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row in the whisker somatotopic map (Siucinska and Kossut, 1996, 
2004; Galvez et al., 2006). These approaches pointed at layers and 
columns of barrel cortex where plasticity occurred but the full 
spectrum of connections it involved is still unresolved. The pattern 
of cortical circuits is complex and neurons in any given layer are 
involved in multiple local and longer-range connections. Hence, 
multiple circuits could sustain the transformation of the whisker 
somatotopic map, but so far only L4 inhibitory neurons were clearly 
implicated (Siucinska et al., 1999; Gierdalski et al., 2001; Tokarski 
et al., 2007).

Excitatory circuits targeting the supragranular layers 2 and 3 of 
barrel cortex have been the object of intense investigations owing to 
their plasticity in developing and adult brains (Fox, 1992; Finnerty 
et al., 1999; Allen et al., 2003; Shepherd et al., 2003). Major inputs 
received by L2/3 pyramidal cells originate from L4 cells located in 
the barrel of their home column (Petersen and Sakmann, 2001; 
Shepherd et al., 2003). This columnar organization is matched by 
the anatomy of L4 → L2/3 connections which are largely confined 
within one column (Lubke et al., 2003). Other excitatory inputs 
originate from L5A and L2/3 cells. Both cell types have axonal 
arborizations spreading out widely in L2/3 (Feldmeyer et al., 2005, 
2006; Shepherd and Svoboda, 2005) which allows them to connect 
neurons located in their home column and in neighboring columns. 
Although the transcolumnar projections are functionally weak in 
naive animals, they are strengthened in experiments designed to 
unbalance the use of whiskers (Finnerty et al., 1999).

IntroductIon
Behavioral conditioning leads to plasticity in the primary sen-
sory cortex of the conditioned stimulus (CS) sensory modality: 
receptive fields of cortical neurons shift in such manner that the 
area responding to the CS is enlarged (reviewed in Weinberger, 
2004). Thus, tagging stimuli with emotional significance trans-
forms the cortical sensory maps. Although this phenomenon was 
observed across sensory modalities and for various condition-
ing paradigms (reviewed in Edeline, 1999), the precise identity 
of neuronal circuits underlying the plasticity of cortical maps is 
largely unknown.

Primary sensory cortices are organized in arrays of columns 
that are arranged orthogonally to the pia and where neurons are 
tuned to one sensory organ or one dimension of a sensory modal-
ity (Mountcastle, 1957; Hubel and Wiesel, 1962). Neurons in each 
column of barrel cortex, a region of the primary somatosensory 
cortex, are tuned to one principal whisker. The spatial arrangement 
of cortical columns is somatotopic such that neighboring columns 
correspond to neighboring whiskers on the snout of the animal. 
Barrel cortex is particularly suited to the study of circuits because 
of the presence of cell aggregates in layer (L) 4 (Woolsey and Loos, 
1970), the barrels, which are optically dense in brain slices and 
provide natural landmarks for identifying the columns in vitro.

Previous measurements with markers of neuronal activity 
showed that classical conditioning with the deflection of one 
whisker row as CS enlarged the representation of that particular 
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One hypothesis is that the transformation of the whisker cortical 
map induced by associative learning depends on a similar plasticity, 
strengthening the projections that originate in the column of CS 
and terminate in neighboring columns of unpaired whiskers. To 
test this possibility and compare the effects of associative learn-
ing on columnar and transcolumnar circuits of barrel cortex, we 
conditioned mice and investigated the strength of excitatory pro-
jections impinging onto L2/3 pyramidal cells in brain slices with 
laser scanning photostimulation (LSPS; Callaway and Katz, 1993; 
Shepherd et al., 2003). We found that training mice in a differen-
tial conditioning where one whisker row was paired (CS+) with a 
shock and two other rows were unpaired (CS−) induced plasticity 
in all L4, L2/3, and L5A projections connecting L2/3 cells located 
in columns of unpaired whiskers. We discuss their potential for 
propagating CS+ inputs.

