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Long term depression is expressed during postnatal development in rat
visual cortex: a role for visual experience
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Abstract

Long term forms of synaptic plasticity and in particular LTDrLTP are both present in the mammalian visual cortex. However, while
LTP is not inducible in adulthood LTD can be elicited in the mature brain, but its developmental pattern is unknown. Aim of this work
was to investigate whether LTD is expressed during postnatal development and if it is modulated by visual experience. To investigate
these points we have used rat primary visual cortex slices taken at different stages of functional maturation process, i.e., postnatal day 17
Ž .P17 , P23 and P30–35. LTD was assessed by measuring the amplitude of extracellular field potentials recorded in cortical layers 2r3
and elicited by low frequency stimulation to the white matter. LTD was expressed at all ages investigated without significant differences
between age groups. These data indicate that LTD developmental expression is not temporally related with the period of functional
maturation of rat visual cortex. Dark rearing from birth to P23 resulted in a reduction of LTD amplitude while light deprivation from P17
to P30 did not affect LTD expression in comparison to age matched control values. We suggest that light imprinting is essential for a
normal LTD expression during postnatal development. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The functional maturation of mammalian visual cortex
occurs during well described time periods of postnatal
development. For example in the rat, as well as in other
mammals, the functional properties of visual cortical neu-
rons are immature soon after eye opening reaching pro-

w xgressively adult characteristics by P30–P40 7,18 . The
underlying developmental processes are under the control
of visual experience. Indeed, in light deprived animals

w xfrom birth 7 the functional properties of visual cortical
neurons remain immature. Synaptic plasticity has been
implicated in the mechanisms responsible for the shaping
of cortical circuitry occurring during postnatal develop-
ment and for leading the visual system to be functionally

w x Ž .competent 9,16 . Long term potentiation LTP and long
Ž .term depression LTD are considered expression of synap-

tic plasticity and both have been extensively investigated
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w xin many different cortical areas 2,3,5,8,9 , including the
visual cortex. In the rat visual cortex both LTP and LTD
can be induced and both forms of synaptic plasticity have

w xbeen reported to be NMDA dependent 1,10 . As far as
LTP is concerned its pattern of expression mostly overlaps

w xvisual functional maturation 11 and is no longer inducible
in the adult animal. Visual experience controls the period
during which LTP is present as shown by the observation
that LTP can be elicited in adult rats which have been
visually deprived, i.e., beyond the end of its natural period

w xof expression 11,12 . In contrast, it has been shown that
homosynaptic LTD is normally present in the adult rat
w x10 . However, whether LTD is present andror its expres-
sion changes during the rat visual cortex maturation re-
mains unknown. The goal of this paper is therefore to
describe the developmental pattern of LTD expression
after eye opening in slices of rats containing the primary
visual cortex. To this aim we have recorded field potentials
in layer II–III evoked by stimulation of the white matter.

ŽLTD was elicited at different postnatal ages postnatal day
.17, P17, P23, P30–35 using a low frequency stimulation

protocol. These postnatal ages were chosen because they
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correspond to different stages of the period of functional
w xmaturation of rat visual cortex 7,18 . Furthermore, in

order to examine the role of visual experience on LTD
expression, similar experiments were repeated in slices
taken from rats deprived of light either from birth to P23
or from P17 to P30, i.e., after eye opening.

2. Materials and methods

2.1. Visual cortex slices preparation and electrophysiolog-
ical recordings

Albino rats were deeply anesthetized with urethane and
then decapitated. The brain was rapidly removed and

Ž .visual cortex coronal slices 400 mm were prepared and
superfused in a submerged recording chamber at 338C with

Ž .artificial cerebro spinal fluid ACSF at a rate of 4 mlrmin.
ŽAn average of 2r3 slices per animal the 2nd and 3rd slice

.from the occipital pole of each hemisphere was used for
experimental purpose. The ACSF was gassed with 95% O2

and 5% CO and had the following composition in mM:2

NaCl, 126; KCl, 3.5; NaH PO , 1.2; MgCl, 1.3; CaCl , 2;2 4 2

NaHCO , 25; glucose, 11. Extracellular field potentials in3

the inferior half of cortical layers 2r3 were recorded with
an electrode filled with a 2 M NaCl solution and evoked,
by stimulation of the white matter containing geniculo-
cortical fibers, using a bipolar concentric stimulating elec-
trode. LTD was induced by low frequency stimulation
Ž .LFS, 900 pulses at 1 Hz of the white matter. Slices
containing the primary visual cortex were prepared either

Ž . Ž .from postnatal day 16–17 P17 , P23–P24 P23 or P30–
Ž .35 P30 rats. In dark rearing experiments, slices were

prepared from animals light deprived from birth to P23 or
from P17 to P30.

