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Abstract
Binocularity is a key property of primary visual cortex (V1) neurons that is widely used to study synaptic integration in the brain
and plastic mechanisms following an altered visual experience. However, it is not clear how the inputs from the two eyes converge onto binocular neurons, and how their interaction is modified by an unbalanced visual drive. Here, using visual evoked
potentials recorded in the juvenile rat V1, we report evidence for a suppressive mechanism by which contralateral eye activity
inhibits responses from the ipsilateral eye. Accordingly, we found a lack of additivity of the responses evoked independently by
the two eyes in the V1, and acute silencing of the contralateral eye resulted in the enhancement of ipsilateral eye responses in
cortical neurons. We reverted the relative cortical strength of the two eyes by suturing the contralateral eye shut [monocular deprivation (MD)]. After 7 days of MD, there was a loss of interocular suppression mediated by the contralateral, deprived eye, and
weak inputs from the closed eye were functionally inhibited by interhemispheric callosal pathways. We conclude that interocular
suppressive mechanisms play a crucial role in shaping normal binocularity in visual cortical neurons, and a switch from interocular
to interhemispheric suppression represents a key step in the ocular dominance changes induced by MD. These data have important implications for a deeper understanding of the key mechanisms that underlie activity-dependent rearrangements of cortical
circuits following alteration of sensory experience.

Introduction
Binocularity is a key property of visual cortical neurons, which can
be dramatically modiﬁed by an unbalanced visual drive through the
two eyes during an early period of development. Eye preference
changes are typically used as an index of cortical plasticity in the
classic paradigm of monocular deprivation (MD). Indeed, suturing
one eyelid shut in juvenile animals can shift binocularity in favor of
the open eye. In rats, responses of cortical neurons are normally
biased towards the contralateral eye, and early closure of the contralateral eye reverts the cortical strength of the two eyes so that inputs
from the ipsilateral eye become dominant (Fagiolini et al., 1994;
Caleo et al., 1999a; Restani et al., 2009).
It has long been debated how the inputs from the two eyes combine in binocular neurons. Anatomically, in mammals, visual input
from each eye is transmitted ﬁrst to the dorsal lateral geniculate
nucleus through retino-geniculate projections, and then to the primary visual cortex (V1) via the geniculo-cortical pathway. In the
rodent visual system, differently from cats and primates, over 95%
of the retinal ﬁbres cross at the chiasm (Sefton & Dreher, 1995) and
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therefore direct ipsilateral eye input to the V1 is very limited. Nevertheless, the area of the rodent V1 mapping the central part of the
visual ﬁeld is highly binocular, as shown by both visual evoked
potentials (VEPs) and single unit recordings (Gordon & Stryker,
1996; Caleo et al., 1999b; Coleman et al., 2009).
It remains controversial how such a high degree of binocular
responses is established in the rodent V1. Addressing this question
is important for the interpretation of changes in eye preference following an altered visual experience. On one side, anatomical analyses in mice have suggested that the relative magnitude of the
contralateral retino-thalamic projection is reduced between the retina
and cortex by a convergence of its inputs at the level of the geniculate. In this view, the relative density of feed-forward dorsal lateral
geniculate nucleus inputs would be sufﬁcient to determine the ratio
of contralateral-to-ipsilateral eye responses in the mouse V1 (Coleman et al., 2009). Conversely, physiological studies based on acute
inactivation of callosal or retino-thalamic pathways in rats and mice
have established a role for callosal pathways in providing binocularity to cortical neurons (Diao et al., 1983; Restani et al., 2009; Cerri
et al., 2010; Pietrasanta et al., 2012; Zhao et al., 2013). These data
are consistent with callosal terminals being particularly concentrated
in the V1 area mapping the vertical meridian, i.e. the region of highest binocularity (Mizuno et al., 2007; Restani et al., 2009).
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Pioneering electrophysiological experiments to investigate how
the two eye inputs combine in binocular neurons have been performed during depth perception studies in cats, but yielded contradictory results. Some neurons showed additivity between
responses evoked through the two eyes, whereas others displayed
inhibitory interactions (Pettigrew et al., 1968; Bishop et al., 1971;
Ferster, 1981). In mice, two studies aimed at describing binocular
interactions in V1 neurons have been recently published, and
show with intracellular recordings that binocular inputs to layer 2/
3 pyramidal neurons are integrated sublinearly in an amplitudedependent manner (Longordo et al., 2013; Zhao et al., 2013). In
humans, functional magnetic resonance imaging measurements during dichoptic stimulation (Moradi & Heeger, 2009) suggest that
activity in the V1 is highly regulated by suppressive mechanisms
that prevent excessive excitation in response to doubling the input
during binocular vision. Thus, the authors propose a model of
contrast normalisation explained by suppressive binocular interactions in the V1 (Moradi & Heeger, 2009). Here, we address how
inputs from the two eyes are combined in the juvenile rat visual
cortex, and how integration of these inputs changes as a result of
a period of MD.

