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Abstract:
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V1 is fundamentally grouped into columns that descend from layer II-III to layer V-VI.
Neurons inherent to visual cortex are capable of adapting to changes in the incoming stimuli
that drive the cortical plasticity. A principle feature called orientation selectivity can be
altered by the presentation of non-optimal stimulus called ‘adapter’. When triggered, LGN
cells impinge upon layer IV and further relay the information to deeper layers via layer II-III.
Using different adaptation protocols, neuronal plasticity can be investigated. Superficial
neurons in area V1 are well acknowledged to exhibit attraction and repulsion by shifting their
tuning peaks when challenged by a non-optimal stimulus called ‘adapter ’. Layer V-VI
neurons in spite of partnering layer II-III neurons in cortical computation, have not been
explored simultaneously towards adaptation. We believe that adaptation not only affects
cells specific to a layer but modifies the entire column. In this study, through simultaneous
multiunit recordings in anesthetized cats using a multichannel depth electrode , we show for
the first time how layer V-VI neurons (1000-1200 µm) along with layer II-III neurons (300-500
µm) exhibit plasticity in response to adaptation. Our results demonstrate that superficial and
deeper layer neurons react synonymously towards adapter by exhibiting similar behavioral
properties. The neurons displayed similar amplitude of shift and maintained equivalent
sharpness of Gaussian tuning peaks before and the following adaptation. It appears that a
similar mechanism, belonging to all layers, is responsible for the analogous outcome of the
neurons’ experience with adapter.

Introduction
Neuroplasticity refers to the brain’s ability to reorganize itself as a result of experience. It was
previously thought that neuroplasticity declines with aging, but it is now well established that
neurons in the mature brain can alter their properties, too (Holtmaat & Svoboda, 2009).
Several experiments using specific protocols (such as visual deprivation, environmental
enriching, and adaptation) have demonstrated that neurons can modify their properties well
into adulthood. Visual adaptation has been the approach to understanding the phenomenon
of plasticity and we continue to uncover new findings in different regions of the brain.
Visual cortex (V1) is the classical model to study neuronal plasticity. V1 cortices of

higher mammals are organized into domains of preferred selectivity known as orientation
columns. Neuronal orientation selectivity can be altered by imposing a non-optimal stimulus
(adapter) within receptive fields of neurons for a certain period of time (Dragoi et al., 2000;

Kohn, 2007; Ghisovan et al., 2009; Nemri et al., 2009; Bachatene et al., 2012; Cattan et al.,
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2014). Contingent upon the stimulus duration, neurons change their orientation selectivity
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either towards or away from the adapter, exhibiting attractive or repulsive shifts, respectively
(Dragoi et al., 2000; Kohn, 2007; Jeyabalaratnam et al., 2013). Shorter adaptation durations

(< 3 min) largely produce repulsive shifts (Dragoi et al., 2000), whereas longer duration
adaptation (up to 12 min) imparts attractive shifts (Dragoi et al., 2000; Ghisovan et al., 2009;
Bachatene et al., 2012; Jeyabalaratnam et al., 2013; Cattan et al., 2014).
An orientation column is divided into supragranular or upper layers (layer I and II-III),

the central granular layer (layer IV), and infragranular or lower layers (layers V and VI).
Neurons in a column are highly similar with respect to stimulus properties such as
orientation, direction, speed, contrast, spatial frequency, etc. (Hubel et al., 1977; Blasdel &

Salama, 1986). Conventionally, information is received by layer IV neurons from the lateral
geniculate nucleus (LGN), processed in the supragranular layers of the visual cortex, and
then projected on to infragranular neurons. Interestingly, recently investigators (Agmon &
Connors, 1992; Meyer et al., 2010; Wimmer et al., 2010; Oberlaender et al., 2012;

Constantinople & Bruno, 2013; Rah et al., 2013; Pluta et al., 2015) have shown that deeper
cortical layers receive direct thalamic input that activates infragranular neurons. This
suggests that layer IV is not necessarily the only port of information flow to other cortical
layers.
Historically, numerous studies have investigated the effects of adaptation on layer II-