2.2. Data analysis

The amplitude of the maximum negative field potential
in layer 2r3 was used as a measure of the evoked popula-

w xtion excitatory current 11 . Changes in the amplitude of
the maximum negative field potential mirror changes in
the magnitude of a monosynaptic current sink and corre-
late with changes in the initial slope of the negative
potentials. In order to avoid polysynaptic sinks before
starting the recording we ensured that field potentials were
monophasic and that shape was not changed by frequency
of stimulation higher than 1 Hz. Following this recording
protocol the latency of negative field potentials ranged
between 5 and 7 ms. Baseline responses were obtained
every 15 s and averaged every four responses with a
stimulation intensity that yielded a half-maximal response.
Control baseline responses were followed for 10 min.
After the end of the conditioning protocol the amplitude of
the field responses was followed for at least 30 min. Only
experiments where steady LTD was obtained after 30 min

were used for data analysis. The indicated number of
experiments, n, is a measure of the number of slices used
for data analyses over the total number of experiments,
i.e., including those slices excluded from data analysis
because no LTD was observed. The magnitude of LTD
was measured and normalized with respect to average

Žbaseline responses percentage change from control base-
.line, PCCB . For each animal the LTD value during the
Ž .last 10 min therefore once a steady state was reached

were averaged. The averaged values were then pooled
together for each experimental group and the mean value
Ž .mean"S.E.M. were calculated. Statistical comparison

Fig. 1. Developmental expression of LTD. A: Schema showing a slice of
visual cortex with the recording electrode in layer 2–3 and the bipolar
stimulating electrode placed in the white matter. B: Examples of field
potentials of layer 2–3 recorded at P23. Left trace represents a baseline
response while right trace is a response recorded 35 min after the LFS.
Horizontal bars10 ms; vertical bars0.4 mV. C: Effects of LTD
protocol on the amplitude of field potentials at P17, P23 and P30–35

Ž .slices. Averaged "S.E.M. responses representing the amplitude of the
maximum negative field potential recorded in layer 2r3 following stimu-
lation of the white matter. Values were normalized to average baseline.

Ž .Bar indicate the conditioning protocol for LTD 1 Hz, 900 pulses .
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was done by applying a t-test or a Mann–Whitney rank
sum test for comparison between two groups. Difference
was considered significant with a P-0.01.

3. Results

3.1. LTD expression during deÕelopment

ŽLTD was induced by low frequency stimulation LFS,
.900 pulses at 1 Hz to the white matter and recorded

extracellularly in layers 2r3 of primary visual cortex
slices. LTD was reliably elicited at all ages investigated
Ž . ŽFig. 1 , i.e., at P17 2r3 days after eye opening, when the
functional properties of visual cortical neurons are imma-

. Žture , at P23–P24 intermediate stage in the functional
.maturation period and at P30–35 which can be considered

w xthe end of the functional maturation period 7,18 for the
rat primary visual cortex. In Fig. 1 it is reported the
relative amplitude of field potentials normalized with re-

Ž .spect to the averaged baseline, recorded at P17 A , P23–25
Ž . Ž .B and P30–35 C . It is clear from the figure that at all
investigated postnatal ages LFS to the white matter elicited
an important LTD which reached in all cases a steady state
value between 30 and 40 min after the end of the low
frequency protocol. At P17 the percentage change from the

Ž . Žcontrol baseline PCCB was 36"4% ns7r9, mean"
. Ž .S.E.M. , at P23 mean PCCB was 40"5% ns7r10 and

Ž .at P30–35 mean PCCB was 24"5% ns6r10 . Com-
parison of LTD amplitude between P17, P23 and P30–35
illustrated in Fig. 2 revealed no statistical difference be-

Žtween age groups P17rP23; P17rP30–35 and P23rP30–
.35; P)0.05 . Thus, LTD is expressed throughout the

different stages of postnatal development although at the
end of the functional maturation process LTD has a slightly
reduced amplitude.

Fig. 2. LTD amplitude during development A, histogram showing Per-
centage Change from Control Baseline, PCCB, of LTD at P17, P23 and
P30–35. Comparison of LTD amplitude between P17, P23 and P35

Ž .showed no statistical difference one way ANOVA, P)0.05 as well as
Ž .difference between age groups P17rP30–35 and P23rP30–35 t-test,

P)0.05.

