blockers of these channels did not block the
action of SRT-b (Fig. 3B). Other experi-
ments showed that phosphoinositide hy-
drolysis could be induced by SRT-b in a
calcium-free medium, with and without 1
mM EGTA (Fig. 3C). Under the two latter
conditions the efficacy of the toxin was
lower than that observed in the presence of
Ca’*; however, since the basal hydrolysis
was also reduced, the ratio of the induced to
the basal hydrolysis remained unchanged.
Similar effects were observed with the non-
proteinaceous maitotoxin, a potent marine
toxin found in tropical dinoflagellates (7).

Our results suggest that the sarafotoxins
are novel and specific activators of the PDE
system. They may exert their activity either
by direct activation or via an unidentified
class of membrane-bound receptors. While
this work was in progress, Yanagisawa et al.
(8) isolated a vasoconstrictor polypeptide
from cultured porcine aortic endothelial
cells (endothelin), which was proposed as a
modulator of voltage-dependent ion charn-
nels. The following comparison between the
structures of SRT-b and endothelin shows
that the two polypeptides have very similar
sequences:

SRT-b CSCKDMTDKECLYFCHQDVIW
Endothelin  CSCS ST MDKECVYFCHL DI IW

This sequence similarity, together with the
similar vasoconstrictor activities of the two
polypeptides, suggests that they sharc a
common binding site. It is of course possi-
ble (although less likely) that the small dif-
ferences between endothelin and the sarafo-
toxins are enough to bring into play differ-
ent mechanisms of action for their respective
vasoconstrictor activities. Whatever their
mechanisms of action, it is quite unusual to
find such remarkable resemblances in se-
quence and biological action between an
endogenous polypeptide, which exists as a
natural component of mammalian endothe-
lium, and one which constitutes a lethal
component of snake venom.

Two hypotheses are suggested: (i) that it
is the small difference in amino acid se-
quence between endothelin and sarafotoxins
that accounts for the high toxicity of sarafo-
toxins; and (i) that endothelin might be as
toxic as the sarafotoxins, but its tissue con-
tent and activity are well regulated by syn-
thetic and degradative mechanisms. This
might imply that the pathology of hyperten-
sion and other vasoconstrictor diseases
could be associated with an anomalous in-
crease in the concentration of endothelin or
related peptides.
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Heterogeneity of Glycine Receptors and Their
Messenger RNAs in Rat Brain and Spinal Cord

HIROYUKI AKAGI* AND RICARDO MILEDI

Messenger RN As isolated from adult or newborn rat spinal cord were fractionated in a
sucrose gradient. The fractions were injected into Xenopus oocytes to determine their
potencies for expression of glycine receptors (GlyRs), which were then examined
electrophysiologically. The sedimentation profiles disclosed two classes of GlyR
mRNAs, one heavy and the other light. The adult spinal cord was rich in heavy GlyR
mRNA, whereas the light GlyR mRNA was more abundant in neonatal spinal cord
and in adult cerebral cortex. Glycine receptors encoded by heavy and light mRNAs of
adult spinal cord showed some electrophysiological differences. Thus there are two
types of GlyRs encoded by mRNAs of different sizes, and the expression of these
mRNAs is developmentally regulated. A tissue- and age-dependent distribution of
heterogencous GlyR mRNAs may imply diverse roles of the GlyRs in neuronal
function in the central nervous system.

LYCINE AND y-AMINOBUTYRIC ACID
G (GABA) are the major inhibitory
neurotransmitters in the central ner-
vous system of vertebrates; GABA operates

mainly in the brain, whereas glycine acts
mainly in the spinal cord (1). In the
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Irvine, CA 92717.

*Present address: Department of Neuroscience, Mitsubi-
shi Kasei Institute of Life Sciences, Machida-shi, Tokyo
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Table 1. Peak amplitudes of the currents elicited by amino acids in oocytes injected with fractionated
mRNAs from the rat. The fraction number of each source corresponds to that shown in Fig. 1. Each
value represents the average peak amplitude of the currents (with SEM, in nanoamperes) in oocytes
(numbers in parentheses) obtained from one to four different donors. The glycine/B-alanine ratios given
are the averages (with SEM) of the ratio obtained in individual oocytes.