Materials and methods
Animal treatment
Long-Evans juvenile [postnatal day (P)20-P31] rats and juvenile
(P28-P35) C57BL/6J mice were used in this study. Animals were
reared in a 12 h light/dark cycle, with food and water available
ad libitum [At the end of the experiment animals were killed with
an overdose of urethane (20% solution in saline, i.p.; Sigma)]. All
experimental procedures conformed to the European Communities
Council Directive no. 86/609/EEC, and were approved by the Italian
Ministry of Health.
The number of animals used for each experiment is indicated in
the ﬁgures. After surgery, ophthalmic antibiotic (when needed) and
paracetamol were administered.
Monocular deprivation was performed at P21 by eyelid suture
under isoﬂurane or avertin [1.25% w/v Tri-Br-Ethanol (SigmaAldrich, Milan, Italy) in 2.5% v/v tertiar-amyl alcohol (Baker,
Milan, Italy) in water] anesthesia. The MD animals were carefully
inspected every day to make sure that the lid suture remained intact.
In-vivo extracellular electrophysiology
P27-P31 rats were anesthetised with urethane (8 mL/kg; 20% solution in saline, i.p.; Sigma) and placed in a stereotaxic apparatus.
Both eyes were ﬁxed by means of adjustable metal rings surrounding the external portion of the eye bulb, and optic disk locations
were projected onto a tangent screen to determine the vertical meridian. Body temperature during the experiments was constantly monitored with a rectal probe and maintained at 37 °C with a heating
blanket. The electrocardiogram was also continuously monitored. A
portion of the skull overlying the binocular visual cortex was carefully drilled and the dura was removed. A glass micropipette
(2 MΩ) ﬁlled with NaCl (3 M) was inserted into the binocular portion of the V1 (coordinates: 4.5–4.7 mm lateral and in correspondence with lambda).
For VEP recordings, the electrode was typically positioned at a
depth of 150 lm within the cortex, where the positive electroencephalographic deﬂection triggered by visual stimulation had its
maximal amplitude. In most animals, recordings were also per-

formed at a depth of 400 lm and yielded the same results (Restani
et al., 2009; Cerri et al., 2010).
Visual evoked potentials were recorded in response to abrupt
reversal of a horizontal square wave grating (0.07 cycles/degree,
90% contrast, 1 Hz), generated by a computer on a display (Sony)
by a VSG card (Cambridge Research System). The display was
positioned in front of the rat’s eyes to include the binocular visual
ﬁeld. Signals were ampliﬁed (10 000 fold), bandpass-ﬁltered (0.1–
500 Hz) and fed to a computer for storage and analysis. At least 50
events were averaged in synchrony with the stimulus contrast reversal. VEPs in response to a blank stimulus were also frequently
recorded to estimate noise. Transient VEPs were evaluated in the
time domain by measuring the peak to trough amplitude of the
major positive (for superﬁcial recordings) or negative (for deep
recordings) component. Transient VEPs were recorded binocularly
and for each eye, occluding the other eye with a black patch during
the acquisition. Eye stimulation was randomised across trials.
Binocularity in naive and MD animals was measured in the V1
as the ratio between VEPs evoked by the contralateral and
ipsilateral eye (C/I ratio). The C/I ratio was measured at 150 and
400 lm of cortical depth and averaged for each penetration. Typically, three penetrations were performed and averaged per each
animal. Latency of the major component of the response was
measured by stimulating the contralateral eye with 15% contrast
and ipsilateral eye with 30% contrast to obtain a C/I ratio  1.
Intracortical injections
Unilateral stereotaxic injections of muscimol (1 lL, 30 mM) or
saline (0.9% NaCl) were made into the right V1 of P27-P31 rats
during in-vivo electrophysiology experiments (urethane anesthesia,
8 mL/kg; 20% solution in saline, i.p.; Sigma). A portion of the
skull overlying the binocular visual cortex was carefully drilled
before starting electrophysiological measurements, and the dura
was left intact. The coordinates were as follows: 4.5–4.7 mm lateral and in correspondence with lambda, and great care was taken
in injecting at the same coordinates as used for recording on the
opposite side.
Injections were performed by means of a back-ﬁlled glass pipette
(40 lm tip diameter) mounted on a three-axis micromanipulator and
connected with a Polyethylene tube to a syringe. The solution was
slowly delivered at a depth of 0.6–1 mm from the pial surface. After
muscimol delivery, we waited 40 min before resuming the measurement of binocularity.
Intravitreal eye injections
Eye injections of tetrodotoxin (TTX) (1 lL of a 3 mM solution;
Sigma) or saline (0.9% NaCl) were performed during in-vivo electrophysiology experiments (urethane anesthesia, 8 mL/kg; 20% solution in saline, i.p.; Sigma) by means of a handheld backﬁlled glass pipette (40 lm tip diameter) connected with a PE tube
to a Hamilton microsyringe. Eyes were ﬁxed by means of adjustable
metal rings surrounding the external portion of the eye bulb. The
pipette was inserted at the ora serrata avoiding blood vessels, in correspondence to the temporal portion of the eye, and the solution
slowly delivered into the vitreous. In 5 min, a single TTX injection
was sufﬁcient to induce a tonic dilation of the pupil and loss of the
direct pupillary reﬂex to eye illumination, conﬁrming the silencing
of retinal ganglion cell activity (see Caleo et al., 1999a). The efﬁcacy of the TTX injection was conﬁrmed by the loss of visually
evoked responses through the injected eye.
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In-vivo whole-cell recordings
Four-week-old C57BL/6J mice were used. Animals were anesthetised with urethane (8 mL/kg; 20% solution in saline, i.p.) and
placed in a stereotaxic apparatus. Betamethasone (0.05 mL per
mouse, i.m.) was injected to prevent cortical and mucosal edema,
and artiﬁcial tears were used to protect the cornea. Body temperature
during the experiments was constantly monitored with a rectal probe
and maintained at 37 °C with a heating blanket.
The skull was exposed and the bone above the V1 was carefully
drilled. Before opening the craniotomy, a small dental cement (Paladur) crown was performed at the borders of the skull to create a
small bath and to keep the cortical surface always covered by physiological solution (0.9% NaCl). After preparing the recording pipettes, a small rectangular craniotomy (about 500 9 300 lm) was
cut in the bone with a surgical blade above the binocular portion of
the V1, identiﬁed by optical imaging measurements (see Iurilli
et al., 2012a).
Borosilicate patch pipettes (6–8 MΩ, 1 lm tip, 2 mm outer diameter, without ﬁlament) ﬁlled with intracellular solution (135 mM
K-gluconate, 10 mM HEPES, 10 mM Na phosphocreatine, 4 mM
KCl, 4 mM ATP-Mg, 0.3 mM GTP, pH 7.2, 291 mOsm osmolarity)
were lowered with a 30° inclination to the pia applying ~300 mmHg
of positive pressure until the layer of interest was reached (Margrie
et al., 2002). At that point, the positive pressure was lowered to
30 mmHg, and cells were searched for in voltage-clamp mode. On
approaching a cell, the pressure was relieved and light suction was
applied to allow gigaseal formation. A small suction usually led to
whole-cell conﬁguration. The membrane potential signal and its
responses to visual stimulation were low-pass ﬁltered at 10 kHz,
digitised at 20 kHz and acquired using the program Patchmaster
(HEKA). No holding current was used.
Visual stimulation
The screen was positioned at 30 cm from the mouse eyes and 1 s of
baseline was acquired before and after the stimulus appearance. The
stimulus presentation lasted for 1 s [drifting grating, 0.05 cycles/
degree; contrast 90%, of different directions (every 90°)]. Responses
were recorded binocularly and for each eye, covering the other eye
with a motorised black occluder during the acquisition. Eye stimulation was randomised across trials. Sweeps were averaged over 20
presentations. Each stimulus direction was presented to the ipsilateral eye, contralateral eye and with both eyes open.
Analysis of visual responses
Data were analysed using custom-made software written in MatLab
(Iurilli et al., 2012b). For the analysis of subthreshold responses,
action potentials were truncated using linear interpolation and
sweeps were averaged. For driﬁtng gratings, the postsynaptic potential amplitude was computed with respect to the mean membrane
potential during the interstimulus period.
Statistical analysis
Statistical analysis was performed with SIGMAPLOT (version 11.0; Systat Software Inc., San Jose, CA, USA). A paired t-test was used for
all comparisons of the C/I ratios or the absolute VEP amplitudes
before and after activity blockade, as measurements were taken from
the same animal before and after silencing. The null hypothesis was
that activity blockade produced no change in the measured parame-

