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Intrinsic, Light-Independent and Visual Activity-Dependent
Mechanisms Cooperate in the Shaping of the Field Response
in Rat Visual Cortex

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

Do light intensity and behavioral state regulate synaptic plasticity in the visual cortex? We have shown previously that synaptic trans-
mission in the visual cortex oscillates between elevated and depressed levels in accordance with the diurnal light– dark cycle. In this study,
we examined the role of intrinsic, light-independent, and visual activity-driven sensory information on the field response during diurnal
fluctuations, and examined the plasticity properties of the visual cortex under both conditions. Recordings were obtained from layer 2/3
of the primary visual cortex, of adult freely moving Long Evans rats, after stimulation of the dorsal lateral geniculate nucleus. We observed
that visual experience during different states of vigilance leads to increased responsiveness, and plastic changes, in the strength of
connections among neurons, consistent with a naturalistic shift in the induction thresholds for synaptic plasticity. We identified this
phenomenon as BDNF-dependent. We also found that gamma oscillatory activity, which increases during active visual exploration, is
tightly associated with suppression of cortical field potentials, suggesting that coincident changes in synaptic responsiveness and gamma
oscillatory levels may reflect mechanisms for optimal stimulus-feature encoding. Translating into an increased signal-to-noise ratio, field
depression could thus alter the efficacy of cortical visual processing. These data indicate that the adult visual cortex serves as a synaptic
network, where the ability to process visual stimuli is dynamically modified by active visual exploration and arousal states.
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Introduction
An important strategy in understanding how experience modifies
cortical processing comprises investigations of the properties and
functional consequences of synaptic plasticity in the behaving
animal. Although substantial progress has been made in under-
standing how long-term potentiation and long-term depression
may work together to enable information storage (Bear, 1996;
Martin et al., 2000; Kemp and Manahan-Vaughan, 2004, 2005,
2007), very little is known about the physiological conditions that
drive synaptic plasticity in the neocortex or visual cortex. Synap-
tic experience results in an alteration of neuronal properties,
which may range from transient changes to permanent strength-
ening, or weakening, of synaptic connections. Neuronal re-
sponses vary as a function of network activities: a possibility sup-
ported by the observation that, in the primary visual cortex, basal
synaptic transmission oscillates between elevated and depressed
states, which are driven, in turn, by activity phases (Tsanov and
Manahan-Vaughan, 2007).

Light exposure also triggers the rodent endogenous circadian

clock (suprachiasmatic nuclei of the hypothalamus), which in
turn dynamically modulates many behavioral and physiological
functions in mammals (Rusak and Zucker, 1979; Meijer and Ri-
etveld, 1989; Ralph et al., 1990). Cortical neuronal responsiveness
is altered by behavioral states (Steriade et al., 1998). It displays the
highest amplitudes during slow-wave sleep and is disrupted after
natural arousal, or during forebrain activation elicited by stimu-
lation of the brainstem reticular formation (Castro-Alamancos
and Connors, 1996; Timofeev and Steriade, 1998; Steriade, 2000,
2001). To address the manner in which visual experience in-
creases field responses in the visual cortex, we examined the fac-
tors that are related to diurnal oscillations of basal synaptic trans-
mission in the visual cortex of freely moving adult animals
(Tsanov and Manahan-Vaughan, 2007). We also investigated the
role of brain derived neurotrophic factor, because of its known
role in visual cortex plasticity phenomena (Huber et al., 1998).
Our results demonstrate that diurnal variations in illuminance
that trigger prolonged changes in synaptic strength are coupled to
activity phases, network activity, and the degree of active visual
processing in the visual cortex. These factors strongly influence
the ability of the animal to generate synaptic plasticity during
active vigilant states.

Active visual processing in the visual cortex may be mediated
by high-frequency oscillations, which comprise an important
network property for mediating the perceptual functions of the
neocortex (Singer and Gray, 1995). On a population level, rapid
and reliable transmission is enabled by the activity of gamma
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(30 – 80 Hz) oscillations (Lumer et al., 1997; Fries et al., 2001). On
a synaptic level, the physiological response of the visual cortex to
sensory encoding, evoked by high-contrast features, is mediated
through synaptic depression (Varela et al., 1997), and leads to a
dramatic increase in the sensitivity of a neuron to subtle changes
in the firing pattern of its afferents (Abbott et al., 1997). This
suggests that a correlation exists between synaptic depression and
changes in fast oscillatory activity in the visual cortex: a possibility
which we also addressed in this study.