III neurons (Dragoi et al., 2000; Bachatene et al., 2013; Jeyabalaratnam et al., 2013; Cattan
et al., 2014; Bachatene et al., 2015). One of these reports (Dragoi et al., 2000) has shown
that neurons recorded between 500-1500 µm of cortical depth also display a shift in
orientation tuning in response to the adapter. Yet, no report has simultaneously explored the
effects of adaptation on layers II-III and V-VI neurons. Since the cortical column extends
from layer II-III to layer V-VI, and because of extensive connectivity (Helmstaedter et al.,
2009; Jiang et al., 2013; DeNardo et al., 2015; Lee et al., 2015) between supra- and

infragranular neurons, we hypothesize that effect of adaptation is not confined to specific
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layer of the cortex but it prevails throughout the column, subsequently gained by neurons of
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adjacent columns, leading to whole cortex reprogramming. Therefore, it is of interest to
simultaneously examine the effects of adaptation on both layers II-III and V-VI.
We used anesthetized cats to investigate the effects of adaptation on simultaneously

recorded supra- and infragranular layer neurons using a multichannel depth electrode in V1
at 300-500 µm and 1000-1200 µm from the surface. We found that layer II-III and V-VI
neurons exhibited comparable attractive and repulsive shifts with no significant differences in
the average shift-amplitudes and orientation selectivity. In line with our recent findings
(Bachatene et al., 2015) and the results of the current investigation, we suggest that supraand infragranular layer neurons change their selectivity in parallel in response to adaptation
which possibly explains that supra- and infragranular neurons interact with each other in a
column. This study also points toward specific feedforward and feedback loops between
supra- and infragranular neurons that may be responsible for robust functional
reprogramming of orientation columns in V1 (Bachatene et al., 2015).

Materials and methods
Ethical approval
Electrophysiological recordings were performed in the area17 of six adult domestic cats
(Felis catus) of either sex. The animal surgery procedure and electrophysiological recordings
were performed according to the guidelines of the Canadian Council on Animal Care and
were approved by the Institutional Animal Care and Use Committee of the University of
Montreal. Animals were supplied by the Division of Animal Resources of the University of
Montreal. Experiments were carried out in accordance with the guidelines approved by the
NIH in the USA, the Canadian Council on Animal Care, and the Institutional Animal Care and
Use Committee of University of Montreal (CDEA) regarding the care and use of animals for
experimental procedures.
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Anaesthesia
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Cats were first sedated with acepromazine maleate [1 mg/kg, intramuscular (i.m.), Atravet;
Wyeth-Ayerst, Guelph, Ontario, Canada] and atropine sulfate (0.04 mg/kg, i.m., Atrosa;
Rafter, Calgary, Alberta, Canada), and anesthetized with ketamine hydrochloride (25 mg/kg,
i.m., Rogarsetic; Pfizer, Kirkland, Quebec, Canada). Anesthesia was maintained during the
surgery with isoflurane ventilation (2%, AErrane; Baxter, Toronto, Ontario, Canada). After
the surgery, cats were paralyzed by perfusion of gallamine tri ethiodide (40 mg/kg,
intravenous, Flaxedil; Sigma Chemical, St Louis, MO, USA), fixed in a stereotaxic apparatus,
and artificially ventilated with O2/N2O (30:70) mixture containing isoflurane (0.5%). Paralysis

was maintained by perfusion of gallamine tri ethiodide (10 mg/kg per h) in 5% dextrose
lactated Ringer’s nutritive solution throughout the experiment.

Surgery
Lidocaine hydrochloride (Xylocaine, AstraZeneca, Mississauga, ON, Canada; 2%) was
injected subcutaneously as a local anesthetic during the surgery. A tracheotomy was
performed for artificial ventilation, and one forelimb vein was cannulated. Before fixing the
animals on the stereotaxic apparatus, xylocaine gel (Astra Pharma, Mississauga, ON,
Canada; 5%) was applied on the pressure points to reduce pain and sensation. Proper depth
of anesthesia was ensured throughout the experiment by monitoring the EEG, the
electrocardiogram, and the expired CO2. The end-tidal CO2 partial pressure was kept
constant between 25 and 30 mmHg. A heated pad was placed beneath the cat to maintain a
body temperature of 37.5°C. Tribrissen (Schering-Plough, PointeClaire, QC, Canada; 30 mg
kg-1 per day, subcutaneous) and Duplocillin (Intervet, Withby, ON, Canada; 0.1 ml kg-1,
intramuscular) were administered to the animals to prevent bacterial infection. A craniotomy
(1×1 cm) was performed over the primary visual cortex (area 17/18, Horsley-Clarke
coordinates P0–P6; L0–L6). The underlying dura was removed, and the depth electrode was
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positioned in area 17. The pupils were dilated with atropine sulfate (Isopto-Atropine, Alcon,
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Mississauga, ON, Canada; 1%) and the nictitating membranes were retracted with
phenylephrine hydrochloride (Mydfrin, Alcon, Mississauga, ON, Canada; 2.5%). Plano
contact lenses with artificial pupils (5 mm diameter) were placed on the cat’s eyes to prevent
the cornea from drying (University of Montreal, PQ, Canada). At the end of each experiment,
the cats were euthanized with a lethal dose of pentobarbital sodium (Somnotol, MTC
Pharmaceuticals, Cambridge, ON, Canada; 100 mg kg-1) by an intravenous injection.

