ,ug/,u) or fraction-
ated mRNAs were mixed with an equal volume of water (as
control) or of a solution containing an antisense nucleotide
(100 fmol to 10 pmol/,ul), and 50 nl ofthe mixture was injected
into Xenopus oocytes. On the second or third day after
injection, the oocytes were treated with collagenase (Sigma
type I; 0.5-1 mg/ml) for about 1 hr to remove follicular and
other enveloping cells. From the fourth to seventh days after
injection, the activities of the receptors expressed were
examined electrophysiologically with the oocyte membrane
under voltage-clamp (23).

Blot Hybridization. mRNAs (20 ,g of each preparation)
were electrophoresed in a 1% (wt/vol) agarose gel containing
0.66 M formamide, blotted onto a hybridization transfer
membrane (GeneScreenPlus; DuPont), and fixed by UV
illumination. The oligonucleotides were 5'-end-labeled with
[y-32P]ATP (Amersham) using T4 polynucleotide kinase
(Pharmacia). The specific activity of the probes was about 6

Abbreviations: AS, antisense; GABA, y-aminobutyric acid; 5-HT,
5-hydroxytryptamine.
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Table 1. Oligodeoxynucleotide sequences
Corresponding

Antisense base number
code 5' -. 3' sequence of the cDNA* % (G+C)

AS-I GGG TGA CAT AGG CUT GGG TGC AGA GCG GGC 21-50 66
AS-II TGC CAC CTG CAC AGC TCC TTG CTC TTG CCA 527-556 60
AS-III Tl- GTC GAT CTT CUT GGC TCT CTG GAT GAA 1158-1187 43

*See ref. 19.

x 108 cpm/tkg. Hybridization was carried out for 15 hr at 420C
and the membrane was washed in 0.3 M NaCl/0.03 M sodium
citrate buffer containing 1% SDS at 700C (24). Autoradio-
graphs were made on x-ray film (RX; Fuji) at -700C.

RESULTS
Selective Repression of Glycine Receptors by Antisense

Nucleotides. As previously reported (11), injection ofmRNAs
from adult rat spinal cord into oocytes induced the expression
of glycine receptors that generate Cl- currents in response to
glycine (Fig. 1). In contrast to oocytes injected with adult
brain mRNAs, in which a relatively small number of glycine
receptors are expressed, the amplitude ofthe glycine-induced
response in oocytes injected with spinal cord mRNA was
usually the largest among the currents elicited by amino acid
receptor agonists, such as t-aminobutyric acid (GABA),
f3-alanine, and kainate (compare Fig. 2A; see also ref. 11). In
the oocytes coinjected with spinal cord mRNA and the 5'
oligonucleotide, AS-I, the number of glycine receptors ex-
pressed, and therefore the amplitude of the glycine-induced
current, was much smaller than that in control oocytes and
depended on the amount of AS-I injected. As shown in Fig.
1, injecting 2.5 fmol of AS-I had little or no effect on the
amplitude of the elicitable glycine currents, whereas injecting
42 fmol almost completely suppressed the expression of

1800 r

a 1200
a

v

0

0

(9)

(3)

600 F

0

- b - c - d

|400 nA

200 sec

(4)

(9)

(7) (5) (3)

0 2.5 8.3 25 42 83 250

Amount of AS-I, fmol/oocyte

FIG. 1. Glycine-induced membrane currents in Xenopus oocytes
injected with adult rat spinal cord mRNA alone or with an antisense
oligonucleotide, AS-I, at various concentrations. The oocytes were

voltage-clamped at -60 mV and perfused with 1 mM glycine. Each
point represents the peak amplitude of the glycine currents (±SEM)
obtained in each group of oocytes (number in parentheses). (Inset)
Sample records of glycine currents in oocytes injected with AS-I at
0 (a), 2.5 (b), 25 (c), and 83 fmol (d). Glycine was added to the bathing
solution during the periods indicated by horizontal bars. Downward
deflection denotes inward current. All oocytes derived from a single
donor.

glycine receptors and the current elicited by glycine was only
1-5% of the control value.
To see if the action of AS-I was specific for glycine

receptors the effect of coinjecting spinal cord mRNA and
AS-I on the expression of other receptors and ion channels
was examined. The AS-I (42 fmol) did not affect the ampli-
tudes of voltage-dependent currents such as tetrodotoxin-
sensitive Na' currents (Fig. 2B) and Ca2+-dependent Cl-
currents (due to expression of calcium channels) or the sizes
ofthe responses elicited by GABA (1 mM), kainate (0.1 mM),
and 5-HT (10 AM) acting on their respective receptors (Fig.
2). As previously shown (11, 18), oocytes injected with adult
cord mRNAs elicit large inward currents in response to
/-alanine. These 3-alanine currents were also greatly de-
pressed in the oocytes coinjected with AS-I (Fig. 2). Thus,
the AS-I at 42 fmol exhibited considerable specificity in
repressing the expression of receptors activated by glycine
and (3-alanine.

