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The Adult Visual Cortex Expresses Dynamic Synaptic
Plasticity That Is Driven by the Light/Dark Cycle

Marian Tsanov and Denise Manahan-Vaughan
Learning and Memory Research, Medical Faculty, and International Graduate School for Neuroscience, Ruhr University, 44780 Bochum, Germany

Experimental evidence derived from in vitro studies suggests that synaptic plasticity may be involved in information processing in the
adult sensory cortex. Here, we demonstrate, for the first time, that synaptic plasticity that endures for >24 h can be elicited in the visual
cortex of freely moving adult rats. Both long-term potentiation (LTP) and long-term depression (LTD) were evoked in layer 2/3 of the
primary visual cortex after stimulation of the dorsal lateral geniculate nucleus. We found that synaptic plasticity within visual cortex
synapses is not a static phenomenon, where a particular pattern of stimulation invariably evokes the same form of synaptic plasticity but
rather fluctuates in association with diurnal luminance levels. Whereas acute (12 h) dark exposure drives intrinsic synaptic transmission
to basal levels, light exposure (12 h) leads to synaptic potentiation. Furthermore, low-frequency stimulation at 3 Hz generates LTD in
light-exposed animals, and LTP in dark-exposed animals, in close correlation with the time course of natural slow wave oscillations. Our
data demonstrate that the adult visual cortex is in a perpetually dynamic state, where the direction of plasticity changes depends on the

immediate visual experience.
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Introduction

In the visual cortex (VC), synaptic plasticity contributes to
experience-dependent acquisition of visual responsiveness dur-
ing the critical period (Bear et al., 1987; Singer, 1995). Thus, in
light-deprived postnatal rats, long-term potentiation (LTP) is en-
hanced, and long-term depression (LTD) is diminished, over a
range of stimulation frequencies, both in vitro and in anesthetized
animals (Heynen et al., 1996; Kirkwood et al., 1996). A functional
consequence of this predisposition toward LTP is an enhanced
cortical response to visual stimuli, even in adult animals, suggest-
ing a greater potential for modification of synaptic efficacies in
the adult visual cortex than previously appreciated (Heynen and
Bear, 2001). Studies, in vitro, demonstrated that prolonged light
deprivation (over a period of weeks) alters the properties of syn-
aptic plasticity by shifting the frequency—response function to the
left (Kirkwood et al., 1996). Very little is known about the phys-
iological conditions that drive LTP or LTD in the visual cortex of
intact behaving adult animals.

Light deprivation over days and weeks does not usually occur
in nature. This provokes the question as to what extent light
exposure drives synaptic weight change under naturalistic cir-
cumstances. The main goal of the present study was therefore to
examine visual cortex plasticity in freely moving rats and describe
its relationship to diurnal changes in luminance. Do acute
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changes in luminance levels, as occur in a normal diurnal cycle,
have an effect on intrinsic excitability and synaptic plasticity in
the visual cortex? Experience-dependent synaptic plasticity de-
rives not just as a consequence of a modified synaptic response
but rather as a result of the expression of multiple synaptic prop-
erties within a network (Morris, 1990). An adequate circuit-level
description of information processing within the visual cortex is
essential to bridge the gap between synapse and behavior and to
understand the relationship between synaptic plasticity and in-
formation processing in the visual cortex. Our data show, for the
first time, that diurnal variations in luminance trigger prolonged
changes in the field response, which are in turn coupled to circa-
dian phases. This strongly influences the ability of the animal to
generate synaptic plasticity depending on the degree of thalamo-
cortical arousal. In agreement with our data, intracellular cortical
recordings in anesthetized animals have demonstrated previously
an augmentation of neuronal responsiveness resulting from
slow-wave sleep (SWS) oscillations (Steriade et al., 1998). This
may be associated with consolidation of acquired synaptic alter-
ations (Timofeev et al., 2000; Steriade and Timofeev, 2003). We
thus also addressed the possibility that slow-frequency rhythms
may influence the basal tonus of synaptic transmission in visual
cortex over a 24 h period. We observed that low-frequency stim-
ulation (LFS) at 3 Hz generates LTD in light-exposed animals,
and LTP in dark-exposed animals, in close correlation with the
time course of natural slow wave oscillations. Our data support
that the adult visual cortex is in a perpetually dynamic state,
where the direction of change of synaptic strength tightly de-
pends on the immediate visual experience of the animal.

