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visual masking the perception of a target stimulus is impaired by a
preceding (forward) or succeeding (backward) mask stimulus. The
illusion is of interest because it allows uncoupling of the physical
stimulus, its neuronal representation, and its perception. To under-
stand the neuronal correlates of masking, we examined how masks
affected the neuronal responses to oriented target stimuli in the
primary visual cortex (V1) of anesthetized rats (n � 37). Target
stimuli were circular gratings with 12 orientations; mask stimuli were
plaids created as a binarized sum of all possible target orientations.
Spatially, masks were presented either overlapping or surrounding the
target. Temporally, targets and masks were presented for 33 ms, but
the stimulus onset asynchrony (SOA) of their relative appearance was
varied. For the first time, we examine how spatially overlapping and
center-surround masking affect orientation discriminability (rather
than visibility) in V1. Regardless of the spatial or temporal arrange-
ment of stimuli, the greatest reductions in firing rate and orientation
selectivity occurred for the shortest SOAs. Interestingly, analyses
conducted separately for transient and sustained target response com-
ponents showed that changes in orientation selectivity do not always
coincide with changes in firing rate. Given the near-instantaneous
reductions observed in orientation selectivity even when target and
mask do not spatially overlap, we suggest that monotonic visual
masking is explained by a combination of neural integration and
lateral inhibition.
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NEW & NOTEWORTHY

We examined how masks that preceded or succeeded ori-
ented target stimuli affected neuronal responses in rat
primary visual cortex. Regardless of the spatial or tempo-
ral arrangement of stimuli, the greatest reductions in firing
rate and orientation selectivity occurred when target and
mask appeared closely in time. On the basis of our neuro-
nal data, we suggest that monotonic patterns of perceptual
visual masking are explained by a combination of long
neural integration windows and lateral inhibition.

VISUAL MASKING describes a phenomenon in which perception of
a target stimulus is reduced or entirely abolished by another
stimulus, the mask (Breitmeyer 2008). By varying the relative
presentation times of the target and mask, the perception and
neuronal response to the target stimulus may be systematically
altered. In this way, masking reveals a disconnect between the
physical stimulus, its neuronal representation, and its percep-

tion. Uncovering the precise mechanisms involved in visual
masking will provide important insights into how neuronal
activity leads to conscious visual perception.

The effects of masking on target perception depend on a
range of spatial and temporal stimulus factors and are likely to
involve a diverse family of mechanisms (Breitmeyer 2008;
Macknik and Martinez-Conde 2007). As such, masking phe-
nomena are commonly categorized according to 1) the tempo-
ral relationship of the target and mask (forward vs. backward
masking); 2) the temporal dynamics of the influence of the
mask on the target (A- and B-type masking); and 3) the spatial
configuration of mask and target (spatially overlapping vs.
center-surround masking). The stimulus timing categories of
visual masking include forward and backward masking, in
which the mask either precedes or succeeds the target stimulus,
respectively. Backward masking illusions are of particular
interest as the perception of the target stimulus is retroactively
reduced by mask-evoked neuronal activity; the timing means
that, unlike forward masking, this cannot be explained through
photochemical depletion in the retina or adaptation in the
thalamus (Crawford 1947). Furthermore, psychophysical stud-
ies of backward masking have shown that mask presentation in
one eye can reduce the visibility of a target presented to the
other eye (Turvey 1973; Weisstein 1971). This binocular
interaction of target and mask responses suggests that cortical
mechanisms are involved (Kinsbourne and Warrington 1962).

In perceptual masking studies, two psychophysical trends
have been described: A- and B-type masking (Kolers 1962). In
A-type masking, target perception is maximally impaired when
target and mask stimuli are presented simultaneously and
monotonically improves with increasing stimulus onset asyn-
chrony (SOA) between the target and mask. In most cases
forward masking produces an A-type trend (Bachmann 1994).
On the other hand, in B-type masking the greatest impairment
in target perception occurs at SOAs of 30–100 ms (Lefton
1973). B-type masking is often obtained if the target and mask
stimuli do not spatially overlap; however, the same stimuli can
cause A-type masking if the energy (i.e., contrast and duration)
of the target is considerably lower than that of the mask
(Hernandez and Lefton 1977; Schiller and Smith 1966).

Two prevailing theories are commonly used to explain
psychophysical masking: neural integration and neural in-
terruption (Scheerer 1973). Neural integration proposes that
the reduction in target visibility is due to limits in the
temporal resolution of the visual system, therefore caus-
ing the neuronal representation of the target to fuse with that
of the mask. This has been the most widely accepted
mechanism explaining A-type masking for both forward and
backward masking conditions (Eriksen and Lappin 1964;
Pilz et al. 2013; Stoper and Banffy 1977). Neural interrup-
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tion instead proposes that target processing is disrupted by
the arrival of the response to the mask, leading to reductions
in target perception. While a prominent explanation for
B-type masking, the origins of the different processing
delays for target and mask and the specific means through
which interruption occurs remain highly contentious (Bre-
itmeyer and Ganz 1976; Breitmeyer and Ogmen 2006;
Francis 1997; Keysers and Perrett 2002; Macknik and Liv-
ingstone 1998; Macknik and Martinez-Conde 2007).