MaterIals and Methods
Fear condItIonIng and cardIac response analysIs
Experiments followed institutional guidelines of INSERM. Fear 
conditioning was induced in awake, head-restrained, 4-week-old 
C57Bl6 male mice (Janvier). Three days prior training, a holding 
element (0.38 g) was cemented on the skull of the anesthetized 
animal (ketamine/xylazine, 200/20 mg kg−1, intra muscular) and 
two clips were attached to the skin of its chest. Whiskers were bilat-
erally trimmed down to ∼1 cm to ease their stimulation. Training of 
conditioned mice (n = 31) was over 5 days with 2 days of habitua-
tion and three of conditioning. Daily training and testing sessions 
lasted 20 min maximum and were aborted when the mouse became 
visibly agitated, pushing its body forward. Each whisker row was 
individually deflected with three strokes of a fine paint brush moved 
manually (∼1.2 Hz) in the caudo-rostral direction (Siucinska and 
Kossut, 1996). Only the rows A, B, or C were deflected. The sequence 
was pseudo-random without repetition and had random time 
intervals between 16 and 45 s. On conditioning days, the stimula-
tion of the C row was terminated with an electrical shock (100 μA, 
250 ms) delivered to the tail. Shock occurred at the offset of whisker 
stimulation. During each habituation day and the first condition-
ing day A, B, and C whisker rows were stimulated 12 times each. 
The number of C whisker stimulations decreased to eight on the 
second conditioning day and to six on the third. This was designed 
to make the pairing of the C whisker deflections with tail shocks 
more salient and prevent generalization. Each animal was shocked 
26 times maximum over 3 days. Associative learning was assessed 
3–7 days after the last conditioning session in the same apparatus 
used for conditioning. Mouse electrocardiograms were then moni-
tored through the two clips and whisker rows were individually 
deflected, without tail shock.

Inter-heartbeat intervals of conditioned mice were computed in 
500 ms bins. Traces of 5–12 trials (average, 6.5) were then  averaged to 
measure the cardiac response for each whisker row. The amplitude 
of cardiac response was measured at the peak within a 10-s time 
window after whisker deflection. An increase of the inter-heartbeat 
intervals indicated a bradycardia. The threshold of a significant 
bradycardia was two times the standard deviation of baseline. The 
selectivity index of cardiac responses was  computed based on the 
relative amplitude of the evoked  bradycardias as follow:
100 × ampX/(ampA + ampB + ampC).

Where amp is the amplitude of bradycardia and X is the row of 
whisker A, B, or C.

Pseudoconditioned mice (n = 6) received the same number of 
whisker stimulations and tail shocks during training as the condi-
tioned mice, but their occurrences were temporally uncorrelated 
with each other. Naive mice (n = 15) received the same surgery 
and holding element but they were not manipulated until brain 
slices were prepared.

BraIn slIce preparatIon and lsps MappIng
Conditioned mice were anesthetized and sacrificed within 1 h after 
the testing session. Across-row barrel cortex slices (300 μm thick) 
were prepared as described (Finnerty et al., 1999) in a chilled solu-
tion containing (in mM): 110 choline chloride, 25 NaHCO

3
, 25 

d-glucose, 11.6 sodium ascorbate, 7 MgCl
2
, 3.1 sodium pyruvate, 

2.5 KCl, 1.25 NaH
2
PO

4
, and 0.5 CaCl

2
. Slices were transferred to 

artificial cerebrospinal fluid (ACSF) containing (in mM): 127 NaCl, 
25 NaHCO

3
, 25 d-glucose, 2.5 KCl, 1 MgCl

2
, 2 CaCl

2
, and 1.25 

NaH
2
PO

4
, aerated with 95% O

2 
and 5% CO

2,
 first at 34°C for 15 min 

and then at room temperature prior to use. ACSF was complemented 
with (in mM) 0.2 MNI-caged glutamate (Tocris), 0.005 (±)-CPP 
(Sigma) an antagonist of NMDA receptors, 4 CaCl

2 
and 4 MgCl

2 

for LSPS mapping
 
Recording were performed at room temperature 

in the two most medial slices containing five A–E barrels. Neurons 
84 ± 2 μm deep in the slice were patched using borosilicate electrodes 
(4–6 MΩ) filled with intracellular solution containing (in mM): 128 
K-methylsulfate, 4 MgCl

2
, 10 HEPES, 1 EGTA, 4 Na

2
ATP, 0.4 Na

2
GTP, 

10 Na-phosphocreatine, 3 ascorbic acid; pH 7.25. Traces of whole-
cell voltage-clamp recordings were filtered at 5 kHz and sampled 
at 10 kHz. Focal photolysis of caged glutamate was accomplished 
with a 2-ms 20 mW pulse of a UV laser (DPSS Lasers Inc.) through 
a 4× objective. The stimulus pattern consisted of 324 positions on 
a 18 × 18 grid (75 μm spacing). The uncaging grid was centered 
 vertically on the barrel B or C. The 10th and 11th lines were above L4 
and L5A, respectively. UV stimuli were presented once every 700 ms 
in a spatial order designed to avoid consecutive glutamate uncaging 
at neighboring sites (Shepherd et al., 2003). Custom softwares for 
instrument control and acquisition (www.ephus.org; Suter et al., 
2010) were written in Matlab (MathWorks, Inc.).

Synaptic input maps for individual neurons were constructed by 
computing the mean current amplitude in a 50-ms time window 
6 ms after the UV stimulus for each location of photostimulation. 
Two to four maps were obtained per cell and averaged (Figure 2B). 
Averaged single-cell maps were used to compute group-averaged 
maps (Figures 2D,E). Interpolation was performed on averaged 
synaptic input maps for display purposes. The center of mass of 
synaptic input feeding into L2/3 cells was calculated as Σ (synaptic 
input × lateral distance from the center of column)/Σ (synaptic 
input). Positive values indicate a shift to the right from the center 
of the home column.