Materials and Methods

Surgical preparation. Under sodium pentobarbitone anesthesia (Nembu-
tal; 40 mg/kg, i.p.), 7- to 9-week-old male Long—Evans rats (Charles River
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Breeding Laboratories, Sulzfeld, Germany) underwent implantation of a
monopolar recording and a bipolar stimulating electrode (made from
0.1-mm-diameter Teflon-coated stainless-steel wire) in the primary vi-
sual cortex and dorsolateral geniculate nucleus (ALGN), respectively.

For the recording electrode, a drill hole was made (1 mm in diameter),
7.1-7.3 mm posterior to bregma and 3.4—3.6 mm lateral to the midline,
corresponding to the primary visual cortex in the rat (Zilles, 1985). A
second drill hole (3.8 mm posterior to bregma, 3.3-3.4 mm lateral to
midline) was made for a bipolar stimulating electrode. The dura was
pierced through both holes using a needle. A recording electrode was
lowered 200-250 wm from the dural surface to reach the supragranular
layer 2/3. A stimulating electrode was positioned in the dLGN, ipsilateral
to the hemisphere from which visual cortex recordings were obtained.
The depth was 3.7-4.7 mm from the dural surface, corresponding with
the position of the anterior pole where optic radiation fibers are bundled
in close proximity (Hughes, 1977; Molnar et al., 1998). Final positions of
the stimulating and recording electrodes were then determined by max-
imizing the amplitude of the field potential (FP) recorded in the visual
cortex in response to electrical stimulation of the dLGN. Monopolar
recordings from the primary visual cortex were made relative to ground
and reference screws inserted into the contralateral parietal and frontal
bones. For bilateral implantations, the same procedure was conducted at
the other hemisphere. Once verification of the location of the electrodes
was complete, the entire assembly was sealed and fixed to the skull with
dental acrylic (Paladur; Heraeus Kulzer, Wehrheim, Germany). The an-
imals were allowed 10 d to recover from surgery before experiments were
conducted. Throughout the experiments, the animals could move freely
within the recording chamber (40 X 40 X 40 cm), because the implanted
electrodes were connected by a flexible cable and swivel connector to a
stimulation unit and amplifier. Apart from the insertion of the connector
cable at the start of the experiment, disturbance of the animals was kept
to an absolute minimum. Throughout the experiments, the electroen-
cephalogram (EEG) of each animal was continuously monitored.

Measurement of evoked potentials. The field EPSP (fEPSP) slope was
used as a measure of excitatory synaptic transmission in the V1 region.
To obtain these measurements, an evoked response was generated in the
dLGN by stimulating at low frequency (0.025 Hz) with single biphasic
square wave pulses of 0.1 ms duration per half wave, generated by a
constant current isolation unit. For each time point measured during the
experiments, five records of evoked responses were averaged. The fEPSP
was measured as the maximal slope through the five steepest points
obtained on the negative deflection of the potential. By means of input—
output (IO) curve determination, the maximum fEPSP was found, and
during experiments, all potentials used as baseline criteria were evoked at
astimulus intensity that produced 40% of this maximum (100—400 uA).

The animals were maintained in a 12 h light/dark cycle of low (0.1-10
lux) and high (350—400 lux) luminance conditions. Circadian time was
based on Zeitgeber time (ZT), with ZT 0 denoting light on and ZT 12
denoting light off. For the experiments that required a stimulation pro-
tocol for induction of synaptic plasticity, point “0” indicated the time of
its application. Measurements of basal synaptic transmission (baseline)
were made under low-luminance conditions during the end of the dark
period of the cycle. Twenty four hours later, measurements were re-
corded at the same circadian time and conditions. Baseline responses
were collected for 30—60 min before changing luminance conditions or
application of stimulation protocols. LFS protocols comprised frequen-
cies of 1 Hz (900 pulses) or 3 Hz (900 pulses). Theta-burst stimulation
(TBS) consisted of 10 bursts at 5 Hz, with each burst containing five
pulses at 100 Hz, given four times with a 10 s interval between each train
of 10 bursts. LTP was alternatively induced by high-frequency tetaniza-
tion at 400 Hz (10 bursts of 15 stimuli; 0.2 ms stimulus duration; 10 s
interburst interval). In all cases, the stimulus amplitude was the same as
that used for recordings.

