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Development/Plasticity/Repair

Neural Coding of Whisker-Mediated Touch in Primary
Somatosensory Cortex Is Altered Following Early Blindness

X Deepa L. Ramamurthy and Leah A. Krubitzer
Center for Neuroscience, University of California, Davis, California 95618

Sensory systems do not develop and function independently of one another, yet they are typically studied in isolation. Effects of multi-
sensory interactions on the developing neocortex can be revealed by altering the ratios of incoming sensory inputs associated with
different modalities. We investigated neural responses in primary somatosensory cortex (S1) of short-tailed opossums (Monodelphis
domestica; either sex) after the elimination of visual input through bilateral enucleation very early in development. To assess the influence
of tactile experience after vision loss, we also examined naturally occurring patterns of exploratory behavior. In early blind (EB) animals,
overall levels of tactile experience were similar to those of sighted controls (SC); locomotor activity was unimpaired and accompanied by
whisking. Using extracellular single-unit recording techniques under anesthesia, we found that EB animals exhibited a reduction in the
magnitude of neural responses to whisker stimuli in S1, coupled with spatial sharpening of receptive fields, in comparison to SC animals.
These alterations manifested as two different effects on sensory processing in S1 of EB animals: the ability of neurons to detect single
whisker stimulation was decreased, whereas their ability to discriminate between stimulation of neighboring whiskers was enhanced. The
increased selectivity of S1 neurons in EB animals was reflected in improved population decoding performance for whisker stimulus
position, particularly along the rostrocaudal axis of the snout, which aligns with the primary axis of natural whisker motion. These
findings suggest that a functionally distinct form of somatosensory plasticity occurs when vision is lost early in development.

Key words: barrel cortex; compensatory plasticity; crossmodal; somatosensation; vibrissae; vision loss

Introduction
The developing nervous system is highly sensitive to the relative
levels and patterns of incoming sensory inputs, not only within,

but also across sensory modalities. Numerous studies in humans
(for review, see Bavelier and Neville, 2002; Renier et al., 2014;
Ricciardi et al., 2014) and other mammals (Karlen et al., 2009; for
review, see Butler and Lomber, 2013) have reported the phenom-
enon of crossmodal plasticity in which cortical areas associated
with a deprived sensory modality become responsive to stimuli
associated with spared modalities. These effects are observed, to
varying degrees, after different forms of sensory loss including
congenital abnormalities (Hunt et al., 2006; Chabot et al., 2007),
peripheral lesions (Izraeli et al., 2002; Kahn and Krubitzer, 2002;
Meredith et al., 2011), decreased sensory-driven activity (Raus-
checker and Korte, 1993; Rauschecker, 1996), or naturally occur-
ring loss of vision during evolution (e.g., blind mole rat; Bronchti
et al., 2002; Sadka and Wollberg, 2004). Further, behavioral evi-
dence from congenitally blind or deaf mammals, including hu-
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Significance Statement

After sensory loss, compensatory behavior mediated through the spared senses could be generated entirely through the recruit-
ment of brain areas associated with the deprived sense. Alternatively, functional compensation in spared modalities may be
achieved through a combination of plasticity in brain areas corresponding to both spared and deprived sensory modalities.
Although activation of neurons in cortex associated with a deprived sense has been described frequently, it is unclear whether this
is the only substrate available for compensation or if plasticity within cortical fields corresponding to spared modalities, partic-
ularly primary sensory cortices, may also contribute. Here, we demonstrate empirically that early loss of vision alters coding of
sensory inputs in primary somatosensory cortex in a manner that supports enhanced tactile discrimination.
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mans, indicates that, after early sensory loss, animals perform
better on tasks mediated by spared sensory systems (Toldi et al.,
1994; Rauschecker and Kniepert, 1994; Lomber et al., 2010; for
review, see Bavelier and Neville, 2002; Ricciardi et al., 2014).

The majority of these studies have focused on the deprived
cortex as the main substrate for functional and behavioral com-
pensation that accompanies early sensory loss. However, an
increase in the cortical territory available for processing informa-
tion in the spared senses via recruitment of the deprived cortex is
not necessarily the only mechanism for sensory compensation.
Instead, compensation may involve some combination of a take-
over of the deprived cortex by spared sensory systems as well as a
reorganization of cortical and subcortical structures associated
with the spared sensory modalities. However, studies examining
the effects of early loss on cortical areas associated with the spared
senses are limited, particularly with regard to primary sensory
cortices. Rauschecker et al. (1992) reported an expansion of the
barrel fields in S1 in neonatally enucleated mice, as determined by
cytochrome oxidase staining. A previous study from our labora-
tory (Kahn and Krubitzer, 2002) found that neurons at some
recording sites in primary somatosensory cortex (S1) and pri-
mary auditory cortex (A1) were responsive to both somatosen-
sory and auditory stimuli in animals that were bilaterally
enucleated very early in development. Beyond this, the effects of
early and chronic unimodal sensory loss on neural processing in
the spared senses are not well understood.

The goal of the current study was to test whether there were
basic differences in tactile processing in S1 of animals that expe-
rienced early vision loss (early blind, EB) compared with sighted
control (SC) animals. We did this by examining extracellular
single-unit activity in response to a simple tactile stimulus, the
deflection of a single whisker. Short-tailed opossums are ideal for
studies of the consequences of early sensory loss on cortical func-
tion because their nervous systems are highly immature at birth,
allowing for targeted extrauterine manipulations at much ear-
lier developmental stages than most commonly used mamma-
lian models. Both the visual and somatosensory systems are well
developed in adult short-tailed opossums; primary visual cortex
(V1) is the primary sensory area that occupies the largest fraction
of the neocortex, followed by S1 (Huffman et al., 1999; Kahn et
al., 2000). Further, short-tailed opossums exhibit specialized tac-
tile behavior in the form of whisking, a rhythmic and stereotypic
back-and-forth motion of the facial whiskers during spatial ex-
ploration and navigation (Mitchinson et al., 2011; Grant et al.,
2013). Thus, in the absence of one dominant sense (vision), one
might expect neural and behavioral shifts toward the other
dominant sense (touch). Recently, a study from our laboratory
demonstrated reorganization of both thalamic and cortical pro-
jections to S1 in bilaterally enucleated animals (J. C. Dooley and
L.A. Krubitzer, unpublished observations), in addition to the re-
organization of projections to visual cortical areas (Karlen et al.,
2006). In light of these observations, we were particularly inter-
ested in investigating whether plasticity after early blindness has
implications for neural coding in S1.

Materials and Methods
Animals. A total of 44 short-tailed opossums (Monodelphis domestica) of
either sex (SC: 11 females, 11 males; EB: 10 females, 12 males) derived
from 13 litters (from 11 mothers) were used for data collection across all
behavioral and electrophysiological testing conducted in the current
study (see Tables 1 and 2 for details regarding subject information).
Extracellular electrophysiological recording techniques were used in 19
adult (4 –16 months) animals to examine the response properties and

receptive field characteristics for neurons in S1. Nine animals (4 females,
5 males) were bilaterally enucleated on postnatal day 4 (P4) and are
referred to as ‘early blind’ (EB), and 10 animals (5 females, 5 males)
served as ‘sighted controls’ (SC). Portions of electrophysiological data
acquired from three SC animals were reported in a previous publication
(Ramamurthy and Krubitzer, 2016). All animals were housed in standard
laboratory cages and maintained on a 14/10 h light/dark cycle. Food and
water were available ad libitum in the home cage. To determine whether
enucleation affected opossum behavior, we examined locomotor activity

Table 1. Subject information: SC animals

ID# Sex

Weight at
adulthood
(g)

S1 neural
recordings

Behavioral data collected

Whisking
present?

Occurrence
of whisking

L/W
overlap

Home cage locomotion/
age range

1 F 59 N Y N Y Postwean Y
2 F 61 Y Y N Y Adult Y
3 F 61 Y Y N N — Y
4 F 64 N Y N Y Postwean Y
5 F 68 N Y Y Y Prewean, postwean,

adult
Y

6 F 71 Y Y N N — Y
7 F 72 N Y Y Y Postwean Y
8 F 72 Y Y N N — Y
9 F 74 N Y Y N — Y
10 F 78 N Y N Y Prewean Y
11 F 85 Y Y N N — Y
12 M 87 Y Y N N — Y
13* M 93 Y Y N N — Y
14 M 96 N Y N Y Postwean Y
15 M 103 N Y N Y Postwean Y
16 M 108 N Y Y Y Prewean Y
17 M 110 N Y Y Y Postwean, adult Y
18* M 113 Y Y N N — Y
19* M 118 Y Y N N — Y
20 M 133 Y Y N N — Y
21 M 98 N Y N N Adult Y
22 M 92 N Y Y Y Prewean, postwean Y

Shown is a breakdown of sex, weight, age range, and parameters measured for SC animals. Asterisks indicate
animals for which a portion of neural recording data used were reported in a previous publication (Ramamurthy and
Krubitzer, 2016).

Table 2. Subject information: EB animals

ID# Sex

Weight at
adulthood
(g)

S1 neural
recordings

Behavioral data collected

Whisking
present?