Excitation profiles of layer (L) 2/3, L4, and L5A cells were evalu-
ated with loose-seal recordings. These measure the evoked excitation 
and mapping resolution of LSPS. Glutamate was uncaged on an 8 × 8 
grid (50 μm spacing) centered on somas and action potentials (APs) 
were counted at each uncaging site. L2/3 pyramidal cells (n = 16) 
spiked a total number of 3.8 ± 0.5 APs over the entire grid. This 
number was 3.4 ± 0.6 for L4 stellate cells (n = 18) and 6.4 ± 0.9 for 
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The selectivity of the CS/shock association was analyzed in more 
details in the Brady+ group of mice. Five animals had a bradycardia 
at the deflection of the C whiskers only, whereas ten had also smaller 
(p < 0.02, Wilcoxon) but above threshold bradycardias evoked by A 
or B whiskers or both (Figures 1B,E). Baseline heart rates measured 
before A, B, and C trials were similar (Figure 1F) indicating that 
a lack or a weaker bradycardia evoked by A or B whiskers was not 
due to a floor effect. The specificity index of the cardiac response 
measured as the percentage of the C-evoked bradycardia over the 
summed A to C-evoked cardiac responses ranged between 38 and 
67% (average, 50 ± 2%; see Materials and Methods), hence between 
chance level (33%) and perfect discrimination (100%). Thus, dif-
ferential conditioning generated here animals with a diversity of 
learning performances against which changes in L2/3 circuitry 
could next be compared.

plastIcIty oF IntracortIcal cIrcuIts aFter 
dIFFerentIal condItIonIng
We first compared the pattern of functional excitatory pro-
jections impinging onto layer 2/3 neurons between naive and 
Brady+ mice. To this end, we recorded from L2/3 neurons in 
brain slices and used LSPS to map their projections (Callaway 
and Katz, 1993; Shepherd et al., 2003). This method enables local-
izing neurons that are presynaptic to a recorded cell with a few 
tens micrometer precision and surveying the strength of their 
connections simultaneously.

Brain slices were prepared to contain the five barrels correspond-
ing to the A–E whisker rows (Figure 2A). Pyramidal cells in L2/3 
were recorded in whole-cell voltage-clamp at −70 mV, near the 
reversal potential of inhibitory currents (Bureau et al., 2008), to 
isolate the excitatory component of synaptic responses. The pre-
synaptic neurons were stimulated with laser scanning glutamate 
uncaging on an 18 × 18 grid (75 μm spacing) aligned with the 
barrels. Spiking in presynaptic cells occurred only when glutamate 
was uncaged on cell bodies and proximal dendrites, at a mean 
distance of ∼40 μm from the soma (see Materials and Methods). 
Connections between presynaptic neurons and the recorded cell 
were detected at sites where stimulation evoked excitatory postsy-
naptic currents (Figure 2B). Synaptic responses were quantified 
as the mean current amplitude in a 50-ms time window starting 
6 ms after the stimulus (Figure 2C), and were used to build a color 
coded input map for each cell.

In naive mice, L2/3 pyramidal cells received strong inputs from 
L4 neurons located in the barrel below (n = 28; Figure 2D; Bureau 
et al., 2006; Lefort et al., 2009). Synaptic input maps recorded from 
the B and C columns were pooled together in the naive group of 
mice (B/C, 17/11) as they did not show any significant difference 
(p > 0.9), but they were analyzed separately in the Brady+ group to 
examine the effects of learning in columns of paired and unpaired 
whiskers. We mapped the synaptic projections impinging onto L2/3 
cells located in the B column, adjacent to the paired C column in 
Brady+ mice. We found that conditioning enhanced inputs originat-
ing from L2/3 and L5A (n = 19; Figures 2E,F). In contrast, the L4 
inputs originating from the upper two-thirds of the B barrel were 
not altered (p = 0.7; Figure 2F). We did not analyze the inputs 
evoked by photo stimulations in the lower third of barrels because 
the excitation of L4 and L5A cells could not be separated there, as 

L5A pyramidal cells (n = 16). The mean vertical distance of excita-
tion calculated as Σ (APs × absolute distance from the soma)/Σ (APs) 
was 42 ± 3 μm for L2/3 cells, 43 ± 6 μm for L4 cells and 40 ± 5 μm for 
L5A cells. This distance along the horizontal axis was 35 ± 2 μm for 
L2/3 cells, 36 ± 3 μm for L4 cells, and 43 ± 3 μm for L5A cells. Based 
on these excitation profiles and the neuronal density measured in 
(Bureau et al., 2008), we estimate the number of spiking neurons 
per uncaging site at ∼45 in barrels and in L2/3 (see supplementary 
methods in Weiler et al., 2008). Note that the number of neurons 
that are directly connected to the postsynaptic cell is lower.

