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The ontogenetic development of poly(A)" mRNAs coding for receptors to several neurotransmitters (kainate, gluta-
mate, acetylcholine, and serotonin) and voltage-operated channels (sodium and calcium) was studied by isolating total
poly(A)" mRNA from the brains of rats at various developmental stages and injecting it into Xenopus oocytes. The
oocytes translated the foreign mRNA and incorporated functional receptor/ion channel complexes into the cell mem-
brane. Thus, recording of induced membrane currents in voltage-clamped oocytes gave a measure of the relative
amounts of the different messengers. Responses induced by kainate, glutamate, acetylcholine, and serotonin all in-
creased with age and reached a maximum in oocytes injected with mRNA from adult cortex. Messenger RNAs for the
earliest ages examined, Embryonic Days 15 and 18, expressed little or no response to kainate, glutamate, or acetylcho-
line, while 50-70% of the adult response was reached by Postnatal Day 10. In contrast, the serotonin-induced response
was already comparatively large (16% of the adult level) in oocytes injected with mRNA from Embryonic Day 15 brain
and increased postnatally to adult levels. The expression of voltage-dependent sodium and calcium channels was small
in oocytes injected with mRNA from embryonic animals and increased postnatally to reach a maximum in oocytes

injected with mRNA from adult animals.

INTRODUCTION

The development of neurotransmitters and their re-
ceptors and of voltage-operated channels has been stud-
ied extensively in the brain (for reviews see Lanier et al.,
1976; Coyle, 1977, 1982; Telang and Enna, 1985; Hunt,
1988) and it is thought that different neurotransmitter
receptors and membrane channels appear at different
times during development (Johnson, 1985; Telang and
Enna, 1985; Zilles et al., 1985, 1986). Most of these stud-
ies used histochemical techniques, in particular, anti-
bodies or radioactively labeled ligands. However, in
many cases these techniques are restricted in their ap-
plication because of a lack of specific probes, and inter-
pretation is complicated because the ligands may bind
to sites in addition to the physiological receptors or
channels.

Instead of studying receptors and channels directly,
we have used the Xenopus oocyte expression system to
study the development of mRNAs which code for sev-
eral receptors and channels. Briefly, this approach in-
volves purifying poly(A)" mRNA from various ages of
embryonic and postnatal rat cerebral cortex and inject-
ing the mRNA into Xenopus oocytes. The oocytes will
then translate the foreign mRNA and express many
different functional receptors and voltage-operated
channels (Gundersen et al., 1983a,b; 1984a; Dascal, 1987,
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Miledi et al., 1989). The membrane currents mediated by
specific receptors and channels can then be recorded
and used as an indicator of the amount of mRNA en-
coding a particular receptor or channel (Akagi and Mi-
ledi, 1988; Carpenter et al., 1988a).

We have already used this approach to examine de-
velopmental changes in amounts of mRNAs coding for
the inhibitory receptors to GABA and glycine in the rat
brain (Carpenter et al., 1988a), as well as various recep-
tors and channels in chick optic lobe (I. Parker, K. Su-
mikawa and R. Miledi, unpublished). We now continue
these studies and describe developmental changes in
mRNAs encoding receptors activated by kainate, gluta-
mate, serotonin (5-HT), and acetylcholine (ACh), as
well as in mRNAs encoding voltage-operated sodium
and calcium channels. Some of these results have been
briefly described in Carpenter et al. (1988b).

MATERIALS AND METHODS

Messenger RNA was prepared from the cerebral cor-
tex of Sprague-Dawley rats of various embryonic and
postnatal ages as described previously (Carpenter et al.,
1988a). The rats were placed together overnight (10-12
hr) and female rats which were sperm positive were
considered pregnant; this day was called Embryonic
Day 1 (E1). Embryonic tissue was taken at E15 and E18,
and postnatal tissue was taken from newborn (PO0),
Postnatal Day 5, 10, 15, and 30 (P5, P10, P15, P30), and
adult (3-4 month; 200-280 g) animals. In almost all of
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these cases only the cerebral cortex was removed. The
exceptions were the embryonic brains where, because of
the small amount of tissue, the entire cerebral hemi-
spheres were sometimes taken. The E15 preparation
and one of the three replicate E18 preparations were
made from the cerebral hemispheres. Dissections took
less than 5 min and the tissue was placed immediately
in liquid nitrogen and stored at —70°C until used.