Occurrence
of whisking

L/W
overlap

Home cage locomotion/
age range

1 F 59 N Y Y Y Prewean Y
2 F 62 Y Y N N — Y
3 F 63 N Y Y Y Postwean, adult Y
4 F 65 N Y N Y Postwean Y
5 F 70 Y Y N N — Y
6 F 71 Y Y N Y Adult Y
7 F 76 N Y Y Y Postwean Y
8 F 78 N Y N Y Prewean, postwean Y
9 F 79 N Y N Y Prewean Y
10 F 87 Y Y N N — Y
11 M 61 Y Y N N — Y
12 M 79 Y Y N Y Prewean, postwean Y
13 M 86 Y Y N N — Y
14 M 88 N Y Y Y Adult Y
15 M 93 Y Y N N — Y
16 M 165 Y Y N N — Y
17 M 89 N Y N Y Prewean Y
18 M 107 N Y Y N — Y
19 M 110 N Y Y Y Prewean, postwean Y
20 M 113 N Y N Y Prewean Y
21 M 116 N Y Y Y Postwean, adult Y
22 M 124 N Y Y Y Prewean, postwean Y

Shown is a breakdown of sex, weight, age range, and parameters measured for EB animals.
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and whisking behavior in SC and EB animals (see below). Protocols were
approved by the Institutional Animal Care and Use Committee of the
University of California–Davis and experiments were performed accord-
ing to the criteria outlined in the National Institutes of Health’s Guide for
the Care and Use of Laboratory Animals.

Bilateral enucleation. Bilateral enucleations were performed on short-
tailed opossum pups at P4. Because the pups are fused to the mother’s
nipples until �P14, the procedure was performed after lightly anesthe-
tizing the mother with Alfaxan (20 mg/kg, IM). Maintenance doses (10 –
50%) were administered as needed to ensure that the mother remained
immobile. Pups were anesthetized by hypothermia through contact with
a rubber pouch filled with ice and each eye was removed manually under
microscopic guidance. After enucleation, the skin around the eye was
repositioned to cover the eye socket and sealed with surgical glue. This
entire procedure for both eyes lasted for 3– 4 min per animal. Approxi-
mately half of each litter was bilaterally enucleated to generate EB group
animals and the remaining half served as the SC group. Respiration rate
and body temperature of the mother and heartbeat, coloration, and mo-
bility of the pups were monitored throughout the enucleation procedure.
Following enucleations, the pups were allowed to rewarm and once the
pups and mother were fully recovered, they were returned to the home
cage.

Behavioral data collection and analysis. Animals from three age ranges
were used for behavioral data collection: preweaning juvenile (P36 –
P56), postweaning juvenile (P56 –P76), and adult (4 –16 months) ani-
mals. Qualitative assessments of whisking behavior were made for all
animals included in the study. In some cases, high-speed video of whisk-
ing was captured using a Casio EX-F1 digital video camera (512 � 384
pixels at 300 frames/s) or an Apple iPhone 6s camera (1280 � 720 pixels
at 240 frames/s). Movies of whisking were uniformly adjusted for bright-
ness, contrast, and color balance using VLC media player version 2.2.6
(VideoLAN). Presence or absence of whisking was scored by two inde-
pendent observers on a binary scale as absent or present using a modifi-
cation of previously used criteria (Landers and Philip Zeigler, 2006)
where “absent” refers to no whisking or small, aperiodic whisker move-
ments and “present” refers to low frequency/low amplitude whisking or
normal whisking. Whiskers were also tracked in high-speed video clips
(mean frames per clip: SC � 248 � 34.3 frames; EB � 330 � 66.4 frames)
using the Manual Whisker Annotator (Hewitt et al., 2016) to obtain
measurements of whisking frequency (number of whisk cycles per sec-
ond). To assess the overlap between whisking behavior and locomotor
activity, individual animals were monitored for 10 epochs of 30 s each in
their home cage, followed by 10 epochs of 30 s each after transfer to a
novel cage containing unfamiliar toys (Bio-Serv). Overlap between
whisking (W� � 1, W� � 0) and locomotion (L� � 1, L� � 0) bouts
was quantified as the L/W overlap index as follows:

For n tested epochs, L/W overlap index �

�
i�1

n

min(Li, Wi)

�
i�1

n

max(Li, Wi)

An L/W overlap index value of 1.0 indicates complete overlap between
locomotion bouts and whisking bouts and a value of 0.0 indicates no
overlap between locomotion bouts and whisking bouts.

To assess locomotor activity in EB and SC animals, video recordings
were obtained of juvenile and adult animals in their home cages over 24 h
periods using an infrared-enabled camcorder (SEREE HDV-501, 30
frames/s). All home cage behavior data were analyzed offline by three
independent observers such that, for multiple video segments, the same
time windows were analyzed by at least two observers. Interrater reliabil-
ity for scored videos was quantified using Cohen’s � coefficient (see
“Experimental design and statistical analysis” section below). Video cod-
ing of home cage behavior was performed offline using BORIS (Behav-
ioral Observation Research Interactive) software. Locomotion was
scored using a binary scale of active states (locomotion bouts) and inac-
tive states (resting bouts). A switch between an active and inactive state

was only considered to have occurred if a bout lasted for at least 60 s. For
juvenile animals, mean activity levels for the EB pups versus SC pups in
each litter was obtained because each litter was housed together during
the preweaning and postweaning stages and individual pup identity
could not be tracked.

Surgical procedures. Once enucleated and control animals reached
adulthood, we used extracellular recording techniques to examine neural
response properties in S1. Animals were anesthetized with urethane (1.25
g/kg, 30% in saline, IP) at the beginning of the experiment, with supple-
mental doses (0.125– 0.313 g/kg, 30% in saline, IP) provided as needed.
Respiration and body temperature were monitored throughout the
experiment. Dexamethasone (0.4 –2.0 mg/kg, IM) was given at the be-
ginning of the surgery to prevent intracranial swelling. Lidocaine (2%
solution) was injected subcutaneously at the midline of the scalp and
around the ears and the animal was placed in a stereotaxic frame. An
incision was made at the midline of the scalp, the temporal muscle was
retracted, and a craniotomy was made over parietal cortex. The dura was
retracted and the surface of the brain was covered with silicone fluid to
prevent desiccation. A digital image was obtained of the exposed neo-
cortex so that electrode penetration sites could be related to vascular
patterns. A small screw was inserted into the skull over the opposite
hemisphere and the head of the animal was stabilized by cementing the
screw to a head post with dental acrylic.

Electrophysiological recordings. Single-unit extracellular recordings were
made from layer IV (400 –500 �m depth below the pial surface) using
insulated tungsten microelectrodes (FHC; 1–5 M� at 1 kHz). Electrodes
were lowered using a hydraulic microdrive (David Kopf Instruments).
The location of each recording site was marked relative to the vascular
pattern on a digital image of the cortical surface. Receptive fields were
initially rapidly determined using a handheld probe. If receptive fields
were found to be located on the mystacial whisker pad (centered within
the grid of 16 large whiskers), computer-controlled whisker deflections
were used to measure tuning of single neurons quantitatively (see below).
Single and multiunit activity was recorded in response to whisker deflec-
tions and all recorded data were amplified (gain: 10,000�; A-M Systems
Model 1800 Microelectrode AC Amplifier), streamed as continuous volt-
age traces sampled at 28 kHz (Power1401; Cambridge Electronic De-
sign), and saved for analysis. Neural activity was monitored using a
digital oscilloscope and an audio amplifier during the experiment. Raw
traces were band-pass filtered (300 –3000 Hz) and spike sorting was per-
formed offline to verify isolation of single units. In addition, local field
potentials (LFPs) were recorded in over half of the animals (6 SC, 6 EB) in
each experimental group that were used for recording single-unit data. In
each case, LFP data were acquired intermittently throughout the re-
cording session (total measurements: n � 27 in SC animals, n � 30 in
EB animals). LFP recordings were amplified at 1000� gain and band-
pass filtered (0.1–100 Hz).

At the end of the recording session, electrolytic microlesions (10 �A
for 10 s) were made and fluorescent probes were inserted at specific
locations relative to blood vessel landmarks so that electrophysiological
recording sites could be related directly to histologically identified corti-
cal field boundaries and specific laminae of the neocortex.

Whisker stimulation. Receptive fields and response properties were
quantified using methods similar to those described previously by us
(Ramamurthy and Krubitzer, 2016). Whiskers were deflected using cal-
ibrated computer-controlled piezoelectric actuators. Each individual
whisker was trimmed to a length of �15 mm and inserted into a short,
lightweight plastic capillary tube glued to a piezoelectric bimorph ele-
ment (Q220-AY-203YB; Piezo Systems) fixed on a moveable, jointed
arm. During stimulus presentation, the whisker pad was observed under
a surgical microscope to ensure that the skin or whiskers adjacent to the
deflected whisker were not being extraneously stimulated. Stimuli con-
sisted of 2° ramp-hold-return deflections (4 ms ramp, 100 ms hold, 4 ms
return; applied 5 mm from the base of the whisker, causing a 1.4 mm
forward excursion of the whisker) with an interstimulus interval of 1–2 s.
At each recording site, 50 –100 trials per stimulus per whisker were col-
lected. To determine receptive fields of neurons, 16 neighboring whiskers
on the mystacial pad were individually deflected in a pseudorandom
order (in blocks of 3–50 trials), at every recording site.
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Histology. After electrophysiological recording experiments, animals
were injected with a lethal overdose of sodium pentobarbital (Beuthana-
sia; 250 mg/kg IP) and transcardially perfused with 0.9% saline, followed
by 2– 4% paraformaldehyde in phosphate buffer, and then 2– 4% para-
formaldehyde in 10% phosphate-buffered sucrose. After perfusion, the
brain was extracted. In some cases, the brain was left intact and sectioned
coronally (3 EB, 3 SC). In other cases, the cortex was peeled from the
brainstem and thalamus, flattened between glass sides and sectioned tan-
gential to the cortical surface (6 EB, 7 SC).

