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The somatosensory cortex in mice contains primary (SI) and secondary (SII) areas, differing in somatotopic precision, topographic
organization, and function. The role of SII in somatosensory processing is still poorly understood. SII is activated bilaterally during
attentional tasks and is considered to play a role in tactile memory and sensorimotor integration. We measured the plasticity of SII
activation after associative learning based on classical conditioning, in which unilateral stimulation of one row of vibrissae was paired
with a tail shock. The training consisted of three daily 10 min sessions, during which 40 pairings were delivered. Cortical activation driven
by stimulation of vibrissae was mapped with 2-[14C]deoxyglucose (2DG) autoradiography 1 d after the end of conditioning. We reported
previously that the conditioning procedure resulted in unilateral enlargement of 2DG-labeled cortical representation of the “trained” row
of vibrissae in SI. Here, we measured the width and intensity of the labeled region in SII. We found that both measured parameters in SII
increased bilaterally. The increase was observed in cortical layers II/III and IV. Apparently, plasticity in SII is not a simple reflection of
changes in SI. It may be attributable to bilateral integrative role of SII, its lesser topographical specificity, and strong involvement in
attentional processing.

Introduction
The second somatosensory representation (SII) in the cerebral
cortex was first described in cats by Adrian (1941). In mice, the
localization of SII was discovered by Woolsey (1967) and the
area was mapped by Carvell and Simons (1987). SII contains
the entire body representation in a somatotopic map, but re-
ceptive fields are larger than in primary somatosensory area
(Burton and Carlson, 1986; Carvell and Simons, 1987). It is
reciprocally connected with the ipsilateral somatosensory (SI)
and motor cortex (Carvell and Simons, 1987; Miyashita et al.,
1994), ventral posterolateral (VPL), ventral posteromedial
(VPM), and posterior (PO) nucleus of the thalamus (Burton
and Kopf, 1984; Theyel et al., 2010), and the prefrontal cortex
(Kostopoulos et al., 2007). SII sends projections to the premo-
tor cortex (Rizzolatti and Luppino, 2001), the striatum, and to
insular and perirhinal cortices (Shi and Cassell, 1998). Callosal
connections link SII with contralateral SI and SII (Carvell and
Simons, 1987). Facial vibrissae, which are prominently repre-
sented in SI, occupy �14% of SII (Carvell and Simons, 1986).
SII was considered to be dependent on SI input (Bohlhalter et
al., 2002), but recent data in rodents, derived from studies of
direct thalamic input and of activation of SII in the absence of
SI–SII connection, show that the concept of hierarchically or-
ganized pathway no longer holds (Theyel et al., 2010). It is

more likely that SII processes sensory input also in parallel
with SI.

In this context, it was relevant to examine experience-
dependent plasticity in SII. Use-dependent plasticity of func-
tional representations in SI is very well documented, but only
little work on SII has been done, with the notable exception of
an early paper by Pons et al. (1988). In cats, burst stimulation
of skin results in potentiation of field potentials and increased
firing rates of SII units (Manzoni et al., 1979). Involvement of
SII in learning was suggested in macaque monkeys, where tool
use learning was found to be associated with increased gray
matter in SII in both hemispheres (Quallo et al., 2009). In
humans, tactile coactivation of many receptive fields on a
finger induced increase in blood oxygen level-dependent sig-
nal in contralateral and ipsilateral SI and SII (Pleger et al.,
2003). An important recent paper by Sacco and Sacchetti
(2010) suggests a role of secondary sensory cortices in emo-
tional memory.

The vibrissae-to-cortical barrels system of rodents, a very
popular model for studies of cortical use-dependent plasticity,
is well suited for examining SII plasticity, since the vibrissal
representation there is well identified. We reported previously
that short-lasting classical conditioning, in which unilateral
whisker stimulation is paired with tail shock, results in expan-
sion of functional representation of the row of vibrissae acti-
vated during the training, in contralateral SI. Here, we report
that, after the same conditioning paradigm, vibrissal represen-
tation, visualized with 2-[14C]deoxyglucose (2DG) autora-
diography, is enlarged in SII of both hemispheres. We also
reexamined the lateralization of input from the vibrissae in
control and conditioned animals.
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Materials and Methods
Animals and behavioral training
We used 28 adult (7– 8 weeks of age during conditioning) female
C57BL/6J mice. Mice were kept in a temperature-controlled room
(20°C) with a natural light/dark cycle. They had ad libitum access to water
and food. To habituate to experimental conditions, all animals were
accustomed to a neck restraint by being placed in a custom-built restrain-
ing apparatus for 10 min a day for 3 weeks before the start of experiments.
All experimental procedures on living animals were approved by First
Warsaw Local Ethical Commission for Animal Experimentation Com-
mission and were in accordance with the European Communities Coun-
cil Directive of 24 November 1986.