Poly(A)" mRNA was then isolated from the brain
tissue, by phenol/chloroform extraction, precipitation
of the total RNA with ethanol, and isolating the
poly(A)* mRNA using oligo(dT) chromatography (Mi-
ledi and Sumikawa, 1982; Carpenter et al, 1988a). The
amount of RNA obtained was quantified using the op-
tical density reading at 260 nm (OD 1.0 = 40 ug/ml).
Poly(A)* mRNA was dissolved in sterile water, ali-
quoted, and stored at —70°C until used. When men-
tioned, mRNA preparations were enriched in mRNA
encoding a specific receptor by size fractionation on
linear sucrose gradients (Sumikawa et al., 1984, 1989).

Oocytes of Xenopus laevis were injected with about 40
ng of mRNA and incubated in Barth’s medium at
16-18°C for 4-8 days. Some oocytes were treated with
collagenase to remove the enveloping follicular cells 2-4
days before recording (Kusano et al., 1982; Miledi and
Parker, 1984; Sumikawa et al, 1989). The oocytes were
then voltage-clamped using a two-electrode voltage
clamp and agonist-induced membrane currents were
recorded at a clamp potential of —60 mV (Kusano et al.,
1982; Miledi, 1982; Sumikawa et al., 1989). Ringer’s solu-
tion (115 mM NaCl, 2 mM KCl, 1.8 mM CaCl,, 5 mM
Hepes, pH 7.0) was continually superfused over the oo-
cyte and drugs were applied via this perfusate. The
concentrations of agonists (100 uM kainate, 1 mM glu-
tamate, 100 uM aspartate, 100 uM ACh, 10 pM 5-HT)
were sufficient to evoke near maximal responses (Gun-
dersen et al., 1983a, 1984a,c; Parker et al., 1985). Gluta-
mate was applied without glycine or Mg®* added to the
Ringer’s, but aspartate was applied together with 100
uM glycine.

Sodium and calcium-activated transient outward
(T, currents were evoked by voltage-clamping oocytes
at —100 mV and briefly stepping the oocyte to less nega-
tive potentials. Sodium currents were obtained by first
stepping the oocyte to —20 mV and then subtracting
this record from that elicited by the same depolariza-
tion in the presence of tetrodotoxin (TTX; 300 nM), by
the use of a digital oscilloscope (Nicolet). Therefore, the
resulting traces (like those seen in Fig. 6) show TTX-
sensitive currents, after cancellation of capacitive and
passive currents (Parker and Miledi, 1987; Parker et al.,
1988). Because of limitations of the voltage clamp, the
currents during the first 2-4 msec following a voltage
step were not well resolved, and the peak sizes of the
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sodium currents may thus have been underestimated.
However, because the characteristics of the clamp were
maintained constant, this should not have introduced
any consistent bias between oocytes injected with dif-
ferent mRNA preparations. T, currents were evoked
by stepping the oocyte from —100 to 0 mV for about 3
sec, with the oocyte bathed in normal (1.8 m#) calcium
Ringer’s solution (Miledi, 1982). Measurements were
made from the peak transient current to the steady-
state current elicited by the pulse.

RESULTS

Each oocyte was injected with a roughly constant
amount (40 ng) of mRNA, and the translational activi-
ties of the various preparations were similar. Thirteen
of the 21 preparations used were tested for transla-
tional activity #n vitro using a reticulocyte lysate sys-
tem (Pelham and Jackson, 1976) and all showed activity
within 24% of the mean. The mRNA preparations used
for the experiments described here correspond to those
used in Carpenter et al. (1988a); further details con-
cerning mRNA yields and translational activity are
available in that paper—but note that mRNA yields
were calculated from OD measurements assuming a
factor of 50 ug/ml/unit OD, and not 40 pg/ml as used
here. :