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
Laboratories, Sulzfeld, Germany) underwent implantation of a monopo-
lar recording and a bipolar stimulating electrode (made from 0.1 mm
diameter Teflon-coated stainless-steel wire).

A small hole was drilled (1 mm diameter) for a recording electrode
7.1–7.3 mm posterior to bregma and 3.4 –3.6 mm lateral to the midline,
corresponding to 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 created for the placement of a bipolar stimulating electrode. The
dura was pierced through both holes using a needle. The recording elec-
trode was lowered 200 –250 �m from the dural surface to reach the
supragranular layer 2/3. The stimulating electrode was positioned in the
dorsal lateral geniculate nucleus (dLGN), ipsilateral to the hemisphere in
which visual cortex recordings were obtained. The depth comprised 3.7–
4.7 mm from the dural surface, corresponding to 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 maximizing the am-
plitude of the field potential (FP) recorded in the visual cortex in re-
sponse to electrical stimulation of the dLGN. Monopolar recordings
from the primary visual cortex were made relative to ground and refer-
ence screws inserted into the contralateral parietal and frontal bone
plates. 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 animals were al-
lowed 10 d to recover from surgery before experiments were conducted.
Throughout the experiments, the animals moved freely within the re-
cording chamber (40 � 40 � 40 cm), because the implanted electrodes
were connected by a flexible cable and swivel connector to the stimula-
tion unit and amplifier. Aside 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 electroencephalo-
gram (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 curve determination, the maximum fEPSP was found, and during
experiments all potentials used as baseline criteria were evoked at a stim-
ulus intensity that produced 40% of this maximum (100 – 400 �A).

The animals were kept in a 12/12 h light-dark cycle of low- (0.1–10 lux)
and high-illuminance (350 – 400 lux) conditions. Circadian time was
based on Zeitgeber time (ZT), with ZT 0 denoting lights on and ZT 12
denoting lights off. Basal synaptic transmission (baseline) measurements
were made under low illuminance conditions during the end of the dark
period of the cycle. Exactly 24 h later, measurements were recorded at the
same circadian time and conditions. Baseline responses were collected
for 30 – 60 min before changing of illuminance conditions. For the ex-
periments with prolonged dark exposure, the light was kept off at ZT 0,
on the day of experiment, and the animals underwent low-illuminance
exposure until the end of the recording.

Recording environment and novel objects. The recording chamber con-
sisted of a gray Perspex box (40 � 40 � 40 cm) with a translucent red
perspex door. Novel objects consisted of large objects (10 � 10 � 3 cm)
with different colors (black, white, green) and shapes (cylindric or
square). In some cases (for the prolonged dark-exposure experiments)
the objects were fluorescent. Illuminance of objects and environments
was assessed using a luxmeter (MS-1300) with a sensitivity range of
0 –50000 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.
A possible change in illuminance derived from the placement of a fluo-
rescent object in the recording box was assessed by placing the meter at a
distance of 15–20 cm from, although pointing directly at the object.

Analysis of electrophysiological data. The baseline fEPSP data were ob-
tained 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. Statistical significance was estimated by using
factorial ANOVA and post hoc Student’s t and Bonferroni tests. Using
factorial ANOVA, we estimated the effects of the main factors, illumi-
nance (two levels, high and low illuminance) and drug application (two
levels, yes and no) on the field potential amplitude. Additionally, we
estimated the effect of time on the field potential values compared with
the baseline period (composed of the first six time points). The proba-
bility level interpreted as statistically significant was *p � 0.05.

Analysis of network activity. The intracortical EEG was obtained via
recordings 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), beta1
(13.5–18 Hz), beta2 (18.5–30 Hz), and gamma (30 –100 Hz) oscillatory
activity during the course of the experiment, 4 s long epochs, 1 s after each
test pulse, were selected. Fourier analysis of artifact-free epochs was per-
formed with a Hanning window function using Spike2 software (Cam-
bridge Electronic Design, Cambridge, UK). The absolute values of spec-
tral power for each individual animal were transformed into relative ones
(with the mean value for the baseline preinjection period taken as 100%)
that were then used further 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 descriptive statistics
(mean, SEM) and ANOVA. ANOVA was used to estimate the effects of
illuminance changes (two levels, high and low illuminance) and of ex-
ploratory 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 �m) 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.

