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ABSTRACT It has been postulated that, in the adult
visual cortex, visual inputs modulate levels of mRNAs coding
for neurotransmitter receptors in an activity-dependent man-
ner. To investigate this possibility, we performed a monocular
enucleation in adult rabbits and, 15 days later, collected their
left and right visual cortices. Levels of mRNAs coding for
voltage-activated sodium channels, and for receptors for kai-
nateya-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
(AMPA), N-methyl-D-aspartate (NMDA), g-aminobutyric
acid (GABA), and glycine were semiquantitatively estimated
in the visual cortices ipsilateral and contralateral to the lesion
by the Xenopus oocyteyvoltage-clamp expression system. This
technique also allowed us to study some of the pharmacolog-
ical and physiological properties of the channels and receptors
expressed in the oocytes. In cells injected with mRNA from left
or right cortices of monocularly enucleated and control ani-
mals, the amplitudes of currents elicited by kainate or AMPA,
which ref lect the abundance of mRNAs coding for kainate and
AMPA receptors, were similar. There was no difference in the
sensitivity to kainate and in the voltage dependence of the
kainate response. Responses mediated by NMDA, GABA, and
glycine were unaffected by monocular enucleation. Sodium
channel peak currents, activation, steady-state inactivation,
and sensitivity to tetrodotoxin also remained unchanged after
the enucleation. Our data show that mRNAs for major neu-
rotransmitter receptors and ion channels in the adult rabbit
visual cortex are not obviously modified by monocular deaf-
ferentiation. Thus, our results do not support the idea of a
widespread dynamic modulation of mRNAs coding for recep-
tors and ion channels by visual activity in the rabbit visual
system.

Neural plasticity, the property by which external events can
change the functioning of the brain, is now known to occur in
the adult visual system, even well after the critical period (for
a review, see ref. 1). To a large extent, the molecular basis of
activity-dependent changes in the adult visual system remains,
at present, unknown. However, in the visual system of the adult
monkey the absence of visual information from one eye leads
to a drastic down-regulation of various molecules related to
g-aminobutyric acid (GABA)ergic and glutamatergic trans-
mission in the regions formerly controlled by the impaired eye,
as early as 1 week after the lesion (2–11). The modulation by
visual activity of these molecules, notably neurotransmitter
receptors and the mRNAs encoding them, could well be
playing a crucial role in neural plasticity-related phenomena.
For instance, activity-dependent changes in postsynaptic re-

ceptor densities could modulate synaptic strength in the visual
system of adult animals (11).

To investigate this question in a broader context, we sought
to study the regulation by visual activity of a wide variety of
mRNAs coding for neurotransmitter receptors and ion chan-
nels in the adult visual cortex. To this end, we performed a
monocular enucleation on adult rabbits. After 15 days, visual
cortices on the same side as the lesion or on the opposite side
were collected and mRNA was extracted from these regions.
Because of the vast number of mRNAs that could be poten-
tially modulated by visual activity, we used the Xenopus oocyte
expression assay as a screening tool to determine which
mRNAs coding for receptors and ion channels changed after
monocular deafferentiation. We had shown previously that
levels of mRNAs coding for several neurotransmitter receptors
can be semiquantitatively estimated in visual structures by
injecting whole mRNA from these areas into Xenopus laevis
oocytes and assessing the level of expression of receptors by
electrophysiological recordings (12). Using the same tech-
nique in this study, we were able to examine a large number of
mRNAs from enucleated and control animals and were able to
determine also some of the physiological and pharmacological
properties of the receptors and channels expressed from these
mRNAs.

We expected that the drastic lesion of monocular enucle-
ation would induce, within reasonable time, large changes in
the abundance of mRNAs. Because visual inputs are almost
completely crossed in the rabbit (for instance, see ref. 13),
differences in mRNA levels would be most pronounced be-
tween the visual cortex ipsilateral to the lesion (largely unaf-
fected by the loss of visual inputs) and the one contralateral to
the lesion (which receives the majority of its inputs from the
enucleated eye). To our surprise, we were unable to demon-
strate any clear change in the peak current or properties of
kainateya-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid (AMPA), N-methyl-D-aspartate (NMDA), GABA, or
glycine receptors and voltage-activated sodium channels after
monocular enucleation.