ters. Similarly, a paired t-test was used for the comparison of the
peak VEP latencies measured in the same animal for the contralateral and ipsilateral eye. A parametric paired t-test was used as the
observed treatment effects were normally distributed. We used the
Mann–Whitney rank sum test to compare absolute VEP amplitudes
before and after muscimol in naive animals. The same test was
applied to assess the variations in VEP amplitudes for each eye in
naive and MD animals. The Mann–Whitney rank sum test was
employed as the samples were not drawn from normally distributed
populations with the same variances. Differences between three or
more groups were evaluated with one-way ANOVA, followed by the
Holm–Sidak test. Differences in contrast response curves were
analysed by two-way repeated-measures ANOVA followed by the
Holm–Sidak method. Normality of the distributions was assessed
with a Kolmogorov-Smirnov test. All data in the text and ﬁgures are
presented as mean  SEM (level of signiﬁcance, P < 0.05).

Results
Role of the callosum in binocularity
We ﬁrst used VEPs to test whether the corpus callosum was
involved in determining binocularity in naive young rats. VEPs are
an integrated measurement of postsynaptic extracellular potentials in
response to patterned stimuli, and are routinely used to asses
changes in binocularity (Porciatti et al., 1999; Frenkel & Bear,
2004; Sale et al., 2007; Maya Vetencourt et al., 2008; Cerri et al.,
2010).
We probed eye preference before and after acute inactivation of
the callosal input to the binocular portion of the V1, in correspondence to the cortical representation of the vertical meridian. Inactivation of the callosal input was performed by a single intracortical
injection of muscimol, a GABAA agonist, in the hemisphere opposite to the recording site. Eye preference was measured as the C/I
ratio.
The VEP ratio in naive juvenile rats (P28; n = 13) was C/I = 1.6
( 0.07 SEM), indicating a cortical preference towards the contralateral eye. Saline injection in the opposite visual cortex did not
affect eye preference in naive animals (n = 5, paired t-test, t4 =
0.272, P = 0.799, Fig. 1A and C). However, silencing callosal communication resulted in a robust shift in eye preference in favor of
the contralateral eye, increasing the C/I ratio from 1.6 to 2.45
(n = 8, paired t-test, t7 = 3.801, P = 0.007, Fig. 1B and D).
The increase in the C/I ratio could be due to either an increase
in contralateral eye-driven responses or a decrease in ipsilateral eyedriven responses. The analysis of absolute VEP responses shows
that the shift in binocularity observed after interhemispheric silencing is due to a selective decrease of ipsilateral eye-driven responses
(contralateral eye VEP amplitude before muscimol vs. after muscimol: n = 7, Mann–Whitney rank sum test, P = 0.985, Fig. 1B and
E; ipsilateral eye VEP amplitude before muscimol vs. after muscimol: n = 7, Mann–Whitney rank sum test, P < 0.001, Fig. 1B and
E). These results concur with previous ﬁndings (Restani et al.,
2009; Cerri et al., 2010; Zhao et al., 2013) to indicate that the
callosal pathway carries signiﬁcant ipsilateral eye input to cortical
neurons.
Longer latency of ipsilateral eye responses
If the callosal pathway relays mainly ipsilateral eye inputs to the
cortex, the latency of the responses evoked by the ipsilateral eye
should be higher than those of the contralateral eye, due to the
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Fig. 2. (A) Representative VEPs through the contralateral (contra eye) and
ipsilateral (ipsi eye) eye. Responses were elicited after adjusting the stimulus
contrast to obtain a C/I ratio  1. The dashed lines are in correspondence to
the peak latency of each response. (B) Quantiﬁcation of the peak latency for
both eyes shows that the latency of the ipsilateral eye is signiﬁcantly greater
than that of the contralateral eye (n = 5, paired t-test, **P = 0.006). Data are
mean  SEM.