Luminance of the environments was assessed using a Luxmeter (MS-
1300) with a sensitivity range of 0 to 50,000 lux. The luxmeter was placed
on the floor of the recording chamber and pointed at the light source. The
sensor unit possessed a photosensitive surface, which recorded the total
amount of falling light.

Data analysis of electrophysiological data. The baseline fEPSP data were
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obtained by averaging the response to stimulation of the dLGN to obtain
five sweeps at 40 s intervals, every 5 min over a period of 30 min. Elec-
trophysiological data were then expressed as mean percentage of baseline
fEPSP reading = SEM (SEM). Statistical significance was estimated by
using factorial ANOVA and post hoc Student’s ¢t and Bonferroni’s tests.
Using factorial ANOVA, we estimated the effects of main factors: illumi-
nance (two levels, high/low illuminance) and stimulation (two levels, yes/
no) on the field potential amplitude. Additionally, we estimated the effect of
time on the field potential values compared with the baseline period (com-
prising the first six recordings/time points of each experiment). The proba-
bility level, interpreted as statistically significant, was p < 0.05.

Data analysis of network activity. Intracortical EEG was obtained by
means of recordings obtained from the supragranular layer 2/3 of V1.
EEG was sampled at 0.5 kHz and stored on a hard disc for additional
off-line analysis. To evaluate delta (1-3.5 Hz), theta (4-10 Hz), alpha
(10-13 Hz), betal (13.5-18 Hz), beta2 (18.5-30 Hz), and gamma (30—
100 Hz) oscillatory activity during the course of experiment, 4-s-long
epochs, 1 s after each test pulse, were selected. Fourier analysis of artifact-
free epochs was performed with Hanning window function using
“Spike2” software (Cambridge Electronic Design, Cambridge, UK). The
absolute values of spectral power for each individual animal were trans-
formed into relative ones (with mean value for baseline preinjection
period taken as 100%) that were also used for statistics. For each time
point, the results of Fourier analysis of five epochs were averaged. The
statistical treatment and analysis of data included the calculation of de-
scriptive statistics (mean, SEM) and ANOVA. ANOVA was aimed to
estimate the effects of luminance changes (two levels, high and low lumi-
nance) of exploratory activity (two levels, active and inactive behavioral
state). For the correlation analyses, we used Pearson’s coefficient of
comparison.

Postmortem verification of electrode site. At the end of the study, brains
were removed for histological verification of electrode localization. Brain
sections (16 um) were embedded in paraffin, stained according to the
Nissl method using 1% toluidine blue, and then examined using a light
microscope. Brains in which an incorrect electrode localization was
found were discarded from the study.

Results
Diurnal changes in illuminance generate fluctuations in basal
synaptic transmission in the visual cortex
To examine basal synaptic transmission in the primary visual
cortex of adult freely moving rats, animals underwent implanta-
tion of bipolar stimulating electrodes in dLGN and a recording
electrode at the surface of the ipsilateral VC (Fig. 1A, B). FPs of
layer 2/3 were recorded from naive adult Long—Evans rats. Test
pulse stimulation at 0.025 Hz generated basal synaptic responses,
which were monitored every 30 min over a 24 h time period (Fig.
1C). After the first 6 h under low illuminance (0.1-10 lux), the
change to daylight conditions (300—500 lux) induced a gradual
decrease in behavioral activity, as reflected by the animals’ loco-
motor activity (Fig. 1C). In keeping with this strong light trigger
of the rodent endogenous circadian clock (Pittendrigh and Daan,
1976; Meijer et al., 1998), the period of vigilance was followed by
a period of drowsiness (Fig. 1C). Coincident with this transition,
an increase (~40%) of baseline FP amplitude was observed (Fig.
1C) (ANOVA; F = 24.6; p < 0.001; n = 4). This increase corre-
lated negatively with the animals’ locomotor activity (data not
shown; Pearsons, r = —0.682; p < 0.001; n = 7). Twelve hours
later, recordings under low illuminance conditions revealed that
basal synaptic transmission had returned to original levels. This
suggests that basal synaptic transmission in the visual cortex os-
cillates between depressed and elevated levels in correlation with
the light experience and illuminance-driven circadian activity of
the animal.