For tangentially sectioned tissue, the cortical hemispheres were post-
fixed (1–2 h) in 4% paraformaldehyde in 10% phosphate-buffered su-
crose and then left to soak overnight in 30% phosphate-buffered sucrose.
The flattened cortical hemispheres were sectioned at 30 �m on a freezing
microtome. Tangential sections of the neocortex were processed for my-
elin (Gallyas, 1979; Dooley et al., 2013). Electrode sites, blood vessels, and
fiduciary probes were transposed from high-resolution images obtained
during surgery onto a reconstruction of the cortical surface with cortical
field boundaries drawn in Adobe Illustrator CS5. Architectonic bound-
aries of cortical fields were determined using an entire series of sections
stained for myelin. Cortical field boundaries were determined for in-
dividual sections and then collapsed onto a single reconstruction and
matched to electrode penetration sites by aligning blood vessels and
probes.

For coronally sectioned tissue, the whole brain was cut at 40 �m,
processed for Nissl substance, and used for reconstructing the position of
recording sites relative to laminar boundaries. Digital images of cortical
sections were obtained using either a Nikon Multiphot system or an
Optronics MicroFire digital microscope camera. When necessary, whole
images were adjusted for contrast and brightness using Adobe Photo-
shop CS5.

Neural data analysis. All raw data files of electrophysiological record-
ings were processed blind to the experimental group. To compare brain state
and anesthetic depth (Friedberg et al., 1999; Castro-Alamancos and Oldford,
2002; Hirata and Castro-Alamancos, 2011; Pagliardini et al., 2012; Self et al.,
2014) between the two experimental groups, LFP recordings of baseline
activity were analyzed; the power spectrum of the signal for each LFP
recording was computed using fast Fourier transform (FFT) analysis.
Single units were isolated during the experiment using template-
matching procedures in Spike2 (Cambridge Electronic Design; RRID:
SCR_000903) and unit isolation was verified offline in Spike2 using
principal component analysis. Only neuronal clusters with a stable wave-
form and firing rate over the course of a session were included in the
analysis. Included units were required to have 	0.5% refractory period
violations (interspike interval 	1.5 ms).

Spike times of well-isolated single units were exported to MATLAB
(The MathWorks; RRID:SCR_001622) for analysis using custom scripts.
Spike trains were aligned to stimulus onset, and peristimulus time histo-
grams (PSTHs) were constructed using a 1 ms bin width. Neural re-
sponses were integrated over a 100 ms time window following stimulus
onset for all spike count analyses. Analyses were performed only for onset
responses. Spontaneous firing rates were measured during an equivalent
time window during the prestimulus recording period. A neuron was
considered to exhibit a significant evoked response if the response
magnitude exceeded the prestimulus spike count by 
2 SDs. Only
neurons that displayed a significant onset response to at least 1 whis-
ker were included in all subsequent analyses. The best whisker (BW)
for a neuron was defined as the whisker that evoked the highest re-
sponse magnitude. The whiskers at the 8 positions immediately adja-
cent to the BW are referred to as first-order (1°) surround whiskers
(SW) and the whiskers immediately beyond those are referred to as
second-order (2°) SWs.

A tuning curve was generated for each neuron after ranking whisker
stimuli in order of the magnitude of the spike count following stimulus
onset (rank 1–16; BW � rank 1). Tuning curves were then averaged
across neurons to generate a mean tuning curve, or normalized to the
peak (the BW-evoked response) and then averaged across neurons to
generate the mean normalized tuning curve for each group. Relative
magnitudes of neural responses to SWs were obtained by dividing abso-
lute SW-evoked response magnitudes by the BW-evoked response.

Sparseness ( S) was used to quantify neuronal selectivity, as per Vinje and
Gallant (2000) as follows:

S � �1 ���
�ri

n � 2

�� ri2

n � �� /	1 � � 1

n�

where ri is the spike count in response to the ith whisker stimulus (aver-
aged across trials) and n is the number of whiskers tested. Values of S near
0% indicate a “dense” code and values near 100% indicate a “sparse”
code.

Mean 2D somatotopic receptive fields were examined by aligning the
response magnitude matrix (in which each element corresponds to the
magnitude of the neural response to the deflection of a single whisker)
associated with individual neurons such that the BW was at the center of
the receptive field in each case. SW-evoked response magnitudes were
normalized by dividing by the BW-evoked response magnitude. Matrices
corresponding to individual neurons were then averaged across the pop-
ulation to generate the mean 2D receptive field. Contour plots were
generated by plotting 50%, 70%, and 90% isolines (response levels rela-
tive to the BW) after smoothing the response magnitude matrix by linear
interpolation. Smoothed contour lines were used only for 2D visualiza-
tion of mean receptive fields. All calculations and statistical comparisons
related to mean tuning curves were made using raw, unsmoothed values.

The tuning width index for each neuron was calculated as the mean
response to stimulation of the first-order SWs divided by the response to
stimulation of the BW, with values closer to 1 indicating broader recep-
tive fields. The shape index was calculated as the difference between the
row tuning width index (mean neural response to SWs in BW row �
BW-evoked response) and the arc tuning width index (mean response to
SWs in BW arc � BW-evoked response) divided by their sum. In cases
where the sum of the row and arc tuning width indices was zero, the
shape index was assigned to be zero. Shape index values range from �1 to
1, with positive values indicating broader tuning along the row compared
with the arc and negative values indicating broader tuning along the arc
compared with the row.

We examined the ability of single neurons in S1 to detect whisker
stimulation and to discriminate between stimulation of different whis-
kers using signal detection theory (Green and Swets, 1966; Britten et al.,
1992). For each neuron, the total number of spikes that occurred in a 100
ms time window after a single whisker deflection was measured (re-
sponse magnitude, Rmag). Using these single trial spike counts measured
on 50 trials (per whisker) a spike count distribution was generated for
each whisker that was deflected. The separability of the spike count dis-
tributions associated with different whiskers was then measured using
receiver operating characteristic (ROC) analysis. An ROC curve was gen-
erated for each pair of spike count distributions being compared, and the
area under the ROC curve (AUROC) was used as a measure of detect-
ability or discriminability performance in each case. An AUROC value of
0.5 indicates performance at chance and an AUROC value of 1.0 indi-
cates perfect performance. For discriminability analysis, the spike count
distribution associated with BW deflection for a neuron was compared
with spike count distributions associated with deflection of SWs. On
average, three to four whiskers typically elicit a significant response in any
given neuron in S1 of short-tailed opossums (Ramamurthy and Krubi-
tzer, 2016). Therefore, we examined the ability of the neuron to discrim-
inate between the BW and the three most dominant SWs (SW1, SW2,
SW3) that elicited the strongest responses in any given neuron. For each
neuron, a separate ROC curve was generated for each comparison made
(BW vs SW1, BW vs SW2, BW vs SW3), AUROC was measured for each
curve, and the mean of the three AUROC values was used as the discrim-
ination index. For detectability analysis, the spike count distribution for
a given neuron associated with whisker (BW/SW1/SW2/SW3) deflection
was compared with the spontaneous spike count distribution for the
same neuron, and the mean AUROC value was used as the detection
index for that neuron.

We also examined the performance of neurons in discriminating be-
tween multiple whiskers. For each neuron, spike count distributions
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evoked by each of the four most dominant whiskers were nonparametri-
cally modeled using kernel smoothing density estimation. After model-
ing spike count distributions by kernel density estimation, a Bayesian
classifier with cross-validation was used to determine the performance of
an ideal observer in discriminating between the four most dominant
whisker stimuli (BW, SW1, SW2, SW3). A uniform prior was assumed
(equal probability of different whisker stimuli). Overall discrimination
performance was calculated as the percentage of correct classifications.

Decoding accuracy of whisker row (A, B, C, D) or arc identity (0, 1, 2,
3) based on the population of S1 neurons was determined using a mini-
mum distance classifier (Foffani and Moxon, 2004). The decoding model
assumed independence in the activity of different neurons. Since neurons
were recorded sequentially, a pseudopopulation was generated in each
iteration of the decoding analysis by randomly selecting responses of n
recorded neurons from trials corresponding to a given whisker identity
(n � 50 in each iteration, so population size was matched for SC and EB
groups). Thus, each vector consisted of n elements, where each element
was the spike count 0 –100 ms after stimulus onset for a given neuron in
a given iteration. A leave-one-out cross-validation procedure was used.
In the training stage, templates were defined by calculating average num-
ber of spikes (0 –100 ms) over all training-set trials corresponding to a
given whisker, resulting in four templates (corresponding to either rows
A–D or arcs 0 –3). In the testing stage, a single trial of the pseudopopu-
lation response was classified to the row or arc for which the Euclidean
distance between the single trial and the template was the least, compared
with distances corresponding to the other templates. Euclidean distance
corresponding to a given template was calculated as the sum of the
squared differences between each element in the single trial and the tem-
plate. The decoding analysis was repeated for 200 iterations and average
performance and distributions of performance across iterations is
reported.