In macaque primary visual cortex (V1), target-evoked activ-
ity is reduced under stimulus conditions that cause perceptual
masking, directly reflecting the psychophysical trends (Bridge-
man 1975, 1980; Macknik and Livingstone 1998; Schiller
1969; Schiller and Chorover 1966; Vaughan and Silverstein
1968). In the absence of a mask, brief target stimuli evoke
biphasic activity, consisting of an early transient component
and a late sustained component that can persist for hundreds of
milliseconds. Under backward masking conditions, only the
late component of the response to the target is reduced at SOAs
that cause perceptual deficits (Bridgeman 1975, 1980; Macknik
and Livingstone 1998). Interestingly, only �25% of cells in V1
show a temporal pattern of response reduction consistent with
B-type masking (Bridgeman 1975; Macknik and Livingstone
1998); what defines this particular neuronal subpopulation
remains unclear.

The majority of physiological studies have focused on how
visual masking affects stimulus detectability. However, it is
equally important to understand how the ability of neurons to
support stimulus discrimination is affected. In the inferior
temporal cortex (IT), neuronal discriminability of shapes is
impaired by masking (Kovács et al. 1995; Rolls et al. 1999);
however, these changes may be inherited from earlier process-
ing regions such as V1. Indeed, in the context of figure-ground
textures, orientation selectivity in V1 was shown to be weakly
impaired at short SOAs (Lamme et al. 2002), but this study was
limited to backward masking conditions and only used stimuli
with two orientations.

To evaluate the effects of visual masking on neuronal
discriminability in V1, we recorded responses to brief, oriented
gratings presented before or after plaid mask stimuli. Firing
rates and orientation selectivity were reduced at short SOAs,
reflecting an A-type trend, for both spatially overlapping and
non-spatially overlapping stimuli under forward and backward
masking conditions. This demonstrates that visual masking
affects stimulus visibility and also discriminability. We also
observed biphasic responses to our target stimuli, and compar-
isons between transient and sustained response components
revealed separate effects of masking on firing rate and selec-
tivity. Notably, we demonstrate that the effects of backward
masking are not limited to the sustained component; orienta-
tion selectivity is affected throughout the entire response to the
target, often in the absence of significant changes in respon-
sivity. When responses of neurons in supragranular, granular,
and infragranular layers were analyzed separately, no lamina-
specific differences were revealed. We propose that A-type
visual masking cannot be explained by neural integration
alone; other mechanisms such as lateral inhibition are neces-
sary to account for near-instantaneous reductions that occur in
orientation selectivity.

MATERIALS AND METHODS

Experiments were conducted in accordance with the Code of
Practice for the Care and Use of Animals for Scientific Purposes
(National Health and Medical Research Council, Australia) and re-
ceived approval from the Monash Animal Research Platform Animal
Ethics Committee (MARP/2013/081). Adult male Long-Evans rats
(n � 37; 320–350 g) were obtained from the Monash University
Animal Research Precinct (MARP) and housed under 12:12-h light-
dark cycles with food and water provided ad libitum.

Surgery and extracellular recordings. Animals were placed in an
induction chamber and anesthetized with 5% halothane (in 1 l/min
O2). Once surgical anesthesia was established (confirmed by the
absence of a hindpaw withdrawal reflex), animals were intubated with
a 16-gauge polymer tube to allow mechanical ventilation (75–80
breaths/min) with a constant maintenance of anesthetic (1–2.5%
halothane in 0.3 l/min O2). A thermostatically controlled heating pad
and rectal probe were used to maintain body temperature at 37–38°C
throughout the duration of the experiment. Depth of anesthesia was
regularly monitored via the withdrawal reflex and palpebral reflex and
via ECG and EMG recordings taken from the upper forelimbs.

Animals were placed in a stereotaxic frame, and a scalp incision
was made to expose the skull overlying the known binocular zone in
V1 (�1.8 mm rostral from lambda and 4.5 mm lateral to the midline
suture). A craniotomy of �4-mm diameter was drilled over V1 and a
durotomy performed to allow electrode penetration. Neuronal activity
was recorded with a single-shank linear electrode array with 32
contact points (�1.2 M�, 50-�m contact spacing; A1x32-6mm-50-
177-A32, NeuroNexus Technologies). Electrodes were inserted up to
a depth of 2,000 �m to span all cortical layers. Neuronal signals were
amplified, filtered between 0 and 250 Hz (for local field potentials)
and between 0.75 and 5 kHz (for spikes), and recorded at a sampling
rate of 30 kHz with a Cereplex Direct data acquisition system
(Blackrock Microsystems). Raw signals were spike sorted offline
(Plexon Offline Sorter) to separate multiunit and single-unit activity.

Visual stimuli. Stimuli were generated with Psychtoolbox in
MATLAB (Brainard 1997; Pelli 1997) and presented on a 120-Hz
refresh rate VIEWPixx/3D LCD monitor (VPixx Technologies; Gho-
drati et al. 2015) at a viewing distance of 30 cm.

Receptive fields (RFs) were mapped for each of the array’s 32
channels with a stimulus consisting of 5° white dots presented at
random positions on a 9 � 17 grid across the monitor. Dots were
presented on a black background (50 ms flash on, 50 ms flash off).
Once RF locations and sizes were characterized, flashed static square-
wave gratings were used to probe orientation selectivity. Orientation
tuning stimuli were optimized to the location and size of the RFs of
the majority of the units on the array and consisted of gratings
randomly presented at six orientations (0–150°, 30° increments;
50 ms flash on, 500-ms interstimulus interval) and two phases (0 and
180°) on a gray background.