To estimate whether fluctuations in FP amplitude are an in-
trinsic feature of the light/dark cycle, we recorded FP responses
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on different days in the transition period A
between low and high illuminance condi-
tions (Fig. 2A) (n = 4). When responses
were compared over 4 d, no significant dif-
ferences in the oscillation of FP amplitude
were seen.

Slow wave oscillatory activity and field
potential amplitude increase
concurrently in the active state

To examine the role of thalamocortical os-
cillatory activity in this phenomenon, we
analyzed the EEG recorded from the visual
cortex during the naturally occurring ele-
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Figure 1.

activity (ANOVA; for theta, F = 22.55,p <
0.0001, n = 6; for delta, F = 14.80, p <
0.0001, n = 6). These responses appear to
relate to the transition to the nonaroused
behavioral state.

Low-frequency rhythms during SWS
may serve as an important cerebral func-
tion in the consolidation of functional
changes acquired during wakefulness (Steriade and Timofeev,
2003). Sleep, with oscillations within the delta frequency, is im-
plicated in cortical plasticity evoked by monocular deprivation in
the developing visual cortex (Frank et al., 2001). To examine the
role of slow oscillations in the modification of visual cortex firing
properties, we assessed the relationship of both FP and oscillatory
changes over prolonged periods of time. For this purpose, we
recorded visual cortex activity constantly for 24 h during a natu-
ral light/dark cycle (Fig. 4C,D). Here, we recorded visual cortex
FP amplitude and EEG patterns every 15 min for the first 12 hand
every 30 min for the next 12 h in the course of a natural light/dark
cycle (Fig. 2D, E). Theta and delta ranges began to elevate simul-
taneously with gamma increases during high luminance-induced
exploratory behavior. They reached 300—400% of basal levels
(ANOVA; for theta, F = 64.50, p < 0.0001, n = 4; for delta, F =
11.08, p < 0.005, n = 4), which continued throughout the inac-
tive state. This period was characterized by sleep cycles and sig-
nificant decrease of gamma activity ( p < 0.0001; F = 21.85; n =
4; data not shown). Our data show a parallel increase of low-
frequency oscillations and FP amplitude, proposing a possible
link between these two network features (Steriade and Timofeev,
2003).

Frequency dependence of LTP induction in the visual cortex
of freely moving animals

The CNS regularly shifts between aroused (preparatory) and
nonaroused (consummatory) or sleeping states (Sherrington,

Time (hours)

Basal synaptic transmission in the primary visual cortex of freely moving animals. 4, lllustration of the position of the
bipolar stimulating electrode at the dLGN and monopolar recording electrode in the primary visual cortex. B, Nissl-stained coronal
section showing stimulation electrode tracks that reach dLGN. White arrows point to the location of electrode tips. €, Daily
oscillations of field potential amplitude in V1 during a 12 h light/dark cycle. After 1/0 curve measurement, baseline recording was
started in conditions of dark exposure (ZT 18). The switch to daylight illuminance levels induced a suppression of the animals’
locomotor activity. The locomotor activity is measured as distance in centimeters/minute. D, Analogs represent FPs evoked at the
points marked here and in subsequent figures. Calibration: 5 ms, 1 mV.