MATERIALS AND METHODS

Materials. Monocular deafferentiation was performed at
the Universidad del Pais Vasco, Spain. Adult male pigmented
Dutch-belted rabbits in the experimental group were anesthe-
tized and underwent monocular enucleation under sterile
conditions. The left eye was removed from the eye cup, and the
animals were allowed to recover for 15 days in the Animal
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Facility, after which their left and right visual cortices were
collected. Proper care was given to minimize postoperative
pain or discomfort. Visual cortices were dissected from enu-
cleated and control, unoperated, rabbits as described earlier
(12) and quickly frozen in liquid nitrogen.

mRNA Preparation and Injection. mRNA was prepared by
the Chomczynski–Sacchi method (see ref.12 for a description
of the procedure) and diluted to a concentration of 1 mgyml.
Xenopus oocyte harvesting, injection, and collagenase treat-
ment have been described previously (14). Recordings started
on day 4 after the injection until day 6–7.

Electrophysiological Recordings. mRNA-injected oocytes
were placed in a recording chamber perfused with frog Ring-
er’s solution (115 mM NaCly2 mM KCly1.8 mM CaCl2y5 mM
Hepes, pH 7.0), and the membrane potential was clamped
either by an AxoClamp 2A (Axon Instruments, Foster City,
CA), or an OC-725A oocyte clamp (Warner Instruments,
Hamden, CT), usually at 260 mV. Drugs were delivered via a
gravity-driven perfusion system. All membrane current mea-
surements are given as mean 6 SEM. Stimulation, recording
of voltage-activated currents, IyV curves, and neurotransmitter
responses, and analysis of data were performed by a suite of
programs written for Microsoft Windows (15). In noise-
analysis experiments, GABAergic currents were elicited by
superfusion with GABA at concentrations well below the
EC50. Mean open time and conductance estimations were
performed off-line with the SPAN program (courtesy of J.
Dempster, University of Strathclyde, Glasgow, U.K.), follow-
ing procedures described elsewhere (16). In some cases, the
current variance did not give a reasonable value for the unitary
current, especially at low GABA concentrations. The value for
the unitary current was then taken from the power spectrum.

Voltage-activated sodium channels were elicited by clamp-
ing the cells at 2100 mV and giving brief depolarizing pulses.
The sensitivity to tetrodotoxin (TTX) was assessed by exposing
oocytes to increasing concentrations of that drug (1–100 nM)
for more than 1 min before giving the stimulation pulses. Leak
and capacitive transients were removed by subtraction with
records obtained in the presence of 313 nM TTX. At this
concentration, sodium currents were no longer detectable.

Drugs. All drugs were from Sigma, except for AMPA, which
was from Tocris-Cookson (Ballwin, MO).

RESULTS

mRNA preparations were obtained from the following: (i) The
right visual cortices of monocularly enucleated animals, which
received their input from the removed eye. These preparations
will be referred to as RCx mRNAs. (ii) The left visual cortices
of enucleated animals, ipsilateral to the lesion (LCx prepara-
tions). (iii) Control, normal rabbits. To exclude the possibility
that mRNAs coding for receptors and channels might be
asymmetrically distributed between left and right cortices,
whole mRNA was extracted either from normal left cortices
(nLCx preparations) or from normal right cortices (nRCx). In
addition, mRNA was also prepared from both hemispheres of
control visual cortices (vCx).

For simplicity, oocytes injected with RCx mRNA will be
referred to as RCx oocytes, and oocytes injected with LCx
mRNA will be called LCx oocytes, etc.

KainateyAMPA Receptors. The application of 100 mM
kainate to oocytes injected with mRNA from control or
enucleated animals elicited smooth, large inward currents
mediated by ionotropic kainate receptors (Fig. 1A). As shown
in Fig. 1B, there was no substantial difference in the amplitude
of responses between the cells injected with the different
mRNAs, despite the lesion. AMPA, another agonist of iono-
tropic glutamate receptors, gave much smaller responses in all
groups of cells. AMPA responses were, in average, 2.5%, 4.5%,
3.8%, and 3.5% of the kainate responses in nLCx, nRCx, LCx,

and RCx oocytes, respectively. To assess whether monocular
visual deprivation can change the properties of kainate recep-
tors, we determined the dose–response relationship of kainate
responses in nRCx, LCx, and RCx oocytes. All kainate re-
sponses, regardless of the lesion, had the same sensitivity to
kainate, with an EC50 between 40 and 80 mM and a Hill
coefficient close to 2, values that were identical to those we
reported earlier (12). Likewise, kainate responses in oocytes
injected with mRNA from control or enucleated animals
displayed the same dependence on voltage, with a prominent
inward rectification at potentials above 210 mV (Fig. 2).