Conditioned group (conditioned stimulus plus unconditioned stimulus).
Mice (n � 12) were placed in a neck restraining apparatus, and row B of
vibrissae, on one side of the muzzle, was stimulated manually with a fine
paint brush. The stimulation lasted 9 s and consisted of three strokes;
each stroke lasted 3 s [conditioned stimulus (CS)]. During the last second
of the last stroke, a single tail shock [unconditioned stimulus (UCS)] was
applied (0.5 s, 0.5 mA). After a 6 s interval, the stimuli were repeated. The
training consisted of three daily 10 min sessions, during which 40 pair-
ings were delivered.

Pseudoconditioned group (pseudo). Animals in this group (n � 6) re-
ceived the same number of stimuli per session as the mice in the condi-
tioned group, but stimuli were unpaired. Stimulation of a row B was
applied for the same duration; tail shock was given at random relative to
whisker stimulation.

Control group (control). Mice in this group (n � 10) were not subjected
to the training procedure but only habituated to the neck restraint.

2-Deoxyglucose mapping
2DG mapping was performed 24 h after the end of training or after the
habituation period in control mice. The mice received a single intramus-
cular dose of 2-[14C]deoxy-D-glucose (5 �Ci/mouse; American Radiola-
beled Chemicals; specific activity, 55 mCi/mmol).

Stimulation of vibrissae was bilateral or unilateral. In the groups with
bilateral stimulation (CS�UCS, n � 6; pseudo, n � 6; control, n � 5),
rows B vibrissae on both sides of the snout were stroked with 2 Hz
frequency, in a rostrocaudal direction, using a mechanical stimulator, for
45 min (all whiskers except rows B were trimmed 10 min before the 2DG
injection). In the groups with unilateral stimulation, row B vibrissae used
during conditioning (CS�UCS; n � 5) or in control group (n � 5), row
B vibrissae on the left or right side of the muzzle were stimulated, whereas
whiskers of the other rows were clipped close to the skin. The whiskers on
the other side of the muzzle were left intact. The mice were then anesthe-
tized (0.2 ml/mouse) with Vetbutal (Biowet) and briefly perfused with
4% paraformaldehyde in phosphate buffer (0.1 M), pH 7.4. The brains
were removed; hemispheres were dissected and flattened between glass
slides, and then frozen with isopentane (�70°C) and sectioned (30 �m
thick) in a plane tangential to the barrel cortex using a cryostat (�18°C).
The serial sections were collected onto glass slides, briefly dried on a hot
plate (�60°C) to prevent the diffusion of the radioactive marker, and
then placed against mammography x-ray film (MIN-R 2000; Kodak)
together with radioactivity 14C standards (GE Healthcare; American Ra-
diolabeled Chemicals; specific activity, 53 mCi/mmol) for 2 weeks. After
obtaining the autoradiograms, the sections were Nissl-stained to identify
the brain structures.

Analysis of autoradiograms
The autoradiograms were analyzed using a computer image analysis sys-
tem (MCID 4; Imaging Research). The barrels were identified on the
basis of Nissl-stained sections. SII was identified basing on the surface
maps of Carvell and Simons (1986). Labeling was quantified as described
by Siucinska and Kossut (1996). The criterion for labeling was that the
intensity of 2DG uptake should be at least 15% higher than in the sur-
rounding cortex. All image files were coded so that the experimenter did
not know the identity of the sample.