1897). We tested the hypothesis that changes in FP amplitude are
tightly linked to arousal levels in the animals that are elicited by
the light/dark cycle. We therefore examined synaptic plasticity in
the visual cortex during aroused (locomotor activity higher than
20 cm/min) versus nonaroused (locomotor activity <20 cm/
min) states of the animal. To elicit a nonaroused, inactive state, a
group of rats was exposed to high-luminance conditions (400
lux) for a few hours before starting experiments to elicit a phase
advance in the circadian cycle. These animals expressed an ele-
vated basal synaptic transmission in response to test pulse stim-
ulation when compared with animals that were not exposed to
light during the same period (aroused) (Fig. 3A) (ANOVA; for
the animals exposed to light in the subsequent night, F = 10.61,
P <0.001,n = 4; for the animals exposed to light in the preceding
night, F = 8.14, p < 0.001, n = 6). The elevation of FP amplitude
seen in light-primed animals reverted during the subsequent
night (darkness) to levels seen in animals that had experienced
the normal dark/light cycle. This latter group conversely showed
no recovery of FP elevation back to dark levels when light expo-
sure was maintained into the subsequent night period. The mag-
nitude of the light-induced phase advance of the circadian cycle
in the late night is dependent on light intensity and on the dura-
tion of light exposure (Nelson and Takahashi, 1991; Meijer et al.,
1992) and reflects a suppression of locomotor activity (Pitten-
drigh and Daan, 1976).

A particular subset of pyramidal neurons in the visual cortex,
known as chattering cells, are involved in the generation of syn-
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while recording from both hemispheres

(Fig. 3D) (ANOVA; F = 3.12; p < 0.05;
n = 4). The stimulation protocol was ap-
plied only to one of the dLGN-visual cor-
tex pathways; the other was used as a non-
stimulated (i.e., non-TBS) control. Slow-
onset, but persistent potentiation, that
lasted for at least 4 h occurred in response
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in vitro and in anesthetized rats (Heynen et

.1.2. T

Time (hours) T i) .::11., 1996; Kirkwpod e.t al., 1996). We exam-
ined the relationship between synaptic
Figure 2.  Slow-frequency rhythms increase concurrently with the augmentation of the basal synaptic transmission. 4, Base-  plasticity response, the behavioral state,

line recordings from a group of animals (n = 4) conducted in different sessions. The FP augmentation has the same profile that is
independent from the day of recording. For clarity of the figure, the SEs of the average means are not presented. B, EEG recorded
from VC during the switch between low and high illuminance of the dark/light cycle. Elevation of the slow theta and delta
frequencies is preceding the FP amplitude elevation and the transition of the animal into the inactive behavioral state. (, Left
analogs represent FP traces evoked at the points marked in the figures. Calibration: 5 ms, 1 mV. Right analogs represent low-pass
filtered EEG analog traces from epochs marked in the figures. Calibration: 15, 0.1 mV. Theta (D) and delta (E) power elevation
continues during the first 3—4 h of the subsequent behaviorally inactive period. After stabilization of the augmented FP ampli-
tude, delta and theta frequencies diminish their elevation, which reaches baseline levels during the following activity state (in

close association with the return of FP amplitude to basal levels).

chronous cortical oscillations and thus participate in the recruit-
ment of large populations of cells into synchronously firing as-
semblies (Gray and McCormick, 1996). Chattering cells can
generate bursts with intraburst frequencies of 300—-750 Hz (Gray
and McCormick, 1996; Steriade et al., 1998; Brumberg et al.,
2000). The generation of repetitive burst discharges in these neu-
rons is correlated with the generation of gamma frequency
(30-70 Hz) oscillations in the local field potential (Gray and
Singer, 1989). High-frequency postsynaptic bursting is also be-
lieved to accompany synaptic potentiation in adult animals
(Paulsen and Sejnovski, 2000). We therefore compared the effects
of applying high-frequency TBS and high-frequency stimulation
protocols (400 Hz). Fast onset potentiation was observed only
after 400 Hz protocols (Fig. 3B) (ANOVA; F = 4.01; p < 0.05;n =
6). This stimulation protocol could comprise a possible mecha-
nism for bypassing the inhibitory gate in the mature visual cortex
(Rozas et al., 2001) by mimicking the fast bursting patterns of
chattering cells. Although TBS-induced LTP was characterized by
a slow onset, its profile was stable, and the evoked plasticity en-
dured longer compared with 400 Hz-induced LTP (Fig. 3C)
(ANOVA; F = 4.87; p < 0.01; n = 5). TBS induced a similar
slow-onset potentiation in light-exposed and dark-exposed rats.
Thus, LTP expression was not dependent on the light exposure
history of the animals and their arousal state (Fig. 3C) (ANOVA;
F=0.2136; p > 0.1;n = 5). To exclude the interference of natural
(circadian) augmentation on cortical FPs, we used a TBS protocol
during the dark period of the light/dark cycle (ZT 18; 0.1-10 lux)