Experimental design and statistical analysis. The current work uses a
between-groups study design (i.e., neural response properties of the EB
group were compared with those of the SC group) for all comparisons.
Statistical analyses were performed in MATLAB version 8.1.0 (The
MathWorks; RRID:SCR_001622) and R version 3.2.0 (R Development
Core Team, 2015; RRID:SCR_001905). Summary data are given as
mean � SEM unless otherwise indicated, or as median and interquartile
range (IQR), reported as median (IQR). The normality of data was as-
sessed by examining q– q plots and by using the Shapiro–Wilk test. If
distributions deviated from normal, a nonparametric test such as the
Wilcoxon rank-sum test or a permutation test was selected; if no signif-
icant deviations were found, two-sample t tests were used. For videos of
home cage behavior scored by two independent observers, interrater
reliability was quantified using Cohen’s kappa coefficient (�), a statistical
measure of the level of agreement in scoring performed by independent
observers (Landis and Koch 1977, Hallgren, 2012). We used this measure
because it corrects for the level of agreement in scoring that may be
expected purely by chance as follows:

� �
Po � Pe

1 � Pe

where Po is the observed percentage agreement and Pe is the percentage
agreement expected by chance. � � 0 indicates no agreement in scoring
between observers and � � 1 indicates perfect agreement. For our data,
mean � across epochs of home cage behavior scored by two independent
observers was 0.861 � 0.0261, indicating a very high level of interrater
reliability (Landis and Koch, 1977).

Cohen’s U3 was used to assess effect size of between-group differences
in population response profiles to whisker stimuli in EB and SC groups
and was calculated in MATLAB using the Measures of Effect Size (MES)
Toolbox (Hentschke and Stüttgen, 2011; RRID:SCR_014703). Cohen’s
U3 indicates the proportion of data points in one group that are lower in
value than the median value for the other group (Hentschke and Stütt-
gen, 2011). Therefore, an effect size value 
0.5 in any given time bin
indicates that the majority of EB neurons have firing rates lower than the
median firing rate for SC neurons in that time bin. Cohen’s d was re-
ported as the measure of effect size when comparing group means (small:

�0.2, medium: �0.5, large: �0.8; MES Toolbox; Hentschke and Stütt-
gen, 2011).

Fisher’s exact test was used to compare proportions for categorical
variables. Kolmogorov–Smirnov test was used to compare cumulative
distributions. Two-way ANOVAs were used to compare EB and SC tun-
ing curves and EB and SC behavioral data across different age ranges.
ANCOVA was used to compare the slopes of regression lines associated
with detection and discrimination indices. A nonparametric multivariate
ANOVA (MANOVA) was used to check for influences of sex and indi-
vidual differences on all measures.

For all statistical tests, differences were considered to be significant
when p 	 0.05. Statistical tests used and exact p-values for each figure are
reported in the Results section.

Results
In the current study, we investigated the effects of early loss of
vision on the coding of whisker-mediated touch in S1. Major
milestones in the development of the visual and whisker systems
in short-tailed opossums, and the timing of our experimental
manipulations and measurements relative to these events are
summarized in Figure 1. P0 in short-tailed opossums is equiva-
lent to embryonic ages in commonly used rodent models–E11 in
the mouse and E12 in the rat (Molnár and Blakemore, 1995;
Molnár et al., 1998). Bilateral enucleations were performed at P4,
before retinal afferents and thalamocortical axons have reached
their respective targets (Taylor and Guillery, 1994; Molnár et al.,
1998). Thus, both spontaneous activity in the retina and visually
evoked activity were completely and unequivocally eliminated.
We examined patterns of locomotion and associated whisking
behavior across 22 SC and 22 EB animals. Electrophysiological
recording experiments were performed in 10 SC animals and 9
EB animals. Across animals, 60/86 recorded units in the SC group
and 64/89 recorded units in the EB group exhibited significant
responses to whisker stimuli. For all parameters examined (see
Materials and Methods), no statistically significant differences
were found between sexes or among animals, so all data were com-
bined for analysis. For a breakdown of age range, sex, weight, exper-
imental groups, and parameters measured, see Tables 1 and 2.

Levels of active tactile behavior do not differ between SC and
EB opossums
Any differences observed between SC and EB animals in the neu-
ral coding of whisker-mediated touch could potentially be linked
to differences in tactile behavior, and therefore, differences in the
levels of tactile experience between the two groups. It was critical
to rule out the possibility that any neural changes that we mea-
sured in EB animals were related to a lack of whisker-mediated
experience that could conceivably occur if there were deficits in
overall locomotor activity in EB animals, suggesting an inability
to compensate for the loss of vision. Further, beyond ruling out
deficits in tactile experience, understanding whether levels of tac-
tile experience in EB animals are equivalent to or higher than in
SC animals could enable us to make inferences about the mech-
anisms underlying any compensatory changes observed in the
neural representation of touch. For example, if levels of tactile
experience are higher in EB animals compared with SC animals,
then changes in S1 neural responses may be a consequence of
increased reliance on the sense of touch. Alternately, if levels of
tactile experience are comparable between EB and SC animals,
then the absence of vision itself may be driving compensatory
changes in the cortical representation of touch (see Discussion).

Both SC and EB animals engaged in whisking behavior (Fig.
2A–E). Thus, active touch sensation mediated by the whiskers in
opossums does not require visual guidance. Distributions of
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whisking frequency were not significantly different between EB
and SC animals across bouts of whisking during free exploration
(Fig. 2A,B; SC: n � 25 bouts, EB: n � 17 bouts; mean: SC �
7.91 � 0.328 Hz, EB � 7.74 � 0.495 Hz; p � 0.762, d � 0.090,
permutation test). SC and EB animals were initially observed in
their home cage and then subsequently in a novel cage, in order to

capture bouts of rest as well as locomotion during the monitoring
period. Whisking was observed in the home cage and the novel
cage conditions for both groups of animals (Fig. 2C). Transfer to
the novel cage reliably led to bouts of active exploration through
whisking, locomotion, or both (Fig. 2C). We quantified the rela-
tionship between locomotion and whisking as the L/W overlap
index for each animal tested (see Materials and Methods). Whisking
and locomotion were strongly coupled in both SC and EB animals
(Fig. 2D; mean L/W overlap index: SC � 0.717 � 0.107, EB �
0.762 � 0.066; p � 0.711, unpaired t test). Whisking occurred in
all locomotion bouts recorded during the monitoring period
(Fig. 2E) and in a smaller percentage of resting bouts (SC: 34.3%,
EB: 27.6%; p � 0.402, Fisher’s exact test). SC and EB groups did
not significantly differ in the fractions of locomotion (L�) and
resting (L�) bouts that contained whisking (W�). The majority
of all whisking bouts in both SC and EB occurred during loco-
motion (SC: 74.5%, EB: 78.4%; p � 0.526, Fisher’s exact test).
Given these results, locomotor activity could be used as a proxy
for levels of tactile experience in SC and EB animals.

We investigated patterns of locomotor activity (Fig. 2F–J) in
the home cage over the 24 h light/dark cycle for EB animals com-
pared to SC animals at juvenile ages (Fig. 2F, top) and adult ages
(Fig. 2F, middle and bottom). Duration of activity bouts (Fig. 2G;
mean: SC � 7.07 � 1.29 min, EB � 9.84 � 1.84 min; p � 0.233,
permutation test) and interval event intervals (Fig. 2H; mean:
SC � 46.3 � 6.44 min, EB � 45.6 � 4.55 min; p � 0.934, per-
mutation test) did not differ between SC and EB animals. A con-
spicuous difference between SC and EB animals was in the timing

Figure 1. Development in short-tailed opossums and experimental timeline. A, Timing of experimental manipulations and data collection relative to developmental milestones in short-tailed
opossums. Home cage behavior (dashed box) was examined in juvenile and adult animals. Electrophysiological recording experiments (shaded box) were performed in adult animals. B, P0 litter
fused to the nipples on the ventral side of a mother opossum. C, Pup at the age of bilateral enucleation (P4). D, Juvenile animal after weaning (P63). E, Adult animal (
P180). Scale bars: B, C, 2 mm;
D, E, 1 cm. [Figure is based on data from Taylor and Guillery, 1994; Molnár et al., 1998; previous work from our laboratory (D. Paulus, S.J. Karlen, L.A. Krubitzer, and C. Clayton, unpublished
observations and the current study)]. See Table 3 for a complete list of abbreviations.