E

Fig. 1. Representative VEPs recorded before and after intracortical injection
(inj) of saline (A) or muscimol (musc) (B) into the visual cortex opposite to
the recording site. C/I ratio before and after acute injection of saline (C) or
muscimol (D) into the visual cortex opposite to the recording site. Saline
injection has no effect on cortical binocularity, whereas after muscimol injection there is a robust increase in the C/I ratio, indicating a shift in binocularity in favor of the contralateral eye (n = 8, paired t-test, **P = 0.007). (E)
VEP amplitudes for each eye before and after muscimol injection in the
visual cortex opposite to the recording site (n = 7, Mann–Whitney rank sum
test, ***P < 0.001). Data are mean  SEM.

substantial interhemispheric component. To test this hypothesis,
we measured the peak latency of VEPs evoked through the contralateral and ipsilateral eye, after adjusting the contrast of the
stimuli presented to the two eyes to obtain a C/I  1. Speciﬁcally, the contrast presented was 15% for the contralateral eye
and 30% for the ipsilateral eye. In this condition, the population
of neurons activated by the two eyes is roughly the same, and
any possible confounding factor in the latency measurement is
minimised.
As shown in Fig. 2A and B, the latency of the VEP responses
was consistently greater for the ipsilateral than for the contralateral
eye (n = 5, paired t-test, t4 = 5.394, P = 0.006, Fig. 2B). These data
are consistent with the ipsilateral eye input having a substantial
callosal component, thus adding a delay reﬂected in longer response
latencies.
Lack of additivity of single eye responses in naive juvenile
animals
The different latencies of contralateral and ipsilateral eye inputs may
predict a lack of additivity between responses from the two eyes in
the V1. To study response additivity, we recorded VEPs in three
conditions: through both eyes (binocularly), through the contralateral
eye or through the ipsilateral eye.

We calculated the sum of the responses evoked independently by
the two eyes (contralateral eye + ipsilateral eye) and compared it
with the response evoked with the two eyes open (binocularly). The
ﬁrst set of experiments was performed at near the maximal contrast
(90%). We found that the sum of the two separate responses was
always greater than the response evoked binocularly (n = 7, paired
t-test, t6 = 7.286, P < 0.001, Fig. 3A), indicating a lack of additivity between the responses of the two eyes.
To rule out the possibility that the lack of additivity was due to a
ceiling effect, we repeated the same experiment presenting the stimulus at different contrasts. The lack of additivity of the two eye
responses persisted when the stimulus was presented across a range
of contrasts (10%, 30% and 90%), indicating that it was not solely
the result of response saturation at high contrast (n = 6; two-way
repeated-measures ANOVA, df = 2, followed by the Holm–Sidak test;
Fig. 3B). However, sublinear integration of binocular responses was
maximal at 90% contrast (P < 0.001; Fig. 3B).
To further explore the lack of additivity, we performed intracellular recordings of single neurons with in-vivo patch-clamp in voltage-follower mode. We measured the postsynaptic potential of
pyramidal neurons in layers 2/3 (<400 lm depth from the cortical
surface) during visual stimulation with gratings drifting in four different directions (0°, 90°, 180° and 270°). We measured the peak
of the response evoked by the preferred direction for each cell.
Responses were recorded through both eyes (binocularly), the contralateral eye or the ipsilateral eye (Fig. 3C and D). The sum of
the responses evoked independently by the two eyes was always
greater than the responses evoked binocularly for each cell (eight
cells, n = 6 mice, paired t-test, t7 = 2.369, P < 0.05, Fig. 3D).
These results conﬁrm the lack of additivity demonstrated above
with VEP recordings.
Contralateral eye inactivation reveals interocular suppression
on ipsilateral eye responses
The lack of additivity of single eye responses is consistent with sublinear integration of binocular inputs in cortical neurons and interocular suppressive interactions mediated by intracortical GABAergic
inhibition (Sengpiel, 2005; Saenz & Fine, 2010; Longordo et al.,
2013; Zhao et al., 2013). To directly test the hypothesis of interocular suppression, we measured the amplitude of VEPs evoked
through each eye before and after TTX inactivation of the other eye
in naive juvenile rats (n = 23).
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Fig. 3. (A) Normalised VEP amplitudes recorded in the V1 (90% contrast) following binocular (BIN), contralateral eye (CONTRA) and ipsilateral eye (IPSI)
stimulation. The sum of the responses evoked independently by the two eyes is shown in the CONTRA + IPSI column. Note that the CONTRA + IPSI sum is
signiﬁcantly higher than the response evoked with the two eyes open (BIN) (n = 7, paired t-test, ***P < 0.001). Data are mean + SEM. (B) Amplitude of the
BIN and CONTRA + IPSI (C+I) responses across a range of contrasts. Note that the C+I sum is always greater than the response evoked binocularly at
every contrast, indicating that lack of additivity is not due to contrast saturation (n = 6, two-way repeated-measures ANOVA followed by the Holm–Sidak method,
***P < 0.001, *P < 0.05). Data are mean  SEM. (C) Examples of intracellular subthreshold visual responses to BIN, CONTRA and IPSI eye stimulation in a
layer 2/3 neuron in a naive mouse. Resting membrane potential = 70 mV. The stimulus grating drifts for 1 s in the visual ﬁeld. (D) In-vivo voltage follower
patch-clamp measurements of membrane potential peaks evoked by visual stimulation. Membrane potentials of V1 pyramidal neurons were recorded during
stimulation with drifting gratings at the preferred directions. The stimulus was presented with the two eyes open (BIN), or presented to the contralateral eye
alone (CONTRA) or the ipsilateral eye alone (IPSI). The sum of the responses evoked independently by the two eyes is shown in the CONTRA + IPSI column.
Note that the CONTRA + IPSI sum is signiﬁcantly higher than the response evoked with the two eyes open (BIN) (n = 8 cells, six mice, paired t-test,
*P < 0.05). Data are mean  SEM.