mRNAs Coding for Excitatory Amino Acid Receptors
at Different Ages

Native Xenopus oocytes (i.e., noninjected oocytes) do
not show substantial membrane current responses to
glutamate and other “excitatory” amino acids, but sen-
sitivity can be induced following injection of mRNA
from adult rat brain (Gundersen et al., 1984a; Houamed
et al., 1984; Smart et al, 1987; Sugiyama et al., 1987;
Verdoorn et al., 1987; Fong et al., 1988; Kushner et al,
1988) or human fetal cerebral cortex (Gundersen et al.,
1984b). Several responses were induced, preferentially
activated by different agonists.

The kainate responses induced by mRNA from each
of the different ages were smooth inward currents (at
—60 mV; Fig. 1), similar to those seen previously (Gun-
dersen et al., 1984Db). Figure 2 (upper panel) shows mean
values of the peak current size from different ages. Oo-
cytes injected with mRNA from E15, E18, or newborn
animals showed small (less than 20 nA) or no responses
to kainate. However, the kainate response increased
sharply with development between P5 and P15, reach-
ing adult levels between P15 and P30.

To selectively activate NMDA (N-methyl-D-aspar-
tate) receptors, we applied 100 uM aspartate together
with 100 pM glycine (Verdoorn et al., 1987; Miledi et al.,
1989). This evoked small, smooth inward currents in-
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F1G. 1. Membrane currents elicited by 100 uM kainate and 1 mM
glutamate in oocytes injected with poly(A)* mRNAs from different
ages of rat cerebral cortex. In this, and other figures, downward
deflections indicate inward currents, and drugs were applied via bath
perfusion for the times indicated by the bars. Recordings were made
at a clamp potential of —60 mV.

jected with mRNA from all ages, and the concentra-
tions used were sufficient to give maximal responses.
Application of aspartate alone (100 uM) gave no clear
response. The mean current evoked by aspartate plus
glycine in oocytes injected with mRNA from E18 ani-
mals was 1.9 + 0.7 nA (5 oocytes), and this increased to
5.7+ 0.5 nA (7 oocytes) with newborn mRNA and to 8.5
+ 1.3 nA (11 oocytes) with mRNA from adult animals.

At all ages the glutamate-evoked response comprised
two components (Fig. 1), a smooth current and an oscil-
latory chloride current which was mediated by phos-
phoinositide signalling (Gundersen et al., 1984a; Sumi-
kawa et al., 1984; Parker et al., 1987; Sugiyama et al,
1987; Oosawa and Yamagishi, 1989). The sizes of both
components increased with age, but we were unable to
separately measure the size of each. Instead, the data in
Fig. 2 give the total peak current evoked by glutamate.
The peak current size again increased with age, but
showed an increase more gradual than that of the kai-
nate response (Fig. 2). Oocytes injected with mRNA
from E15 and E18 animals showed little or no response
(less than 5 nA), but responses increased with further
development, reaching a maximum at about P30 (Figs. 1
and 2).
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mBRNAs Coding for Serotonin and ACh Receptors at
Various Ages

Native oocytes sometimes possess muscarinic recep-
tors, but only rarely show appreciable responses to se-
rotonin (Kusano et al., 1977, 1982). However, sensitivity
to both ACh and serotonin is consistently induced fol-
lowing injection of oocytes with brain mRNA (Gunder-
sen et al., 1983a; Sumikawa et al., 1984). Although these
responses show smooth and oscillatory components
(Gundersen et al., 1987), the predominant responses to
both agonists are oscillatory chloride currents, which
arise through activation of a phosphoinositide/caleium
signalling pathway (Parker et al., 1985; Oron et al., 1985;
Parker et al., 1987; Takahashi et al., 1987). In the present
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F1G. 2. Mean values of peak currents induced by kainate and gluta-
mate in oocytes injected with mRNAs from various ages. The peak
sizes of membrane currents were measured from records like those in
Fig. 1 in response to 100 M kainate or 1 mM glutamate. Each point
represents the mean + SE of 11-66 oocytes (except for E15 glutamate
which is only 2 oocytes) from 2 to 13 donors. The number of replicate
mRNA preparations is indicated below each age.
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experiments, only those donors which yielded oocytes
showing little or no native responses to ACh were used.
Thus, the sizes of the ACh-evoked currents reflect only
the sizes of induced responses.