Fig. 3. Vision controls LTD expression. A, effects of a LTD protocol
Ž .bar in slices of rats dark reared from birth to P23 ^ and in P23 control
animals `. Other conventions as in Fig. 1. Difference in PCCB values
between dark reared and control animals is statistical significant P-0.01.

Ž .B, effects of a LTD protocol bar in slices of rats dark reared from P17
to P30 ^ and in P30 control animals `. Other conventions as in Fig. 1.
Difference in PCCB values between dark reared and control animals is
not statistical significant P)0.05.

3.2. Effects of light depriÕation on LTD expression

Light deprivation before eye opening has been reported
to induce a strong decrease in LTD amplitude in adult rats
w x12 . In order to investigate whether LTD expression is
modulated by activity dependent mechanisms controlled
by vision we first repeated similar experiments in slices

Ž .from rats dark reared from birth to P23 Fig. 3A . Indeed
LTD amplitude in slices from these animals was clearly

Žreduced with respect to age matched controls dark reared
rats, PCCB of 16"4%, ns7; P23 control rats PCCB of

.40"5%, ns7; P-0.01 . These data confirm that LTD
expression is under the influence of visual dependent
mechanisms during the early part of postnatal develop-
ment.

We then went on to verify if the reduction in LTD
could be observed also in rats deprived of visual input
after a brief period of exposure to light. To do this we light
deprived animals from P17, i.e., 2r3 days after eye open-
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ing, to P30. This experimental procedure was also used in
order not to interfere with normal development up to P17.
In Fig. 3B are reported the LTD expression in rats dark
reared from P17 to P30 and in age matched controls. The
difference in LTD amplitude between dark reared and

Žcontrol rats was not significant dark reared rats, PCCB of
17"7%, ns5; P30 control rats PCCB of 24"5%, ns6;

.P)0.05 . These data indicate that LTD expression during
postnatal development was altered only when rats were
fully deprived of lights from birth.

4. Discussion

The data reported in this paper indicate that LTD in
layer 2r3 of the rat primary visual cortex elicited by
stimulation of the white matter is present throughout post-
natal development. In particular, LTD was found to be

Ž .expressed soon after eye opening P17 as well as during
the functional maturation of the visual cortex. At P17 the
functional circuitry of rat visual cortex is still undeveloped
and properties of visual cortical neurons such as ocular
dominance distribution, orientation selectivity and recep-
tive field size, are very immature. By P23–24 some of
these functional properties are more developed, although
their maturation can be considered over only around P30–

w x35 6,17 . We have shown that LTD does not change
during this very period, namely between P17 and P23–24,
while is slightly reduced at P35. Therefore we suggest that
in layer 2r3 of the rat visual cortex LTD developmental
expression is not temporally related to the functional matu-
ration period.

The present data are in accordance with a previous
report indicating that LTD in layer 2r3 does not disappear

w xin the rat adult visual cortex 10 . In other species however
LTD is only expressed during postnatal development but
not in adulthood. In mice, Kirkwood et al. have shown that

w xLTD is not inducible in animals older than 6 months 13 .
w xIn guinea pig and cat, Dudek and Friedlander 6 , record-

ings from cells of cortical layer IV, demonstrated that LTD
completely disappears after the end of the critical period
for monocular deprivation. Thus, the fact that LTD in layer
2r3 of adult rat visual cortex does not disappears, suggests
the existence of either specie specific andror layer specific

Ž .mechanism s controlling LTD expression in this part of
the brain.

Since many developmental aspects of the visual cortex
are under the control of visual activity dependent mecha-

w xnisms 4,7,12,14,17 it was important to test whether LTD
expression is regulated in a similar fashion. To test this
idea we have analyzed the effects produced by light depri-
vation on LTD expression. It has been previously reported
that dark rearing before eye opening affects LTD by

w xstrongly reducing its amplitude 11 . We confirmed these
results and extended our investigation to rats light deprived
after eye opening. The idea was to verify if a brief period

of exposure to light was able to counter balance the
reduction of LTD amplitude observed in animals fully
deprived of light from birth allowing a normal expression
of LTD. In addition light deprivation after eye opening
was also performed in order to avoid any possible interfer-

w xence with the normal maturation process 15 . We have
found that LTD was only slightly reduced when animals
were dark reared after eye opening thus implying that a
previous visual experience is required in order to have a
normal LTD expression during development. However
once a rat has been exposed to a brief period of light,
vision is no longer essential for LTD expression.
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