Compounds and drug treatment. K252a (Biomol, Plymouth Meeting,
PA), a broad-spectrum inhibitor for Trk receptor tyrosine kinases, was
prepared at a concentration of 40 �M with dimethylsulfoxide (DMSO).
The final concentration of DMSO was 0.4% (v/v). Anti-tyrosine kinase B
(TrkB) IgG1 (clone 47; BD Transduction Laboratories, San Jose, CA) was
prepared at a concentration of 1 �g/�l, dissolved in Ringer’s solution,
and stored at 4°C until use. K252a, anti-TrkB IgG1, or vehicle were
injected in a 5 �l volume over a 5 min period via a Hamilton syringe. The
Hamilton syringe was connected by means of a flexible polyurethane
tube to an injection cannula that was inserted into the permanently im-
planted cannula. Antagonist or vehicle injection was performed 20 min
before the illuminance shift (ZT 0) to enable diffusion from the lateral
cerebral ventricle into CSF circulation to occur. Throughout the light
phase, injections were administered twice at 20 min intervals. After the
change in illuminance, measurements were then taken at T � 5, 10, 15
and then 15 min intervals up to 4 h, with additional measurements taken
24 through 25 h later.

Estimation of behavioral state. The exact estimation of the behavioral
state, according to which the animals were divided into two groups, was
based on off-line analysis. The animals grouped as exhibiting an inactive
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behavioral state were characterized by locomo-
tor activity at �20 cm/min and theta and delta
spectral power throughout the recordings at
�150%, compared with baseline measure-
ments. The rats grouped as having an active be-
havioral state were characterized by locomotor
activity at �30 cm/min and theta and delta
spectral power throughout the recordings at
�250%, compared with baseline
measurements.

Results
Intrinsic, light-independent and visual
activity-dependent mechanisms
cooperate in the shaping of the diurnal
field potential augmentation
The field response in the visual cortex un-
dergoes diurnal augmentation after expo-
sure to light at the end of the dark phase
of the light– dark cycle (Tsanov and Mana-
han-Vaughan, 2007). The first goal of our
study was to clarify whether this phenom-
enon may represent an intrinsic circadian
thalamocortical change or whether it
could be the result of visual activity. To
address this question, two groups of rats
were introduced for the first time to the
recording chamber (naive rats) under low
illuminance conditions (0.1–10 lux). After
a 30 min test-pulse period, illuminance
was switched to daylight conditions (300 –
400 lux) in the first group, whereas the sec-
ond group remained under low-illumi-
nance conditions until the end of the
experiment (Fig. 1). Thus, the visual cor-
tex of the different rat groups was involved
to a different extent in the perception of
the new environment.

We found that a significant FP aug-
mentation occurred, which commenced at
a similar point in the 24 h cycle in both
groups (Fig. 1A) (ANOVA; F � 5.78, p �
0.001, n � 6 for the light-exposed group; F � 1.9, p � 0.05 for the
group with prolonged dark exposure). The extent of FP augmen-
tation was significantly less in the animals that were continuously
exposed to low-illuminance conditions, compared with the high-
illuminance-exposed group (Fig. 1A) (ANOVA, F � 2.1, p �
0.05; n � 4 for the first group and n � 6 for the second group).

This result reveals an intrinsic, light-independent, circadian
oscillation of neocortical field responses and suggests the role of a
visually driven component in the composition of the final FP
amplitude.

To investigate the possibility that high-frequency oscillations
that are induced by visual activity (Singer and Gray, 1995) may
influence synaptic plasticity in the visual cortex, we compared the
expression of gamma oscillations in both groups. Daylight con-
ditions elicited a prominent increase of gamma activity (30 –100
Hz) in the first group (Fig. 1B,C), in correlation with the in-
creased locomotor activity (Fig. 1D). Later, during the inactive
state of the animal, gamma activity decreased significantly below
the control period levels (ANOVA, F � 3.72, p � 0.001; n � 6).
For the dark-exposed group, no elevation of gamma activity was
observed (Fig. 1C). The factor “light,” calculated with a post hoc
Bonferroni test for each time point, revealed a significance of p �

0.05 for the value measured at 10th minute, and �0.001 for the
values at fourth and sixtieth minutes after the start of the light
exposure. The increase in gamma power was consistent across all
animal groups, although occurring individually at different time
points. Interestingly, locomotor activity (Tsanov and Manahan-
Vaughan, 2007) reflected changes of exploratory behavior that
were similar to those seen in gamma oscillations. Augmentation
above the baseline period was not observed for the group of ani-
mals with prolonged dark exposure (Fig. 1D).