and the preceding light exposure. Two cat-
egories of behavioral state were assigned
based on off-line analysis: animals from
the inactive, light-exposed group were
characterized by locomotor activity <20
cm/min; theta and delta spectral power
throughout the recordings <150%, com-
pared with baseline measurements. The
rats assigned to the active, dark-exposed
group were characterized by locomotor
activity >30 cm/min; theta and delta spectral power throughout
the recordings >250%, compared with baseline measurements.
LES (1 Hz; 900 pulses) generated instantaneous LTD (20—
25%) in light-exposed animals (Fig. 4A). Dark-exposed rats,
which were in an aroused state after low-luminance exposure,
tended toward weaker depression in response to the same proto-
col (Fig. 4A) (n = 4), suggesting a leftward shift in the LFS re-
sponse function. Whether this metaplastic effect was not just
quantitative but also qualitative was the next point of investiga-
tion. LFS at 3 Hz lies in the range of the modification threshold
(Bienenstock et al., 1982; Kirkwood et al., 1996) that determines
whether LTP or LTD will be generated depending on the behav-
ioral state of the animal. Here, LFS at 3 Hz generated robust LTD
after animal exposure to light at daylight luminance levels (Fig.
4B) (ANOVA; F = 8.3; p < 0.001; n = 8). In contrast, 3 Hz
stimulation generated robust LTP in animals kept under dark
conditions for 12 h before LFS (ANOVA; F = 6.2; p < 0.001;n =
7). The initial depression corresponded to the characteristics of
activity-dependent changes in synaptic responses induced by fre-
quencies between 3 and 10 Hz (Wang and Wagner, 1999). Appli-
cation of 3 Hz stimulation, 4 h after the initial protocol led to
short-term depression (STD) in both groups (Fig. 4C) (n = 4 for
the dark-exposed group and n = 5 for the light-exposed group).
After recovery from STD, the magnitude of LTP in the previously
dark-exposed group and the magnitude of LTD in the previously
light-exposed group was unchanged. This suggests that 4 h after
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LTP and LTD may be involved intrinsi-
cally in memory processing (Manahan-
Vaughan and Braunewell, 1999; Kemp and
Manahan-Vaughan, 2004, 2005, 2007;
Uzakov et al., 2005; Whitlock et al., 2006).
Apart from its role in development, the vi-
sual cortex has been proposed as a mem-
ory system, involved in encoding stimulus
features and in the short-term storage of
sensory stimuli to guide behavior (Paster-
nak and Greenlee, 2005). To examine its
role in information storage, we investi-
gated whether dynamic synaptic plasticity
occurs in the adult visual cortex. Our spe-
cific goal was to establish whether alter-
ations in the diurnal light/dark cycle affect
intrinsic and naturalistic plasticity in this
structure. We found that long-lasting synaptic plasticity, in the
form of LTP and LTD, can be elicited in the visual cortex of freely
moving adult rats. Our findings support that synaptic plasticity
within the adult visual cortex is not a static and stereotypic phe-
nomenon, but rather it varies in a direct relationship with diurnal
luminance levels. Whereas acute (12 h) dark exposure drives in-
trinsic synaptic transmission to basal levels, light exposure (12 h)
leads to synaptic potentiation. Intriguingly, the previous experi-
ence of the synapse determines the direction of synaptic plasticity
elicited by afferent stimulation: low-frequency stimulation at 3
Hz generates LTD in light-exposed animals and LTP in dark-
exposed animals. These data support that the adult visual cortex
is in a perpetually dynamic state, where the direction of change of
synaptic plasticity depends on the immediate visual experience.
These findings have substantial implications for the role of the
visual cortex in information storage.