Table 3. List of abbreviations used

A1 Primary auditory cortex
AUROC Area under the receiver operating characteristic curve
BW Best whisker
CT Caudal temporal area
EB Early blind
FM Frontal myelinated area
IM Intramuscular
IP Intraperitoneal
L(�/�) Locomotion (present/absent)
LFP Local field potential
PSTH Peristimulus time histogram
RF Receptive field
Rmag Response magnitude
S1 Primary somatosensory cortex
S2 Secondary somatosensory cortex
SC Sighted control
spk Spikes
SW Surround whisker
TCA Thalamocortical afferents
V1 Primary visual cortex
V1-R Primary visual cortex (reorganized)
W(�/�) Whisking (present/absent)
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Figure 2. Active exploratory behavior in EB and SC animals. A, Example traces of whisker angle in an SC animal (left, gray) and an EB animal (right, black). B, Distributions of whisking frequency
across whisking bouts (SC: n � 25, EB: n � 17) in SC (gray) and EB (black) animals were not significantly different from each other. C, Examples of active exploration in three SC animals (left) and
three EB animals (right) in their home cage and in a novel cage. The shaded region indicates the presence of locomotion (L), and the black line indicates the presence of whisking (W). D, Overlap
between locomotion and whisking in SC (gray) and EB (black) animals (open circles: data points from individual animals; filled circles: mean�SEM). Locomotion and whisking were strongly coupled
and the overlap between them was not significantly different between experimental groups. E, Presence of whisking as a proportion of the presence of locomotion during exploration. Using a binary
criterion, whisking was present in 100% of locomotion (L�) bouts, in addition to a smaller proportion of resting (L�) bouts. Thus, measures of locomotor activity could be used as a proxy for levels
of tactile exploration. F, Examples of exploratory activity in a 24 h period (14/10 h light/dark cycle; dark hours are indicated by the shaded region) for juvenile (top) and adult ages (middle, bottom)
in SC and EB animals. Juvenile SC and EB littermates were cohoused, whereas adult animals were individually housed. Each vertical line indicates an activity bout. G, Cumulative distribution of the
duration of activity bouts in SC and EB animals; the inset shows mean activity bout durations in SC and EB animals, which were not significantly different between (Figure legend continues.)
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of activity events (Fig. 2I; mean: SC � 79.2 � 5.28%, EB � 50.4 �
8.51%; p � 0.012, unpaired t test). SC animals were primarily
active during the dark hours. In contrast, EB animals were, on
average, equally active during light and dark hours; they exhib-
ited circadian rhythms that were not entrained to the 24 h light/
dark cycle. Though the timing of activity events differed between
groups, SC and EB animals displayed similar total amounts of
exploratory activity in the home cage (Fig. 2J; p � 0.540, 2-way
ANOVA, main effect of experimental group), with an increase in
percentages of daily time spent in exploratory activity for both SC
and EB groups with increases in age (Fig. 2J; p � 0.032, 2-way
ANOVA, main effect of age group). Therefore, total levels of
tactile experience, as measured using our criteria, did not signif-
icantly differ between SC and EB animals. If only tactile experi-
ence in the absence of vision is considered, then EB animals
(being totally blind) spend 100% of active bouts (mean: 3.70 �
0.990 h/d) in nonvisual exploration compared with SC counter-
parts, which, on average, spend �80% of active bouts (mean:
2.30 � 0.777 h/d) in nonvisual exploration (Fig. 2 I, J). However,
daily hours spent in nonvisual exploratory activity compared
across ages were not significantly different between the SC and EB
groups (Fig. 2J; p � 0.318, 2-way ANOVA, main effect of exper-
imental group).

Sampling distributions of S1 neurons were similar for EB and
SC animals
We examined the effects of early blindness on the neural coding
of touch by recording neural activity in S1 in response to a simple
tactile stimulus, the deflection of a single whisker. Neurons were
sampled across the entire representation of the mystacial whis-
kers, and all analyses were restricted to neurons located in S1 (Fig.
3A–D) at depths corresponding to layer IV, verified post hoc in
histologically processed tissue (400 –500 �m below the pial sur-
face; Fig. 3E–H). The sampling distribution for both EB and SC
animals was strongly skewed toward neurons tuned to ventral
row whiskers (Fig. 3I and J, left), potentially reflective of a cortical
magnification of ventral whiskers, as discussed previously (Ra-
mamurthy and Krubitzer, 2016). Whisker arcs were more uni-
formly represented in the recorded populations (Fig. 3J, right).
The fraction of SC and EB populations tuned to whiskers in each
row and arc were not significantly different (row: p � 0.962, arc:
p � 0.994, Fisher’s exact test). The distributions of recording
depths for all layer IV neurons sampled in S1 of SC and EB ani-
mals are shown in Figure 3K and were not significantly different
between the two groups either for all neurons sampled (p �

0.835, d � 0.0306, permutation test) or for only the neurons that
exhibited a significant response to whisker stimuli (p � 0.631,
d � 0.0923, permutation test). Examples of units tuned to two
different whiskers neighboring each other on the mystacial pad,
C0 and C1 respectively, are shown for SC (Fig. 4A,B, E,F, I, J,
M,N; layer IV, recording depths: 409 and 415 �m) and EB (Fig.
4C,D, G,H, K,L, O,P; layer IV, recording depths: 411 and 449
�m) animals.

Whisker-evoked firing rates, but not spontaneous firing rates,
are lower following early blindness
Whisker stimuli evoked lower magnitude responses in S1 neu-
rons of EB animals compared to those of SC animals (Fig. 5).
Population average PSTHs for EB neurons in response to whisker
stimuli ranked 1–16 (best to worst) exhibited a relative suppres-
sion of firing rates in the case of the BW (rank 1) as well as the
majority of SWs (ranks 2–10) except for the lower-ranked whis-
ker stimuli (SW; ranks 11–16), which evoked little to no mean
response for either population of neurons (Fig. 5A; p-values for
2-way ANOVA (main effect of experimental group) by whisker
rank: 1: 2.23 � 10�308, 2: 3.51 � 10�255, 3: 2.78 � 10�191, 4:
2.21 � 10�118, 5: 2.76 � 10�74, 6: 2.47 � 10�77, 7: 4.56 � 10�35,
8: 4.01 � 10�16, 9: 2.26 � 10�12, 10: 1.90 � 10�04, 11: 0.0492, 12:
0.111, 13: 0.0525, 14: 0.444, 15: 0.611, 16: 0.746). The effect size of
relative suppression (Fig. 5A; Cohen’s U3) across whisker ranks
was greater for population responses associated with stimulation
of the most dominant SWs compared to that associated with
stimulation of the BW. The relative decrease in firing rates for the
EB group of neurons was specific to whisker-evoked responses;
spontaneous firing rates were unaltered between the two groups
(Fig. 5B; significantly responding neurons, median: SC � 0.813
(0.213–1.50); EB � 0.600 (0.313–1.55), p � 0.789, Wilcoxon
rank-sum test; all recorded neurons, median: SC � 0.7396
(0.200 –1.35); EB � 0.600 (0.213–1.55), p � 0.9628, Wilcoxon
rank-sum test).

Because a few outlier cells (defined as 
1.5 times the IQR
above the third quartile or below the fourth quartile) with higher
baseline firing rates were present (Fig. 5B), results of statistical
testing for many subsequent analyses are additionally presented
after excluding data corresponding to these cells. When considering
neurons that exhibited significant whisker-evoked responses (
2
SDs above the spontaneous firing rate), the SC population included
6 outlier cells (6 of 64 cells) and the EB population included 3 outlier
cells (3 of 69 cells) that exhibited higher firing rates.

Previous studies have shown similar effects on neural responses
caused by differences in brain states (Castro-Alamancos and Old-
ford, 2002; Hirata and Castro-Alamancos, 2011) and levels of
anesthesia (Friedberg et al., 1999; Erchova et al., 2002; Self et al.,
2014). To control for this possibility, we performed spectral anal-
ysis of LFPs recorded in S1 of SC and EB animals. Both groups
showed a clear peak at lower frequencies in the 0 –5 Hz range (Fig.
5C; percentage of total FFT power in the 0 –5 Hz band: SC �
82.0 � 2.65%, EB � 84.5 � 2.03%). This is consistent with Gue-
del stage III-3/III-4 anesthesia (Friedberg et al., 1999). There was
no significant difference between the two groups in the total
power contained across different frequency ranges (Fig. 5C; 5 Hz
frequency bands, 0 – 60 Hz; p � 0.934, 2-way ANOVA, main
effect of experimental group). Further, in all cases in which elec-
trophysiological recordings were made (10 SC, 9 EB), tempera-
ture and respiration rate (measures that correlate with
fluctuations in brain state; Pagliardini et al., 2012) were consis-
tently monitored throughout the experiment. Mean respiration
rate (SC: 48.6 � 3.98 breaths/min, EB: 50.4 � 3.59 breaths/min)

4

(Figure legend continued.) the two groups. H, Cumulative distribution of intervals between
activity bouts (interevent intervals) in SC and EB animals; the inset shows mean interevent
intervals in SC and EB animals, which were not significantly different between the two groups.
I, Percentage of dark hours spent in locomotion in SC and EB animals. For SC animals, the
majority of activity occurred during the dark hours, whereas for EB animals, on average, activity
was equally distributed across light and dark hours. J, Time spent in exploratory activity across
age groups. For EB animals, mean percentages of daily time spent in exploratory activity are
plotted (filled black circles, solid black line) and, for SC animals, both total daily time spent in
exploratory activity (filled gray circles, solid gray line) and daily time spent in nonvisual explor-
atory activity (open gray circles, dashed gray line) are plotted. Although SC and EB animals were,
in most cases, active during different times of the day while individually housed (I), there were
no significant differences in the total activity levels between SC and EB animals. Further, be-
cause most SC activity occurred during dark hours, nonvisual exploration constituted the ma-
jority of exploratory activity in SC animals across ages, making it more comparable to tactile
exploration in EB animals (in which 100% of exploratory activity is nonvisual). Therefore, levels
of tactile experience did not differ between SC and EB animals. See Table 3 for a complete list of
abbreviations.
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Figure 3. Histological verification of recording sites. A–D, Myelin stain of a tangential section of the cortex in an SC animal (A) and an EB animal (C). Reconstructions of myeloarchitectural borders
drawn from the entire series of myelin-stained sections in SC (B) and EB (D) animals. In B and D, the location of fluorescent probes is indicated by open circles and the location of recording sites is
indicated by black filled circles. Only recording sites at which whisker-evoked responses of neurons were quantified are shown here. In A–D, the medial (M) and rostral (R) directions are indicated
by arrows. Scale bar, 500 �m. Coronal sections are stained for Nissl showing S1 in SC (E) and EB (G) animals and reconstructions of the laminar boundaries of S1 (F,H). Electrolytic lesions made at
recording sites (indicated by the arrow) are visible in layer IV of the cortex for both SC and EB cases and are shown in the reconstructions (gray dashed circles). In E–H, scale bar, 150 �m. I, Schematic
representation of the mystacial whisker pad in short-tailed opossums. Whiskers are identified by their row (A–D) and arc (0 – 6) position. For the current study, neurons tuned to the 16 large whiskers
(black filled circles) were sampled. Sampling of neurons tuned to whiskers in different positions was matched for SC and EB animals. J, Sampling distribution of neurons that exhibit whisker-evoked
responses in SC (gray) and EB (black) animals based on BW row (left) and based on BW arc (right). K, Distribution of recording depths of all sampled layer IV neurons in SC (gray) and EB (black) animals.
Mean�1 SD (circles) and median (lines) are shown for each distribution for all sampled neurons (filled circles, solid lines) or for all neurons that exhibit a significant response to whisker stimuli (open
circles, dashed lines). See Table 3 for a complete list of abbreviations.
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and temperature (SC: 91.2 � 0.158 °F, EB: 91.1 � 0.167 °F)
measured during neural recordings were not significantly differ-
ent across all animals between the two groups. Therefore, the
differences in whisker-evoked responses between the two groups
could not be attributed to differences in brain states or anesthetic
levels between the two groups.