NMDA Receptors. As reported earlier (12), oocytes injected
with mRNA from the rabbit visual cortex express functional
NMDA receptors, which are activated by the coapplication of
100 mM aspartate and 100 mM glycine. Oocytes injected with
mRNA from injured tissue gave small responses, not signifi-
cantly different from those injected with mRNA from control
tissue. The average currents were 33 6 9 nA, 21 6 6 nA, 16 6
7 nA, and 21 6 6 nA for nLCx, nRCx, LCx, and RCx oocytes,
respectively.

GABA Receptors. All mRNA-injected oocytes elicited in-
ward currents of variable amplitude on perfusion with 1 mM
GABA. These responses were blocked by bicuculline (data not

FIG. 1. (A) Kainate (KA) and AMPA responses in an oocyte
injected with LCx mRNA (membrane potential: 260 mV). (B)
Average amplitude (6SEM) of responses to 100 mM kainate (n 5
22–28).

FIG. 2. IyV curves of kainate responses in nLCx, nRCx, LCx, and
RCx oocytes. Kainate 5 100 mM. Membrane currents at 260 mV were
normalized to 21, and all other currents are reported relative to that
value. Error bars have been removed for the sake of clarity.
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shown). Despite the variation in size of individual responses,
there was no marked difference between the average GABA-
elicited currents induced in oocytes injected with visual cortex
mRNA from either the contralateral or the ipsilateral side of
the lesion (Fig. 3) or from the right and left visual cortices of
nonoperated animals (nLCx, 296 6 62 nA; nRCx, 259 6 55
nA).

GABA receptor desensitization was determined by fitting
response decays immediately after the peak with the sum of
two exponentials. Fitting parameters (residual amplitude A`,
amplitudes of the two components A1 and A2, and time
constants t1 and t2) are summarized in Table 1. In essence,
these values indicate that the desensitization rate of GABA
receptors expressed in oocytes is not altered by monocular
enucleation.

Sensitivity to GABA was summarily studied in two oocytes
injected with mRNA from the right visual cortex of enucleated
animals, the side that would have been affected the most by the
lesion. Dose–responses were in all respects similar to the ones
reported earlier with rat cortex (14), with an EC50 around 50
mM and a Hill coefficient of 1.6.

To assess whether monocular enucleation affects the single-
channel properties of GABA receptors, we determined the
mean open time and unitary conductance of GABA receptors
expressed in vCx, LCx, and RCx oocytes by stationary noise
analysis (16–18). The values for the unitary conductance,
calculated either from the current variance or from the
asymptotic value at f 5 0 Hz in the power density spectrum, are
shown in Table 2. Assuming a reversal potential for chloride of
220 mV (19), our estimates point to a conductance of 23–26
pS for GABA receptors expressed in all groups of oocytes.
Current power density spectra were well fitted with the sum of
two Lorentzians, one of which had a very low corner fre-
quency. Because this component is variable (20), we derived
the mean open time from the corner frequency of the other
Lorentzian. In all oocytes, this value gave an estimate of the
mean open time close to 10 ms (see Table 2).

Glycine Receptors. Inhibitory glycine receptors were ex-
pressed at low levels in all groups of oocytes, with no change
in the glycine response in oocytes injected with mRNA from
the lesion side versus cells injected with mRNA from the

nonlesion side. Activation of these receptors by 1 mM glycine
led to average currents of 6 6 1.6 nA (nLCx) and 4 6 0.6 nA
(nRCx) in oocytes injected with control mRNA and 17 6 5.6
nA versus 15 6 4.2 nA in oocytes injected with LCx and RCx
mRNA, respectively.

Voltage-Activated Sodium Channels. In virtually all mRNA-
injected oocytes, depolarization from a holding potential of
2100 mV to voltages above 220 mV activated large TTX-
sensitive sodium currents.