Visual stimulation
Stimulation was performed monocularly. After clearly detectable activity was obtained, the
multiunit receptive fields (RF) were mapped by using a hand-held ophthalmoscope (Barlow
et al., 1967).

Receptive field edges were determined by moving a light bar from the

periphery towards the center until a response was evoked. Visual stimuli were generated
with a VSG 2/5 graphic board (Cambridge Research Systems, Rochester, England) and
displayed on a 21 inch Monitor (Sony GDM-F520 Trinitron, Tokyo, Japan) placed 57 cm from
the cat’s eyes, with 1024x768 pixels, running at 100 Hz frame refresh. This is schematized in
Figure 1A. Stimuli were drifting sine-wave gratings covering the excitatory RF (Maffei et al.,

1973). The receptive fields were located centrally within a 15° radius from the fovea.
Contrast and mean luminance were set at 80% and 40 cd/m2 respectively. Optimal spatial
and temporal frequencies were set at 0.24 cycles/deg and in the range 1.0 ̶ 2.0 Hz (at these
values V1 neurons are driven maximally) by sine-wave drifting gratings (Bardy et al., 2006).
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Electrophysiological recording
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Multi-unit activity in the primary visual cortex was recorded using a tungsten multichannel
depth electrode (0.1- 0.8 MΩ at 1 KHz; Alpha Omega Co. USA Inc.) (Figure 1A, right). The
recordings were performed in both hemispheres of the cat’s brain. The electrode consisted
of four micro-electrodes in a linear array (inter-electrode spacing 500 μm) enclosed in
stainless steel tubing. The signal from the microelectrodes was amplified, band-pass filtered
(300 Hz – 3 KHz), digitized and recorded with a 0.05 ms temporal resolution (Spike2, CED,
Cambridge, UK). We recorded at average cortical depths of 300-500 μm and 1000-1200 μm
simultaneously from both sites. To further confirm the location of contacting electrodes,
histological staining and local field potentials (LFP’s) were recorded for every site where the
electrode tip was lowered. Figure 1B (left) shows a histological section of area 17 and
confirms the location of the electrode at the appropriate depth. Further, LFPs were recorded
(low-pass filtered between 10 -100 Hz) to observe the sink-source dipoles. To evoke LFP’s,
a series of drifting gratings oriented at 0° to 157.5° separated by 22.5° was presented (each
oriented flash lasted 100 ms) covering the whole screen of the monitor. Figure 1B (right)
displays the LFP traces of layer II-III and layer V-VI neurons. The inversion of polarity
(positive-negative LFP, red arrows) at both electrodes further validates the correct
positioning of electrodes.
The multiunit activity of neurons was recorded simultaneously from layer II-III and layer V-VI.
Figure 1C (right) shows an example of neuronal isolation (spike sorting) from the multiunit
activity. Spike sorting was done offline using Spike2 package, CED, Cambridge, England.
The single units were discriminated based upon the spike waveforms, principal component
analysis (PCA) and auto correlograms (ACG).

The respective PCA, ACGs, and spike-

waveforms are shown to the right (Figure 1C).
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Adaptation Protocol
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After manually mapping the receptive fields, eight different orientations were presented
randomly one-by-one within the receptive fields of the neurons. Eight oriented sine wave
drifting gratings were presented in a random order ranging from 0° to 157.5° at regular
intervals of 22.5°. Each orientation was presented in a block of 25 trials (each trial lasted 4.1
s) with varying inter-stimulus (1 ̶ 3 s) intervals during which no stimulus was presented.
Thus, the presentation of one oriented drifting grating lasted ~180 s (including all trials and
inter-stimulus intervals) (Figure 1A). Once the control orientation tuning curves were
characterized, an adapting oriented stimulus (non-optimal orientation) was presented
continuously for 12 min (Figure 1A) within the receptive fields of neurons. The adapting
stimulus was a drifting grating whose orientation was chosen based on the multiunit activity
values obtained at control conditions and was generally set within 22.5° to 67.5° of the
neurons’ preferred orientations. No recordings were performed during this adaptation period.
Immediately after the adaptation procedure, recordings were performed starting with the
adaptor orientation and initially preferred orientation followed by recording of remaining
orientations in a random fashion. Finally, the tuning curves were computed as below.