Responses to spatially overlapping and non-spatially overlapping
(center-surround) forward and backward masking stimuli were re-
corded with square-wave gratings as the target stimuli. These were
visible within a circular aperture matching the size and shape of the
RFs of the majority of units on the array. The target grating had 100%
contrast and was randomly presented at 1 of 12 different orientations
(0–165°, 15° spacing) and 4 different phases (90° spacing) for 33 ms.
The mask stimulus was also presented for 33 ms and consisted of a
black-and-white hyperplaid generated randomly for each trial by
binarizing the sum of 12 gratings with each possible target orientation,
and randomized phase (see Fig. 2A, inset). Mask stimuli were either
presented at the same spatial location and dimensions as the target
stimulus or presented with a center-surround arrangement, where the
masks were full-screen with an aperture matching the target size and
location. As the surround masks did not overlap the classical RF, we
expected them to evoke little or no response. The relative time of the
target and mask stimuli, referred to here as stimulus onset asynchrony
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(SOA), was measured from the onset of the first stimulus to the onset
of the second stimulus. To examine the effect of spatially overlapping
forward and backward masking, target and mask stimuli were pre-
sented at SOAs between �33.3 and �333.3 ms; forward and back-
ward masking are associated with negative and positive SOAs, re-
spectively. For center-surround forward and backward masking,
SOAs ranged from �8.3 to �333.3 ms, including SOAs with tem-
poral overlap of target and mask presentation. In both masking
paradigms, an SOA of �333.3 ms was used as a control. Note that
forward and backward masking form a continuum—an SOA of 0 ms
simply indicates that target and mask are presented simultaneously.
However, to ensure stability of recordings during a single type of
masking, we presented forward and backward masking in separate
blocks. When no target or mask was visible, the screen displayed a
blank gray background (luminance � 53.2 cd/m2) during nonover-
lapping SOAs. The intertrial interval was set to 500 ms, and each
unique stimulus condition was presented 8–10 times.

Determination of cortical depth. Current source density (CSD) was
calculated as the second spatial derivative of the local field poten-
tial collected in response to full-screen flashes alternating between
black on white and white on black (flash duration � 8.3 ms; blank
duration � 408.3 ms). The CSD traces were examined in order to
identify the boundary between layers 4 and 5 as indicated by a
reversal from current source to current sink (Mitzdorf 1985). The
current sinks identified at the boundary, in combination with
depth-from-cortical-surface measurements, were used to define the
granular layer. Units were then assigned to one of three depth
categories, supragranular, granular, or infragranular, according to
their location relative to the granular layer.

Masking analysis. Initially, to check the orientation tuning of
multiunits and single units, spikes were counted in a 50–150 ms
window from target onset and a von Mises function fitted to the mean
spike rates at each SOA in response to every orientation. Comparing
the distribution of responses to preferred and antipreferred orienta-
tions, units with d’ values above 0.3 at the control SOA (�333.3 ms)
were classified as tuned and were included in our analysis, with
single-unit and multiunit responses pooled together. These selection
criteria yielded 73 and 95 tuned units in the spatially overlapping
forward and backward masking conditions, respectively, and a total of
42 and 63 tuned units in the center-surround forward and backward
masking conditions, respectively. Note that relatively few units are
strongly selective, as we used brief flashes of static gratings. Forward
and backward masking recordings for both paradigms were taken
from the same penetrations as far as possible; however, the difference
in numbers of responsive units reflects that forward or backward
conditions, and spatially overlapping or center-surround conditions,
were tested in separate blocks.

Transient and sustained target responses were found in the time
windows 50–100 ms and 100–300 ms after target onset, respectively.
To examine the effect of response integration on orientation selectiv-
ity, three spike counting windows (80–100, 80–120, and 50–150 ms
relative to target onset) were used to determine orientation tuning for
each masking condition. These windows were chosen as they centered
around the average peak latency for orientation selectivity, and so
could be used to probe the effect of integration window size on our
ability to discriminate target orientation using the response of a single
neuron. Responses to the preferred (�pref) and orthogonal (�null)
orientations were used to calculate an orientation selectivity index
(OSI) across time for each SOA:

Fig. 1. Orientation tuning is reduced at short stimulus onset asynchronies (SOAs). A: responses of a single unit to 12 target orientations with a center-surround
backward masking stimulus (examples of stimulus configuration shown in C). Responses are averaged in sliding 40-ms time windows. Vertical red and white
lines indicate the time of target and mask onset, respectively. Note that the mask in isolation (control; SOA � 333.3 ms) evokes little response. B: tuning curves
for the unit shown in A based on responses in a time window 50–150 ms relative to target onset. C: example target and mask configuration in the center-surround
paradigm.
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OSI �
Rpref � Rnull

Rmax

where Rpref refers to the mean response to the preferred orientation,
Rnull refers to the mean response to the orientation orthogonal to
the preferred, and Rmax refers to the maximum preferred response
across the entire stimulus presentation window (�500 to 400 ms
relative to target onset in the forward masking condition and �100
to 700 ms relative to target onset in the backward masking
condition).

Latencies. Response latencies (tresp) were calculated as the time
taken to reach a response that was greater than the mean 	 3SD of the
spontaneous firing rate, over 10 ms. Latency to selectivity (tsel) values
were calculated as the time taken to reach an OSI that was greater than
the mean OSI before stimulus presentation 	 3SD of the mean
prestimulus OSI, over 20 ms. Units were only included in latency
analyses if tresp or tsel was under 250 ms, which was the maximum

length for a target response in the control (�333.3 ms) SOA
condition.