Effects of Other Antisense Nucleotides on the Expression of
Glycine Receptors Encoded by Adult Cord mRNA. The re-
pressional potency of the other two antisense nucleotides,
AS-II and AS-III, on glycine currents in oocytes injected with
adult cord mRNAs was compared to that of AS-I. As shown
in Fig. 3A, coinjection with AS-Ill caused a marked suppres-
sion of the glycine currents, similar to that caused by AS-I.
In contrast, the repressional effect of AS-II (42 fmol) was
considerably weaker and the glycine current was reduced
only to 57% of the control response (Fig. 3A). Furthermore,
even at a higher concentration (250 fmol), AS-II did not
suppress the expression of glycine receptors as much as the
lower concentration of AS-I (Fig. 3A).

Effects of the Antisense Nucleotides on the Expression of
Glycine Receptors Encoded by mRNA from Neonatal Rat
Spinal Cord. Oocytes injected with mRNA derived from 3- to
4-day-old rat spinal cords elicited inward currents whose
amplitude was comparable to that of oocytes injected with
mRNA from adult spinal cord (11). Moreover, as in oocytes
injected with adult cord mRNAs, the glycine current was
mainly due to an increase in Cl- permeability and was
blocked by strychnine (11). Thus, the glycine receptors
encoded by neonatal cord mRNAs share some of the prop-
erties of receptors encoded by adult cord mRNA. Neverthe-
less, the potency of the antisense nucleotides in repressing
the synthesis of neonatal cord glycine receptors in the
oocytes was markedly different from that exerted on the
synthesis of glycine receptors encoded by adult spinal cord
mRNA. For instance, with 42 fmol, none of the three anti-
sense nucleotides significantly reduced the amplitude of the
glycine currents in oocytes injected with neonatal cord
mRNAs. Moreover, even after injection of a higher amount
of antisense nucleotide (250 fmol), the average amplitude of
the glycine-induced current was reduced to only 63-73% of
the control response (Fig. 3B).

Effect of Antisense Nucleotides on the Expression of Glycine
Receptors Encoded by Fractioned mRNAs of Adult and Neo-
natal Spinal Cord. The results mentioned above (see also ref.
18) suggested the existence of heterogenous mRNAs coding
for strychnine-sensitive glycine receptors in the rat spinal
cord. This possibility was investigated further in oocytes
injected with partially purified mRNAs obtained by sucrose
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FIG. 2. Effect of AS-I on various types of membrane currents elicited in oocytes injected with adult spinal cord mRNA. Oocytes were
injected with 50 nl ofmRNA (2 kug/,dl) mixed with an equal amount of AS-I (1.68 pmol/0l). (A) Sample records of neurotransmitter responses
in oocytes clamped at -60 mV. Agonists were applied as indicated by the bars. a, Responses in a control oocyte; b, same sequence of responses
in an oocyte coinjected with AS-I (42 fmol). 5-HT, 5-hydroxytryptamine (serotonin). (B) Peak amplitude of inward currents activated by
voltage-dependent Na+ channels (V-Na) and neurotransmitter receptors in control oocytes (open columns) or oocytes injected with AS-I (solid
columns). The Na+ currents were measured by stepping the clamp potential to -20 mV from a holding potential of -100 mV. Each column
represents the average value (with SEM) obtained in oocytes (number in parentheses) derived from a single donor.
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represents the mean amplitude (with SEM)
by 1 mM glycine.