We found that intravitreal delivery of control saline solution
(n = 5) had no effect on the responses evoked by either eye in the
V1. Acute inactivation of the ipsilateral eye by TTX injection
(n = 6) also had no impact on contralateral eye VEP responses.
Interestingly, ipsilateral eye responses were greatly enhanced after
injection of the contralateral eye with TTX (n = 7), as shown by the
representative VEP traces in Fig. 4A and quantiﬁed in Fig. 4B (oneway ANOVA followed by the Holm–Sidak test, F3,19 = 5.932,
P = 0.005). These data provide, for the ﬁrst time, direct evidence
for the presence of interocular suppression onto ipsilateral eye
responses due to the contralateral eye activity.
Monocular deprivation triggers a switch from interocular to
interhemispheric suppression
We next investigated whether experience-induced alterations in the
relative cortical strength of the two eyes impact onto interocular
suppressive mechanisms. We imposed a 7 days period of monocular vision (MD, from P21 to P28) and, as expected, contralateral
eye VEP responses were much reduced in favor of the ipsilateral
eye after MD (Mann–Whitney rank sum test, P = 0.002, Fig. 5A).
We then measured the amplitude of VEPs evoked through the

deprived contralateral eye and through the open ipsilateral eye
before and after saline or TTX injection in the other eye. We
found that contralateral eye inactivation with TTX no longer
unmasked ipsilateral eye responses after 7 days of MD (n = 10,
paired t-test, t9 = 0.659, P = 0.526, Fig. 5B and E). This is
consistent with a loss of control of cortical inhibition by contralateral, deprived eye afferents (Iurilli et al., 2013; Ma et al.,
2013).
We next asked whether inputs from the ipsilateral open eye
acquired the ability to suppress weak responses from the contralateral, deprived eye after a period of MD. Potentially this could
occur via either the thalamo-cortical pathway or callosal route. To
distinguish between these two possibilities, we recorded contralateral eye VEPs before and after inactivation of either the ipsilateral
eye or the opposite (ipsilateral eye-dominated) visual cortex. Surprisingly, TTX injection into the ipsilateral eye did not unmask
contralateral eye responses (n = 15; paired t-test, t14 = 1.486,
P = 0.159, Fig. 5C and E). On the contrary, acute silencing of
callosal communication with muscimol delivery in the opposite
hemisphere led to the enhancement of contralateral eye VEPs
(n = 6; paired t-test, t5 = 3.236, P = 0.023, Fig. 5D and E). This
is reﬂected in a signiﬁcant increase of the C/I ratio after muscimol
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Fig. 4. (A) Representative VEPs recorded before and after TTX eye inactivation. Note that contralateral (CONTRA) eye VEPs are not affected by ipsilateral (IPSI) eye inactivation, whereas IPSI eye responses are greatly
enhanced after CONTRA eye silencing. (B) Quantiﬁcation of VEP responses
after TTX/saline (SAL) eye injection (inj). Responses are normalised to the
baseline preinjection VEP amplitude. Note that intravitreal injection of saline
has no effect on VEP responses. Similarly, the CONTRA eye VEP amplitude
is not impacted by TTX inactivation of the IPSI eye (TTX ipsi eye). On the
contrary, IPSI eye responses are signiﬁcantly enhanced after CONTRA eye
TTX silencing (TTX contra eye). One-way ANOVA followed by the Holm–Sidak test, **P = 0.005. Data are mean  SEM.

injection (n = 11; paired t-test, t10 = 7.069, P < 0.001, Fig. 5F).
Altogether, these data demonstrate a loss of interocular suppression
mediated by the contralateral, deprived eye and the concurrent
masking of weak inputs from the closed eye by the callosal pathway after 7 days of MD in juvenile rats.