RESULTS

Neuronal firing rates are reduced at low stimulus onset
asynchronies. To determine the effect of our experimental
masking paradigms on neuronal responses, we obtained extra-
cellular recordings from populations of neurons in V1 in
response to spatially overlapping and center-surround visual
masking stimuli under both forward and backward masking
conditions. As the target stimulus was an oriented grating, we
used changes in firing rates and orientation selectivity as
measures of the strength of masking. Across the population of
recorded neurons, we found that orientation tuning was sharper

Fig. 2. Population responses in center-surround forward
(A) and backward (B) masking conditions. Peristimulus
time histograms for preferred and null orientations were
aligned to target onset and averaged across units
(nforward � 42; nbackward � 63). Firing rates were nor-
malized to the maximum response to the target at the
longest stimulus onset asynchrony, measured over a
window of 50–150 ms. Gray bars indicate the periods in
which target (T) and mask (M) are visible. Inset: exam-
ple target and mask stimuli for the center-surround
configuration.
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at long SOAs and that tuning became broader as SOAs de-
creased (see Fig. 1 for single-unit example).

Figure 2 illustrates the population-average peristimulus time
histograms for center-surround masking stimuli. Before aver-
aging, firing rates for each unit were normalized relative to the
peak response to the target with the longest SOA, measured
across 50–150 ms relative to the target onset. With this
stimulus configuration, the mask is outside the classical RF and
evokes little response; however, the target stimulus elicited a
significant response regardless of orientation. Previous studies
have characterized transient and sustained components of the
response to the target and explored how they are affected by
the presence of a preceding or succeeding mask. In the case of
forward masking, we found that both the transient and sus-
tained components of the target response are greatly reduced
when SOAs are �100 ms (Fig. 2A). In backward masking
conditions, the transient target response is unaffected even at
the shortest SOAs (Fig. 2B); however, the sustained target
response is suppressed at short SOAs and recovers with in-
creasing SOAs. For each analysis in the following sections, we
report our results first for spatially overlapping configurations
and then for center-surround configurations.

Given that the transient and sustained target responses ap-
pear differently affected under forward and backward masking
conditions, we separately quantified how masking affected
transient (50–100 ms) and sustained (100–300 ms) responses.
Recordings were initially segregated according to cortical lay-
ers based on CSD analyses; however, we found no significant
differences between supragranular, granular, and infragranular
layers, and the data were henceforth combined.

In the spatially overlapping paradigm, we found higher
firing rates in response to the preferred vs. the null target
orientation in both transient (Fig. 3A; Pforward � 0.001,
F1,720 � 45.7; Pbackward � 0.001, F1,884 � 91.0; 2-way
ANOVA) and sustained (Pforward � 0.001, F1,720 � 40.8;
Pbackward � 0.001, F1,884 � 53.0; 2-way ANOVA) time
windows. Critically, target-evoked firing rates were lower
with shorter SOAs, and SOA significantly affected firing
rates for both transient (Pforward � 0.001, F4,360 � 8.1;

Pbackward � 0.04, F4,443 � 2.5; 1-way ANOVA) and sus-
tained (Pforward � 0.02, F4,360 � 3.1; Pbackward � 0.002,
F4,443 � 4.3; 1-way ANOVA) time windows. This demon-
strates that the firing rates of both transient and sustained
components of the target response are affected by changing
SOAs in spatially overlapping forward and backward
masking.

In the center-surround paradigm, transient firing rates were
significantly higher in response to preferred target orientations
for both forward and backward masking (Fig. 3B; Pforward �
0.001, F1,738 � 21.3; Pbackward � 0.01, F1,1053 � 59.1; 2-way
ANOVA) but sustained firing rates were only significantly
higher in the forward masking condition (Pforward � 0.001,
F1,738 � 24.8; Pbackward � 0.23, F1,1053 � 1.5). Transient firing
rates significantly decreased with SOA for forward (P � 0.001,
F8,369 � 5.6; 1-way ANOVA) but not backward (P � 0.18,
F8,531 � 1.4) masking. However, sustained firing rates were
significantly affected by SOA for both forward and back-
ward masking (Pforward � 0.001, F8,369 � 9.4; Pbackward �
0.001, F8,531 � 5.5; 1-way ANOVA). These results demon-
strate that the presence of a surround mask before a target
affects both transient and sustained components of the target
response. In center-surround backward masking, where pre-
sentation of the mask follows target presentation, only the
firing rates of sustained target response components are
affected. Therefore, in the center-surround masking para-
digm, firing rates for the transient and sustained components
are affected differently according to the temporal position of
the mask.