SR N T T
H  Adult cord, <2.0 (8) 585+ 97(16) 25342 (16) 2703
H Ne};ﬁial cord, <2.0 (6) 203 = 59 (6) 113 + 33 (6) 22+02
H Afxflkgconex, <2.0 (3) 55 = 11 (3) 37+ 12 (3) 1.7+0.3
L Acfurittord, 7.3+ 1.7 (11) 431 = 56 (19) 34+ 6(19) 13.0*09
L Ngﬁaltil*cord, 16.0 = 2.7 (6) 2302 + 205 (6) 147 + 14 (6) 153+ 1.2
L Ac;;urit }zrtcx, 114 + 18 (10) 595 + 122 (10 4= 9(10) 150=%19

r.

*For concentration of the mRNA, see (12).
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adult rat, the distribution of polyadenylated
[poly(A)*] mRNAs coding for GABA and
glycine receptors parallels that of the trans-
mitters, with the brain richer in GABA
receptor mRNA and the spinal cord richer
in GlyR mRNA (2, 3).

Polyadenylated mRNAs, isolated from
adult rat cerebral cortex and spinal cord and
from neonatal spinal cord, were fractionated
by sucrose density gradient centrifugation
(4) and injected into Xenopus oocytes to
express functional neurotransmitter recep-
tors and voltage-operated channels (5). The
oocytes were examined electrophysiological-
ly 4 to 7 days later to measure the amplitude
of the membrane currents elicited by glycine
(6). The sizes of the currents reflect the
relative amount of GlyR mRNA present in

the corresponding fractions.
32%

Sucrose concentration 10%

I ——
—
1000 A !
V-Na GABA
¥
500 M T

Amplitude of membrane current (nA)

2000 28SRNA  18SRNA
9 9

V-Na GABA

1000 M M

2 4 6 8 10 12 14 16 27

Fractlon number

Fig. 1. Expression of glycine receptors by sucrose
density gradient fractions of mRNAs from adult
rat cerebral cortex (A), adult rat spinal cord (B),
and neonatal rat spinal cord (C). The fractionated
mRNA was injected into oocytes of Xenopus laevis
to examine the expressional potency for glycine
receptors as well as for other receptors and volt-
age-operated ion channels. The oocytes were volt-
age-clamped at —60 mV (6). Each column repre-
sents the mean peak amplitude of the current
induced by 1 mM glycine in three to ten oocytes;
bars indicate SEM. Positions of mRNAs that
induced the largest voltage-dependent Na* cur-
rents (V-Na) and GABA-induced currents are
indicated by filled arrows. The positions of 285
and 18S rRNA, shown with open arrows, were
determined from a parallel gradient loaded with
poly(A)” RNA.
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The “expressional potency” of the differ-
ent fractions of GlyR mRNA:s is illustrated
in Fig. 1. In agreement with earlier results
(4), most of the GlyR mRNA in the adult
cortex was contained in two fractions sedi-
menting close to the position of 188 ribo-
somal RNA (rRNA) (~2.0 kb) (Fig. 1A).
There was also a smaller peak of heavier
GlyR mRNA (Fig. 1A, fraction 4). In con-
trast, the expressional potency of the adult
spinal cord mRNA had the opposite profile
(Fig. 1B). Most of the GlyR mRNA sedi-
mented at rates faster than those of the 28S
rRNA (~5.1 kb) and the mRNA encoding
Na* channels (~9.0 kb), and a smaller peak
was seen close to the 18S rRNA [for base
sizes of the RNAs, see (7)].