Discussion
Changes in binocularity are widely used to test the cortical sensitivity to manipulations of visual experience, and rodents represent the
model of election for such investigations. It is therefore very important to determine how a high degree of binocularity (C/I ratio ~ 2 in
the central visual ﬁeld) is achieved in these animal species, despite
an almost complete decussation of retinal ﬁbers at the chiasm (Sefton & Dreher, 1995).
Surprisingly, the origin of binocularity in the visual cortex is
still debated. On the one hand, Coleman et al. (2009) have provided anatomical evidence that the high degree of binocularity in
the V1 can be accounted for solely by the relative magnitude of
each eye’s output from the binocular segment of the geniculate.
On the other hand, electrophysiological experiments suggest that
interhemispheric projections, in addition to thalamic inputs, could
inﬂuence binocularity in V1 neurons (Diao et al., 1983; Restani
et al., 2009; Cerri et al., 2010; Pietrasanta et al., 2012; Zhao
et al., 2013).
Here, using VEPs, we have conﬁrmed the key role for the callosum in providing ipsilateral eye inputs to cortical neurons. This is in
keeping with extracellular and intracellular recordings of single cells

showing that acute silencing of callosal communication signiﬁcantly
reduces the strength of the responses from the ipsilateral eye in rats
and mice (Restani et al., 2009; Zhao et al., 2013).
Consistent with a role for the callosum in eye preference, interhemispheric projections are particularly concentrated in the cortical
area of highest binocularity, i.e. the V1/V2 border that maps the vertical meridian of the visual ﬁeld (Gordon & Stryker, 1996; Caleo
et al., 1999b; Mizuno et al., 2007). Indeed, silencing of interhemispheric communication affects binocularity only at the V1/V2 border, but not in more medial areas of the V1, which are virtually
devoid of callosal input (Mizuno et al., 2007; Restani et al., 2009).
The ﬁnding is also in agreement with the present data describing
the longer latency of ipsilateral eye responses in the visual cortex
(see Fig. 2). Experiments on VEP latency were carried out so as to
evoke the same postsynaptic activity following stimulation of each
eye, thus ruling out the possibility that the normal greater strength
of contralateral eye inputs might bias the latency measurement.
The longer peak latency of the major positive VEP component
elicited by the ipsilateral eye is consistent with a wave of excitation
carried by interhemispheric projections, which is delayed with
respect to the thalamo-cortical volley. The contribution of interhemispheric pathways to ipsilateral eye responses in the visual cortex
could be a speciﬁc property of the rodent visual system, which
allows a high degree of binocularity despite the massive decussation
of retinal ﬁbers at the chiasm. The callosal origin of this late excitation is conﬁrmed by the observation of a shift of the peak latency of
VEP responses following acute thalamic inactivation. This manipulation also abolishes the difference in peak latency between the ipsilateral and contralateral eye (Cerri et al., 2010).
From recordings in naive animals we also report a lack of additivity between the responses evoked through the ipsilateral and contralateral eye. This was not solely the result of response saturation, as
it was observed across a range of contrasts. We showed a lack of
additivity with both extracellular VEP recordings in rats and in-vivo
intracellular recordings in mice. Recent results indicate that conductance measurements obtained with intracellular recordings in vivo
provide similar results in the two species (Iurilli et al., 2013; Ma
et al., 2013).
Our observations are in keeping with two recent articles that
showed that binocular inputs to layer 2/3 pyramidal neurons are
integrated sublinearly (Longordo et al., 2013; Zhao et al., 2013)
Sublinear integration could occur presynaptically or postsynaptically.
Voltage-clamp data from Longordo et al. (2013) provide evidence
for the linear integration of both excitatory and inhibitory currents
in layer 2/3 pyramids, suggesting a postsynaptic origin of the sublinear integration. Interestingly, our results and those of Longordo
et al. (2013) concur in indicating that the sublinear integration of
binocular responses is greatest at high contrasts.
Consistent with a role for inhibition in sublinear integration, animals lacking the GABA biosynthetic enzyme glutamic acid decarboxylase 65 (and consequently compromised GABAergic inhibition)
show more additivity between the responses of the two eyes. The
lack of additivity is restored by pharmacologically increasing intracortical inhibition with Diazepam (Zhao et al., 2013).
The lack of additivity that emerges from these ﬁndings is consistent with functional magnetic resonance imaging data obtained in
humans by Moradi & Heeger (2009). They reported a complete failure of additivity for high-contrast stimuli with the same orientation
in human V1. They showed that V1 responses to binocular stimulation can be explained by a normalisation model that assumes mutual
suppression between the eyes, i.e. activity from each eye reduces
the gain for the other eye. Without this mutual suppression, binocu-
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Fig. 5. (A) Mean amplitudes of VEP responses for the contralateral and ipsilateral eye in naive and MD rats. Note depression of contralateral eye-driven
responses and potentiation of ipsilateral eye inputs following MD (Mann–Whitney rank sum test, **P = 0.002, ***P < 0.001). (B and C) Representative VEPs
of MD animals before and after TTX eye inactivation. Closed symbol, deprived eye; open symbol, non-deprived eye. Note that contralateral (CONTRA) eye
VEPs are not affected by ipsilateral (IPSI) eye inactivation (B), and nor are IPSI eye responses enhanced after CONTRA eye silencing (C), demonstrating the
loss of interocular suppression after MD. (D) Representative contralateral eye VEPs of MD animals before and after muscimol (MUSC) inactivation of the
opposite V1. Note enhanced CONTRA eye responses after muscimol injection (inj). (E) Quantiﬁcation of VEP responses after TTX/MUSC injection in MD animals. Responses are normalised to the baseline preinjection VEP amplitude. Note that VEP amplitudes are not impacted by TTX inactivation of the opposite
eye. Muscimol inactivation of the IPSI, open eye-dominated cortex (MUSC opposite V1) results in a signiﬁcant enhancement of CONTRA eye responses
(n = 6, paired t-test, *P = 0.023). (F) C/I ratio of MD animals before and after muscimol inactivation of the IPSI, open eye-dominated cortex. The dashed lines
indicate the range (mean  1 SEM) of the C/I ratio in naive rats. Note the very signiﬁcant recovery of binocularity (paired t-test, ***P < 0.001). Data are mean
 SEM.