Oocytes injected with mRNAs from different ages
showed wide variation in the size of responses evoked by
5-HT and ACh, but the currents were always of an
oscillatory nature (Fig. 3), resembling the response in-
duced by adult brain mRNA. Figure 4 shows the mean
peak currents induced at each age. Responses to ACh
were not observed in E15 injected oocytes and were
small in oocytes injected with E18 and newborn mRNA
(less than 60 nA, or 8% of the maximum). The response
size increased sharply between P5 and P10 to 66% of the
maximum response and finally increased again between
P30 and adult injected oocytes (Fig. 4).

Oocytes injected with mRNA from E15 cerebral
hemispheres already showed appreciable responses to
5-HT, in marked contrast to the responses to the other
transmitters described above, which did not appear
until later in development. The mean response size in
oocytes injected with E15 mRNA was 110 nA. E18
mRNA induced responses nearly three times greater
than this, but with subsequent development there was a
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FIG. 3. Membrane currents elicited by ACh (100 uM) or 5-HT (10
wM) in oocytes injected with mRNAs from different ages of rat cere-
bral cortex. Recordings were made at a clamp potential of —60 mV.
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F1G. 4. Mean values of peak responses elicited by ACh (100 uM) or
serotonin (10 uM) in oocytes injected with mRNAs from various ages
of rat at different developmental stages. The peak membrane cur-
rents were measured from records like those in Fig. 3. Each point
represents the mean + SE of 10-54 oocytes from 3 to 12 donors. The
number of replicate mRNA preparations is indicated below each age.

slight decrease until about P10, after which the re-
sponses grew steadily to a maximum in adult injected
oocytes (Figs. 3 and 4).

The responses to ACh and 5-HT showed a complex
time course, typically comprising an initial “spike” of
current, followed by a gradually increasing and de-
creasing sequence of oscillations. However, there was
great variability between different oocytes, and often
either the spike or oscillatory components were small or
absent. Each of these components increased with age,
but so far we do not know if they increased at different
rates.

Reversal Potentials and Antagonists

The reversal potential of the kainate-activated cur-
rent was determined by stepping the clamp potential to
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various levels before and during the application of
kainate. Kainate-activated currents measured in Fig. 5
show current/voltage relationships for oocytes injected
with E18, P5, or adult mRNAs. Oocytes injected with
E15 mRNA gave responses too small to obtain reliable
data. There were no obvious changes in reversal poten-
tial across ages (E18 to adult), suggesting a similar
ionic basis for the currents mediated by channels ex-
pressed by mRNAs from different ages. The mean re-
versal potential, pooling all oocytes, was —4.8 = 2.7 mV
(SE, 13 oocytes, 7 ages). Furthermore, within the volt-
age range examined, the currents in all cases varied
linearly with potential, indicating that the gating of the
kainate-activated channel is not markedly affected by
voltage.

With mRNAs from all ages, the ACh- and 5-HT-in-
duced oscillatory currents decreased when the cell was
depolarized and inverted direction at about —25 mV, the
chloride equilibrium potential in Xenopus oocytes (Ku-
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F1G. 5. Current/voltage relations of kainate responses from three
oocytes injected with either E18 (@), P5 (W), or adult (o) mRNA.
Points indicate the current induced at each potential by 100 pM kai-
nate after subtraction of passive membrane currents evoked by the
same voltage steps in the absence of kainate. Values are expressed as
a percentage of the kainate-induced current at a holding potential of
—60 mV.
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sano et al, 1982), suggesting that they are carried
largely by a flux of chloride ions. This is expected, since
the oscillatory currents mediated by ACh and 5-HT re-
ceptors are thought to arise through the opening of
endogenous calcium-activated chloride currents in the
oocyte membrane (Parker et al., 1985; Oron et al., 1985;
Parker et al, 1987; Takahashi et al, 1987). However,
small, smooth currents sometimes remained when oo-
cytes were clamped to potentials near the chloride equi-
librium potential, suggesting the existence of currents
with other ionic bases (Gundersen et al., 1987; Parker et
al., 1989). Developmental changes in these components
remain to be studied.