One explanation for this difference might
be that the spinal cord GlyR mRNA aggre-
gates and thus sediments in the high-density
fractions. However, this does not seem to be
the case, because, after fractionation in su-
crose containing 70% formamide to partly
denature the mRNAs, the GlyR mRNA
from the spinal cord again sedimented in
fractions heavier than the 28S rRNA; and
the cerebral cortex GlyR mRNA still sedi-
mented close to the 18S rRNA (8). Thus, in
both adult rat spinal cord and brain there
seem to be two main classes of GlyR
mRNAs, which are differentially distribut-
ed. We shall call these heavy (H) and light
(L) mRNAs. Although it could be that the
H GlyR mRNA corresponds to a heteroge-
neous nuclear RNA, it seems more likely
that it is a fully processed mRNA, in which
case its molecular size is considerably greater
than the size of the cDNA (~1.4 kb) for a
strychnine [a GlyR antagonist (1)]-binding
protein (9). The existence of a large mRNA
encoding GlyRs would not be surprising,
because some mRNAs coding for K* chan-
nels, and for an acetylcholine receptor, con-
tain long untranslated portions (10). More-
over, the spinal cord of 20-day-old rats
contains substantial amounts of large
mRNAs (~9, ~6, and ~5 kb) that hybrid-
ize with the cDNA encoding the strychnine-
binding protein (9).

Strychnine-sensitive GlyRs are present in
the rat spinal cord even at early postnatal
stages (11). Moreover, the neonatal (3- to 4-
day-old) rat spinal cord is rich in GlyR
mRNA, with an expressional potency com-
parable to that of the adult cord (3). Inter-
estingly, however, the profile of the currents
elicited by glycine in oocytes injected with
fractions of neonatal spinal cord mRNA
(Fig. 1C) differed from that of the adult
spinal cord and resembled that obtained
with cerebral cortex mRNA. This difference
suggests that early during development the
spinal cord expresses predominantly the L
GlyR mRNA and switches later to produce

the H mRNA as the major transcript coding
for GlyRs.

The properties of the glycine receptors
expressed by the H and L mRNAs from the
adult spinal cord showed some similarities
and also some differences (12). For example,
in both cases the currents elicited by glycine
are carried mainly by Cl™ ions, because they
reversed direction when the clamp holding
potential was close to —20 mV, which
corresponds to the ClI™ equilibrium poten-
tial in Xenopus oocytes (13). Moreover, the
current-voltage relation of the responses to
glycine showed a marked rectification, with
the current decreasing in amplitude at po-
tentials more negative than about —100
mV. These properties are similar to those of
human and rat brain GlyRs expressed in
oocytes (2, 14). The receptors expressed by
H and L mRNAs are also similar in their
response to pharmacological blockers. For
instance, both types of glycine receptors
were reversibly blocked by 0.5 wM strych-
nine (Fig. 2, A and C). Furthermore, picro-
toxin, a blocker of Cl™ channels that are
gated by GABA receptors (1), at a relatively
high concentration (20 pM) reduced to
approximately the same extent the currents
elicited by activation of both types of GlyRs
(Fig. 2, B and D). In contrast, bicuculline, a

Strychnine (0.5 uM) Picrotoxin (20 uM)
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AT ~ T T g if*
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Fig. 2. Blocking actions of strychnine and picro-
toxin on the glycine-induced responses. Qocytes
were injected with adult spinal cord mRNA frac-
tion 6 (A and B) or fraction 15 (C and D) [see
(12)] and were voltage-clamped at —60 mV.
Glycine (1 mM) was applied during the periods
marked by adjacent pairs of triangles. In each
frame the left trace is the control, the middle was
obtained in the presence of 0.5 wM strychnine (A
and C) or 20 pM picrotoxin (B and D), and the
right trace was obtained 10 to 30 min after
washing out the drugs. Downward deflections
denote inward currents.
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potent GABA receptor antagonist (1), at
concentrations of up to 10 wM had little or
no effect on the amplitude of glycine-in-
duced currents (15).

Some important differences between the
GlyRs expressed by the H and L mRNAs
are shown in Fig. 3 and Table 1. For
example, activation of the GlyRs coded by
the H mRNA gave a steeper dose-response
relation [half maximally effective concentra-
tion (ECs) of 240 p.M] than those coded by
the L mRNA (ECsg of 680 pM) (Fig. 3A).
The initial slopes, obtained from double-
logarithmic plots, were 2.45 and 2.43, re-
spectively (Fig. 3A). These values are con-
sistent with those of glycine-induced re-
sponses observed in cultured mouse spinal
neurons (16). Thus it seems that, for both
types of GlyRs, more than two glycine
molecules need to act simultaneously to
open the Cl™ channels.