Group values are indicated as mean ± SEM. The statistical p 
values are from Mann–Whitney tests, unless stated otherwise. Error 
bars in figures are SEM.

results
the deFlectIons oF paIred whIskers evoke Fear responses In 
condItIoned MIce
To draw correlations between associative learning and the plas-
ticity of L2/3 circuits in barrel cortex, mice were trained in a 
differential conditioning paradigm where they were presented 
with three stimuli: the C row deflections (CS+) predicted the 
occurrence of a tail shock and the A, B row deflections (CS−) 
predicted its absence. This protocol was preferred over classical 
conditioning where a single stimulus is conditioned because the 
latter was shown to have only modest effects on neuronal activity 
in L2/3 (Siucinska and Kossut, 1996) and we hypothesized that a 
complex task should recruit a large ensemble of cortical circuits. 
Moreover, the generation of a large distribution of behavioral 
performances caused by a complex task provides additional ways 
for evaluating the correlations between associative learning and 
plasticity in cortical circuits.

Learning was assessed 3–7 days after conditioning by measur-
ing cardiac responses (Martin and Fitzgerald, 1980; Marchand, 
2002) in a 10-s time window following the deflections of A, B, and 
C rows (Figure 1A). Animals were first sorted according to their 
fear response evoked by CS+, the C whiskers. Mice were restrained 
and as a consequence this response was a slowing down of their 
heart rate (Martin and Fitzgerald, 1980), or bradycardia, meas-
ured here as an increase of the heartbeat time intervals. About 
50% of the conditioned mice showed a bradycardia evoked by C 
row deflections (Brady+ mice, n = 15; Figures 1B,C) while oth-
ers did not (Brady−, n = 16; Figure 1D). Brady+ and Brady− mice 
were tested after similar delays following the last conditioning 
session (4.5 ± 0.3 and 4.0 ± 0.2 days, respectively). Heart rate 
accelerations could follow (Figure 1B) or precede (Figure 1C) the 
bradycardias in Brady+ mice. They corresponded to brief periods 
of mouse agitation and, unlike bradycardias, were non-selective 
for the CS+. On average, heartbeat time intervals increased by 
2.12 ± 0.28 ms at the peak, a variation corresponding to a brady-
cardia of −20 ± 2 bpm (range, −5 to −46 bpm). Bradycardias were 
short-lasting (0.5–4.5 s above threshold; average 1.5 ± 0.3 s) and 
peaked 3.9 ± 0.5 s (range, 1.3–7.3 s) after the onset of the C whisker 
deflections (Figures 1B,C).

These bradycardias resulted from associative learning because 
they were not seen in the group of pseudoconditioned mice (peak 
heart rate deceleration, −3 ± 1 bpm; n = 6) for which whisker deflec-
tions and shocks were not contingently paired during training.
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The effects described above were specific to the B column: In the 
column of CS+ (i.e., C column), conditioning did not significantly 
affect inputs from L2/3 and L5A compare to naive mice (4.2 ± 0.7, 
5.0 ± 1.4 pA, respectively; n = 17; Figures 2E–G). In particular, L2/3 
cells received L2/3 inputs from the C column only (center of mass 
offset, 20 ± 19 μm, p > 0.3 t-test). Conditioning did not significantly 
alter the L4 → L2/3 projections in the C column either, because 
mean inputs from the barrel were 22.0 ± 4.0 pA in naive mice and 
25.6 ± 5.7 pA in Brady+ mice. Thus, our data show that behavioral 
conditioning strengthened excitatory circuits feeding into L2/3 only 
in columns corresponding to unpaired stimuli.

dIstInct plastIcIty In l2 and l3
Cells in L2/3 of barrel cortex, often sampled in a single group, 
are potentially integrated in distinct neuronal pathways of sensory 
integration (Bureau et al., 2006; Lefort et al., 2009). Thus, we next 

previously reported in (Bureau et al., 2006). Therefore, L4 inputs 
presented from now on originated from the upper two-thirds of 
barrels only.