We measured the width of the band of increased 2DG uptake in the
secondary somatosensory cortex (in layers II–III and layer IV) and in the
barrel cortex (in layer IV) (see Fig. 1 B, C). We also measured the intensity

of labeling (2DG uptake) in layers II–III and IV. The intensity of 2DG
labeling within SII, which represents global neuronal activity in this re-
gion, was always normalized to the background intensity in nearby re-
gion of cortex to exclude individual differences related to metabolism in
the 2DG uptake. The results are expressed in arbitrary units, as the ratio
of average SII labeling to the average background labeling. For analysis of
ipsilateral band of labeling in SII, area of the site of higher 2DG uptake
was measured and intensity of labeling in relation to the barrel field was
estimated. All measurements were performed on three sections per layer
for each hemisphere. The values obtained were averaged for all sections
from each layer.

Statistical analysis was performed using the GraphPad Prism 5 soft-
ware (GraphPad Software). Comparisons were made using one-way
ANOVA with Tukey–Kramer multiple-comparison test. Interhemi-
spheric comparisons of the 2DG labeling were made with two-tailed t
test.

Videorecording
To acquire a behavioral evidence that conditioning occurred, mice were
videorecorded during all three sessions. Trials during which a mouse
moved its head and reacted vigorously in response to stimulation of
vibrissae were considered in the analysis. Only head movements after CS
application were counted. The results were calculated using the two-
tailed t test.

Results
Behavioral analysis
In the conditioned group, we observed a lowering of behavioral
reaction, expressed as head movements in response to CS. The
observed reduction in head movements is akin to freezing ob-
served during fear conditioning in which footshock is used as
UCS (Fanselow and Poulos, 2005) and can be used as an indicator
of learning (Cybulska-Klosowicz et al., 2009).

In the first pairing session, the mice showed a head movement
after 28 � 7.8% of CS presentations, and in the third session, after
13 � 3.7%. The difference in head movement scores between the
sessions was statistically significant (p � 0.05). In the course of
training, no significant differences in behavioral reaction was
found in the pseudoconditioned group (30 � 4.7% during first
session; 23.5 � 7.4% in third session), which is consistent with
our previous reports (Jasinska et al., 2010).

2DG autoradiography
Bilateral stimulation
Bilateral stimulation of row B vibrissae produced in each hemi-
sphere an accumulation of label visible as two bands, one in the
barrel cortex and another, shorter band, ventrally from the barrel
cortex (Fig. 1A,B). This ventral band corresponded to location of
SII (Carvell and Simons, 1986). The two regions were clearly
separated in layers II–IV but were less distinct in infragranular
layers.

Width of row B representation in SII. Analysis of the autoradio-
grams showed a significant effect of the type of sensory training
on a representation of the row B in secondary somatosensory
cortex. Additional comparison revealed that after the condition-
ing, in layer IV row B representation in the SII was wider than in
the pseudoconditioned and in the control group by 32 and 33%,
respectively (ANOVA, F(2,13) � 14.2; p � 0.0005), in the hemi-
sphere contralateral to row of whiskers stimulated during condi-
tioning (“trained”); and by 12 and 18% (F(2,13) � 13.71; p �
0.0006) in the ipsilateral hemisphere (Figs. 2, 3B). In layer II–III,
the width of row B representation in SII of the CS�UCS group
was by 38 and 42% greater on the contralateral side (F(2,12) �
8.036; p � 0.0061) and by 20 and 29% (F(2,14) � 7.731; p �
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0.0055) on the ipsilateral side than in pseudo and control groups,
respectively (Figs. 2, 3A).

In SI, in accordance with our previous findings (Siucinska and
Kossut, 1996), the analysis showed a significant enlargement of
the representation of the trained row in the barrel cortex, by 25%

(457.7 � 9.6 �m in trained vs 366.5 � 6.4 �m in ipsilateral
hemisphere; two-tailed t test, p � 0.005) (Fig. 2).

Intensity of labeling. In layer IV of the hemisphere contralat-
eral to the trained vibrissae, intensity of labeling in SII was higher
in CS�UCS group than in both pseudoconditioned and control
groups. We also found a statistically significant difference be-
tween the pseudoconditioned and the control group (F(2,13) �
21.93; p � 0.0001). We observed the same effect in the ipsilateral
hemisphere (F(2,13) � 40.78; p � 0.0001) (Figs. 2, 3D). In layer
II–III, we found significant changes only between CS�UCS
group and the two other groups, in both the contralateral (F(2,13) �
37.23; p � 0.0001) and ipsilateral (F(2,13) � 22.88; p � 0.0001)
hemispheres (Figs. 2, 3C).