Masking differently alters transient and sustained orienta-
tion selectivity. As the target stimuli used in the present study
were oriented gratings, we calculated OSIs to determine
whether the masking-induced changes in spiking rate also
affected orientation selectivity. In spatially overlapping mask-
ing, OSIs calculated with a transient window were significantly
higher than those with a sustained window under forward, but
not backward, masking (Fig. 4A; Pforward � 0.03, F1,720 � 8.8;
Pbackward � 0.07, F1,896 � 3.4; 2-way ANOVA). Furthermore,
in forward masking OSIs were significantly reduced in the

Fig. 3. Comparison of transient and sustained responses.
Firing rates were calculated for preferred and null target
orientations using transient (50–100 ms relative to tar-
get onset) and sustained (100–300 ms relative to target
onset) time windows. Responses were calculated for
spatially overlapping (A) and center-surround (B)
paradigms. Vertical colored bars indicate specific
SOAs where OSIs are significantly different from
controls (SOA � �0.333 or 0.333 s, forward and
backward masking, respectively; P � 0.05), in re-
sponse to either the preferred or null target orienta-
tion. Black asterisks indicate a significant main effect
for differences in the responses to preferred vs. null
orientations (P � 0.05). Colored asterisks indicate
significant main effects of SOA (P � 0.05). Error
bars show SE.
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shortest SOAs for both transient and sustained windows (Fig. 4A;
Ptransient � 0.001, F4,360 � 13.1; Psustained � 0.006, F4,360 � 3.6;
1-way ANOVA). In backward masking, there was only a signif-
icant decrease in OSI at the shortest SOA, and this was found only
with the transient window (Ptransient � 0.001, F4,448 � 5.9;
Psustained � 0.08, F4,448 � 2.1; 1-way ANOVA).

In center-surround masking, OSIs calculated with the tran-
sient response were significantly higher than those with the
sustained component, but only in the backward masking con-
dition (Fig. 4B; Pbackward � 0.001, F1,1116 � 72.4; Pforward �
0.86, F1,738 � 0.03; 2-way ANOVA). OSIs in the forward
masking condition were only significantly lower than control
values at the five shortest SOAs using a transient window (P �
0.001, F8,369 � 3.7; 1-way ANOVA), with no differences
when using a sustained window (P � 0.34, F8,369 � 1.1; 1-way
ANOVA). In backward masking, OSIs were significantly
lower than the control at only the shortest SOA in the transient
window and at the three shortest SOAs in the sustained
window (Ptransient � 0.02, F8,558 � 2.3; Psustained � 0.001,
F8,558 � 3.2; 1-way ANOVA). In general, while we routinely
found changes in firing rate as a result of masking, these did
not always guarantee a change in OSI in either the spatially
overlapping or center-surround masking paradigms.

Orientation selectivity is reduced at short SOAs, regardless
of spike counting window. To assess the effect of the mask on
the evolution of orientation selectivity, we averaged OSIs,
calculated in sliding 40-ms windows, across units (see Fig. 5).
In center-surround masking, selectivity is clearly highest with
the longer SOAs, and the effects of forward masking are more
profound than those of backward masking (Fig. 5, A and C).
We also observed that the duration over which neurons were
selective appeared shorter with short SOAs, especially for
backward masking. Similarly, under spatially overlapping
masking conditions, OSIs for forward masking were markedly
decreased as SOAs approached zero, with only a small de-
crease evident for backward masking (Fig. 5, B and D). As the
interesting temporal dynamics of selectivity mostly overlap
with the transient window used in previous analyses, for each
masking condition we quantified orientation selectivity in three
new integration windows: 80–100, 80–120, and 50–150 ms
relative to target onset. This allows us to manipulate the
proportion of mask-evoked activity that was included in cal-
culations of target orientation selectivity. These windows were
chosen as they centered around the average peak latency for
orientation selectivity, but the exact choice of window has little
effect on the results reported below.

The following analyses were performed to determine
whether the masking effects seen in the firing rates and OSIs
are consistent with the theory of neural integration. We first
investigated whether changing the size of the integration
window affected OSIs but found no effect for spatially
overlapping conditions in forward or backward masking
(Fig. 6A; Pforward � 0.85, F2,1080 � 0.16; Pbackward � 0.29,
F2,1344 � 1.2; 2-way ANOVA). To determine whether
selectivity was affected by SOA in specific integration
windows, we calculated OSIs separately at all SOAs, for
each integration window. OSIs were compared with those at
their respective control SOAs (�333.3 ms), as in these
conditions neuronal responses to target and mask stimuli are
temporally well separated. In the forward masking condi-
tion, OSIs measured at the three shortest SOAs (�33.3,
�50, and �66.7 ms) were significantly lower than at the
control using the 100-ms integration window and the two
shortest SOAs were significantly lower than the control
using the 40- and 20-ms integration windows (Fig. 6A;
P100 � 0.001, P40 � 0.001, P20 � 0.001; 1-way ANOVA),
with no differences between OSIs at other SOAs (P 
 0.05,
ANOVA). In the backward masking condition, for all inte-
gration windows OSIs were significantly lower at only the
shortest SOA (33.3 ms) compared with the control (Fig. 6A;
P100 � 0.001, P40 � 0.001, P20 � 0.001; 1-way ANOVA).

In center-surround masking conditions (Fig. 6B), we found
significant overall differences in OSI between integration win-
dows and OSIs significantly decreased as the SOA was short-
ened for both forward (integration window: P � 0.03, F2,575 �
5.60; SOA: P � 0.001, F8,575 � 7.12) and backward (integra-
tion window: P � 0.03, F2,774 � 3.53; SOA: P � 0.001,
F8,774 � 6.12) masking. We also investigated the effect of
integration window size on the effect of masking (reduced OSI
with shorter SOAs). There was no effect of SOA on OSI in
the 20-ms integration window. However, using both the
100-ms and 40-ms integration windows, we found that
forward masking OSIs were significantly lower in the short-
est three SOAs (�8.3, �16.7, and �25 ms) compared with