Neurons in S1 are more selective to whisker stimuli following
early blindness
Receptive fields, measured as the number of whiskers that evoked
a significant response for each single unit, were smaller in EB
animals than in SC animals, as indicated by the clear leftward shift
in the corresponding cumulative distribution plots (Fig. 5D; p �
3.47 � 10�05, outliers excluded: p � 3.41 � 10�05, Kolmogorov–
Smirnov test; p � 1.04 � 10�05, outliers excluded: p � 1.64 �

10�05, Wilcoxon rank-sum test). Given that neural responses to
whisker stimuli are suppressed in EB animals compared to SC
animals (Fig. 5A), smaller receptive field sizes in EB animals
could be due to an overall reduction in response strength or could
reflect an increase in selectivity.

We quantified stimulus selectivity of S1 neurons in SC and EB
animals by computing sparseness (see Materials and Methods).
In EB animals, coding sparseness was substantially increased (Fig.
5E; p � 8.75 � 10�05, outliers excluded: p � 1.19 � 10�04,
Kolmogorov–Smirnov test), indicating greater selectivity of these
neurons for whisker stimuli. A tuning curve was generated for
each neuron by plotting the raw spike count values correspond-
ing to each whisker stimulus, arranged by rank. Tuning curves
were then averaged across neurons to generate a mean tuning
curve for each group. As expected from the population average

Figure 4. Examples of neural responses recorded in S1 of SC and EB animals. Each vertical column of panels corresponds to a single unit recorded in S1 of SC animals (columns 1–2) or EB animals
(columns 3– 4). A–D, Average spike waveform (on left) showing example SC (A, B) and EB (C, D) neurons. The shaded region represents the SD of the mean. Autocorrelograms (on right) for these
same neurons show the absence of refractory period violations. E–H, Spike raster plots for the example neurons in response to the stimulation of 16 individual mystacial whiskers. The shaded region
denotes the duration of the stimulus. I–L, Peristimulus time histograms for each of the four example neurons in response to the deflection of the different mystacial whiskers. The dashed lines
indicate stimulus onset at 0 ms. M–P, Magnitude of the neuronal response (Rmag, integrated spike count, 0 –100 ms) to each whisker. The BW is C0 in M and O and C1 in N and P, indicated in black
font. The grayscale visualizes Rmag relative to the BW response, with lighter shades indicating stronger responses. All conventions are as in previous figures.
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PSTHs (Fig. 5A), the mean tuning curve for the EB group was
suppressed overall, relative to the mean tuning curve for the SC
group (Fig. 5F, right; p � 2.48 � 10�31, outliers excluded: p �
3.19 � 10�20, 2-way ANOVA, main effect of experimental
group). When individual tuning curves were normalized to their
respective peaks (BW-evoked response) and then averaged across
the population, mean normalized tuning curves for the EB group
were considerably more narrowly tuned than for the SC group
(Fig. 5F, left; p � 1.07 � 10�25, outliers excluded: p � 6.74 �
10�20, 2-way ANOVA, main effect of experimental group); non-
uniform suppression of responses to whisker stimuli across the
receptive field added to tuning selectivity beyond a general reduc-

tion in response strength. Taken together, these results suggest
that spatial resolution for whisker-mediated touch in S1 is en-
hanced after early blindness.

Stimulus detectability in S1 is degraded following early
blindness, but stimulus discriminability is enhanced
We performed ROC analysis to quantify stimulus detectability
and discriminability for single units in S1 in EB and SC animals.
For each unit, detectability was assessed by comparing whisker-
evoked spike count distributions with spontaneous spike count
distributions; discriminability was assessed by comparing spike
count distributions evoked by the stimulation of different whis-

Figure 5. Response characteristics of S1 neurons in EB and SC animals. Whiskers were ranked 1–16 in the order of the magnitude of the response evoked, with 1 being the whisker that evoked
the highest magnitude response (BW) and 16 being the whisker that evoked the lowest magnitude response for a given neuron. A, Population average PSTHs in response to the deflection of single
whiskers in SC (gray) and EB (black) animals. The dashed line indicates effect size (Cohen’s U3, see Materials and Methods) of the difference between SC and EB firing rate as a function of peristimulus
time. Stimulus period is 0 –100 ms in all cases (light-gray-shaded region). Dark gray horizontal bars within the shaded region indicate bins with nonoverlapping confidence intervals (95%).
B, Distribution of spontaneous firing rates. Spontaneous firing rates were low in both EB and SC and animals and not significantly different between the two groups either for all recorded cells or for
cells that exhibited a significant whisker-evoked response (
2 SD). C, Percentage of total LFP power contained in different frequency bands for SC (gray bars) and EB (black bars) animals. Both
groups show a dominance of low frequencies (0 –5 Hz), indicating similar brain states under anesthesia. Error bars indicate mean � SEM. D, Cumulative distribution of receptive field sizes of single
neurons measured as the number of whiskers that evoke a significant response above spontaneous activity. S1 neurons in EB animals exhibited smaller receptive fields than those in SC animals.
E, Cumulative distribution of sparseness (see Materials and Methods for calculation) of single neurons in S1. EB neurons show a shift toward higher values of sparseness compared with SC neurons,
indicating greater stimulus selectivity for neurons in S1 of EB animals compared with SC animals. F, Mean tuning curve of S1 neurons based on raw firing rates (left) in EB and SC animals. EB mean
tuning curve is suppressed relative to SC tuning curve for all whisker ranks, reflecting the decrease in magnitude of responses evoked by BW as well as SW deflection. Mean tuning curve of S1 neurons
after normalization to the magnitude of the BW response is sharper for the EB group compared with the SC group (right). Conventions are as in previous figures.
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kers (Fig. 6A–D). On average, for the four most dominant whis-
kers in the receptive field (BW, SW1, SW2, and SW3), AUROC
values were significantly lower for EB versus SC animals in the
case of whisker stimulus detection (Fig. 6E; p � 1.32 � 10�08,
outliers excluded: p � 1.44 � 10�07, 2-way ANOVA, main effect
of experimental group). In contrast, mean AUROC values were
significantly higher for EB versus SC animals in the case of dis-
crimination of the BW from the three most dominant SWs (SW1,
SW2, and SW3; Fig. 6E; p � 5.26 � 10�04, outliers excluded: p �
1.21 � 10�04, 2-way ANOVA, main effect of experimental
group). We examined the relationship between detectability and
discriminability for single units in S1. The slope of the best-fitting
line through mean AUROC values for EB animals was steeper
than that for SC animals (Fig. 6F; p � 2.05 � 10�05, ANCOVA,
difference in slopes). Therefore, for a given level of stimulus de-
tectability, discriminability was relatively enhanced for S1 neu-
rons in EB animals compared with SC animals.

We further investigated whether there were any differences
between EB and SC animals in the ability of the neurons to dis-
criminate between multiple whisker stimuli (Wang et al., 2010;
Ollerenshaw et al., 2014) using ideal observer analysis (Fig. 6G,H;
see Materials and Methods). Spike count histograms correspond-
ing to different whiskers exhibit varying degrees of overlap (Fig.
6A–D). For each neuron, probability density functions associated
with each whisker were estimated nonparametrically from the
spike count histogram (Fig. 6G). The identity of the most likely
single whisker stimulus represented by the spiking activity could
then be predicted using a Bayesian decoding strategy. We found
that the distribution of decoding accuracies in the EB group was
significantly different from the SC group, displaying a shift to-
ward improved performance in discriminating between the four
most dominant whiskers in their receptive fields compared to the
SC group (BW, SW1, SW2, and SW3; Fig. 6H; p � 0.002, d �
0.603, permutation test). Thus, although neural response distri-
butions are shifted toward lower spike count values across whis-
ker stimuli in the EB group relative to the SC group, the
response distributions associated with the deflection of different
whiskers are less overlapping, leading to improved discrimina-
tion between multiple whiskers in the receptive field.