Data
The Gaussian tuning fits were computed for neurons pre- and post-adaptation using the
function below:

=

+

÷

×

×

×

where y0 is the offset, xc is the center, w is the width and A represents the area under the
Gaussian fit. The firing rates were normalized in Prism and Gaussian tuning curves were
generated in the scientific software Origin. The direction and magnitude of shifts were
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calculated as the distance between peak positions of the fitted Gaussian tuning curves
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before and after adaptation (the difference between the initially preferred and newly
acquired). An attractive shift was attributed to the displacement peak of the orientation tuning
curve in the direction of the adapter while a repulsive shift was indicated by a displacement
of the tuning peak in opposite direction (away from the adapter). As indicated in the methods
these displacements should be >5 ° to be considered as a significant shift.
Moreover, we also measured the orientation selectivity index (OSI) of a neuron by dividing
the firing rate at the orthogonal orientation by the firing rate at the preferred orientation, and
subtracting the result from 1 (Ramoa et al., 2001; Liao et al., 2004; Bachatene et al., 2013).
The closer the OSI is to 1, the stronger the orientation selectivity. Finally, the sorted neurons
were classified into regular and fast spikes on the basis of the spike-width (Bartho et al.,
2004; Schwindel et al., 2014; Bharmauria et al., 2015). Spikes with a width < 0.3 ms were

identified as fast spiking neurons (FS) and > 0.3 ms as regular spiking (RS) neurons.

Statistical tests
Three data sets were tested for statistics: 1) amplitudes of shift (attractive and repulsive)
values 2) OSI values of neurons pre- and post-adaptation 3) spike width values. These data
were tested for normal distribution using the D'Agostino & Pearson omnibus normality test.
Based on the results obtained, parametric student t-test (unpaired) was applied to the values
of shift amplitudes. Further, all four groups (attractive shift values in layer II-III and layer V
and repulsive shift values in layer II-III and layer V) were compared with ANOVA. On the
other hand, non-parametric Mann-Whitney test was employed to the values of OSI and spike
width of neurons since these distributions were not normal. The Pearson coefficient was
calculated to find any correlation between the data groups. To infer the difference in
proportions z-test was used. Consequently, comparisons were drawn between attractive and
repulsive populations and spike width values obtained for either layer. Finally, a regression
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analysis was done to find correlation between spike width values and amplitude of attractive
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and repulsive shifts.

Results
The goal of the current investigation was to explore the effect of adaptation on
simultaneously recorded neurons from supra- and infragranular layers. In total, 97 neurons
were recorded and analyzed for the effects of 12 min adaptation on each layer. A
comparative post-adaptation behavioral distribution of cells in either layer is shown in Figure
2. The gray shades and green shades represent the supra- and infragranular layers
respectively. The color scheme is respected throughout the manuscript. In fact, neurons in
both layers exhibited similar shift tendencies. The graph on the upper right shows the
proportion of cells showing attractive and repulsive shifts. On comparing the proportion of
attractive shifts between the two layers, infragranular neurons exhibited a higher proportion
(p = 0.05, t-test) of attractive shifts as compared to supragranular neurons. However, this is
not the case for repulsive shifts (p = 0.70394, t-test).
A part of the remaining population refracted the adapter and did not show any significant
shift (<5°) in orientation tuning (Bachatene et al., 2013; Jeyabalaratnam et al., 2013;
Bachatene et al., 2015). The corresponding proportion of repulsive shifts for both layers
were found to be comparable (06 neurons in supra- and 07 in infragranular layers). A
fraction of tuned (T) neurons lost their selectivity post-adaptation and was categorized as TU (17 in supra- and 20 in infragranular layers). Moreover, some untuned (U) neurons
acquired novel selectivity after adaptation and were categorized as U-T (20 neurons in
supra- and 09 in infragranular layers). A proportion analysis was not performed on these
latter data sets since we were primarily interested in comparing only attractive and repulsive
behaviors across layers. Such novel selectivity has been reported previously in mice
(Jeyabalaratnam et al., 2013). It is to be underlined that neurons with an orientation
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selectivity index (OSI) < 0.5 were classified as untuned (Bharmauria et al., 2015; Bharmauria
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et al., 2016). Finally, a minority of neurons (09 in supra- and 05 in infragranular layers)
remained untuned before and after adaptation (U to U).