In oocytes injected with newborn, P10, P15, and adult
mRNAs, the induced ACh (100 um) response was com-
pletely blocked by atropine (1 wm), indicating that it
was due to activation of muscarinic receptors. Earlier
ages were not tested with atropine because the ACh-in-
duced response was too small to obtain reliable data.
There was no evidence for the presence of nicotinic re-
ceptors. The 5-HT (10 um) response was completely
blocked by methysergide (1 um) in all ages (15 through
adult).

mRNAs Coding for Voltage-Operated Channels at
Various Ages :

As well as causing the expression of exogenous neuro-
transmitter receptors, mRNA from brain induced the
appearance of several voltage-activated membrane
channels (Gundersen et al., 1983b; Leonard et al, 1987;
Sigel, 1987). Two different induced currents were exam-
ined, a rapidly inactivating sodium current and a cal-
cium-activated outward transient (T,,) current carried
by chloride ions.

In oocytes injected with mRNA from adult brain the
sodium current is a transient inward current which ap-
pears when the cell is depolarized to potentials beyond
about —40 mV (Gundersen et al., 1983b; Sigel, 1987). In
oocytes injected with mRNA from different ages of rat
cerebral cortex the sodium current evoked was similar
to that seen previously in oocytes injected with mRNA
from adult rat brain and fetal human brain (Gundersen
et al., 1983b, 1984b). Because of difficulties in rapidly
clamping the cell, measurements were made at a poten-
tial (—20 mV) at which the sodium current inactivates
relatively slowly. Even so, the peak values of the sodium
currents were almost certainly underestimated, but the
comparisons between mRNAs should still be valid. At
all ages, the sodium current was blocked by TTX and
the measurements presented are of the TTX-sensitive
current (as described under Materials and Methods).
We did not detect any TTX-insensitive currents, but
small (less than about 25 nA) currents would not have
been seen in the presence of large capacitive currents.
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FIG. 6. Sodium and T, currents evoked in oocytes injected with mRNAs from different ages of rat cerebral cortex. Traces were obtained by
holding the oocyte at —100 mV and briefly stepping the potential to various levels. Upper traces show recordings of typical sodium currents in
oocytes injected with mRNAs from various ages. In all cases, the traces were obtained by first stepping the cell to —20 mV and then subtracting
from that record the current elicited by the same depolarization in the presence on TTX (300 nm). Arrows indicate the beginning of the voltage
step. Traces are blanked out during the first few msec after the voltage step because capacitive currents saturated the oscilloscope. Lower
traces show T, currents obtained by stepping the oocyte from —100 to 0 mV for about 3 sec.

Like the ligand-gated responses, the size of the volt-
age-activated sodium current increased with age (Figs.
6 and 7). Oocytes injected with E15 mRNA showed little
or no detectable current, but the size of the sodium
current subsequently increased steeply after E18 and
reached a maximum between P10 and P15.

In addition to measuring the size of the sodium cur-
rent, we also studied its rate of inactivation. The half-
decay time of the sodium current in oocytes injected
with mRNA from newborn cerebral cortex was 4.70
+ 0.42 msec (13 oocytes, four donors) and shortened to
2.73 £ 0.16 msec (19 oocytes, three donors) in oocytes
injected with mRNA from adult cerebral cortex. For
both ages measurements were taken from oocytes in-
jected with whole mRNA and with fractionated mRNAs
which were concentrated in species coding for the so-
dium channel. There was no apparent difference in the
rate of inactivation between the whole mRNAs and the
fractions.