Fig. 4. Orientation selectivity is higher in the transient response. OSI calculated
with transient (50–100 ms) and sustained (100–300 ms) integration windows
is shown for spatially overlapping (A) and center-surround (B) conditions.
Vertical colored bars indicate specific SOAs where OSIs are significantly
different from controls (SOA � �0.333 or 0.333 s, forward and backward
masking, respectively; P � 0.05) in either the transient or sustained windows.
Black asterisks indicate a significant main effect for differences in the OSIs
between transient and sustained windows (P � 0.05). Colored asterisks
indicate significant main effects of SOA (P � 0.05). Error bars show SE.
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the control SOA (�333.3 ms; P40 � 0.001, P100 � 0.001;
1-way ANOVA). Similarly, in the backward masking con-
dition, using a 100-ms integration window we found a
significant reduction in OSIs at the five shortest SOAs
(8.3–50 ms) compared with the control (P � 0.001; 1-way
ANOVA), with no differences in OSI at any of the other
SOAs. OSIs were only significantly reduced at the shortest
SOA with the 40-ms integration window, with no effects of
SOA on OSI in the shortest 20-ms window.

Finally, we examined whether spatially overlapping and
center-surround masking affect OSI differently. This is impor-
tant because isolated masks (control; SOA � �333.3 ms)
induce a response in the spatially overlapping but not the
center-surround conditions. Focusing on the 100-ms integra-
tion window, we found no differences in OSIs between the two
masking types in either the forward or backward masking
condition (Pforward � 0.36, F1,545 � 0.83; Pbackward � 0.12,
F1,713 � 2.45; 2-way ANOVA).

The neural integration theory of masking predicts that the
effect of SOA on OSI will be smaller with shorter integra-
tion windows, reflected by a flattening of the OSI curves.
This was not observed for the spatially overlapping masking
condition. Regardless of the integration window size, the
orientation selectivity was significantly affected by the mask
at short SOAs. In the center-surround condition, the effect
of SOA was removed in the 20-ms integration window;
however, this finding is likely due to the increase in variance
rather than neural integration. This suggests that neural
integration occurring solely in V1 is not a plausible mech-
anism for explaining how target discriminability decreases
with decreasing SOA.

Effect of masking on latencies to response and selectivity. As
response amplitude, selectivity, and latency often interact,
we examined whether masking affected the latency of re-
sponses to the target (tresp) or the latency until orientation
selectivity emerged (tsel). Again, we found little to no
layer-specific effects of SOA on latency in either spatially
overlapping (tresp: Pforward � 0.17, Pbackward � 0.60; tsel:
Pforward � 0.80, Pbackward � 0.68) or center-surround (tresp:

Pforward � 0.39, Pbackward � 0.07; tsel: Pforward � 0.04,
Pbackward � 0.49; 2-way ANOVA) masking paradigms.

In the spatially overlapping paradigm, response latencies
were shorter in forward than backward masking, but the
magnitude of these latency differences was small (P � 0.001;
2-way ANOVA). Between SOAs, tresp was not significantly
different in the backward masking condition and approached
significance for the forward masking condition (Fig. 7A;
Pforward � 0.05, Pbackward � 0.72; 1-way ANOVA). Because of
the response evoked by a spatially overlapping mask, it is
difficult to interpret the changes in target response latency
when considering forward masking. The response to the mask
is likely to interfere with measures of target response latencies,
particularly at short SOAs, creating the appearance of a shorter
latency. In fact, the delay observed in the latency to selectivity
suggests that the response to the target may in fact be delayed
under these conditions, similar to what is observed in center-
surround masking.

In the center-surround paradigm, response latencies were
shorter in backward than forward masking (P � 0.001; 2-way
ANOVA), and in the forward masking condition there was a
weak, but significant main effect of SOA on tresp (Fig. 7B;
Pforward � 0.04; Pbackward � 0.74; 1-way ANOVA). Again,
these latency differences were small. Finally, we found no
influence of SOA on tsel, in either forward or backward mask-
ing conditions (Pforward � 0.51, Pbackward � 0.49; 2-way
ANOVA). However, similar to the response latencies, there
was a significant main effect of latencies to selectivity between
the forward and backward masking conditions, where latencies
were significantly shorter in backward masking than in forward
masking (P � 0.001; 2-way ANOVA). Collectively, our la-
tency data suggest that the presentation of a mask immediately
before the target causes inhibition that delays the onset of
target processing. This agrees with response patterns observed
in monkey V1, in which the response to a briefly presented
preferred orientation sinusoidal grating is delayed if the grating
is preceded by the antipreferred orientation rather than a blank
screen (Bair et al. 2002).

Fig. 5. Population OSIs decrease at shorter SOAs. Effect
of SOA on orientation selectivity calculated with a sliding
40-ms window for center-surround (A, nforward � 42; C,
nbackward � 63) and spatially overlapping (B, nforward � 73;
D, nbackward � 95) masking paradigms. Solid lines and
shaded regions indicate mean and SE, respectively.
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DISCUSSION

We examined how the responsivity and selectivity of V1
neurons are affected by masking stimuli presented either before
or after flashed target gratings. Neurons responded to 33-ms
target stimuli with a two-component response: an initial tran-
sient component lasting 50–100 ms followed by a sustained
component extending up to 300 ms. For all conditions our data
followed an A-type visual masking trend; responsivity and
selectivity were lowest with short SOAs. For spatially over-
lapping masks, the neuronal responses to target and mask
stimuli began to merge and eventually became indistinguish-
able as the SOA approached zero. With center-surround masks
that did not evoke a neuronal response in isolation, the entire
response to the target was reduced when using forward masks
while in backward masking only the sustained component was
reduced at short SOAs. Below, we explore the different effects
of masking on transient and sustained components, the differ-
ence between detection and discrimination tasks, and how our
data are consistent with theories of neural integration and
lateral inhibition.