The GlyRs encoded by the H and L
mRNAs also differ in their rates of desensiti-
zation. The glycine receptors expressed by
spinal cord mRNA, like those expressed by
human, rat, or chick brain mRNAs (2, 3, 14,
17), mediated currents that were not main-
tained in the continuous presence of glycine
(Fig. 3B). However, the currents elicited by
activation of the L GlyR decayed faster than
those elicited by activation of the H GlyR
(Fig. 3B), and it seems that in both cases the

Fig. 3. Dose-response rela-
tion (A) and time courses of
desensitization (B) of gly- A
cine currents in oocytes in- 100}
jected with adult spinal cord
mRNA fraction 6 (O) or 15
(®) (12). (A) The mem-
brane potential was voltage-
clamped at —60 mV, and
various concentrations of
glycine were applied in the 50
bath at 5- to 8-min intervals.
The peak amplitude of cach
response was expressed as a
percentage of the response
activated by glycine at 20
mM. The inset shows dou-
ble-logarithmic plots at low

decay followed at least two components.

The agonist B-alanine, an amino acid
structurally similar to glycine and GABA,
inhibits neuronal activity in the spinal cord
(1). The oocytes injected with fractions con-
taining H or L mRNA also responded to B-
alanine, which generated inward currents.
However, they showed markedly different
potencies for sensitivity to this agonist (Ta-
ble 1); namely, the ratio of the glycine- to 8-
alanine-induced currents (glycine/B-alanine
ratio) in the oocytes injected with H mRNA
was 2.7 + 0.3 whereas that in the oocytes
injected with L mRNA was 13.0 + 0.9
(mean + SEM). It is unlikely that in these
cases the B-alanine currents were elicited by
activation of GABA receptors, because the
B-alanine currents were greatly depressed by
0.5 pM strychnine but not by 10 wM bicu-
culline. Moreover, the currents generated by
GABA were only a few nanoamperes, or
were undetectable, in both groups of oo-
cytes (Table 1). A possible explanation for
the difference in glycine/B-alanine ratios is
that B-alanine binds to the two types of
GlyRs with different affinities. However, it
is also possible that the spinal cord has an
mRNA encoding specific B-alanine recep-
tors, as suggested for rat and chick brain
(17).

At present, we do not know whether the
L GlyR mRNAs of adult cortex and neona-
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tal spinal cord are identical to that of the
adult spinal cord; but the receptors ex-
pressed by the L mRNA of the three differ-
ent sources seem similar. For instance, all of
the glycine currents were blocked by strych-
nine (0.5 wM), and the glycine/B-alanine
ratios from the three different sources were
similar (Table 1).

Both the spinal cord and the brain contain
at least two different species of mRINAs that
express functionally distinct glycine recep-
tors; but the adult cerebral cortex has pre-
dominantly L GlyR mRNA, and the adult
spinal cord has mainly H GlyR mRNA.
Moreover, expression of the H and L GlyR
mRNAs in the spinal cord appears to be
developmentally regulated. This is in accord
with recent results showing that mRNA
derived from the spinal cord of 3-day-old
rats hybridizes very little with a cloned
¢cDNA encoding the strychnine-binding
subunit of the glycine receptor from the
spinal cord of 20-day-old rats (9). Several
mechanisms could account for the heteroge-
neity of GlyR mRNAs. For example, the H
and L mRNAs may be derived from two
different genes, or they may be transcribed
from a single gene with alternative process-
ing, including multiple polyadenylation sites
as for apolipoprotein B (18). Heterogeneity
of GlyR mRNAs and their encoded recep-
tors may play an important role not only in
neuronal inhibition but also in the develop-
ment of the central nervous system.
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Acetaldehyde Production and Transfer by the
Perfused Human Placental Cotyledon