Depolarization of oocytes to around 0 mV also evokes
T,.. current, which is carried by chloride ions and is
dependent on the influx of calcium ions. This current is
much slower than the sodium current, so the two cur-
rents can be easily discriminated. The T, current is

often seen in native oocytes (Miledi, 1982; Barish, 1983),
but becomes more prominent in mRNA-injected oo-
cytes. This is almost certainly because additional volt-
age-gated calcium channels are expressed by the exoge-
nous mRNA (Leonard et al., 1987, Miledi et al., 1986),
since the membrane of native oocytes already contains
a great excess of calcium-activated chloride channels
(Miledi and Parker, 1984). Thus, the size of the T,
current provides an indicator for the expression of cal-
cium channels. In the present experiments, only donors
yielding oocytes with little or no native T, current
were used for injection. When small T, currents were
present in the native oocytes the mean native current
was subtracted from the mean induced current.

The largest currents were induced by mRNA from
adult brain, but small responses were already present
as early as E18. Unlike the sodium current, the major
increase in T, current occurred at later ages, after
about P5 (F'igs. 6 and 7).

DISCUSSION
In this work we measured membrane currents evoked
by various neurotransmitters, or by voltage steps, in
Xenopus oocytes injected with mRNA obtained from rat
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F1G. 7. Mean sizes of sodium and T, currents. Measurements were
obtained from records like those in Fig. 6, by holding the cell at —100
mV and stepping the oocyte to either —20 mV for the sodium current
or to 0 mV for the T, current. Each point is the mean + SE of 3-35
oocytes from two to six donors. The number of replicate mRNA prepa-
rations is indicated below each age.

brains at different developmental stages. Since each
oocyte was injected with an approximately constant
amount of mRNA, the simplest interpretation of the
results is that changes in the size of a particular re-
sponse induced by mRNA from different ages reflect
changes in the proportion of mRNA coding for that
channel or receptor. A great advantage of this tech-
nique is that it allows the study of receptors and chan-
nels for which specific probes are not yet available.
However, several limitations must be acknowledged.
One is that, because mRNA was extracted from a large
brain region, the sizes and properties of expressed re-
sponses will represent a weighted average of those in all
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cells. Changes in mRNA levels in a minor cell popula-
tion might, therefore, escape detection. Second, as we
have discussed before (Carpenter et al, 1988a), there
may be factors in addition to the amount of mRNA
which affect the size of the induced response. Some of
these can already be discounted. For example, changes
in the ionic basis of the responses could alter their size
when measured at a fixed potential, but this could be
ruled out for many of the currents examined, since we
found no differences in reversal potentials across devel-
opment. However, other possibilities remain, including
changes in the lifetime or conductance of the membrane
channels, differences in efficiency of translation of dif-
ferent messengers, and the expression in the oocyte of
proteins which regulate the expression or function of
the channels and receptors. Finally, a separate issue is
that the expression of functional receptors and chan-
nels in neurons is likely to be regulated not only at the
transcriptional level, but also at translational and
post-translational levels. Thus, the appearance of re-
ceptors and channels in neurons might not correspond
directly with the relative amounts of mRNA which en-
code them. For all these reasons, we were therefore
interested in comparing our results with what is known
from other techniques about the expression of receptors
and channels in the developing brain.

mRNAs Coding for Neurotransmitter Receptors

L-Glutamate and L-aspartate are thought to be the
major excitatory neurotransmitters in the central ner-
vous system and activate a variety of receptors (Mon-
aghan et al., 1989). In oocytes injected with brain
mRNA, several excitatory amino acid receptors are ex-
pressed. As mentioned previously, application of gluta-
mate induces a response which has a smooth component
and an oscillatory component (Gundersen et al., 1984a;
Houamed et al., 1984; Sugiyama et al., 1987). Application
of kainate induces a smooth, nondesensitizing inward
current (Gundersen et al., 1984a), which arises through
activation of a specific receptor type (Monaghan et al.,
1989). In addition, quisqualate, N-methyl-D-aspartate,
and other specific glutamate receptor agonists have
also been shown to induce responses in mRNA-injected
oocytes (Gundersen et al., 1984a; Verdoorn et al., 1987,
Kushner et al., 1988).