Current Amplitudes. Peak sodium currents were registered
at 210 mV and consisted of an inward, fast decaying, TTX-
sensitive current (Fig. 4A). Average peak amplitudes in nLCx,
nRCx, LCx, and RCx oocytes are given in Fig. 4B. As in the
case with neurotransmitter receptors, enucleation does not
dramatically change the expression of sodium channels in
oocytes injected with visual cortex mRNA.

Activation. In all oocytes, 50-ms depolarizing pulses from
2100 mV started to activate sodium currents at around 240
mV. These reached a peak at potentials close to 210 mV, and
became smaller at higher potentials. Normalized IyV curves do
not show any shift in activation associated with enucleation and
are, for all practical purposes, similar in all groups of oocytes
(Fig. 5).

Steady-State Inactivation. Steady-state inactivation was de-
termined in each group of oocytes by a standard two-pulse
protocol, in which a 100-ms prepulse, ranging from 2100 mV
to 0 mV, preceded a 20-ms test pulse at 210 mV. The Inset of
Fig. 6 illustrates the inactivation of sodium channels in visual
cortex oocytes, while the main graph is a plot of h` (the ratio
between the test current at a particular prepulse potential and
the largest test current) versus the prepulse potential for each
group of oocytes. Irrespective of the lesion, all curves are quite
similar, and they can be approximated with a two-state Bolt-
zmann equation of the form h` 5 1y{1 1 exp[(V 2 V1/2)yn]},

FIG. 3. Average GABA currents in oocytes injected with mRNA
from the left or right visual cortices of enucleated animals (LCx and
RCx oocytes, respectively; n 5 20–27; 260 mV).

FIG. 4. (A) Activation of voltage-activated sodium channels in a
RCx oocyte. Sodium currents were elicited by giving voltage pulses
from 220 mV to 120 mV in 10-mV increments. Leak and capacitive
currents were removed off-line by TTX subtraction. (B) Means
(6SEM) of peak sodium currents in oocytes injected with nLCx,
nRCx, LCx, and RCx mRNA (n 5 22–28).

Table 1. Desensitization of the GABA response in visual cortex
oocytes, expressed in terms of the decay curve normalized response
5 A` 1 A1e2tyt1 1 A2e2tyt2

Exponential fitting
parameters

vCx
(Control)

LCx
(Enucleated)

RCx
(Enucleated)

A`, % max response 6.5 6 2.6 7.7 6 2.0 9.5 6 1.6
A1, % max response 52.8 6 24.6 52.9 6 23.1 43.2 6 11.9
A2, % max response 40.7 6 25.4 42.0 6 21.6 48.9 6 10.9
t1, s 24.0 6 5.8 33.0 6 6.0 19.0 6 2
t2, s 61.0 6 7.15 90.0 6 17 65.0 6 8.5

GABA 5 1 mM. Values are given as mean 6 SEM.

Table 2. Unitary conductance and mean open time of GABA
receptor channels expressed in oocytes injected with visual
cortex mRNA

Unitary conductance
parameters

vCx
(Control)

LCx
(Enucleated)

RCx
(Enucleated)

g, pS 23.6 6 3.95 25.2 6 3.14 25.8 6 3.26
t, ms 9.2 6 1.16 11.55 6 1.90 9.84 6 1.24

GABA 5 3–10 mM. Values are given as mean 6 SEM.
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where n is the slope ratio and V1/2 is the half-maximal voltage.
Fitting these curves gave a slope ratio close to 7 and a V1/2 of
238 mV.

TTX Sensitivity. TTX between 1 and 100 nM inhibited
voltage-activated sodium channels expressed from visual cor-
tex mRNA in a dose-dependent manner. Peak current atten-
uation curves (Fig. 7) were identical in all oocytes, indicating
that enucleation does not induce the expression of TTX-
insensitive sodium channels in visual cortex oocytes. A con-
centration of 7–9 nM TTX was sufficient to inhibit sodium
currents by half. Furthermore, these curves can be well fitted
by a Langmuir absorption isotherm with a Hill coefficient of
1–1.3 and a Kd of 9 nM, suggesting, that, in visual cortex
oocytes, one molecule of TTX is sufficient to block one sodium
channel. The TTX block was not voltage dependent, as a given
concentration of TTX would produce the same attenuation
whether at 220, 210, 0, or 110 mV (data not shown). At 313
nM TTX, there was no evidence for any residual voltage-
activated current.