Unilateral stimulation
Unilateral stimulation of row B vibrissae in control mice did not
evoke any focused increase in 2DG uptake in the ipsilateral barrel
field and SII (Fig. 4). In mice that underwent classical condition-
ing, 2DG uptake to stimulation of the trained row B, examined
24 h after the training, revealed a patch of higher 2DG uptake
(Figs. 4, 5) near ipsilateral barrel field. The patch was irregular in
shape, most often elongated, with long axis arranged in parallel
with SII and located medial and posterior to row A barrels. It was
partly overlapping (in its anterior part) with labeling of SII
evoked by stimulation of contralateral row B barrels. Comparing
with labeling evoked in SII by stimulation of contralateral row of
vibrissae, the intensity of 2DG labeling of the patch was �20%
lower and the width of labeling was 45% shorter.

Figure 1. Neuronal activity mapped with 2DG autoradiography. A, A typical autoradiogram
of tangential section through layer IV, showing increased 2DG incorporation in primary (SI) and
secondary (SII) somatosensory areas after sensory stimulation of row B whiskers. B, The same
autoradiogram in pseudocolors. The most active regions are represented in red, and the less
active, in blue. C, Scheme of measurements. The diagram shows the plot of optical density
across the marked region of SII (rectangle). The region for measurements in SII is placed per-
pendicularly to the long axis of the stimulated row representation in SI (dashed line). The
horizontal line indicates 2DG labeling 15% higher than the mean background level. IOD-ROD,
Optical density in arbitrary units; p–a, posterior–anterior axis.

Figure 2. 2DG autoradiograms showing the effect of associative sensory training on func-
tional plasticity of primary and secondary somatosensory cortices. Pictures represent tangential
sections across the cortex at the level of layer IV. Pairing of conditioned sensory stimulus with an
unconditioned aversive stimulus (CS�UCS) results in unilateral widening of the stimulated row
representation in SI and bilateral widening of SII (marked with arrow) compared with control
and pseudoconditioned groups. Additionally, in SII, sensory training entails a bilateral increase
of 2DG labeling intensity.
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Discussion
The important finding of this study is that plasticity of SII is not a
simple reflection of plasticity in adjacent, ipsilateral SI. During
posttraining 2DG mapping of brain activation, when the trained
row of whiskers on one side of the snout and control row on the
other side were stimulated, enlargement of activated regions was
observed in both ipsilateral and contralateral SII fields, and in SI
contralateral to the trained row. When posttraining unilateral
stimulation of the trained row was applied, ipsilateral SII showed
a patch of activation that was not present in control mice. Thus,
classical conditioning, in which one row of whiskers was in-
volved, modified the response of SII cortex to vibrissal input
bilaterally, whereas in SI this plastic change was unilateral. This is
the first demonstration of bilateral modification of sensory rep-
resentations in the SII cortex arising as a result of conditioning.

SII integrates somatosensory information from both sides of
the body (Carvell and Simons, 1986, 1987; Iwamura, 2000). The
SII fields are connected by callosal fibers, and their role may not
be simply combining excitatory signals of two hemispheres to
yield bilateral receptive fields. Experiments using denervation or
reversible inactivation have attributed transcallosal activity a
modulatory role in bilateral interactions (Shuler et al., 2001). In
addition to the direct callosal projection, SII and SI fields in the
two hemispheres can also interact via fibers descending to the
thalamus (Raij et al., 2008). Experiments by Li and Ebner (2006)
have shown that activity in the barrel cortex on one side can
influence thalamic relay neurons on the contralateral side. In that
way, interhemispheric integration can interact with corticotha-
lamic coordination to modulate cortical activity. Therefore, the
sensory vibrissal input directed primarily to contralateral SI can
indirectly modulate the responsiveness of ipsilateral SII.