Responses to kainate were small with mRNAs from
ages earlier than about P5, but then grew steeply to
reach adult levels by P15. Expression of NMDA recep-
tors also increased with age but, because of the small
sizes of the induced currents, we were unable accurately
to follow their development. Glutamate activates sev-
eral types of receptors, and results obtained using this
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agonist (Fig. 2, lower panel) are thus more difficult to
interpret. However, the small sizes of currents me-
diated by NMDA receptors indicates that these recep-
tors could not have contributed appreciably to the glu-
tamate response. Furthermore, a large part of the re-
sponse to glutamate was an oscillatory chloride current,
which is mediated by a class of quisqualate receptors
which stimulate phosphoinositide signalling (Parker et
al., 1987; Sugiyama et al., 1987; Oosawa and Yamagishi,
1989). The endogenous phosphoinositide pathway in the
oocyte is able to generate large chloride currents (Ku-
sano et al.,, 1982; Miledi and Parker, 1984), so that the
induction of oscillatory responses to glutamate almost
certainly reflects the expression of exogenous receptors,
and not the expression of additional chloride channels
or other components of the signalling pathway. We thus
conclude that expression of the mRNA encoding the
phosphoinositide-linked quisqualate receptor is low be-
fore E18 and then increases gradually to reach a maxi-
mal level by about P30.

The developmental appearance of glutamate recep-
tors in the rat brain has been studied by examining the
appearance of [*H]glutamate binding to sodium-inde-
pendent sites. The binding to these sites in the cerebral
cortex was found to increase postnatally, reaching adult
levels by P50 (Sanderson and Murphy, 1982). However,
interpretation of these results has been recently com-
plicated by the finding of a chloride-dependent gluta-
mate uptake system (Bridges et al., 1987; Recasens et al.,
1987), so that the sodium-independent sites seen pre-
viously may include chloride-dependent uptake sites as
well as glutamate receptors. The ontogeny of kainate
receptors has not been studied in the cerebral cortex.
However, [PH]kainate binding has been examined in the
developing rat cerebellum (Slevin and Coyle, 1981) and
the developing rat and human hippocampi (Represa et
al., 1986). In all these cases, binding was found to in-
crease with age. Therefore, at least qualitatively, the
findings from the binding studies agree with our find-
ings.

Although there are two major types of ACh receptor
in the CNS, muscarinic and nicotinic, only muscarinic
receptors were expressed by mRNA from any of the
developmental stages, since the responses were com-
pletely blocked by atropine. The muscarinic receptors
generate membrane currents by acting through the
phosphoinositide pathway endogenous to the oocyte,
and this is also the case for serotonergic receptors
which evoke an oscillatory current (Parker et al., 1987).
As discussed above, changes in expression of responses
to ACh and serotonin almost certainly reflect changes
in expression of the respective receptors, and not of the
ion channels which they activate.
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Application of ACh to oocytes injected with embry-
onic mRNAs did not give detectable currents, but re-
sponses were detected with newborn mRNA, and these
subsequently increased postnatally. Similar to our find-
ings on the expression of mRNA coding for muscarinic
receptors, the density of muscarinic ACh binding sites
increases with development in the rat brain, reaching
adult levels by about P30 (Coyle and Yamamura, 1976;
Kuhar et al., 1980).

Our results indicate that mRNA coding for the 5-HT
receptor is transcribed at very early stages of develop-
ment (E15); and it is interesting that mRNA coding for
5-HT receptors appears earlier than mRNAs coding for
any of the other neurotransmitter receptors examined.
However, for these early ages (E15 and one E18 prepa-
ration) the tissue used to isolate the mRNA included
the entire cerebral hemispheres. Therefore, the 5-HT
receptors expressed may be translated from mRNA in
the choroid plexus, which is known to be rich in 5-HT
receptors (Lubbert et al., 1987), rather than from the
cerebral cortex. In fact, of the three E18 mRNA prepa-
rations, that made from the cerebral hemispheres in-
duced a threefold larger 5-HT response than did the
preparations made from the cerebral cortex alone. In
rat choroid plexus, [PH]5-HT binding has not been ex-
amined in embryonic animals, but has been detected in
P1 animals and then increases to reach adult values by
P25 in the lateral ventricles and P31 in the third ven-
tricle (Zilles et al., 1986). Therefore, it may be that the
5-HT response induced in oocytes injected with mRNA
from E15 brain is partially or totally due to mRNA
from the choroid plexus.