The transition into the inactive state was marked by an aug-
mentation of low-frequency spectral power. A maximal increase
in absolute power of delta (1–3.5 Hz) and theta (4 –10 Hz) activ-
ity in the beginning of the nonaroused phase was equivalent in
both groups (for theta, p � 0.1, 3.182; n � 4 for the first group
and n � 6 for the second group; for delta, p � 0.1, F � 2.452; n �
4 and n � 6) (data not shown).

Subsequently, during the inactive phase of the animals, corti-
cal synaptic transmission was significantly augmented in both
groups, but the synaptic modification elicited in dark-exposed
animals was proportionally less (Fig. 1B). Together, these data
suggest that the diurnal elevation in visual cortex field potential is
composed of two components: a light-independent intrinsic

Figure 1. The experience-dependent increase of cortical synaptic transmission is mediated by cortical gamma activity in
association with intrinsic circadian rhythms. A, Basal synaptic transmission was compared between a group of animals which
experienced a normal light– dark cycle and a group of animals kept under prolonged low-illuminance conditions. At time point 0,
the animals in a normal light– dark cycle were exposed to high-illuminance (white dots), whereas the animals that had under-
gone prolonged dark exposure (black dots) remained under low-illuminance until the end of the 4 h recording period. Later,
during the inactive state, the light-exposed group showed a significantly greater increase in the cortical FP compared with the
group that had undergone prolonged dark exposure. B, The same light-exposed group of rats shows an enhancement of gamma
frequency oscillations during visual exploration under high-illuminance conditions. C, Absolute gamma power in the same groups
of animals. In contrast to the light-exposed animals, the group of animals kept in prolonged dark exposure revealed no significant
gamma elevation. D, In parallel, locomotor activity in a group of light-exposed animals indicates increased exploration and arousal
levels, compared with a group of animals with prolonged dark exposure. E, Analogs represent FPs evoked at the points marked in
the figures. Calibration: 5 ms, 1 mV. Left group of analogs represents an example of the FP change in light-exposed animals; the
right group shows an example of the FP change in animals that underwent prolonged dark exposure. *p � 0.05; ***p � 0.001.
Error bars indicate SEM.
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mechanism on which visual activity-dependent modulation is
superimposed.

Active visual processing in the visual cortex is required for
illuminance-induced changes in synaptic strength
The plasticity we observed in the visual cortex may correspond to
a passive response generated simply by illuminance levels, or may
correlate with active visual processing. To address this issue,
novel objects were presented to the animals during their active
state (Fig. 2A). Under darkness conditions (0.1–10 lux), we in-
troduced a high-contrast object (fluorescent toy). The illumi-
nance levels in the recording chamber were not altered as a result.
At the same time, we introduced a second group of rats to a novel
low-contrast object (nonfluorescent toy) under the same illumi-
nance conditions and during the same circadian period. The two
types of toys used in our experiments were with the same shape,
size and texture, except that one was fluorescent and high con-
trast, whereas the other was nonfluorescent and low contrast.

During the aroused phase, a significant increase in FP ampli-
tude was recorded in the visual cortex of the group presented with
the high-contrast object compared with the second group (low-
contrast object), where the ability of the visual system to detect
stimulus features was decreased (Fig. 2A) (ANOVA, F � 2.37,
p � 0.05; n � 4). Furthermore, during the nonaroused phase of
the animals, when cortical synaptic transmission was augmented,
the synaptic modification elicited in the group with the low-
contrast object was proportionally less. On a second occasion, a
fluorescent toy was presented for 15 min after the animals entered
the nonaroused state. When the object with the same contrast
features (as that used at the beginning of the recording session)
was presented again during the inactive state, short-term depres-

sion occurred. After presentation, visual
cortex synaptic transmission gradually in-
creased compared with the synaptic trans-
mission of animals that were introduced to
a nonfluorescent object. The enhancement
was proportional during active and subse-
quent inactive states, when FP amplitude
was elevated.