The enhanced L5A inputs in Brady+ mice originated from the 
center of the B column and were increased twofolds compared to 
naive mice (from 6.1 ± 1.4 to 13.0 ± 2.8 pA; p < 0.05; Figure 2G). 
In contrast, the additional L2/3 inputs were from presynaptic cells 
laterally distant by 190–410 μm from the center of the B column 
and were located in the paired C column and in the area above 
septum between B and C (+72%; from 3.9 ± 0.6 to 6.7 ± 1.4 pA; 
p < 0.05). Input from this region in C was on average 1.7 ± 0.3 folds 
larger than its mirror input in A (p = 0.05, t-test). This spatial rear-
rangement shifted the center of mass (see Materials and Methods) 
of the global L2/3 synaptic input from the center of the B column 
in naive mice (offset, 0 ± 13 μm) to a mean distance of 39 ± 17 μm 
toward C in Brady+ mice (p < 0.05, t-test).
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Figure 1 | Differential fear conditioning with the deflection of one whisker 
row as CS+. (A) The paradigm consisted of 2 days of habituation (gray), three of 
conditioning (black), and one of testing (hatched). (B–D) Electrocardiograms for 
two mice (B,C) showing a cardiac response (Brady+ mice) and one Brady mouse 
(D) on the testing day. Traces show the mean heartbeat intervals (0.5 s bins) in 
response to deflections of the A, B, and C whisker rows (shaded area). The 
arrows point to bradycardias and the dashed lines indicate the threshold of 
significant bradycardias (2 × SDbaseline). In inset, heartbeats. (e) Amplitude of 

bradycardias evoked by the deflection of A (open symbol) and B (gray) whiskers 
as a function of the amplitude of bradycardias evoked by the deflection of C 
whiskers for each Brady+ mouse. In inset the selectivity of cardiac response 
evoked by the A, B, and C whiskers. Mice showed bradycardias of greater 
amplitudes at the deflection of C whiskers. The star indicates p < 0.02 
(Wilcoxon). (F) Same as in (e) for the heart rate in baseline prior to cardiac 
responses. In inset, the mean heart rate prior to C (black), B (gray), and A 
(open)-evoked cardiac responses.
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Figure 2 | Plasticity of excitatory circuits targeting L2/3 in columns of 
unpaired whiskers. (A) Across-barrel slice showing the A–E barrels. Here, the 
uncaging grid (blue) was centered on the C barrel. (B) Examples of synaptic 
input maps for L2/3 cells located in the B barrel of two Brady+ mice. Colors 
indicate the amplitude of synaptic responses. Black pixels are sites with direct 
glutamate-evoked responses. The solid white circle shows the soma position of 
the recorded neuron. Solid black lines are barrels. (C) Direct responses were 
detected immediately after the UV pulse (arrow head). Synaptic responses had 
longer latencies and were measured in a 50-ms time window, 6 ms after the 

pulse (pink). (D) Average synaptic input map for naive mice (n = 28). Maps 
centered over the B (n = 17) and C (n = 11) columns were pooled as they were 
similar. (e) Synaptic input maps for Brady+ mice centered over the B column 
(left, n = 19) and the C column (right, n = 17). (F) Vertical profile (75 μm bins) of 
synaptic inputs for L2/3 cells recorded in naive mice (solid gray) and for L2/3 cells 
recorded in the B (blue) and C (red) columns of Brady+ mice. (g) Horizontal 
profiles of synaptic inputs received by L2/3 cells in naive (solid gray) and Brady+ 
mice (B column, blue; C column, red). In insets, the regions where the synaptic 
inputs were measured.

examined how conditioning affected their inputs separately. In 
the absence of a clear cytoarchitectural demarcation of the L2/L3 
boundary, we divided the supragranular layer in two: hereafter L2 
and L3 refer to the upper half and lower half, respectively.

In naive mice, L2 cells received twice as much L2/3 inputs 
from distant cells, located 260–410 μm away from the center of 
 column, compared to L3 cells (L2 cells, 8.6 ± 2.1 pA; n = 14; L3 
cells, 3.9 ± 0.8 pA; n = 14; p < 0.05, t-test; Figures 3A–C). L2 and 
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Figure 3 | Distinct plasticity in layer 2 and layer 3. (A) Synaptic input maps 
of L3 (left) and L2 (right) cells recorded in naive (top) and Brady+ (bottom) mice. 
(B) Horizontal profiles of synaptic inputs for L3 cells. The analyzed regions of 
inputs are as in Figure 2g. (C) Same as in B for L2 cells. (D) Strength of 
transcolumnar L4C → L3B and L2/3C → L3B projections as a function of soma 
horizontal position. Zero on the x-axis is the center of the B column. (e) Strength 

of transcolumnar L2/3C → L2B projections as a function of selectivity of the 
C-evoked cardiac responses (left) and strength of ascending L4B → L2B 
projections as a function of selectivity of the B-evoked cardiac responses (right). 
Each point corresponds to one mouse and averages the inputs of one to three 
cells. (F) Same as in E for L2/3C → L3B and L4C → L3B projections and the 
selectivity of C-evoked cardiac responses.