Layer II-III and layer V-VI primary visual neurons co-ordinate to acquire a novel
preference
The effects of adaptation have been extensively studied in layer II-III neurons (Dragoi et al.,
2000; Bachatene et al., 2013; Jeyabalaratnam et al., 2013; Cattan et al., 2014; Bachatene et
al., 2015). Because a column extends from layer II-III to layer V-VI it was of interest to
investigate the effects of adaptation on simultaneously recorded neurons from both layers.
Thus, we examined the post-adaptation orientation tuning curves of simultaneously recorded
layer II-III and layer V-VI neurons. Figure 3 shows typical examples of adaptation effects
(shifts in orientation selectivity) on both layers after 12 minutes of adaptation. In Figure 3A,
an example of each type of effect (attractive, repulsive, and no shift) is shown for layer II-III.
The top and middle rows show the raw tuning curves of neurons pre- and post-adaptation.
The superimposed Gaussian fits are shown at the bottom demonstrating the shifts. To the
left, an attractive shift is illustrated. In the control condition, the neuron was optimally tuned
to 158.47° (OSI = 0.9; R2 = 0.6). After adapting the neuron for 12 minutes with a 45° grating

(red arrow), the selectivity of the neuron (OSI = 0.9; R2 = 0.5) shifted toward the adapter
(57.34°), that is, the neuron exhibited an attractive shift. The middle column shows an
example of a repulsive shift. The neuron in this case changed its preference away from
91.24° (OSI = 0.9; R2 = 0.8) to 30.77° (OSI = 0.9; R2 = 0.6) after being challenged with 112°

adapter. Similarly, the third column (extreme right) illustrates an example of a refractory
neuron. This neuron did not change its preference after adaptation with 45° grating and
maintained its selectivity at approximately 67°. The selectivity minutely changed from 67.1°
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(OSI = 0.8; R2 = 0.5) to 68.22° orientation (OSI = 0.8; R2 = 0.8) and it was deemed non-
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significant.

In a similar fashion, the results are demonstrated in Figure 3B for layer V-VI neurons. To the
left, a typical example of an attractive shift is illustrated. The neuron was originally selective
to 52.61° orientation (OSI = 0.9; R2 = 0.7) but acquired a novel optimal selectivity of 136.54°

(OSI = 0.8; R2 = 0.5) after 12 minutes of adaptation with 90°. The middle column represents
an example of a repulsive shift. Here, the layer V-VI neuron was optimally tuned to 39.57°
orientation (OSI = 0.8; R2 = 0.6). After imposing the 22.5° adapter the neuron changed its
preference away from the adapter to 72.30° orientation (OSI = 0.9; R2 = 0.6) showing a

repulsive shift. Finally, on the right, a refractory neuron is displayed. This neuron, in spite of
being adapted with 45° adapter, did not change its preference. It maintained its preference
around 74° and changed its selectivity non-significantly from 74.2° (OSI = 0.7; R2 = 0.9) to

73.4° (OSI = 0.9; R2 = 0.9).

Further, the amplitudes of attractive and repulsive shifts were plotted to compare the
magnitude of orientation shift in layer II-III and layer V-VI neurons (Figure 4A). The
difference in mean (± SEM) amplitude of attractive shifts for layer II-III (mean = 49.68 ± 4.37)
and layer V-VI neurons (42.23 ± 3.77) was found not significant (t-test, p = 0.1030). A similar
result was found for the amplitude of repulsive shifts (mean ± SEM) 33.06 ± 3.96 and 32.88
± 5.18 for layers II-III and V-VI respectively (t-test, p = 0.9778). However, attractive shifts (Att
= 49.67 ± 4.36; Rep = 33.06 ± 3.958) in layer II-III were found dominant over repulsive shifts
(p = 0.0056). Moreover, on comparing all four groups (one-way ANOVA, p = 0.0361) the
mean difference was found to be significant. This could be indicative of individual cells in
both layers behaving independently yet following a similar trend globally.
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In addition, Orientation Selectivity Index (OSI) was also computed for all the neurons in
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layers II-III and V-VI to investigate the tuning sharpness of neurons before and after
adaptation. Figure 4B shows the mean of OSI for 97 neurons each for layer II-III and V-VI at
control and post-adaptation conditions. The mean (mean ± SEM) OSI for neurons at control
and post-adaptation conditions was found to be 0.65 ± 0.03 and 0.60 ± 0.03 (Mann-Whitney
test, p = 0.7863) for layer II-III neurons and 0.65 ± 0.03 and 0.65 ± 0.02 (Mann-Whitney test,
p = 0.2446) for layer V-VI neurons, respectively. The difference in mean OSI was not
significant in both layers which further indicate that neurons in layer II-III and V-VI acquire
the new selectivity in an analogous mode, thus maintaining the homeostasis postadaptation. These results also support the fact that, following adaptation, the orientation
columns (extending from layer II-III to layer V-VI) tilt in such a fashion that the functional
dogma of columns is maintained as shown previously (Bachatene et al., 2015). To
summarize, following adaptation the cellular dynamics in a column remain unchanged which
reflects that the ‘entire block’ of cells is displaced after being challenged by the adapter.