PETER I. KARL, BARBARA H. J. GORDON, CHARLES S. LIEBER,

StaNLEY E. FISHER*

Fetal injury associated with maternal ethanol ingestion is a major cause of congenital
anomalies and mental retardation. Studies with animals suggest that acetaldehyde, the
primary hepatic oxidative metabolite of ethanol, may contribute to fetal damage. It is
not known, however, whether acetaldehyde reaches the human fetus, either by
placental production or transfer. Studies utilizing the perfused human placental
cotyledon show that the human placenta oxidizes ethanol to acetaldehyde, releasing it
into the fetal perfusate. Moreover, when acetaldehyde is present in the maternal
perfusate, it is transferred to the fetal side, reaching approximately 50 percent of the
maternal level. These findings suggest that the human placenta may play a pivotal role
in the pathophysiology of ethanol-associated fetal injury.

THANOL INGESTION DURING PREG-
nancy may result in fetal injury, in-
cluding congenital anomalies, intra-
uterine growth retardation, and mental defi-
ciency (1). Ethanol-associated fetal damage
is a major cause of mental retardation in the
Western world (7). However, the patho-
physiology of ethanol-associated fetal injury
is not well understood. To a large degree,
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the etiology may involve direct toxicity,
with ethanol adversely affecting both fetal
development and placental function (2).
However, acctaldehyde (AcH), the major
oxidative product of ethanol, has also been
implicated in many of the adverse effects of
ethanol consumption (3). In pregnant ani-
mals treated with ethanol, AcH is found in
the fetus (4), and administration of AcH to
pregnant animals can reproduce the fetal
damage seen with ethanol exposure (5).
Moreover, in humans, the degree of fetal
injury may be related to the level of AcH in
the maternal circulation (6), and there is
indirect evidence for maternal-to-fetal trans-
fer of AcH (7).

In the experiments described here, we
attempted to answer two questions: (i) At
clinically relevant ethanol levels, does the
human placenta oxidize ethanol so that AcH
may appear in the fetal circulation? (ii) At

AcH levels attainable in maternal blood,
does the human placenta transfer AcH to
the fetal circulation? Inasmuch as the human
fetal liver has a low capacity for both ethanol
and AcH elimination (8), the placental de-
livery of AcH could be a major contributor
to the pathogenesis of ethanol-associated
fetal injury.

To examine the potential for human pla-
cental oxidation of ethanol, we perfused the
maternal circulation of a single cotyledon in
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Fig. 1. Acetaldehyde production (A) and transfer
(B) by the perfused cotyledon. Addition of 65
mM ethanol to the maternal influx after the
equilibration and blank perfusion periods (14)
resulted in the appearance of AcH on the fetal side
(A) (n = 7) (mean * SE). AcH also appeared in
the maternal venous efflux (see text). After the
perfusion with ethanol alone and a 15-min wash-
out (14), both 65 mM (300 mg/dl) ethanol and
25 pM AcH were added to the maternal influx
and 100 ml of fresh fetal perfusate (recirculated)
was analyzed for AcH transfer (B) (n = 5) [each
transfer pattern is shown; one of the curves did
not have a 15-min time point (dotted line)]. The
maternal perfusate was nonrecirculated, so that
influx concentrations were constant. Perfusate
samples (250 wl) were placed in chilled vials
containing 250 wl of 1.2N perchloric acid and 80
mM thiourea, sealed, held on ice for less than 6
hours, and analyzed for AcH and ethanol content
by head-space gas chromatography (9). Com-
pared to raw perfusate or perfusate with barium
hydroxide added, perfusate with perchloric acid—
thiourea gave the least spontaneous AcH produc-
tion. Standards for AcH were prepared from
redistilled AcH dissolved in deoxygenated water;
we estimated the spontaneous formation of AcH
by using fetal-side blank perfusate (14), to which
varying amounts of ethanol were added. For a
given ethanol concentration in the fetal perfusate,
a corresponding value for spontaneous AcH for-
mation (determined by linear regression) was
subtracted from the total AcH, yielding the net
values shown. During maternal perfusion of etha-
nol alone (A), spontaneous formation accounted
for 56.7 = 3.2% of the total AcH in the fetal
perfusate; during perfusion with ethanol and
AcH, it accounted for only 11.7 +2.0% as a
result of the higher AcH levels in the fetal perfus-
ate.
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