L3 cells also differed by their L5A inputs, larger for the former (L2, 
11.2 ± 3.1 pA; L3 cells, 4.4 ± 1.2 pA; p < 0.05, t-test). We found the 
difference between L2 and L3 cells more pronounced in a previous 

study because L2 cells exhibited weaker L4 inputs then (Bureau 
et al., 2006). As L2 neurons mature last in cortex, the age of the 
animals (2 weeks older here) could explain the difference.
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of all L2/3 inputs with the B barrel vertical axis (offset for L2/3 
cells, −18 ± 13 μm; offset for L3 cells, −5 ± 14 μm). Finally, pseu-
doconditioning did not affect the transcolumnar L4 → L3 projec-
tions from C to B (input, 4.5 ± 1.1 pA; offset, 4.0 ± 15 μm) nor the 
ascending L5A → L3 projections within B (input, 3.3 ± 0.9 pA; 
Figures 4C,D). Altogether, our data indicate that the plasticity of 
excitatory projections onto L2/3 cells was specific to the Brady+ 
group of mice (Figure 4D).

dIscussIon
We studied the effects of differential conditioning on excitatory 
circuits of barrel cortex with LSPS mapping. We found multiple 
changes in projections targeting neurons in L2/3 which were cross-
ing columnar boundaries. These might provide a cellular substrate 
for the transformation of the whisker somatotopic map induced 
by associative learning.

lsps Maps locI oF learnIng–dependent plastIcIty In cortex
We found that combining behavioral trainings and LSPS mapping 
was a powerful approach to rapidly identify novel loci of learning-
induced plasticity in the brain. Here, it permitted the identification 
of three different intracortical projections targeting L3 of barrel cor-
tex. The correlation we found between the discrimination perform-
ance and the strength of projections targeting L2 suggests that this 
number could be raised to five. However, having a complete picture of 
learning-dependent events in L2/3 will require surveying the inhibi-
tory projections (Helmstaedter et al., 2009) and the thalamocortical 
projections (Petreanu et al., 2009) innervating these layers.

We showed that plasticity in L2/3 was only seen in conditioned 
animals that made the association at the moment of the test. Because 
cardiac fear responses were not monitored during conditioning 
but only days later, we cannot conclude whether the lack of circuit 
changes in Brady− mice was linked to a failure to learn or to memory 
extinction. However, this result together with our observation that 
pseudoconditioning had no effect on the projections onto L2/3 
show that plasticity in Brady+ mice was the result of specific learn-
ing mechanisms and not the product of sensory experience only. 
How this cortical plasticity impacts learning remains unclear. One 
hypothesis is that its role varies as a function of difficulty of the 
task. Indeed, it was shown that lesions or inactivation of primary 
sensory cortices did not impair memory recall after classical con-
ditionings (Hutson and Masterton, 1986; Galvez et al., 2007; Sacco 
and Sacchetti, 2010) but they did in demanding tasks such as differ-
ential conditioning (Jarrell et al., 1987), trace conditioning (Galvez 
et al., 2007), or operant conditioning (Hutson and Masterton, 1986; 
 Guic-robles et al., 1992; Krupa et al., 2001; O’Connor et al., 2010).

Our study does not address the nature of the cellular mecha-
nisms underlying the plasticity of projections targeting L3 cells. 
They could either be synaptic or non-synaptic (Bureau et al., 2008): 
Non-synaptic mechanisms affect the excitation evoked by LSPS 
(photo-excitation). They could include changes in the number 
of neurons located in the path of the laser beam and changes in 
neuron excitability. Learning-dependent increases of neuronal 
excitability are well documented (Bekisz et al., 2010); reviewed 
in (Daoudal and Debanne, 2003). However, an enhanced photo-
excitation of presynaptic cells is unlikely to account for the stronger 
transcolumnar L4 → L3 and L2/3 → L3 projections from C to B 

The L2/L3 functional division was even more evident when 
examining the effects of conditioning: First, the strengthening of 
L2/3 and L5A inputs was only statistically significant for pyramids 
with cell body in L3 (n = 9; Figure 3B). L5A inputs measured at the 
center of the B column increased by a factor of three there (from 
4.8 ± 2.0 to 13.8 ± 4.6 pA; p < 0.05) and L2/3 inputs measured with 
a lateral offset of 190–410 μm toward the paired C column increased 
by a factor of two (from 2.7 ± 0.4 to 6.4 ± 1.5 pA; p < 0.05; center 
of mass offset, 68 ± 20 μm, p < 0.05 t-test). Second, separating 
L2 and L3 cells revealed a strengthening of L4 → L3 projections 
(Figure 3B). This effect was non-uniform and targeted projec-
tions originating from the part of the B barrel facing C, the B/C 
septum and part of the C barrel (Figure 2B for an example). Inputs 
from these projections (lateral distance from the B column center, 
190–490 μm) increased twofolds from 4.7 ± 1.1 pA in naive mice 
to 8.1 ± 2.2 pA in Brady+ mice (p < 0.05). As a consequence, con-
ditioning shifted the center of mass of global L4 inputs received 
by L3 cells from 9 ± 20 μm in naive mice to 51 ± 12 μm toward C 
in Brady+ mice (p < 0.05).