Previous studies have suggested that the neural correlate of
backward masking is a reduction in the sustained component of
the response to the target (Bridgeman 1975; Lamme et al.
2002; Macknik and Livingstone 1998; Rolls and Tovee 1994).
Therefore, we specifically examined how masking affected
both transient and sustained responses and orientation selec-
tivity during these periods. The long-lasting activation (100–
300 ms) that we observed in response to a brief, 33-ms target
grating in the absence of a mask is frequently reported in
studies of V1 and IT (Bridgeman 1975; Lamme et al. 2002;
Macknik and Livingstone 1998; Rolls et al. 1999; Rolls and
Tovee 1994; Schiller 1969). With center-surround stimuli,
primarily the sustained response was reduced under backward
masking conditions. With spatially overlapping stimuli, it is
impossible to determine whether the target response was sim-
ilarly affected, as the responses to target and mask merge and
become indistinguishable at short SOAs. However, analogous
response reductions have been observed in IT with the use of
spatially overlapping masks that, in isolation, did not elicit a
response, such as faces or a pattern formed by “N” and “O”
letters (Rolls and Tovee 1994). Interestingly, the trends in
neuronal responsivity and selectivity were different. Orienta-
tion selectivity was affected by visual masking in the transient
component for the spatially overlapping condition and in both
the transient and sustained components for the center-surround
condition. This is important because it demonstrates that the
effects of backward masking are not limited to a reduction in
the sustained firing rate; feature selectivity is also affected
throughout the entire response to the target.

Similar to backward masking, the neural correlate of for-
ward masking is a reduction in the response to the target;
however, the precise response components affected vary be-
tween studies. Using a single line as the target, Bridgeman
(1975) showed that target responses in area 17 of anesthetized
cats were affected by the presence of parallel, flanking lines,
with forward masking reducing only the sustained component.
Despite using similar line stimuli, Macknik and Livingstone
(1998) found that forward masking affected only the transient
component in V1 of anesthetized monkeys and in awake
monkeys inhibited the entire target response. Our forward
masking data, although collected in anesthetized rodents, agree
with the latter finding, showing a reduction in the entire
response to the target. Yet, for the center-surround condition,
orientation selectivity was significantly reduced only in the
transient component. Thus response rate and selectivity follow
an A-type masking trend regardless of the timing and spatial
arrangement of stimuli. However, a reduced firing rate does not
predict an impairment in selectivity; changes in selectivity may
occur in isolation or accompany firing rate reductions.

Previous studies using non-spatially overlapping stimuli
have often yielded a B-type (U shaped) backward masking
trend (Bridgeman 1975; Macknik and Livingstone 1998), and
this is commonly expected if the energy of the target is greater
than or equal to that of the mask (Breitmeyer 1978; Fehrer and
Smith 1962; Kolers 1962; Lefton 1974; Spencer and Shuntich
1970). This does not preclude observing B-type masking with
high-contrast targets (Agaoglu et al. 2015; Bruchmann et al.
2010; Macknik and Livingstone 1998). In the past, stimulus
energy has been defined as a function of the contrast and
duration of a stimulus (Tapia et al. 2011). By this definition,
our target and mask stimuli would be considered to have equal

Fig. 6. Integration window has little influence on orientation selectivity.
OSIs for spatially overlapping (A) and center-surround (B) conditions,
calculated with 3 integration windows: 80 –100 ms, 80 –120 ms, and
50 –150 ms relative to target onset. Vertical colored bars above plots
indicate where OSIs are significantly different from control (SOA �
�0.333 or 0.333 s, forward and backward masking, respectively; P �
0.05), at each of the integration windows. Black asterisks indicate a
significant main effect for differences in the OSIs between integration
windows (P � 0.05). Colored asterisks indicate significant main effects of
SOA (P � 0.05). Error bars show SE.
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energy, predicting B-type masking. However, since our sur-
round stimuli were larger than traditionally used annuli, we
believe that the size of our mask is an important factor
determining our observed A-type trend. While it is possible
that B-type masking trends occur under differing circum-
stances in rodents, this seems unlikely, as human psychophys-
ical data with the same stimuli show similar A-type trends
(manuscript in preparation).

Macknik and Livingstone (1998) and Bridgeman (1975)
found that only units with distinct (rather than continuous)
transient and sustained peaks showed a B-type trend in the late
activity. As our neurons were not separated according to
anatomical, functional, or response properties, we may not
have been able to observe B-type masking. That said, when our
neurons were separated according to their laminar location, we
found no important differences. Furthermore, a study using
electroencephalography, a technique that groups neuronal ac-
tivity more broadly than our own approach, has also shown that
the late target-evoked activity can reflect a B-type trend
(Vaughan and Silverstein 1968). Thus it seems unlikely that
our pooled analyses of the sustained activation were insuffi-
cient to show B-type masking if it were present.