Our data suggest that plastic changes
do not arise as a passive response of the
visual cortex to the light conditions, but
crucially depend on visual activity of the
animal and proper encoding of visual
stimuli. In agreement with this idea is the
observation that the levels of exploratory
activity do not differ between the rats
shown the high-contrast versus low-
contrast object (n � 5) (Fig. 2B) and at the
same time gamma oscillations are signifi-
cantly higher for the group exposed to the
fluorescent toy (Fig. 2D) (t test, p � 0.05;
n � 5). The locomotor activity was moni-
tored every 5 min during of the object pre-
sentation (15 min total). Detailed analysis
of the locomotor activity shows higher val-
ues for the fluorescent object immediately
after its introduction (in the first 5 min),
corresponding to the faster effect of visual
cues on the animal’s arousal (Fig. 2B) (t
test, p � 0.05; n � 5). Overall the
locomotion-measured arousal for all 15
min does not differ significantly (Fig. 2B)

(t test, p � 0.05; n � 5), suggesting that nonvisually guided ex-
ploratory activity is insufficient to produce the same amount of
augmentation in visual cortex field response.

TrkB activation is required for initiation of the diurnal field
potential augmentation
A challenging issue was to explore the mechanism responsible for
diurnal augmentation of the visual cortex FP, induced by expo-
sure to light at the end of the dark phase of the light– dark cycle.
Two main aspects were considered in our investigation: (1) the
factor that could drive the slow-onset potentiation seen, and (2)
whether inhibiting this factor would affect the ability of the visual
cortex to undergo diurnal oscillation.

Studies revealing BDNF-diurnal variations on the one hand,
and the importance of neurotrophins in modeling the synaptic
plasticity on the other, led us to suspect a role of BDNF in the
observed diurnal shift in synaptic strength. When microinfused
into the adult hippocampus in vivo, BDNF alone induces a slow-
onset persistent strengthening of synaptic transmission at per-
forant path– granule cell synapses (Messaoudi et al., 1998; Ying et
al., 2002). This effect was termed BDNF-induced long-term po-
tentiation (BDNF-LTP). Interestingly, the slow onset of BDNF-
LTP accurately fits to the profile of sinusoidal elevation that we
observed in thalamocortical responses. In parallel, BDNF has
been shown to facilitate LTP in the visual cortex (Akaneya et al.,
1997; Huber et al., 1998). Pairing of BDNF with neuronal activity
appears to be highly effective in inducing long-term synaptic po-
tentiation (Figurov et al., 1996; Kovalchuk et al., 2002).

In the rat brain, in the absence of any experimental manipu-
lation, the expression of BDNF and TrkB mRNA (Bova et al.,
1998) undergoes diurnal oscillation. Furthermore, in the visual

Figure 2. The elevation of basal synaptic transmission does not reflect a passive response to high illuminance conditions. A,
Maximal FP augmentation (140 –150%) occurs in the absence of light exposure. Animals were introduced to a toy (during the
periods marked by gray rectangles on the graph). The first exposure began at time 0 for 15 min. B, A low-contrast object elicited
a similar amount of exploration, measured by the locomotor activity (centimeters per minute) and compared with the baseline
period (black bar) under dark conditions. Analysis from the first 5 min immediately after the introduction of the object showed a
slightly increased activity for the high-contrast object (white bars) compared with the low-contrast one (gray bars). Nonetheless,
overall locomotor activity for all three periods for both objects do not differ significantly. C, Analogs represent FPs evoked at the
points marked in the figures. Calibration: 5 ms, 1 mV. D, Relative gamma power in the same groups of rats reflects the level of
visual exploration induced by the objects presentation. The low-contrast object (gray bar) drives oscillatory activity to a signifi-
cantly higher extent than the control level (black bar), and to a significantly lower extent than the high contrast-induced gamma
augmentation (white bar). *p � 0.05; ***p � 0.001. Error bars indicate SEM.
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cortex, the tissue concentration of BDNF
protein is greater in the middle of the light
phase of the circadian cycle than in the
middle of the dark phase (Pollock et al.,
2001). Thus, we speculated that BDNF
may comprise the factor that drives the FP
augmentation that we had observed.