The effect of conditioning was function (r2 = 0.5) of the L3 cell 
position in the B column: the closer their somata to the C column, 
the stronger their L4 inputs originating from C (Figure 3D). This 
correlation did not apply to their L2/3 inputs.

Synaptic input maps of L2 cells (n = 10) in Brady+ mice were not 
statistically different from that of L2 cells in naive mice (Figure 3C). 
However, we found that the strength of horizontal L2/3 projec-
tions (L2/3

C
 → L2

B
) in the Brady+ group was greater for mice that 

had shown better capacity at discriminating the paired C whiskers 
(Figure 3E), as indicated by their higher selectivity index (same as in 
Figure 1E). Simultaneously, L2 cells had weaker L4 inputs from the 
B barrel when the animal was less responsive to the deflections of B 
whiskers. Similar comparisons between the strength of L4

C
 → L3

B
 

and L2/3
C
 → L3

B
 projections and the selectivity of cardiac responses 

to C whisker deflections showed no correlation (Figure 3F).

cortIcal cIrcuIts are ModIFIed By assocIatIve learnIng
To confirm whether the plasticity of cortical projections was related 
to the learning performance of the animals, we analyzed the same 
circuits in Brady− mice which had similar training but did not show 
a bradycardia at the presentation of CS+ (Figure 4A). The strength 
of L2/3 inputs originating in the C column (lateral distance, 190–
410 μm) and received by L2/3 cells or L3 cells alone in the B column 
did not increase compared to naive mice (L2/3 cells, 4.0 ± 0.7 pA, 
n = 23; L3 cells, 3.8 ± 0.3 pA, n = 9). And unlike for Brady+ mice, 
the center of mass of global L2/3 inputs was aligned with the B 
barrel axis (offset, −5 ± 12 μm for L2/3 cells and 14 ± 16 μm for L3 
cells; Figures 4B,C). The lack of strengthening was also true for 
the L4 → L3 projections from C to B (input, 4.3 ± 0.9 pA; offset, 
−17 ± 17 μm) and the ascending L5A → L3 projections in B (input, 
2.7 ± 1.2 pA; Figures 4C,D).

We next examined these projections in pseudoconditioned 
mice for which whiskers deflections and tail shocks had not been 
paired during training (Figure 4A). L2/3 inputs originating in the 
C column and received by neurons in the B column were weak, 
like in naive and Brady− mice: 3.0 ± 0.6 pA for L2/3 cells (n = 19) 
and 2.3 ± 0.5 pA for L3 cells (n = 12; Figures 4B–D). The lack of 
plasticity was also evident in the alignment of the center of mass 
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The strengthening of excitatory circuits we described could be 
accompanied by changes in inhibitory projections impinging onto 
L2/3 cells. However it is unlikely that (dis)inhibition interfered with 
our measurements because: (i) Synaptic responses were recorded 
at the reversal potential of inhibitory currents; (ii) The fraction 

here because it would have similarly strengthened the columnar 
connections within C. In contrast, synaptic mechanisms affect the 
connectivity rate and the synaptic strength of unitary connections. 
Distinguishing between the two will require studying the properties 
of single connections.
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Figure 4 | Lack of plasticity in mice that did not show a cardiac fear 
response. (A) Synaptic input maps for naive mice (left, n = 28), Brady− mice 
(center, n = 23), and for pseudoconditioned mice (right, n = 19). Maps of 
Brady− and pseudoconditioned mice were centered over the B column. 
(B) Horizontal profiles of synaptic inputs for L2/3 cells recorded in naive mice 
(solid gray) and for L2/3 cells recorded in the B column of Brady− mice (blue) and 

pseudoconditioned mice (brown). On the right, the analyzed regions of inputs 
are in gray. (C) Same as in B for L3 cells alone. (D) Summary of the effects of 
training on the synaptic inputs received by L2/3 and L3 cells in Brady+, Brady−, 
and pseudoconditioned mice. The stars indicate statistically significant 
differences compared to naive mice (p < 0.05, Mann–Whitney). Regions of 
analysis are on the schematized map (right).
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Instead, fear conditioning strengthened projections that were 
either weak or mute in the naive brain: the ascending L5A

B
 → L3

B
 

and the transcolumnar L2/3
C
 → L3

B
 and L4

C
 → L3

B 
projections. One 

understands how the strengthening of transcolumnar L2/3
C
 → L3

B
 

and L4
C
 → L3

B
 projections could permit an enlarged CS+ representa-

tion in the whisker map: after reaching their corresponding column 
through the thalamocortical projections innerving L4 and then through 
L4 → L2/3 projections, CS+ inputs could propagate to the neighboring 
columns through horizontal L2/3