Dquent fractionation. accord with our previous results (18), most of the adult cord
spinal cord mRNAs mRNA expressing glycine receptors sediments faster than
,ucrose gradient. In the 28S rRNA. This profile is the opposite of that obtained

with neonatal cord mRNA, in which most of the mRNA
expressing glycine receptors sediments close to the 18S

(4) rRNA (see figure 1C in ref. 18).
The effect of the antisense nucleotides on the expression of

4) (4) glycine receptors from fractionated spinal cord mRNA is
shown in Fig. 5. All three antisense nucleotides (42 fmol)
markedly suppressed the synthesis of glycine receptors de-
rived from adult cord mRNA fraction 8 (Fig. 5A). In contrast,
AS-II was relatively ineffective in repressing the expression

(4) (6) of receptors by fraction 9 (Fig. SB).
T ^ The expression of glycine receptors by neonatal cord
1 ^ mRNA fraction 13 (for profile, see ref. 18) was barely altered

by coinjection of any of the three antisense nucleotides, even
at 250 fmol (Fig. SC), in contrast to the -30% repression seen
with unfractionated mRNA (compare Fig. 3B).

Antisense Nucleotides Hybridize to Large Transcripts in
Spinal Cord mRNA. A preliminary attempt was made to
discriminate heterogenous spinal cord mRNAs coding for
glycine receptors by blot hybridization using the radiolabeled
antisense oligonucleotides as probes. In agreement with

Nq 4
I _ previous results, obtained with a much larger probe (19), the

C14 N
t > > smaller AS-I again recognized mostly transcripts of large
_ _ j molecular size (-10 kb, band 1 in Fig. 6) in the adult cord

mRNA. A similarly intense band was not been with poly(A)
¢O t¢ <RNA or with adult cerebral cortex mRNA, suggesting that
+ + + the large mRNA is fairly specific for the spinal cord. In

addition, the adult spinal cord mRNA gave less intense bands
des on glycine receptor in positions close to -5, -3, and -2 kb (bands 2-4). The band
r neonatal (B) rat spinal at -10 kb was also found in the neonatal spinal cord mRNA,
leotides. Each column although its intensity was about four times less than that of
)f the currents induced the adult cord transcript. However, AS-I did not disclose a

strong band near the 2-kb range, as would be expected from
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FIG. 4. Distribution of adult rat spinal cord mRNA encoding
glycine receptors after fractionation by sucrose gradient centrifuga-
tion. (A) Optical density at 260 nm monitored continuously while
fractionating the sucrose gradient solution. (B) The fractionated
mRNAs were suspended in 20,ul of water. Aliquots of each fraction
were further diluted three times and 50 nl of this was injected into
oocytes. The columns represent the mean amplitude of the response
to 1 mM glycine in three to eight oocytes. Bars indicate SEM.

the fact that neonatal spinal cord mRNA of that size was able
to express a large number offunctional glycine receptors (18).
Autoradiographs with AS-Il and AS-III gave essentially
similar results as with AS-I (data not shown).

DISCUSSION
Evidence has been accumulating that in the central nervous
system, mRNAs coding for voltage- or transmitter-operated
ion channels exist in heterogenous forms. For instance, the
a subunit of tetrodotoxin-sensitive Na+ channels can be
translated from four different types ofmRNAs (25-27). Other
cases have been reported for potassium channels (28), nico-
tinic acetylcholine receptors (29, 30), and GABA receptors
(31). The strychnine-sensitive glycine receptor may also be
synthesized from different species of mRNA, and evidence
showing this has already been given (18). In the present
study, synthetic oligonucleotides complementary to the
mRNA coding for the glycine receptor of 20-day-old rat
spinal cord were used to examine further the heterogeneity of
the glycine receptor mRNAs.

It is well known that DNA, RNA, and oligonucleotides
complementary to a target mRNA block the synthesis of
specific proteins in vitro or in vivo (21, 32-36). The mecha-
nism of this repression appears to be complex (36), but an

important step in the repression process is initial hybridiza-
tion of the probe to the target mRNA. We have shown that
the expression of functional glycine receptors in oocytes was
inhibited by coinjecting the spinal cord mRNA with small
amounts (20-250 fmol) of antisense oligonucleotides and
shown also that the 5'- and 3'-directed antisense RNAs were
similarly effective. Assuming that the content of mRNAs
coding for glycine receptors in the adult spinal cord mRNAs
is 0.1%, and the molecular weight is 3.5 x 106 (corresponding
to 10 kb in length), the amount of glycine receptor mRNAs

FIG. 5. Repressional effects of the oligonucleotides on glycine
receptor expression in oocytes injected with adult rat spinal cord
mRNA fractions 8 (A) and 9 (B) and neonatal spinal cord fraction 13
(C). For the sedimentation profile ofthe neonatal spinal cord mRNA,
see ref. 18. Each mRNA fraction was mixed with an equal volume of
water, or the solution containing the oligonucleotides, and the
mixture was injected into oocytes. Columns represent the mean
amplitude (with SEM) of the glycine current in oocytes (number in
parentheses) derived from two different donors.