We tested this hypothesis and found
that a block of TrkB receptors using the
Trk receptor tyrosine kinase inhibitor,
K252a, delayed the onset of FP augmenta-
tion (Fig. 3A) (ANOVA, F � 4.89, p �
0.001; n � 4), suggesting a role for TrkB in
this phenomenon. To verify this possibil-
ity, in another group of animals, we ap-
plied a specific antibody that blocks the
function of TrkB receptors. Under these
conditions, we found that FP augmenta-
tion was impaired, with recovery first be-
coming evident �4 h after the light expo-
sure (Fig. 3B) (ANOVA, F � 3.76, p �
0.01; n � 5).

We also explored slow and fast oscilla-
tory activities after anti-TrkB IgG1 admin-
istration. Because the animals were famil-
iar with the recording boxes, changing to
daylight conditions (300 –500 lux) did not
result in highly increased exploratory and
gamma oscillatory activity. Although un-
der these conditions TrkB antagonism
does not appear to mediate a significant
change in gamma power, a brief discoordination between the
time of light exposure and the fluctuation of the gamma oscilla-
tions was observed (Fig. 3C,n � 5). BDNF signaling takes several
minutes to affect the neuronal response in vivo (Messaoudi et al.,
1998; Ying et al., 2002). Therefore, rapidly occurring network
changes (oscillatory or stimulus evoked EPSPs) should be pre-
dominantly linked to glutamate- and GABAergic-mediated syn-
aptic transmission.

Visually evoked field depression correlates with gamma
oscillatory activity
Studies exploring dynamic gain control mechanisms in the visual
cortex report that a cortical neuron with depressed synapses can
detect synchronous presynaptic rate changes (Abbott et al.,
1997). Therefore, the visually induced depression seen in our
study (Fig. 2A) may be responsible for an enhancement of signal-
to-noise ratio, which in turn should lead to a higher degree of
effectiveness in encoding stimulus features. This suggests that
field depression is a general consequence of the activation of the
arousal systems: in our experiments it can be seen in the transi-
tion from inactive to active, exploratory behavioral state. To ad-
dress the question of whether this arousal-induced depression is
influenced by illuminance conditions or object features, we in-
troduced novel objects with different colors (black, white, green)
or shapes (cylindric or square) to nonaroused animals under
daylight conditions (Fig. 4A). On a second occasion, 2 h later, a
presentation of a toy of different color and shape was conducted.
The animals were divided into two groups depending on their
locomotor activation: the aroused group (locomotor activity
�20 cm/min) and nonaroused group (locomotor activity �20
cm/min). The aroused group responded to a novel object expo-
sure with a short-term depression of the field potential, which

lasted as long as the animals demonstrated exploratory behavior.
Where animals were drowsy and not interested in the object
(nonaroused group), no change of FP amplitude occurred (Bon-
ferroni test, p � 0.001, for the first 15 min and p � 0.01 for the
second 15 min of exploration; n � 7).

An important issue was to clarify the nature of oscillatory
activity during short-term depression. Visually induced oscilla-
tions in the gamma-frequency range are associated with brain
states such as arousal and focused attention that support cogni-
tion and learning (Rodriguez et al., 2004), and are relevant to
plasticity processes in rodent visual cortex. Therefore, we in-
duced exploration in a group of animals by introducing a novel
object. Here, arousal-induced short-term depression was associ-
ated with a robust enhancement of gamma activity (Fig. 4B) (t
test, p � 0.001; n � 4). A significant negative correlation (Fig. 4C)
(Pearson, r � �0.647; p � 0.001; n � 7) between FP amplitude
and gamma power occurred. This suggests that coincident
changes in synaptic responsiveness and gamma oscillatory levels
may reflect mechanisms for optimal stimulus feature encoding.

Discussion
Basal synaptic transmission in the visual cortex oscillates between
elevated and depressed levels in association with distinct phases
of the light– dark cycle (Tsanov and Manahan-Vaughan, 2007).
Our results show for the first time that basal synaptic transmis-
sion in the visual cortex is regulated by the combination of activ-
ity phases, intrinsic, light-independent mechanisms, and the re-
cent history of visual experience. We also demonstrate that the
slow-onset elevation of basal synaptic transmission that occurs
after the transition from the dark to the light phase of the light–
dark cycle depends on TrkB activation. Furthermore, we show
that a tight relationship exists between changes in gamma oscil-