The question of parallel versus hierarchical information pro-
cessing in SI and SII has been addressed by several recent studies.
In rats, independent inputs to SI and SII were described with
anatomical and electrophysiological techniques (Kwegyir-Afful
and Keller, 2004), and a direct parallel pathway to SII from VPL
was demonstrated (Liao and Yen, 2008). A recent study in mice
using flavoprotein autofluorescence imaging in brain slices
(Theyel et al., 2010), combined with anatomical and electrophys-
iological experiments confirmed it. In fact, SII neurons receive as
much, if not more, thalamic input as they do from SI (Brett-
Green et al., 2003), at least in the rat. Moreover, there is a pro-
portion of thalamic neurons that has double projections to SI and
SII, which suggests parallel processing (Liao and Yen, 2008).
Theyel et al. (2010) found that connections between SI and SII are
not necessary to activate SII, but activation of SI can reach SII via
posterior nucleus of the thalamus. This partial independence of
SII may be one of the reason for explaining the differences in the
plasticity of cortical representations in the two somatosensory
areas. And yet, the increased contralateral SII response to stimu-
lation of trained row of vibrissae was not transmitted to ipsilateral
SII. Instead, a small band of activation, situated partly outside the
region normally activated by row B vibrissae stimulation, was
visible. To reveal not only that patch of activation but also en-
largement of what can be regarded as regular whisker represen-
tation, as observed in control animals, it was necessary to
stimulate the control row of vibrissae, on the other side on the
muzzle. Apparently, activation of this learning-induced modifi-
cation of SII vibrissal representation relies on priming by the
principal, contralateral sensory input.

The plastic changes in extent and intensity of SII activation
were observed in both hemispheres, contralateral and ipsilateral

Figure 3. Quantification of training-induced changes in width (A, B) and intensity (C, D) of
SII labeling in cortical layers II–III (A, C) and IV (B, D). In both analyzed layers, the width and the
intensity of 2DG labeling were always significantly greater in trained animals than in pseudo-
conditioned or control animals. These increases occurred in both hemispheres. *Comparison
between groups for hemisphere contralateral to the stimulated row of whiskers; Fcomparison
for hemisphere ipsilateral to the stimulated row of whiskers. * ,Fp � 0.05; ** ,FFp � 0.01;
*** ,FFFp � 0.001. Intensity of labeling is expressed in arbitrary units. Error bars represent
SD.
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to the trained vibrissae. The response to ipsilateral vibrissae stim-
ulation was first described by Pidoux and Verley (1979) in rats
and mice. They described the ipsilateral potentials as having
higher thresholds, smaller amplitudes, and longer latencies than
contralateral potentials. They also showed that removing or cool-
ing of contralateral barrel field or section of the corpus callosum
eliminated them, proving their callosal origin. Interhemispheric
connections between the barrel fields were described by Olavarria
et al. (1984) and Koralek et al. (1990) in the rat, who found that
they are confined to the septal regions. The work on unanesthe-
tized rats by Shuler et al. (2001) and Wiest et al. (2010) found a
proportion of units that responded to stimulation of vibrissae
from either side of the muzzle in layer V of the barrel cortex.
Bilateral subthreshold receptive fields were also described in that
layer by Manns et al. (2004). However, in many 2DG investiga-
tions, ipsilateral labeling could not be found after stimulation of
single vibrissae (Melzer et al., 1985; Chmielowska et al., 1986;
Kossut et al., 1988; Sharp et al., 1988). Stimulation of all whiskers,
however, brought some (although not quite significant) accumu-
lation of 2DG uptake in the ipsilateral barrel field (Cybulska-

Klosowicz et al., 2006). Apparently, the
ipsilateral functional activation of the bar-
rel field is not strong enough to result in
significant accumulation of label. Here,
we confirmed the previous data in the sit-
uation when only one row of whiskers was
stimulated, which resulted in no labeling
discernible from background either in ip-
silateral posteromedial barrel subfield or
in ipsilateral SII (Fig. 4).