Relation between the spike-width and amplitude of shift
Neurons were dissociated into broad/regular spiking (RS) and narrow/fast spiking neurons
(FS) on the basis of their spike width (Bharmauria et al., 2015; Bharmauria et al., 2016). The
RS and FS neurons have been putatively linked to excitatory and inhibitory neurons (Nowak
et al., 2003; Niell & Stryker, 2008; Vinck et al., 2013). It was reported that a large population
of excitatory neurons in cats’ visual cortex exhibit narrow spike shape, consequently not
permitting a clear distinction between pyramidal and inhibitory cells (Nowak et al., 2003).
Nevertheless, in the current study, a spike-width threshold of 0.3 ms was chosen to separate
the neurons (Bharmauria et al., 2015; Bharmauria et al., 2016) (Figure 5). Figure 5A
illustrates separated neurons. Neurons having spike width ˃ 0.3 ms were categorized into
RS neurons, whereas neurons exhibiting a spike width ≤ 0.3 ms were classified into FS
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neurons. The division was performed separately for both layers. The inserts of spike
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waveforms on the right side of figure 5A (gray and green) illustrate how the classification
was done. Layer V neurons showed a wide range of spike width in comparison to layer II-III.
However, on averaging the values of spike widths for different groups, the values were found
comparable in both layers. The proportion of RS and FS cells were found no different from
each other as evident from figure 5C (shows the proportion of RS and FS cells). The z-test
for proportion was performed for both layers (p-value = 0.50926). To see the global pattern
of RS and FS groups in either layer, mean ± SEM of RS and FS neurons was calculated
(Figure 5B). The mean values were found to be 0.47 ± 0.01 and 0.24 ± 0.01 for layer II-III
and 0.48 ± 0.01 and 0.24 ± 0.006 for layer V-VI respectively. For this data, a non-parametric
Mann-Whitney test was employed. The p-values for RS and FS data were found to be
0.5084 and 0.5155, respectively.
Additionally, a sub-categorisation was performed to compare the direction of shift with the
type of cell. This was done to compare shift trends in RS and FS neurons (Figure 6). We
found layer II-III (mean ± SEM = 52.60 ± 4.65) and layer V-VI (mean ± SEM = 45.96 ± 4.80)
RS neurons shifting towards the attractive direction with the largest amplitude (t-test, p =
0.3271). This tendency of RS neurons was also observed in the repulsive direction but with a
lesser magnitude. The means (mean ± SEM) of the amplitude of repulsive shifts in layer II-III
and layer V-VI RS neurons were found comparable (t-test, p = 0.6181) and their values were
found to be 32.88 ± 7.64 and 33.70 ± 4.78, respectively. Moreover, layer II-III FS (attractive
= 40 ± 7.32; repulsive = 33.20 ± 4.11) and V-VI FS (attractive = 34.46 ± 5.54; repulsive =
31.50 ± 12.05) neurons also exhibited shifts in attractive (p = 0.6181) and repulsive (p =
0.8747) directions showing comparable values of means. The proportion of neurons showing
attractive and repulsive shifts (Figure 6, insert on the upper right) were computed which
showed that FS neurons in layer V shift more towards the adapter i.e. in the attractive
direction in comparison to layer II-III neurons. Lastly, neurons exhibiting no shifts were also
included in the graph but no significance was observed between groups. This indicated that
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overall, in supra- and infragranular layers both RS and FS neurons showcase attractive and
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repulsive shifts and with a similar tendency of shifts post-adaptation.

To further see a correlation between spike width values and amplitude of shifts a regression
analysis for either layer was done between spike width values and amplitude of shift (Figure
7). None of the four groups showed a relation between compared values. Thus, all above
analyses seem to indicate that cells within a column operate in a uniform fashion implying
that cells of the entire cortical column from superficial to deep layers change their properties
towards imposed non-preferred orientation following adaptation. However, it is important to
note that individual cells could play different and specific roles in achieving an equilibrium
state.
To the best of our knowledge, this is the first comparative study of the simultaneously
recorded layer II-III and layer V-VI neurons in adult cat V1 in response to adaptation that
shows an overall picture of events occurring in an orientation column following adaptation.

Discussion
In summary, we demonstrated that layer II-III and layer V-VI neurons acquired comparable
orientation selectivity shifts after 12 minutes of adaptation. The main results of the current
investigation are: 1) in addition to the layers II-III, layer V-VI neurons also exhibit orientation
selectivity shifts; 2) the mean amplitudes of attractive and repulsive shifts in both layers are
comparable; 3) the average OSI pre- and post-adaptation in either layer is similar, and; 4)
the mean amplitude of shifts of RS and FS neurons in both layers is about equal. These
results are in line with the previous findings by (Bachatene et al., 2015) who showed that
neurons in supragranular layers reprogram their orientation selectivity when adapted visually
and this reprogramming is so systematic that neurons even in the non-adapted columns
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acquire the new selectivity with respect to the previous column which seems to be guided by
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the adapting column.
Layer II-III neurons exhibit attractive and repulsive shifts (Ghisovan & Nemri, 2008; Ghisovan
et al., 2009; Nemri et al., 2009; Bachatene et al., 2012). In the present investigation, we