Figure 3. Field potential augmentation is mediated through TrkB activation. A, The TrkB antagonist K252a (40 �M) blocks the
onset of FP augmentation when applied at intervals of 20 min (i.c.v.), beginning just before the switch from dark to light in the
light– dark cycle (black dots). Effects are significant when compared with data from the same animals recorded at equivalent
time-points, and under equivalent conditions, in the presence of vehicle, a few days earlier. B, Anti-TrkB IgG1 (1 �g/�l) also
impaired the FP amplitude increase when applied under the same conditions (black dots), compared with control baseline levels
recorded a few days earlier (white dots). C, The effect of anti-TrkB IgG1 infusion was combined with a transient tendency toward
decreased gamma oscillatory activity. *p � 0.05. D, Analogs represent FPs evoked at the points marked in the figures. Calibration:
5 ms, 1 mV. Error bars indicate SEM.
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latory activity and the direction of change in synaptic strength
elicited in the visual cortex.

Our findings support that the visual cortex undergoes natu-
ralistic regulation of synaptic plasticity thresholds. This finding is
an extension of work by others that demonstrated that, for exam-
ple, dark exposure for prolonged periods leads to a shift in the
thresholds for induction of LTP or long-term depression (LTD)
(Kirkwood and Bear, 1994; Kirkwood et al., 1995, 1996). These
findings are also in accordance with the sliding threshold model
of synaptic plasticity in the visual cortex (Bienenstock et al. 1982;
Bear et al. 1987). But what is truly a new insight is that our
findings suggest that the visual cortex is subject to continuous
metaplastic regulation that is determined by the phase of the
light– dark cycle, the circadian phase triggered by this cycle, and
active visual processing occurring at a given moment in time.
These factors appear to be critical in engineering the sliding
threshold that favors LTP or LTD induction, depending on the
behavioral state of the animal.

BDNF and TrkB mRNA undergo diurnal regulation (Bova et
al., 1998). Furthermore, BDNF protein is present in higher con-
centrations in the middle of the light phase, compared with the
middle of the dark phase of the circadian cycle (Pollock et al.,
2001). Our study supports that BDNF plays an important role in
enabling the diurnal fluctuations of basal synaptic transmission.
Inhibiting TrkB delayed the onset of field potential augmentation
that typically occurred after the transition from dark to light
within the 12 h light/dark cycle. In young animals, application of
BDNF shifts the threshold for LTP induction to the left, enhances
weak LTP, and cannot improve maximal LTP elicited by strong
tetanization (Akaneya et al., 1997; Huber et al., 1998). A correla-

tion between BDNF levels and the expres-
sion of LTP and LTD have been demon-
strated, whereby increases in BDNF levels
are associated with LTP induction and de-
creases are linked to LTD (Aicardi et al.,
2004). Together, these findings suggest
that BDNF may favor synaptic potentia-
tion and minimize synaptic depression,
and that changes in BDNF levels may be a
critical factor in the naturalistic fluctua-
tions of synaptic strength that we observed
through the light– dark cycle.

In agreement with field potential stud-
ies in rat neocortex (Kandel and Buzsaki,
1997), our observations suggest that the
visual cortex is not simply a passive re-
ceiver of sensory inputs, but can dynami-
cally amplify oscillatory activity arising in
the thalamus. Moreover, we demonstrate
that visual experience can trigger plasticity
processes, which, although acquired dur-
ing wakefulness, may be consolidated dur-
ing sleep (Steriade, 2000; Timofeev et al.,
2000; Steriade and Timofeev, 2003). In our
experiments, we detected an increase in
30 –100 Hz EEG frequency in the visual
cortex during visual exploration by the an-
imals. Fast rhythms within the gamma-
frequency band (generally 30 – 80 Hz),
which are present in background electrical
activity during the brain-activated states of
waking and REM sleep, are thought to en-
hance temporal coherence of responses