DISCUSSION AND CONCLUSION

Our results provide compelling evidence that monocular enu-
cleation in the adult rabbit does not significantly change the
level of mRNAs coding for kainateyAMPA, NMDA, GABA,
or glycine receptors and voltage-activated sodium channels.
Moreover, the lesion has no effect on the main pharmacolog-
ical and electrophysiological properties of these receptors and
channels. Noticeable changes in current amplitude, time-
course, or pharmacological properties of the responses in
mRNA-injected oocytes would have reflected, in a semiquan-
titative manner, significant differences in the amount or nature
of the mRNAs from the visual cortices of enucleated and
control animals. Although the technique used does not give an
absolute measure of mRNAs (as with Northern blots), and
does not provide information about their localization (con-
trary to in situ hybridization, for instance), the Xenopus
expression system does not require a prior knowledge of the
sequence of the mRNAs studied and can be used as an assay
to rapidly assess the amount of mRNAs in various brain
regions (12). A great many receptors and ion channels ex-
pressed in mRNA-injected oocytes are functional with prop-
erties that closely mimic those found in native tissues. In that
respect, the oocyte expression system is particularly well
adapted to detect subtle functional changes in receptor prop-
erties due to the developmental maturation of receptors (see,
for instance, ref. 21) or to artificial mutations (e.g., ref. 22).
Therefore, our failure to see any significant changes after
enucleation cannot be entirely attributed to the technique we
used. In addition, our experiments were designed to maximize
the effects of the lesion. We assumed that changes brought
about by monocular deafferentiation in rabbits would be even
stronger than in monkeys, considering that the visual system of
the rabbit is almost entirely lateralized, as 85% of the fibers
from one eye project exclusively to the contralateral visual
structures (13). Furthermore, the time between enucleation
and cortex removal was well within the time frame during
which changes were seen in monkeys (for instance, see ref. 8).
Finally, the method we used, which consisted of enucleating
the eye, left no doubt that all visual inputs from the eye were
effectively removed.

Modulation of specific mRNAs by cellular activity has long
been proposed as a general mechanism to modify receptor
levels (for a review, see ref. 23). Such changes are exemplified
at the denervated neuromuscular junction, where denervation
supersensitivity (24, 25) is accompanied by an increase in the
level of mRNAs coding for acetylcholine nicotinic receptors
(for a review, see ref. 26). Up-regulation of receptor mRNAs

FIG. 5. Activation curves for sodium currents in oocytes injected
with nLCx, nRCx, LCx, or RCx mRNA. Currents for each oocyte were
normalized relative to the largest current within the range tested. Each
point and error bar represent the mean of normalized currents 6 SEM.

FIG. 6. h` ratio versus potential. Each point is the mean (6SEM)
of the ratio between the amplitude of the test current at a given
potential and the largest test current. For the sake of clarity, error bars
are not shown. (Inset) Steady-state inactivation of sodium currents in
an oocyte injected with RCx mRNA. Shown here are superimposed
records with prepulse voltages ranging from 250 mV to 230 mV. Leak
and capacitive currents were removed by TTX subtraction.

FIG. 7. Inhibition of sodium currents by TTX in visual cortex
oocytes. Averages of normalized currents. For the sake of clarity, error
bars are not shown.
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after denervation has also been observed in the central
nervous system. For instance, deafferentiation of the striatum
by creating a lesion in the nigrostriatal pathway leads to an
increase in the level of mRNA coding for dopamine D2
receptors (27). In other systems, deafferentiation leads to a
decrease in the level of existing mRNAs. This was observed in
the visual cortex of monocularly deprived adult monkeys as
early as 1 week post-lesion (8). In addition, denervation could
induce the appearance of mRNA molecules coding for new
subunits. These subunits may not exist prior to the lesion in the
adult, but are present only in the newborn animal, as is the case
for the d subunit of the muscular nicotinic receptor (26). In the
light of these findings pointing to a widespread range of
responses that various tissues exhibit after denervation, it is
surprising that we could not detect any significant changes
after monocular enucleation. Because response amplitudes in
‘‘visual cortex’’ oocytes are not dramatically enhanced or
reduced by the lesion, there is no reason to support the idea
that monocular enucleation increases levels of mRNAs coding
for excitatory and inhibitory amino-acid receptors and voltage-
gated sodium channels in the adult rabbit visual cortex.