However, in the mice that underwent
the conditioning, unilateral stimulation
of the trained row of vibrissae produced
labeling in ipsilateral SII (but not in SI).
Therefore, our results point to the bilater-
ally integrative activity of SII under the
influence of attentional/modulatory fac-
tors operating during learning. One of
them is the modulatory influence of the
tail shock (UCS), which is probably bilat-
eral and can presumably affect the neuronal
processing of input from the stimulated
vibrissae in both hemispheres. In humans,
pain activates SII, which is regarded as
participating in distinguishing painful
stimulations (Wang et al., 2010). In rats,
painful electrical stimulation of feet or tail
is associated with increased activity of cat-
echolaminergic and serotonergic neurons
in the brain (Sara, 2009) and release of
neuromodulators essential for plasticity
(Li et al., 2006). The locus ceruleus is acti-
vated by task-related stimuli in cognitive
task (Aston-Jones et al., 1996), and the ac-
tivation is closely correlated with pavlov-
ian behavior (Bouret and Richmond,
2009). Both the locus ceruleus and the
dorsal raphe send direct projections to the
barrel cortex and VPM/VPL (Lee et al.,
2008, 2009) and can influence plasticity of
vibrissal representations.

We propose that SI plasticity is primar-
ily driven by a strong sensory input, and

thus lateralized after unilateral stimulation during conditioning,
whereas SII plasticity may be more dependent on neuromodula-
tory and top-down attentional factors, and thus bilateral. We
have demonstrated previously (Cybulska-Klosowicz et al., 2009)
that, during conditioning in the paradigm used in the present
experiment, all thalamic somatosensory nuclei, the amygdala,
nucleus basalis, and association cortical areas were activated
equally strongly in both hemispheres. Moreover, the importance
of associative processes and not just painful tail stimulation is
stressed by the fact that no remodeling of cortical representation
in either SI or SII was observed in the pseudoconditioned group.
After pseudoconditioning, intensity of 2DG uptake in SII in-
creased compared with controls, although significantly less than
in trained animals; it may be supposed that the change in reactiv-
ity was not strong enough to result in an increase of cortical
representation.

Interestingly, it appears that cognitive influences/attentional
effects are more frequent, more robust, and more complex in SII,
compared with SI (Meftah et al., 2002). There are at least two
independent processes at the cortical level that are activated by

Figure 4. 2DG autoradiograms showing the effect of unilateral stimulation of row B vibrissae in control and CS�UCS mice on
functional activation of primary and secondary somatosensory cortices. In control mice, only unilateral activation of SI and SII can
be seen. In the ipsilateral hemisphere of trained animals, no activation in the barrel field is present. In SII, a distinct patch of
activation appeared (arrowheads). In autoradiograms from trained mice, labeling in contralateral SI and SII is wider.

Figure 5. Tangential sections in the level of cortical layer IV of ipsilateral hemisphere of trained mouse. Left, Nissl staining
showing localization and topography of barrel field. Right, Autoradiogram presenting the patch of 2DG labeling (arrowheads) and
its localization in relation to the barrel field. A–E, Rows of barrels.
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selective attention in primates (Chapman and Meftah, 2005);
additive effect, seen in SI and SII cells, observed during tactile
texture discrimination tasks and multiplicative effect of selective
attention (increase in response gain) localized to SII. Human
brain imaging studies show that bilateral SII activation during
tactile stimulation depends on the level of attention (Fujiwara et
al., 2002). Our observations correspond well with findings in
primates, in which bilateral activation of SII during attentional
tasks is stronger (Burton et al., 1999).

Human studies show that somatosensory stimulation in tasks
requiring increased attention to stimuli activate contralateral SI
and bilaterally SII (Johansen-Berg et al., 2000; Chen et al., 2010).
In the conditioning task that we applied, it is difficult to estimate
the attentional component. Our previous work found increased
interhemispheric interactions at the beginning of conditioning,
but not on the last day of training in the conditioned, but not in
the pseudoconditioned group (Cybulska-Klosowicz and Kossut,
2006). It was ascribed to increased arousal, which was high at the
beginning of the training in the conditioned animals and re-
mained high throughout its duration in the pseudoconditioned
ones. Therefore, we can probably eliminate arousal as a factor
that induces plasticity in SII.

We demonstrated that a simple form of associative learning,
classical conditioning of unilateral somatosensory input, pro-
duces bilateral plastic changes in responsiveness of the second
somatosensory representation. We propose that it is attributable
to integrative role of SII, its lesser topographical specificity, and
strong involvement in attentional processing and learning.
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Raij T, Karhu J, Kicić D, Lioumis P, Julkunen P, Lin FH, Ahveninen J, Ilmoni-
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