and firing probability of cortical neurons (Steriade, 2000). Dur-
ing theta behavioral states, a prominent enhancement of gamma
oscillations (40 –100 Hz) also occurs. High-frequency oscilla-
tions in cortical structures are believed to provide temporal win-
dows that bind coherently cooperating neuronal assemblies to
enable the representation, processing, storage, and retrieval of
information (Buzsaki et al., 1994). Gamma oscillations have re-
ceived special attention because of their alleged role in sensory
binding (Singer and Gray, 1995; Gray and Singer, 1989), as well as
memory and attentional selection (Fries et al., 2001). For hip-
pocampal circuits, experimentally induced gamma oscillations
produce a prolonged enhancement of recurrent excitatory con-
nections between CA1 pyramidal neurons (Whittington et al.,
1997). In the present study, gamma activity during visual explo-
ration under high-illuminance conditions was associated with a
significant increase of subsequent field potential augmentation,
compared with low-illuminance conditions, in which gamma ac-
tivity was not enhanced. A model consistent with the results of
our study describes how sensory deprivation, for long periods,
shifts the modification threshold (for induction of synaptic plas-
ticity by postsynaptic activity) leftward, favoring induction LTP
in response to synaptic activation of layer 2/3 neurons (Philpot et
al., 2001). Our data suggest that these effects also occur acutely
and play a decisive role in the expression of subsequent plasticity.

Long-term potentiation of field potentials evoked in the pri-
mary visual cortex of adult anesthetized rats was reliably induced
after theta burst stimulation of the dLGN, and was found to
increase the amplitude of visually evoked potentials across a
range of spatial frequencies (Heynen and Bear, 2001). In vivo,
visual cortical neurons are in a steady state of either synaptic

Figure 4. Visual activity parallels gamma oscillations with field potential depression. A, Arousal-induced short-term depres-
sion during high-illuminance conditions using objects of different colors (black, white, green) and shapes (cylindric or square).
Animals were introduced to a toy (signified by a gray or white rectangle), starting at time 0 and for 15 min. Depending on the
arousal state, as reflected by locomotor activity, the animals responded with FP depression (locomotor activity �20 cm/min,
black dots) or with no change of the FP (locomotor activity �20 cm/min, white dots). B, The elevated phase can be interrupted by
exploration-induced arousal (the arrow), coincident with robust augmentation of high-frequency oscillations. Gamma activity
was enhanced during active visual exploration (white rectangle) in correlation with depressed FP amplitude. White dots represent
the FP amplitude; black diamonds represent the relative values of gamma spectral power. C, Analogs represent FPs evoked at the
points marked in the figures. Calibration: 5 ms, 1 mV. The top left trace represents the FP changes in the aroused group (black dots)
before (1) versus during the object presentation (2); the top right trace, FPs in nonaroused group (white dots). D, FP changes
negatively correlate with gamma power in the visual cortex.
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depression or facilitation, which serves as a background to all
additional synaptic inputs (Tsanov and Manahan-Vaughan,
2007). In addition to synaptic potentiation, synaptic depression
and intracortical inhibition have been proposed as mechanisms
that influence the responsiveness of the primary visual cortex
(Carandini et al., 2002). In the visual cortex, short-term synaptic
plasticity, and in particular synaptic depression, is an important
component of the nonlinear temporal dynamics that lead to en-
hancement of responses (Chance et al., 1998). In agreement with
these findings, we detected depression of the field response in the
visual cortex of freely moving rats during exploratory behavior.
Short-term depression on a population level allows activation,
elicited by stimulation of the brainstem reticular formation, to
result in an enhanced sensitivity of single visual cortex neurons to
subtle changes in the firing pattern of its afferents (Abbott et al.,
1997). An important issue was the establishment of a temporal
parallel between the evoked depression and the increase of power
in the gamma band. Gamma oscillations contribute to mainte-
nance of neuronal synchrony in mediating perceptual binding
(Nase et al., 2003) and in enhancing the transmission of sensory
information for higher cognitive processing (Samonds and
Bonds 2005). We demonstrated a significant correlation between
gamma oscillations and field potential depression in arousal-
induced visual responses. Our findings show for the first time
that network oscillatory activity and depression of field potentials
may act synergistically in rodent visual cortex.

This study reports that visual experience in freely behaving
animals under physiological conditions increases field responses
in the visual cortex. Superimposed on an intrinsic, circadian os-
cillation of basal synaptic transmission driven by the light– dark
cycle, active visual exploration shapes the final amplitude of the
cortical field potential. The present results are consistent with the
hypothesis that the adult visual cortex acutely undergoes long-
term synaptic modification in response to sensory stimuli. Our
data suggest that this phenomenon might be mediated through
gamma rhythms in association with short-term field depression,
an arousal-related response that may alter the efficacy of the vi-
sual perception by increasing the signal-to-noise ratio.
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