injected into the oocytes would be 0.02 fmol, an amount
1000-10,000 times smaller than the amount of antisense
required for effective repression. With longer antisense
RNAs effective inhibition has been obtained even with nearly
equimolar ratios (21). The estimate given above also suggests
that injection of the cloned 48-kDa subunit RNA alone (20) is
much less efficient in expressing glycine receptors than
native mRNA.
The repressional effect of the antisense nucleotides on

protein synthesis in oocytes was specific to glycine receptors:
the synthesis ofother types of neurotransmitter receptors and
voltage-operated channels was not affected by antisense
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nucleotide concentrations up to 250 fmol, although higher
concentrations had nonspecific effects. /3-Alanine is an amino
acid structurally similar to glycine and GABA. It produces
inhibition in neuronal cells (1) but its mode of action is still
unclear. It has been postulated that glycine, GABA, and/or
specific P3-alanine receptors are involved in the inhibition by
this amino acid in the nervous system (1, 9). Our finding that
the antisense nucleotides caused the suppression of both
glycine- and /3-alanine induced currents suggests that, at least
in adult rat spinal cord, the action of this amino acid is mainly
elicited by glycine receptors, or a very homologous specific
l3-alanine receptor.
We have shown previously that most of the glycine recep-

tor mRNA in the neonatal rat spinal cord differs from that in
the adult spinal cord (11, 18). For instance, after sucrose
density gradient centrifugation of neonatal cord mRNA most
of the mRNA that expresses glycine receptors in oocytes
sediments in a low density position (close to 18S rRNA),
whereas in adult spinal cord mRNA, most of the glycine
receptormRNA is heavier than 28S rRNA (see Fig. 4 and also
ref. 18). Furthermore, some electrophysiological properties
of the glycine receptors encoded by neonatal cord mRNA
differed from those of receptors encoded by adult cord
mRNAs (18). In the present study, we found that AS-I and
AS-III suppressed almost completely the expression of gly-
cine receptors encoded by adult cord mRNA but inhibited by
-30M or not at all the synthesis of glycine receptors in
oocytes injected with either total or fraction 13 mRNA,
respectively, from neonatal spinal cord. Accordingly, North-
ern blot analyses in the present (Fig. 6) and previous studies
(19) revealed that except for the -10-kb transcript in neonatal
spinal cord mRNA, there were no other detectable bands.
Thus, it appears that most of the neonatal cord mRNA
encoding glycine receptors is structurally different from that
in the adult cord mRNA, although both types ofreceptors still
have some similar basic properties, such as strychnine sen-
sitivity. In this context, Becker et al. (37) have recently
shown that neonatal rat spinal cord glycine receptors differ
antigenically from those in the adult.
Another interesting outcome of the present study concerns

the different potency of the oligonucleotides in inhibiting the
expression of glycine receptors by the adult spinal cord
mRNA. AS-I and AS-III markedly suppressed the synthesis
of glycine receptors, whereas AS-Il was considerably less
potent at the same or even higher concentrations. This result
is of great interest because all of the antisense nucleotides
were complementary to the protein coding region of the
48-kDa subunit cDNA. It is known that the number of
guanine and cytosine bases [(G+C) contents] in the probe
affect the efficacy of hybridization of the probe to RNA (38).
However, this does not seem to account for our results
because the (G+C) content in AS-II is higher than in AS-Ill
(Table 1), which produced marked repression (Fig. 3). An-
other possibility is that the secondary structure of the glycine
receptor mRNA hinders the hybridization of AS-II. This
possibility also seems unlikely because the AS-Il was very
potent in inhibiting the expression of glycine receptors by
adult cord mRNA fraction 8. In contrast, the repressional
potency of the AS-II for mRNA fractions 9 (Fig. 5) and 10
(data not shown), both of which contained high molecular
weight (>5 kb) mRNAs (judging from the position of 28S
rRNA), was similar to that for total mRNA. Based on these
results, it seems that in adult rat spinal cord, there is another
glycine receptor mRNA that contains a nucleotide sequence
complementary to both AS-I and AS-III but not to AS-Il. If
this were the case, then the oligonucleotide probes would be
expected to discriminate the receptor mRNAs in Northern
blots. However, so far, we have not seen any striking
difference in the hybridization patterns obtained with AS-I

and with AS-Il. This problem will be resolved when full-
length clones of cDNAs encoding multiple strychnine-
sensitive glycine receptors become available.
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