show for the first time that infragranular layer V-VI neurons also show these classical shifts
in orientation selectivity in conjunction with layer II-III neurons in response to adaptation.
Generally, neurons recorded from an electrode tip shift their orientation selectivity in a similar
direction. In other words, this small pool of neurons recorded from the same tip is affected by
an identical mechanism in response to the external stimulus called ‘adapter’ (Nemri et al.,
2009). A previous study based on adaptation (Dragoi et al., 2000) showed that neuronal
shifts are independent of cortical depth. Anatomical evidence suggests that neurons sharing
orientation preference are mostly connected with each other and are present in the
orientation domains whereas neurons situated close to pinwheels are connected with
neurons having a wide range of orientation preference (Schummers et al., 2004, Maldonado
et al., 1997). The present investigation is based on electrophysiological recordings, however,
the fact that locations of neurons in the orientation map can affect several of their inherent
features, e.g., shift amplitude, the direction of shift, etc., can’t be ignored. It would be
inequitable to compare individual populations recorded from different regions of the
orientation map. Hence, this study focuses more towards the global response pattern of
supra- and infragranular neurons and not on response behavior of an individual neuron.
Nevertheless, when the sub- populations are examined deeply, different properties are
displayed by individual cells, e.g., some clusters (recording from a single site down the
column) are homogeneous showing attractive shifts whereas others are heterogeneous
displaying attraction and repulsion. This is one of the possible reasons for a large variance of
the shift amplitudes and it explains why neurons in either layer display a large range of
orientation shift amplitude.
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The orientation selectivity index (OSI) which is calculated by the sharpness of the

Accepted Article

tuning curve of a neuron was also calculated for both layers at control and post-adaptation
conditions. The OSI was comparable for layer V-VI and layer II-III neurons confirming the
neurons maintained an optimal tuning prior to and post-adaptation.
Next, the neurons were classified into RS and FS cells putatively referred to as excitatory
and inhibitory neurons, respectively, throughout the literature (Povysheva et al., 2006; Fries
et al., 2007; Gouwens et al., 2010; Hofer et al., 2011). Firstly, we observed both groups of
cells showing attractive and repulsive shifts. It indicated that shift in orientation selectivity is
independent of V1 neuron type. Secondly, we also found fast spiking neurons exhibiting a
repulsive shift of smaller magnitude as compared to regular spiking neurons exhibiting
attractive shifts. Similar results were confirmed previously (Bachatene et al., 2012) for

supragranular layer II-III neurons. Lastly, we found equal proportions of putative excitatory
and inhibitory neurons in our data which suggested that the regular and fast spiking neurons
exist in balance across cortical layers.
To further infer a relation between the type of neuron and the direction of shift we subcategorised RS and FS neurons into three groups: cells showing attractive shifts, repulsive
shifts, and no shift (Bachatene et al., 2012). The observation revealed that RS neurons shift
with a higher magnitude than fast spiking neurons in both layers. This is indeed indicative of
RS neurons being more plastic than FS neurons. Another important observation was made
about fast spiking neurons. Layer II-III FS neurons were found more likely to shift in a
repulsive direction rather than attractive direction and this pattern was reversed in the layer
V. It could also be indicative of a possible specific

role of inhibitory neurons in the

adaptation process. A recent review (Naka et al., 2016) discussed several types of inhibitory
neurons in layer V that play specific roles in different types of inhibition mechanisms
particularly in layer V. Layer II-III neurons form the densest projection on layer V neurons
and synaptically recruit them to fire.

This generates a robust feed–forward inhibition.

Connectivity studies in different regions of the brain suggest that this feed-forward inhibition
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between layer II-III and layer V neurons is unique as different layer V neurons receive
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different strengths of excitatory inputs from layer II-III neurons (Pouille et al., 2009; Adesnik
and Scanziani, 2010; Jin et al., 2014; Pluta et al., 2015; Jiang et al., 2015; Otsuka and
Kawaguchi, 2009). Layer V is not only an output layer but also an important input layer as it
receives inputs from all other cortical layers (Markram et al., 2015). Therefore, it is worth
noting the role of inhibitory neurons specifically in layer V. This could potentially form another
possible explanation of how neurons across layers behave differently yet they maintain
equilibrium inside the orientation column.