Somatotopic tuning curves are spatially sharpened following
early blindness, especially along the horizontal axis
We compared the 2D spatial configuration of receptive fields in
SC and EB animals, which included the response magnitude of
the BW (center of the receptive field) and the eight 1° SWs; mean
receptive fields are shown in Figure 7A. Sharpness of tuning was
quantified as the tuning width index (see Materials and Meth-
ods). Distribution of tuning width indices were shifted toward
lower values in EB animals than in SC animals, indicating sharper
tuning (Fig. 7B; p � 0.008, outliers excluded: p � 0.024, Kolm-
ogorov–Smirnov test). An alternate explanation for the relative
shift in the tuning width index distribution could be that whisker-
evoked responses were lost at some SW positions but preserved at
other positions in EB versus SC animals, which would result in an
alteration of receptive field shape. However, we found that dis-
tributions of receptive field shape were not significantly different
between the two groups— both SC and EB distributions were
skewed toward anisotropic receptive field shapes, mostly elon-
gated along the row axis (Fig. 7C; p � 0.911, Kolmogorov–Smir-
nov test). Further, when all receptive fields were aligned along the
major axis, we found that mean responses evoked by SWs (1°, 2°,
3°) were relatively suppressed along both the major and minor
axes (major axis: p � 5.0 � 10�04, minor axis: p � 5.5 � 10�03,

unpaired t test). Thus, spatial sharpening occurred along both
horizontal and vertical axes of receptive fields in EB animals.
Mean normalized somatotopic tuning curves for SC and EB
groups were computed after collapsing along either the vertical
axis (Fig. 7D) or the horizontal axis (Fig. 7E). EB tuning curves
were significantly sharper in both cases (vertical: p � 0.032,
horizontal: p � 6.62 � 10�08, 2-way ANOVA, main effect of exper-
imental group); however, the median magnitude of relative sup-
pression for EB animals compared to SC animals was 1.42 times
greater along the horizontal axis than along the vertical axis
across the 1°, 2°, and 3° SW positions.

S1 decoding accuracy for classifying whisker stimulus
location is improved following early blindness, especially
along the rostrocaudal axis of the snout
We applied decoding analyses to evaluate the information con-
tained in S1 neuronal populations of SC and EB animals regard-
ing the location of a whisker stimulus on the mystacial pad. For
each group, recorded neurons were pooled to generate a pseudo-
population, and a minimum distance classifier (Foffani and
Moxon, 2004) was trained using a leave-one-out cross-validation
method. The classifier was then used to predict the identity of the
whisker stimulus that occurred on each trial in terms of location
along either the dorsoventral axis (Fig. 8A; one of four possible
whisker rows: A, B, C or D) or the rostrocaudal axis (Fig. 8B; one
of four possible whisker arcs: 0, 1, 2 or 3) of the snout. Confusion
matrices (Fig. 8C) show the percentage of trials classified into
each of the four classes (rows or arcs) for SC and EB populations
of neurons, across all iterations. For row classification (ROW),
the majority of values fell along the diagonal for both SC and EB
populations, indicating that most trials were correctly classified
by the decoder (left, top and bottom). For the EB population,
improvements in row classification performance observed were
mainly due to decreased misclassification of trials corresponding
to the upper rows of whiskers (rows A and B). For arc classifica-
tion (ARC), differences in the performance of the classifier for SC
and EB populations were readily apparent. For the SC popula-
tion, trials corresponding to adjacent arcs were frequently con-
fused with each other across all arcs (arcs 0 –3). In contrast, for
the EB population, a larger proportion of trials were correctly
classified, visible as the increased proportion of values on the
diagonal and decreased proportion of values off the diagonal in
the confusion matrix. As noted previously (Fig. 3J), the distribu-
tions of BWs of the recorded neurons were very similar between
SC and EB groups, so these differences in population decoding
performance could not be attributed to differences in tuning
preferences of the neurons sampled. Decoding accuracies were
significantly greater than chance performance (computed by
shuffling trial labels; SC ROW: p � 9.99 � 10�04, d � 53.9, EB
ROW: p � 9.99 � 10�04, d � 84.8, SC ARC: p � 9.99 � 10�04,
d � 16.7, EB ARC: p � 9.99 � 10�04, d � 71.1, permutation test)
in all cases (Fig. 8D). Within each experimental group, row clas-
sification performance was greater than arc classification perfor-
mance (SC: p � 9.99 � 10�04, d � 16.8, EB: p � 9.99 � 10�04,
d � 30.3, permutation test). The distribution of decoding accu-
racies for the EB population compared to the SC population
across all iterations was shifted toward significantly higher values
for both row classification performance (p � 9.99 � 10�04, d �
1.82, permutation test) and arc classification performance (p �
9.99 � 10�04, d � 7.80, permutation test), but the separation
between SC and EB distributions was greater for arc classification
performance (Fig. 8D). Therefore, the improvement in decoding
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Figure 6. Quantification of the neuronal detection and discrimination performance. A, B, Spike count distributions (BW, red; SW1, yellow; SW2, blue; SW3, green; and spontaneous, gray) for
example S1 neurons from the SC populations (left) and ROC curves (right) generated from these spike count distributions for detection performance (BW/SW1/SW2/SW3 vs spontaneous activity,
dashed lines) and discrimination performance (BW vs SW1/SW2/SW3, solid lines). Examples show a neuron with relatively low mean firing rate (A) and a neuron with a relatively high mean firing
rate (B) in the recorded population. C, D, Spike count distributions for example S1 neurons with relatively low mean firing rate (C) and high mean firing rate (D) from EB population and the
corresponding ROC curves. Same conventions as in A and B. Mean � 1 SD is shown above each distribution. For neurons with both high and low firing rates, the spike count distribution associated
with the BW was better separated from spike count distributions associated with the SWs in EB animals compared with SC animals. E, Mean AUROC values for neuronal discrimination of BW from
SW1/SW2/SW3 (solid lines) and for neuronal detection of BW/SW1/SW2/SW3 from spontaneous activity (dashed lines). For both SC and EB neurons, performance for discrimination of the BW from
SWs was lower than detecting BW deflection relative to spontaneous activity. Detection performance for EB neurons was decreased relative to SC neurons; however, discrimination performance was
improved. F, Relationship between detectability and discriminability for single units in S1. Mean AUROC values for neural discrimination (BW vs S1/SW2/SW3) are plotted as a function of the mean
AUROC values for neural detection (spontaneous vs BW/SW1/SW2/SW3). The best-fitting line through mean AUROC values for EB animals (dashed black line) was steeper ( p 	 0.001, ANCOVA) than
that for SC animals (dashed gray line) and discriminability was relatively enhanced for S1 neurons in EB animals compared with SC animals for a given level of stimulus detectability. G, Probability
density functions corresponding to spike count histograms shown in B (SC, left) and D (EB, right), respectively. H, Distributions of Bayesian classifier performance for the SC (gray) and EB (black)
groups show a significant difference in multiple whisker discrimination between the two experimental groups. Level of chance performance is 25%.
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performance in EB versus SC animals was greatest for whisker
stimulus locations along the rostrocaudal axis of the snout.

In summary, we found that neural coding of whisker-mediated
touch was altered in animals that experienced vision loss early in
development compared with SCs. Whisker stimuli evoked lower
magnitude responses in EB animals, but the relative suppression
of whisker-evoked responses was greater for nonpreferred stim-
uli (SWs) than the preferred stimulus (BW) such that S1 neurons
were more selective to whisker-mediated touch in EB animals.
These changes in response properties led to decreased perfor-
mance on whisker stimulus detection by S1 neurons, but en-
hanced their performance on whisker stimulus discrimination.
For the population of S1 neurons, whisker stimulus location on
the mystacial pad could be decoded with greater accuracy in EB
animals, particularly along the rostrocaudal axis of the snout.
Overall, the changes in sensory coding observed in S1 after early
blindness were consistent with enhanced spatial discrimination
of tactile stimuli.

Discussion
Previous studies have reported that barrel fields in S1 are ex-
panded in neonatally enucleated mice and rats (Bronchti et al.,
1992; Rauschecker et al., 1992; Zheng and Purves, 1995). Like-
wise, our laboratory has demonstrated an increase in the total
cortical territory occupied by S1 in EB versus SC opossums
(Karlen and Krubitzer, 2009). There have been a few reports of
improved tactile or auditory performance after early vision loss
(Rauschecker and Kniepert, 1994; Toldi et al., 1994; Lomber et
al., 2010; Meredith et al., 2011) accompanied in some cases by
greater response selectivity of neurons in higher order cortical areas,
which play a role in processing multisensory inputs (Korte and
Rauschecker, 1993). More recently, alterations in synaptic func-
tion have been described in primary cortical areas associated with
spared modalities, including S1 (Goel et al., 2006; Jitsuki et al.,
2011; Zheng et al., 2014). These changes can even occur in adults
following relatively short periods of visual deprivation (up to 1
week) (Petrus et al., 2014; Meng et al., 2015, 2017; Nakajima et al.,
2016), with different effects on spared and deprived sensory cor-
tices (He et al., 2012; Petrus et al., 2014). However, to date, it is
unknown whether and how long-term unimodal sensory loss
affects sensory processing at the level of single neurons and
populations of neurons in primary cortical areas of the re-
maining sensory modalities.