LTP and LTD are believed to underlie memory processes on a
cellular level (Bliss and Collingridge, 1993; Bear, 1996; Manahan-
Vaughan and Braunewell, 1999; Kemp and Manahan-Vaughan,
2007). However, a significant challenge comprises the precise
determination of how LTP and LTD relate to naturally occurring
long-term plasticity. Our study revealed that the history of corti-
cal activity is tightly related to changes in the field EPSP response
evoked by active visual processing or by thalamocortical stimu-
lation. Neuronal responses vary as a function of network activi-

Figure 3.
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Long-term potentiation in visual cortex depends on the stimulation protocol but not on the activity state. 4, Light-
dependent modulation of basal synaptic transmission in the visual cortex. Rats were exposed to high-luminance for 4 h in the
period before (white symbols) or subsequent to (black symbols) night conditions. An increase of visual cortex basal synaptic
transmission was evident because of the light-induced shift in circadian activity of the rats. Horizontal black and white bars here
and in subsequent figures indicate the luminance conditions (0.1-10 and 300 -500, respectively) during the experiment. B,
Different high-frequency stimulation protocols result in different profiles of the induced LTP. Four hundred hertz to dLGN leads to
fast onset but unstable and shorter-lasting potentiation in visual cortex compared with TBS-induced slow-onset potentiation. C,
Different light exposure before TBS reveals stable LTP that was neither dependent on the light conditions nor on the activity state
of the animals. D, Simultaneous bilateral recording of fEPSPs in both hemispheres. TBS was given to the one thalamocortical
pathway (black dots), whereas the other was used as an internal control for the induced plasticity. The stimulation was conducted
during the dark period of the natural light/dark cycle (0.1-10 lux) to exclude an interference with the diurnal FP augmentation
(*p << 0.05). E, Analogs represent FPs evoked at the points marked in the figures. Calibration: 5 ms, 1 mV.

ties, which depend, in turn, on behavioral states. Our results also
support that basal synaptic transmission in the adult visual cortex
oscillates between elevated and suppressed levels. The plasticity
properties of both states differ, with LFS protocols in particular,
inducing dissimilar synaptic alterations. LES at 3 Hz leads to LTD
in light-exposed, and LTP in dark-exposed, animals. This sug-
gests that in the light-exposed state, the modification threshold
for induction of LTD is shifted to the left (Bienenstock et al.,
1982; Bear et al., 1987; Kirkwood et al., 1995), whereas a leftward
shift in the modification threshold for LTP occurs in the dark-
exposed state. Effects occurred in close correlation with the time
course of natural slow wave oscillations and are consistent with
the occurrence of metaplasticity (Bear et al., 1987; Abraham and
Bear, 1996) in the visual cortex in response to the phase of the
day—night cycle.

We show for the first time that LTP occurs in the visual cortex
of freely behaving adult animals, and that the profile of synaptic
potentiation depends on the frequency of stimulation protocol.
Whereas 400 Hz stimulation leads to immediate, yet short-lasting
potentiation, TBS evokes a slow onset but persistent LTP. The
time course of TBS-induced LTP parallels visual stimuli-driven
and gamma oscillations-related alterations in visual cortex activ-
ity (Tsanov and Manahan-Vaughan, 2007) and confirms TBS as a
model for the dynamic coupling of thalamocortical networks.
Interestingly, in the hippocampus, a link between synaptic plas-
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ticity and physiological theta rhythms has been described (Larson
et al., 1986; Buzsdki et al., 1987; Larson and Lynch, 1988).
Whereas LTP is elicited by stimulation to the peak of the theta
wave (Pavlides et al., 1988; Huerta and Lisman, 1995; Holscher et
al., 1997), LTD occurs when stimulation is given to the trough of
theta (Hyman et al., 2003).

The abovementioned findings may have substantial implica-
tions for understanding how information is processed during
awake and sleep states. SWS oscillations or their experimental
models have been shown to enhance the responsiveness of corti-
cal neurons, and this effect lasts for several minutes after the end
of oscillatory periods (Steriade and Timofeev, 2003). LTP in-
duced by 3 Hz stimulation may thus correspond to the transition
of cortical neurons into a mode of decreased responsiveness to
thalamic inputs, although a bidirectional relationship exists,
where corticothalamic pathways also determine the network ac-
tivity of the LGN. The observed augmentation of the field re-
sponses during the inactive state is in agreement with studies
showing that potentiated synapses in visual cortex neurons dem-
onstrate a reduced ability to detect afferent synchronous
thalamocortical activity (Abbott et al., 1997). The increased
signal-to-noise ratio is a mechanism that acts in parallel with the
hyperpolarization of thalamocortical neurons to gate informa-
tion processed during sleep periods. The augmented synaptic
responsiveness of neocortical neurons is a phenomenon that is
not restricted to the visual cortex. The probability of monosyn-
aptic evoked synaptic discharges in motor cortex neurons is en-
hanced during SWS (Steriade et al., 1974; Timofeev et al., 1996).