C
 → L2/3

B
 and L4

C
 → L3

B
 projec-

tions (Figure 5). Transcolumnar projections were shown to shape the 
whisker maps after partial sensory deprivations (Fox, 1994). However, 
the synaptic strength of L2 → L2 connections originating in columns 
of spared whiskers and targeting the columns of clipped whiskers were 
shown to increase with the same magnitude than the inverse connec-
tions (Finnerty et al., 1999). In our experiments, fear conditioning 
strengthened projections targeting columns of unpaired whiskers spe-
cifically. Moreover, it strengthened transcolumnar L4

C
 → L3

B
 projec-

tions, an unforeseen effect considering that columnar organization 
was shown to be a robust feature of the functional L4 → L3 projec-
tions, even after sensory deprivations (Shepherd et al., 2003). Indeed, 
L4 cell axons innervate preferentially the region in L2/3 aligned with 
their barrel of origin but a fraction was shown to extend more later-
ally in neighboring columns (Lubke et al., 2003). These could provide 
the anatomical template for the functional transcolumnar L4

C
 → L3

B
 

projections we detected after conditioning.
The consequences of the L5A → L3 plasticity are less clear as 

the spatial distribution of L5A cells did not show a bias for the 
column of CS+. The strength of these projections was also increased 

of GABAergic interneurons was ∼15% (Beaulieu, 1993) at each 
photo-stimulated site; (iii) It was previously shown that there is no 
disynaptic excitation of inhibitory (or excitatory) neurons in our 
conditions (Shepherd et al., 2003; Bureau et al., 2008). This implies 
that the synaptic release of GABA would have to be evoked mono-
synaptically to shunt the excitatory synaptic currents. However, 
conditioning affected projections originating from L5A and from 
L4 and L2/3 of the neighboring column where the density of con-
nected interneurons was low (Katzel et al., 2010). Points (ii) and (iii) 
suggest that the simultaneous photo-excitation of excitatory and 
inhibitory neurons connected to one same remote L2/3 pyramidal 
cell was atypical in these regions of the map.

assocIatIve learnIng changes the organIzatIon oF FunctIonal 
IntracortIcal cIrcuIts In Barrel cortex
Different forms of sensory experience induce a transformation of 
the whisker map in the barrel cortex but few were investigated 
at the cellular level to the extent of partial sensory deprivations. 
These shift the receptive fields of neurons located in columns of 
clipped whiskers toward the spared vibrissa (Fox, 1992). It was thus 
interesting to learn whether differential conditioning and partial 
sensory deprivations affected the same group of projections since 
both paradigms give a competitive advantage to one particular 
whisker or set of whiskers.

Barrels are major entry points into cortex for sensory inputs 
carried by thalamocortical projections from the ventral postero-
medial nucleus (VPM; Lu and Lin, 1993) and they provide strong 
excitatory inputs to L2/3 neurons (Petersen and Sakmann, 2001). 
Both projections have a precise somatotopic organization (Agmon 
et al., 1995; Lubke et al., 2003). Hence, L4 → L2/3 projections are 
an obvious site for investigating the mechanisms underlying the 
plasticity of the whisker map as they are instrumental in shaping 
the receptive fields of L2/3 neurons. This was previously illustrated 
with the effects of partial sensory deprivations which enhanced 
the synaptic strength of L4 → L2/3 connections in columns of 
spared whiskers (Finnerty et al., 1999; Clem and Barth, 2006) and 
reduced it in columns of clipped whiskers (Allen et al., 2003). Our 
data suggest that neither of these mechanisms occurred in the 
columns of the paired and unpaired whiskers after conditioning. 
This concurs with the findings that the intensity of metabolic 
activity evoked by paired and unpaired whiskers was stable in their 
corresponding columns (Siucinska and Kossut, 1996; Kossut and 
Siucinska, 1998). Only the spatial extent of the activity evoked by 
the paired whisker increased then. Interestingly, the observation 
that the ascending L4 → L2/3 projections were not weaker in the 
columns of unpaired whiskers implies that inputs from CS− and 
CS+ converged onto L2/3 neurons after conditioning and that 
the advantage given to one whisker did not induce competition 
between synapses nor homeostasis.

Our results suggest that a depression of L4 projections in col-
umns of unpaired whiskers could still play a role in learning by 
raising the discrimination performance: This was suggested by the 
correlation of weak L4 → L2 projections that we measured in these 
columns with the low levels of fear response evoked by unpaired 
whiskers (Figure 3D). Nevertheless, our data indicate that the major 
excitatory projections feeding into L2/3 is not the principal target 
of the effects of differential conditioning.
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Figure 5 | Proposed cortical circuits underlying an enlarged 
representation of CS+ in barrel cortex. In solid lines, the projections with 
inputs from a paired whisker (CS+) and in dashed lines, the projections with 
inputs from an unpaired whisker (CS−). Stars indicate projections that were 
strengthened after conditioning. CS+ inputs could directly reach the L2/3 of the 
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