lar stimuli would double the excitatory drive in cortical neurons
(Moradi & Heeger, 2009).
To directly test the hypothesis of interocular suppression in the
visual cortex, we measured the VEP amplitude evoked by each eye
before and after TTX inactivation of the other eye. TTX is a sodium
channel blocker commonly used to abolish cell ﬁring in the retina
(Caleo et al., 1999b; Iurilli et al., 2012a). Our data demonstrate that
the contralateral eye responses are not affected by TTX injection in
the ipsilateral eye. Interestingly, TTX injection in the contralateral
eye led to a signiﬁcant increase in ipsilateral eye-driven responses.
Saline control injections had no effect on the VEP amplitude of both
eyes. These data demonstrate that contralateral eye activity exerts a
functional inhibition onto ipsilateral eye evoked responses.
Another example of mutual suppression between sensory afferents
to the cortex has been provided by Kelly et al. (1999) in the

somatosensory system of rats. The authors report that acute whisker
removal leads to a substantial decrease in unit activity in the corresponding barrel, and results in a paradoxical increased discharge in
neighboring columns. Thus, the net effect of adjacent whiskers is
normally inhibitory in the somatosensory cortex.
The increase of ipsilateral eye responses observed after acute
silencing of the contralateral eye (but not vice versa) may be
explained by a substantial release of GABAergic inhibition on cortical neurons. Indeed, retino-thalamic inputs from the contralateral,
dominant eye are likely to powerfully activate inhibitory cells in the
V1, as demonstrated in the somatosensory cortex by Connors et al.
(Cruikshank et al., 2007), whereas the relatively small contingent of
retino-thalamic ﬁbers representing the ipsilateral eye would be
unable to do so. This explanation is consistent with the greater
inhibitory input strength carried to layer 4 neurons by the contralat-
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eral vs. ipsilateral eye in mice (Ma et al., 2013). It is also consistent
with the typical contralateral eye dominance of inhibitory neurons in
the visual cortex (Gandhi et al., 2008; Mainardi et al., 2009; Kameyama et al., 2010), with the possible exception of fast-spiking
cells (Yazaki-Sugiyama et al., 2009; Kuhlman et al., 2013).
Another possible explanation for the selective enhancement of
ipsilateral (but not contralateral) VEP responses following inactivation of the other eye relates to the fact that ipsilateral eye inputs
have a substantial callosal component. Thus, when delayed callosal
inputs from the ipsilateral eye arrive at the cortex via the callosum,
they could be shunted by inhibitory currents triggered though thalamic afferents representing the contralateral eye. Silencing the contralateral eye could remove this inhibition, thus allowing greater
ipsilateral eye responses.
It might not be sufﬁcient to prevent pattern vision through the
contralateral eye to obtain this removal of contralateral eye-driven
suppression. Indeed, spontaneous activity in the contralateral retina
might be sufﬁcient to drive intracortical interneurons through geniculo-cortical afferents. Instead, silencing retinal activity with TTX
injection into the contralateral eye has been shown to signiﬁcantly
decrease cell ﬁring in the dorsal lateral geniculate nucleus of
anesthetised animals (Linden et al., 2009), thus reducing afferent
geniculo-cortical input below the level required for activation of intracortical interneurons (Kapfer et al., 2007).
In juvenile animals, the natural contralateral eye bias of the visual
cortex can be reverted with the classic paradigm of MD. Suturing
one eyelid shut for 7 days shifts the ocular dominance in favor of
the open eye, with signiﬁcant depression of closed eye responses
and concomitant slow increase in open eye cortical strength (Frenkel
& Bear, 2004). The mechanisms underlying this shift and the possible role of inhibition are still highly debated (Yazaki-Sugiyama
et al., 2009; Khibnik et al., 2010; Levelt & Hubener, 2012; Kuhlman et al., 2013; Ma et al., 2013).
Here, we asked whether the contralateral eye-mediated interocular
suppression was retained after modifying the relative eye strength
with MD. We found that interocular suppression onto ipsilateral eye
responses was lost after 7 days of MD. This is consistent with the
remarkable loss of inhibitory input strength carried by the deprived
eye to pyramidal neurons (Iurilli et al., 2013; Ma et al., 2013),
which in turn might be due to the loss of contralateral eye drive
onto inhibitory interneurons after prolonged MD that has been
observed by several investigators (Gandhi et al., 2008; Yazaki-Sugiyama et al., 2009; Kameyama et al., 2010; Kuhlman et al., 2013).
Indeed, after MD, the decrease in cortical responsiveness to
deprived eye stimulation could be sufﬁcient to prevent the activation of inhibitory interneurons, occluding the effect of TTX eye
silencing.
Surprisingly, this suppressive ability was not directly transferred
to the open ipsilateral eye. Indeed, acute silencing of the ipsilateral,
open eye had no signiﬁcant effect on contralateral eye VEP
responses. This could be due to the limited potentiation of open,
ipsilateral eye spiking responses in layer 2/3 pyramids following
MD (Medini, 2011). Previous data on the somatosensory cortex
indicate that there is a supralinear recruitment of interneurons (speciﬁcally, somatostatin-positive cells) by pyramidal cell spiking
activity (Kapfer et al., 2007). Thus, despite some potentiation of
spike responses, ipsilateral eye afferents may be unable to attain a
critical threshold of excitatory drive to GABAergic cells that
matches that provided by the contralateral eye in control, undeprived animals.
A robust unmasking of closed eye responses could instead be
observed after acute silencing of the hemisphere opposite to the