Excitatory Amino-Acid Receptors. On the basis of our data,
there is little support for a denervation supersensitivity-like
phenomenon for kainateyAMPA receptors. This is even more
unexpected when considering that, in the monkey, monocular
lesion reduces the level of glutamate in the ocular dominance
columns controlled by the eye with the lesion (10). Such a
decrease in neurotransmitter levels in the rabbit visual cortex
would have favored, in theory, an increase in the abundance of
mRNAs coding for kainateyAMPA receptors. We also hy-
pothesized that, because the neuromuscular junction seems to
revert to a neonatal stage after denervation (28), the adult
rabbit visual cortex might react in a similar way, by increasing
the expression of neonatal mRNAs after monocular depriva-
tion. We were particularly interested in the response to AMPA
relative to kainate, as the ratio AMPA responseykainate
response is higher in the neonatal brain (Q.-T.N. and R.M.,
unpublished observations). However, it is clear that monocular
deafferentiation does not affect this value.

Inhibitory Amino-Acid Receptors. Similarly, we looked at
the expression of inhibitory glycine receptors, because, in the
newborn, mRNA molecules coding for glycine receptors are
present at much higher levels than in the adult brain (29). Our
results show that monocular enucleation does not increase the
expression of glycine receptors in the visual cortex innervated
by the eye with the lesion.

One of the most salient results of our study is the absence of
GABA receptor mRNA down-regulation, contrary to results
previously reported for monkeys (8). Because our assessment of
GABA receptor mRNA levels is based on the measurement of
GABA-elicited currents, a decrease in the number of receptors
expressed in oocytes (resulting from a lower level of mRNA
coding for GABA receptors resulting from the lesion) could have
been masked by an increase in the conductance or in the mean
open time of the channels associated with GABA receptors.
However, our results with noise analysis show that the lesion does
not affect the electrophysiological properties of the GABA
receptors expressed in oocytes. Therefore, our results show that
mRNAs coding for GABA receptors remain largely unaffected
by monocular enucleation.

Sodium Channels. Denervation of adult striatal muscles
induces the overexpression of voltage-activated sodium chan-
nels, as well as the appearance of TTX-insensitive sodium
channels (30). Our results indicate that none of these phe-
nomena seem to occur after monocular deafferentiation in the
adult visual cortex. Functional expression of cloned sodium
channels in oocytes has highlighted the role of the b1 auxiliary
subunit in the response amplitude and in other physiological
characteristics such as activation and steady-state inactivation
(31). Because there are no obvious differences between the

activation and steady-state inactivation curves among all
groups of oocytes, it is very unlikely that monocular enucle-
ation decreases levels of the b1 subunit in the adult rabbit
visual cortex.

Altogether, our results do not support the notion that a
dynamic modulation of mRNAs coding for neurotransmitter
receptors and voltage-activated sodium channels by visual
activity is a widespread mechanism used in the visual cortex
to deal with drastic changes in sensory stimuli. The fact that
our data were not expected, especially in the light of the
findings regarding GABA receptor mRNAs in monkeys (8),
leads us to think that there is a fundamental difference
between mammals such as monkeys and rabbits, in the way
their visual system reacts after drastic changes in visual
input. Our view is supported by the fact that cortical
reorganization in the adult does not always happen after
monocular enucleation and could be highly dependent on the
cytoarchitecture of the visual cortex. For instance, in the
rabbit, monocular enucleation fails to induce a functional
reorganization of the visual cortex (32). Even in the adult cat,
in which retinal lesions are known to modify visual maps in
the cortex, monocular inactivation does not shift the recep-
tive field of most cells in the peripheral representation of
visual area V1 (33). In conclusion, we speculate that, at the
molecular level, modulation of mRNAs by visual activity
parallels functional changes in receptive fields at the cellular
level. The fact that these molecular and cellular changes do
not occur in adult rabbits challenges our current opinion that
the visual cortex is, across species, capable of extensively
reorganizing itself even well after birth.
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