We have demonstrated that neural coding of whisker-mediated
touch in S1 is altered in animals that experienced loss of vision
very early in development. We found that neurons in S1 of EB
animals exhibited an overall reduction in the magnitude of re-
sponses to single whisker stimuli for both the preferred stimulus
(BW) and the nonpreferred stimuli (SW). Suppression of neural
responses to whisker stimuli in our study were not attributable to
an overall decrease in cortical excitability, differences in anes-
thetic state, or a lack of active tactile exploration (Guic et al., 2008,
Alwis and Rajan, 2013) following early blindness. Further, sup-
pression was specific to whisker-evoked responses, combined
with an increased selectivity of neurons in S1 for single whisker

Figure 7. Spatial configuration of receptive fields for neurons in S1 in EB and SC animals.
A, Average 2D receptive field for SC (gray) and EB (black) neurons. Only SW positions immedi-
ately adjacent to the BW (1° SW) are depicted here. The contour plot is centered on the BW.
Contour lines show 50%, 70%, and 90% response levels (relative to the BW). Mean receptive
field contours in EB animals are contracted compared with those of SC animals. B, Cumulative distri-
bution of tuning width index for all recorded neurons. Receptive fields of EB neurons were more

4

sharply tuned than those of SC neurons. C, Cumulative distribution of shape index for all re-
corded neurons. Receptive fields of SC and EB neurons did not significantly differ in shape.
D, E, Mean tuning curve for SC and EB neurons collapsed along the vertical (D) and horizontal (E)
axis of A for SW positions. The 2° and 3° SW positions are shown in addition to the 1° SW
positions. The mean EB tuning curve is sharpened relative to the mean SC tuning curve along
both the horizontal axis and the vertical axis, but to a greater extent along the horizontal axis.
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Figure 8. Population decoding of whisker stimulus position in EB and SC animals. A, B, Classification of whisker identity for positions along the dorsoventral axis (rows A–D; A), and along the
rostrocaudal axis (arcs 0 –3; B) for population decoding analysis. C, Confusion matrices for classifier performance based on SC and EB populations of neurons. Actual stimuli presented are shown
along the x-axis and predicted stimuli are shown along the y-axis in all cases. The color scale indicates decoding accuracy (percentage correct), with lighter colors indicating better performance. As
evident from a higher proportion of values on the diagonal of the confusion matrix, whisker rows were classified correctly more frequently than whisker arcs in both the SC and EB groups. Between
groups, improvements in classifier performance in EB animals relative to SC animals are visible and particularly notable for the classification of whisker arcs. D, Distributions of population decoding
accuracy for SC (gray) and EB (black) neurons for whisker position along the dorsoventral axis (ROW) and the rostrocaudal axis (ARC) relative to chance performance (theoretical: solid vertical line at
25%; shuffled class labels: dashed lines are row classification and dotted lines are arc classification). Classifier performance was significantly above chance in all cases. Row classification performance
was greater than arc classification performance for neurons within both SC and EB groups. Decoding accuracy was significantly greater for EB neurons compared with SC neurons for row classification
as well as arc classification, though the difference in performance between the two groups was much greater for arc classification.
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stimuli. Greater stimulus selectivity could, in theory, result from
either an attenuation of SW-evoked responses or an increase in
BW-evoked responses. We found that suppression of whisker-
evoked responses in EB animals relative to SC animals was non-
uniform across the receptive field, such that SW-evoked
responses were suppressed to a greater extent than BW-evoked
responses, resulting in sharper tuning curves. Interestingly, our
findings resemble some forms of plasticity previously reported in
the S1 whisker representation, which are functionally distinct
from Hebbian forms of plasticity (for review, see Feldman and
Brecht, 2005) typically observed in studies involving manipula-
tions that create competition among sensory inputs within the
whisker system (e.g., deprivation of a subset of whisker inputs
though trimming, plucking, or follicle lesion). Polley et al. (2004)
found that prolonged exposure of rats to complex, naturalistic
environments in adulthood resulted in the contraction of the
functional representation of individual whiskers, suppression of
whisker-evoked responses, and smaller, sharper receptive fields
for neurons in S1. Further, when adult rats were allowed brief
periods of whisker-guided exploration in a novel environment
after deprivation of all but a single whisker, the direction of
Hebbian plasticity was reversed, causing a contraction of the
functional representation of the spared whisker rather than its
expansion (Polley et al., 1999). A common theme between our
study and the work by Polley et al. (1999, 2004) is that plasticity is
observed in the somatosensory system of animals that have been
subjected to a manipulation that can be expected to increase the
animals’ dependence on the whisker system–through vision loss
in our study, and through transfer to a more tactilely complex
environment in the studies by Polley et al. (for review, see Frostig,
2006). In both cases, the net effect was a refinement in the func-
tional organization of the S1 whisker representation such that
neural coding of single whisker stimuli was sparser and more
metabolically efficient, and displayed increased spatial precision.
In EB animals, we found that the ability of S1 neurons to discrim-
inate between neighboring whiskers was enhanced at the expense
of their ability to detect single whisker stimuli. Similar changes in
barrel cortex have been previously linked to enhanced sensory
processing on shorter time scales, specifically during arousal
(Castro-Alamancos and Oldford, 2002; Hirata and Castro-
Alamancos, 2011) and following sensory adaptation (Wang et al.,
2010; Ollerenshaw et al., 2014). Our results suggest that plasticity
after sensory loss is not necessarily universally adaptive, but may
involve a compromise between certain functions, at least
within a given brain region associated with a spared sensory
modality. The changes in S1 may reflect a redistribution of func-
tion in the brain, given that cortical and subcortical areas nor-
mally associated with vision are also recruited for somatosensory
processing in EB animals (Kahn and Krubitzer, 2002; Karlen et
al., 2006). However, these opposite effects on neuronal perfor-
mance in S1 may also reflect a genuine trade-off in tactile func-
tion; there have been reports of both deficits and enhancements
in the behavioral performance of blind individuals depending on
the nature of the tactile task used (Sterr et al., 1998a,b, 2003; Alary
et al., 2009). To what extent these changes in neural coding of
whisker-mediated touch in S1 after early blindness impact behav-
ioral detectability and discriminability of stimuli remains to be
investigated. Results from the current study allow us to generate
testable hypotheses in this regard. Additional research is also nec-
essary to determine the contribution of plasticity occurring at
subcortical levels to the effects observed in S1.

It is possible that the effects of suppression and spatial sharp-
ening are correlates of perceptual learning (Gold and Watanabe,

2010) in S1, which confers long-term experience-dependent im-
provements in the ability to process tactile information after early
blindness (Wong et al., 2011). Previous studies have demon-
strated that exposure to passive stimulation of a single whisker
results in the suppression and contraction of its functional rep-
resentation (Welker et al., 1992; Gdalyahu et al., 2012), along
with an increase in cortical inhibition (Welker et al., 1989; Knott
et al., 2002), possibly due to learned habituation to repetitive
stimulation or as a result of homeostatic processes (Welker et al.,
1992; Polley, 2002; Foeller and Feldman, 2004). EB animals are
forced to depend on whisker-mediated touch as the primary
means of navigating their environment using spatial cues. Thus, a
use-dependent increase in whisker stimulation after early blind-
ness is one potential mechanism that could drive functional plas-
ticity in the S1 whisker representation.

A noteworthy aspect of somatosensory plasticity following
early blindness was the anisotropy observed in receptive field
changes and population decoding performance for S1 neurons,
such that discrimination of whisker stimulus position was en-
hanced to a greater extent along the horizontal/rostrocaudal axis
of the snout, aligned with the primary direction of natural
whisker motion. This could reflect a row bias inherent to the
structural and functional organization of the S1 whisker repre-
sentation (Armstrong-James and Fox, 1987; Bernardo et al.,
1990; Lustig et al., 2013; Ramamurthy and Krubitzer, 2016). In
addition, simulations of whisking during exploratory activity in
rats indicate that whiskers within the same row (same horizontal
axis) are most likely to come in simultaneous contact with a
surface (Hobbs et al., 2015). Given that mystacial pad morphol-
ogy and whisking behavior are highly conserved across mammals
(Brecht et al., 1997; Grant et al., 2013; Ramamurthy and Krubi-
tzer, 2016), it is reasonable to postulate that similar patterns of
whisker contact during exploration by short-tailed opossums
may drive use-dependent anisotropies of receptive field altera-
tions in EB versus SC animals.

In the current study, we found that overall levels of tactile
experience did not differ significantly between EB and SC groups
across all developmental stages tested. We cannot rule out the
possibility that context-dependent differences between sighted
and blind animals in whisking strategies during exploration
(Arkley et al., 2014) may contribute to differences in S1 neural
response properties and receptive field structure. However, our
findings suggest that factors other than increased whisker stimu-
lation could play a role in somatosensory plasticity following
early blindness. For example, tactile experience may need to be
accompanied by focused attention to whisker stimuli in order for
this plasticity to occur, which may be more likely after early blind-
ness, given the animals’ increased dependence on the somatosen-
sory system. Alternatively, or in addition, somatosensory
plasticity may have been facilitated by the loss of vision itself
(Goldreich and Kanics, 2003), independent of tactile experience.
For example, there is some evidence that vision loss, rather than
whisker-mediated tactile experience, leads to barrel field expan-
sion in neonatally enucleated rats via epigenetic mechanisms that
influence the growth rate and arborization patterns of somato-
sensory thalamocortical axons (Fetter-Pruneda et al., 2013). Fu-
ture research incorporating additional sensory deprivation (whisker
trimming and dark rearing) or enrichment paradigms with sighted
and blind animals will help further clarify the relative effects of
tactile experience versus vision loss on neural coding in S1 fol-
lowing early blindness.
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