LFS-induced synaptic plasticity is dependent on the activity state of the animal. A, Stimulation (1 Hz; 900 pulses) of
dLGNinduced LTDin visual cortex of animals exposed to low luminance. Light exposure for 4 h before commencing the experiment
reduces the amplitude of subsequent LFS-induced depression. B, Stimulation of 3 Hz (900 pulses) results in robust LTP when
induced in low-luminance conditions but leads to robust LTD in visual cortex of rats already exposed to high-luminance conditions.
€, Asecond application of 3 Hz stimulation leads to transient depression of the FP when applied 4 h after the 3 Hz nitial protocol.
The previously induced plasticity (LTP, LTD) recovers rapidly. D, Stimulation of 3 Hz (900 pulses) induces an immediate augmen-
tation in gamma power in dark-exposed animals only (***p << 0.001). E, Analogs represent FPs evoked at the points marked in

orates the idea that, far from being a passive
receiver, the sensory cortex plays an active
role in amplifying incoming thalamic inputs
(Kandel and Buzsiki, 1997). Ca** entry in
dendrites and somata of cortical neurons
occurs in SWS after slow wave oscillatory ac-
tivity and may trigger long-term plastic
changes (Steriade et al., 1993). The sugges-
tion that SWS oscillations are associated with
consolidation processes is supported by hu-
man studies demonstrating the role of early
stages of sleep in the improvement of visual
discrimination skills (Stickgold et al.,
2000a,b).

Our data offer the first description of dynamic visual cortex
plasticity in the mammalian brain. It is not clear, however,
whether this is a phenomenon that is present in the critical period
and extends throughout life. In vitro analysis supports that pro-
longed light deprivation during the critical period has dramatic
consequences for the subsequent development of normal vision
in mammals (Kirkwood and Bear, 1994; Kirkwood et al., 1995,
1996). These alterations result from changes in bidirectional plas-
ticity that suggest that LTP and LTD cooperate in the refinement
of thalamocortical synapses in early development. However, the
effects on synaptic plasticity of acute light and dark exposure have
not been studied in postnatal animals. Although synaptic plastic-
ity occurring during the critical period and plasticity in the adult
visual cortex share common mechanisms, they differ in certain
key aspects: for example, slow structural reorganization underlies
consolidation of plasticity in the critical period (Hensch, 2005),
and LTD is substantially less in the adult visual cortex (Frenkel
and Bear, 2004). The developmental regulation of subunit kinet-
ics of the NMDA receptor (Monyer et al., 1994; Sheng et al., 1994;
Yoshimura et al., 2003), as well as the increasing role of inhibitory
circuits (Fagiolini and Hensch, 2000), are also particularly im-
portant. Furthermore, not all forms of LTP or LTD that occur
during postnatal development are a result of experience-
dependent cortical plasticity (Hensch et al., 1998; Renger et al.,
2002). This suggests that dynamic synaptic plasticity may be a
specific feature of the adult visual cortex.

Our data indicate that the adult visual cortex is in a perpetually
dynamic state, where the direction of change of synaptic strength



8420 - ). Neurosci., August 1, 2007 - 27(31):8414 - 8421

is determined tightly by the visual experience of the animal dur-
ing the light/dark cycle. We present evidence, in the rodent visual
cortex, for the existence of function-dependent bidirectional
plasticity. Although TBS induces long-term increases of the field
response, low-frequency stimulation, at a frequency of 3 Hz, can
determine not only the amplitude but also the direction of plas-
ticity changes, depending on the intrinsic level of diurnally mod-
ulated basal transmission. These data suggest that the initiation
and stability of the thalamocortical LTP and LTD in the adult
visual cortex in vivo is acutely regulated by the light/dark cycle,
and that information processing in this structure thus undergoes
diurnal regulation.
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