Synapses in the parietal cortex appear between P15
and P30 (Aghajanian and Bloom, 1967), while we find
that the mRNAs coding for kainate, glutamate, and
ACh receptors appear between newborn and P5, and
mRNA coding for 5-HT receptors appears earlier than
E15. Thus, it would appear that neurotransmitter re-
ceptors are expressed in the brain before the formation
of functional synaptic connections. Other investigators
have proposed that 5-HT has a role in the early develop-
ment of the nervous system (Lauder and Bloom, 1975;
Raedler and Raedler, 1978; Lauder and Krebs, 1978;
Lauder et al., 1981; Haydon et al., 1984; Chubakov et al,
1986). 5-HT responses are present in oocytes injected
with E18 cerebral cortex mRNA, which seems to be in
accord with these proposals. However, it remains possi-
ble that although mRNAs coding for receptors have
been translated in the oocyte, they may not necessarily
be translated in the rat brain. Therefore, when the ap-
propriate probes become available it would be interest-
ing to complement these studies with binding and n
sttu hybridization studies to determine which of the
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neurons in the cerebral cortex contain mRNAs for these
receptors and whether the mRNAs are in fact trans-
lated in the developing brain.

mRNAs Coding for Voltage-Operated Channels

The TTX-sensitive sodium current was quite small in
oocytes injected with E18 mRNA and subsequently in-
creased steeply, reaching adult values between P5 and
P15 (Fig. 7). Saxitoxin (STX) and TTX are both specific
blockers of voltage-sensitive sodium channels and have
been used in radioligand binding experiments to iden-
tify sodium channels in the developing rat brain. STX
binding was detected in E19 whole brain and increased
rapidly with age until P15 when a second, more gradual
increase appeared until adult levels were reached at 4.5
weeks after birth (Baumgold et al., 1983; Baumgold,
1985). Similarly, TTX binding appeared at E17 in rat
brains and increased postnatally, reaching a plateau by
P20 (Lombet et al., 1983). These results are in agreement
with our findings in that the binding levels increase at
approximately the same time as the mRNAs coding for
the TTX-sensitive sodium channels.

The inactivation of the sodium current appeared to
become faster with age. Although it has been recently
shown that mRNA species not present in the high-mo-
lecular fraction can influence the inactivation process
of rat sodium channels in oocytes (Krafte et al., 1988) we
did not detect differences between the oocytes injected
with fractionated mRNA and whole mRNA.

The expression of voltage-gated calcium channels
could be detected in the oocyte with mRNA from ages as
early as E15, and the expression increased progres-
sively with age. The developmental appearance of cal-
cium channels has been studied in the rat and mouse
brain using labeled nitrendipine (Matsubayashi et al.,
1984; Kazazoglou et al., 1983; Erman et al., 1983) and
(—)desmethoxyverapamil (Mourre et al, 1987). These
studies showed binding in late fetal stages (Matsu-
bayashi et al., 1984) which increased postnatally to
reach adult levels between P15 (Kazazoglou et al., 1983)
and P28 (Matsubayashi et al., 1984). Thus, the levels of
mRNA coding for calcium channels seem to roughly
parallel the number of calcium channels detected in
brains at different developmental stages by ligand
binding, but the interpretation may be complicated by
the existence of several subtypes of calcium channels,
with different binding properties and electrophysiologi-
cal properties (Tsien et al., 1938).

In conclusion, we have demonstrated the use of the
Xenopus oocyte expression system to study the develop-
mental expression of mRNASs encoding a variety of re-
ceptors and channels. This approach is particularly
useful for studying receptors for which specific probes
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are not available. Furthermore, it gives information
about not only the amount of mRNA present, but also
about the functional properties of the channels and re-
ceptors. So far, we have found few developmental
changes in the properties of the responses described
here, but it remains possible that a more detailed char-
acterization may reveal differences.
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