Adaptation Mechanism:
The underlying mechanism of adaptation may involve transient changes at the synapse level
occurring at different time scales dependent on the duration of adaptation (Kohn, 2007).
Adaptation mainly involves a decrease in the response to the initially preferred orientation
and increasing the response towards the dominant orientation. This decrease in the firing
rate generally occurs at the individual level and could be a consequence of a change in
membrane properties of V1 cells, e.g., hyperpolarisation (Carandini & Ferster, 1997) or
synaptic depression or slow hyperpolarising of Na+ channels (Sanchez-Vives et al., 2000).
Inhibition and excitation play a major role in creating and maintaining the equilibrium by
recurrently modulating the response gain in local cortical circuits (Ben-Yishai et al., 1995;
Douglas et al., 1995; Somers et al., 1995). Other disinhibitory mechanisms may also be
critical to maintaining homeostasis during the adaptation process.
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Possible functional implications:
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It has been amply demonstrated and suggested that a neuron’s single dendritic branch
receives synaptic inputs from differently tuned neurons. This enables the neuron to be able
to elicit a response to a wide range of inputs by making synaptic associations. The dominant
input then drives the corresponding synapses giving rise to an optimal selectivity for the
neuron (Jia et al., 2010; Bachatene et al., 2013; Wertz et al., 2015) Within this framework,
the imposition of an adapter grating strengthens the synapses related to it, thus potentiating
a novel selectivity for the neuron. Thus, a new adjustment between the excitation and
inhibition after the adaptation period facilitates the neurons to acquire a new selectivity.
A possible explanation is that repulsion is a consequence of a default reaction. Following
adaptation, the ‘’new‘’ preferred orientation acquired by the same neuron is an outcome of a
differential decrease in response to the initially preferred orientation, while flank orientations
far from the adapter in the tuning curve remain relatively unchanged. However, the latter
orientations evoke a stronger response and became dominant. Therefore, attractive shifts
are the outcome of dual modulation of responses, a push-pull mechanism that
simultaneously diminishes responses to the original preferred orientation and increases firing
to orientations close to the adapter. Consequently, the final data obtained is the product of
modifications of ratios between excitatory and inhibitory inputs. Since similar results are
observed in supra- and infragranular layers, it is reasonable to conclude that in both layers
excitatory and inhibitory populations share similar mechanisms (Kohn & Movshon, 2004;
Ghisovan et al., 2009). Moreover, the excitatory and inhibitory loops may also be implicated
in this robust recalibration of neuronal selectivity (Froemke, 2015).
In the passage of neuronal information in the visual cortex, layer IV neurons are the

receiving units of the information coming from the thalamus (LGN), and these neurons
project the information to layer II-III neurons. Further, the information is conveyed to
infragranular layer V-VI neurons (Kapfer et al., 2007; Otsuka & Kawaguchi, 2009; Apicella et
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al., 2012; Jiang et al., 2015). In addition, several studies demonstrate that there are
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abundant anatomical connections between layer II-II and V-VI neurons (Lowenstein &
Somogyi, 1991; Thomson & Bannister, 2003). However, it has also been shown that
infragranular layers receive a direct input from the thalamic cells (Constantinople & Bruno,
2013; Pluta et al., 2015). These interneuronal relationships may be the basis for shifts in
these layers occurring through a common mechanism(s).
The co-active groups of neurons are termed as microcircuits or cell assemblies (Buzsaki,
2010; Harris & Mrsic-Flogel, 2013; Singer, 2013; Bharmauria et al., 2014; Miller et al., 2014;
Bharmauria et al., 2015).

The behavior of individual neurons in these assemblies is

dependent on inputs from neighboring or distally located neurons horizontally or as a
function of depth. The dynamics of the synapses induce a change in the orientation tuning of
neurons during the process of training layer II-III and layer V-VI neurons together. Therefore,
goal-directed functional synaptic communications configure the underlying mechanisms for
the neurons to change their tuning across different layers (Felsen et al., 2002). Moreover,
shifts in orientation selectivity are credited to the short-term plasticity of intra-cortical
connections. Therefore, these interactions between synapses of neighboring neurons
(horizontally or as a function of depth) support the plasticity in the brain (Harvey & Svoboda,
2007).
Collectively, we observed that cortical layer V-VI and layer II-III neurons show similar
responses to adaptation which suggests that neurons in supragranular and infragranular
layers strive in alliance with each other, suggesting that neurons not specific to a layer
respond to adaptation distinctively, but the whole V1 column changes leading to a whole
cortex re-orientation. Considering the cortical column as a functional unit of the visual cortex,
it appears that neurons in a column choose to perform in unison to propagate a
comprehensive harmony in the cortical column which is preserved from column to column
and, as a consequence of training one of the columns, the whole cortex is recalibrated
towards maintaining that balance to achieve its stable state.
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