Most psychophysical and electrophysiological studies of
masking have focused on changes in visibility, or how masks
affect detection performance (Bridgeman 1975, 1980; Macknik
and Livingstone 1998; Mitov et al. 1981; Snowden 2001).
Electrophysiologically, this requires observing a large mask-
induced reduction in the target response. This is problematic,
as a large reduction in firing rate need not correlate with
changes in visibility, as evident if stimulus contrast is reduced.
As V1 responds strongly to oriented stimuli, we examined how
masking affects orientation discrimination performance. OSIs
were lower than commonly reported, because our target stimuli
were static and only briefly presented. The flashes mean that
target stimuli elicited significant responses regardless of their
orientation, but selectivity persisted throughout both transient
and sustained periods, contrasting with previous results
(Lamme et al. 2002). Generally, firing rates in response to
preferred orientations decreased with shorter SOAs, while the
firing rates induced by null orientations were less affected. As
a consequence, the orientation selectivity decreased, and per-
sisted for less time, with shorter SOAs. This is consistent with
results in area IT, where the difference in the response to the
“best” compared with the “worst” stimulus, and the amount of

information about the target stimulus, decreased with SOA
(Kovács et al. 1995; Rolls et al. 1999). Thus it is clear that cell
selectivity also follows an A-type trend, suggesting that dis-
criminability may be impaired, even with high-contrast stimuli
where the visibility of the target should not have been signif-
icantly reduced.

While the SOAs affected by masking in our study might be
explained purely through spatial and temporal summation in
the retina, our results with large center-surround stimuli make
it likely that thalamic and cortical processes further contribute.
Recordings from retinal ganglion cells have shown that for-
ward masking reduces the subsequent target response for SOAs
of �80 up to �160 ms (Coenen and Eijkman 1972). In
backward masking, retinal interactions can account for reduc-
tions in the target response for SOAs of up to 50 ms; after this
point the target information will have already entered cortical
regions before the mask impinges on the retina (Battersby et al.
1964). However, the spatial relationship and size of our center-
surround stimuli make it unlikely that retinal interactions alone
could account for our results. Furthermore, to discount the
involvement of any cortical contributions would be to disre-
gard a wealth of information: numerous psychophysical studies
have shown that visual masking occurs even under dichoptic
stimulus presentation, which, given that the first site of binoc-
ular combination is V1, implies some cortical involvement
(Schiller and Smith 1968; Smith and Schiller 1966; Turvey
1973; Weisstein 1971).

One cortical-based theory that is frequently used to explain
perceptual masking is neural interruption, where neuronal
processing of the target is abandoned at the arrival of the
response to the mask (Breitmeyer and Ogmen 2006). In this
way, target processing is left unfinished, resulting in impaired
perception. However, this requires presentation of the target to
precede the mask and is therefore incapable of explaining
forward masking. Furthermore, in backward masking, most
neural interruption theories predict a B-type visual masking
trend; therefore, we suggest that neural interruption is unlikely
to contribute to the visual masking observed in this study.

Neural integration, where the neuronal representation of the
target and mask stimuli are grouped together in a relatively
long “perceptual window,” is frequently used to explain A-type
masking (Eriksen and Collins 1967, 1968). Integration predicts
the perception of a fused image therefore reducing target
perception. To evaluate whether integration was contributing

Fig. 7. Latencies to selectivity and responsivity in spa-
tially overlapping (A) and center-surround (B) masking
conditions: average latencies to responsivity (top) and
orientation selectivity (bottom). Gray brackets above
plots indicate specific SOAs where average latencies
between forward and backward masking conditions are
significantly different (P � 0.05). Colored asterisks
indicate significant effects of SOA (P � 0.05). Error
bars show SE.
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to the masking effect in our data, we restricted the duration of
our spike counting windows to avoid the window including
responses to both target and mask, in a sense artificially
shortening the “perceptual window.” If cortical integration
were sufficient to explain perception, we would expect orien-
tation information to be unaffected by masking when using a
short “perceptual window.” In our data this would be seen as
the slope of the OSI curves flattening with shorter spike
counting windows (Fig. 5B); however, this was not observed.
Thus neural integration alone is not capable of explaining our
A-type masking trends; something further is needed to explain
the near-instantaneous reduction in selectivity that we observe
even under center-surround conditions.

One likely explanation is lateral inhibition, a mechanism that
is ubiquitous in neuronal circuitry and that has already been
incorporated into a number of visual masking theories (Bridge-
man 1971; Francis 1997; Herzog et al. 2003; Weisstein et al.
1975). To explain our data, it is not necessary for lateral
inhibition to operate faster than the response to the target,
completely abolish the target response (Fig. 2), or even affect
the entire transient response (50 ms). It is only necessary for
lateral inhibition to influence orientation selectivity in short
time windows (20 ms; Fig. 5). Given that surround suppres-
sion via lateral connections travels at conduction speeds of
0.1– 0.3 m/s (Angelucci and Bressloff 2006; Bringuier et al.
1999; Girard et al. 2001), and that our surround masks were
immediately adjacent to the target, it is entirely plausible
that orientation selectivity might be affected by masking in
time windows as short as 20 ms.

Our results demonstrate that visual masking influences dis-
criminability in V1. Regardless of the spatial and temporal
arrangement of the target and mask, the firing rate and neuronal
selectivity are reduced at short SOAs, reflecting an A-type
trend. However, the impairment in stimulus discriminability
occurs in the transient and/or sustained component of the
response to the target in a manner that is not always predicted
by changes in firing rate. We suggest that the effects of visual
masking may be explained through a combination of neural
integration and lateral inhibition occurring throughout the early
visual processing hierarchy.
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