Fig. 6. Proposed diagram of V1 circuits in naive (upper panel) and MD
(lower panel) rats. The major inputs to a pyramidal neuron (triangle) are
illustrated. These include thalamic afferents (carrying both contralateral and
ipsilateral eye inputs) and trans-callosal connections (mainly ipsilateral eyedriven). Intracortical interneurons (circles) can be activated by inputs coming
from both pathways (green interneuron) or by inputs coming exclusively
from one of the two routes (yellow and purple interneurons). The size of the
terminals indicates the relative synaptic strength. In naive animals (upper
panel), the strong thalamic activation (asterisk) of intracortical interneurons,
mediated by contralateral eye afferents, may suppress the delayed callosal
ipsilateral eye input. Indeed, the inactivation of the contralateral eye results
in stronger responses evoked by ipsilateral eye stimulation. This is consistent
with the observed interocular suppression in the rat V1. In MD animals
(lower panel), we propose a potentiation of callosal synapses (asterisk)
impinging onto inhibitory interneurons, thus switching the control of intracortical inhibition from the contralateral eye-driven thalamic ﬁbers to the
ipsilateral eye-driven callosal afferents. This model can explain the loss of interocular suppression, and the emergence of interhemispheric suppression
after MD. Note also the occurrence of potentiation of ipsilateral eye-related
thalamic inputs, which could be inferred indirectly by our ﬁndings (see
Fig. 5F). Interneuron types contacted by both callosal and thalamic pathways
(green circles) could correspond to parvalbumin-positive cells (Martin et al.,
1983; Sugiyama et al., 2008). Interneurons contacted only by either callosal
or thalamic afferents could be neurogliaform cells (light yellow circle) (Palmer et al., 2012) or somatostatin-positive cells (purple circle) (Cruikshank
et al., 2007). For simplicity, we have highlighted changes in synaptic
strength only at the level of the interneuron shared between callosal and thalamic pathways.

recording site, where the ipsilateral open eye is dominant. These
ﬁndings indicate that a switch from interocular to interhemispheric
suppression occurs after MD, with callosal afferents acting to mask
deprived eye responses. Thus, response depression after MD can be
attributed, at least in part, to callosal pathways (Restani et al.,
2009). One might wonder how this result can be reconciled with the
lack of unmasking following open eye silencing. One possibility is
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that the callosal drive of cortical inhibition is retained even in the
absence of direct open eye input, and released only after local cortical silencing.
It is interesting to note that acute inactivation of callosal input
produces a signiﬁcant enhancement of binocularity, but does not
fully recover it (see Fig. 5F). This ﬁnding suggests that rearrangements in non-callosal, probably thalamic pathways contribute to the
ocular dominance shift after MD. One such rearrangement may
involve the potentiation of thalamic, ipsilateral eye-driven inputs
onto cortical pyramids (Fig. 6, lower panel).
Callosal afferents are mostly excitatory (Bocci et al., 2013) and
therefore inhibitory interhemispheric interactions must occur via the
recruitment of local GABAergic cells (Toyama et al., 1974). The
neurochemical phenotype of inhibitory cells mediating interhemispheric inhibition following MD remains to be established (see
scheme in Fig. 6). Fast-spiking basket cells are possible candidates
for this role, as Martin et al. (1983) reported that a subset of these
neurons displays monosynaptic callosal activation in the cat.
Another type of interneuron that might be involved is the neurogliaform cells, which have been shown to mediate powerful interhemispheric inhibition in the somatosensory cortex by the group of
Matthew Larkum (Palmer et al., 2012). A prediction from our studies that remains to be tested experimentally is that the callosal drive
onto interneurons is signiﬁcantly enhanced after prolonged MD.

Abbreviations
C/I ratio, ratio between visual evoked potentials evoked by the contralateral
and ipsilateral eye; MD, monocular deprivation; P, postnatal day; TTX, tetrodotoxin; V1, primary visual cortex; VEP, visual evoked potential.
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