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Brief Communications

Structural Plasticity Underlies Experience-Dependent
Functional Plasticity of Cortical Circuits
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The stabilization of new spines in the barrel cortex is enhanced after whisker trimming, but its relationship to experience-dependent
plasticity is unclear. Here we show that in wild-type mice, whisker potentiation and spine stabilization are most pronounced for layer 5
neurons at the border between spared and deprived barrel columns. In homozygote ␣CaMKII-T286A mice, which lack experiencedependent potentiation of responses to spared whiskers, there is no increase in new spine stabilization at the border between barrel
columns after whisker trimming. Our data provide a causal link between new spine synapses and plasticity of adult cortical circuits and
suggest that ␣CaMKII autophosphorylation plays a role in the stabilization but not formation of new spines.

Introduction
In the rodent barrel cortex, inputs corresponding to individual
mystacial whiskers are spatially segregated in barrels in layer (L) 4
(Woolsey and Van der Loos, 1970). Barrels are ringed by cellpoor septa, which define borders between barrel columns. Whisker trimming causes experience-dependent changes in receptive
fields, including potentiation of responses to the deflection of
spared whiskers (Glazewski and Fox, 1996). This paradigm has
become a classic model for the study of experience-dependent
plasticity in the adult neocortex (Fox and Wong, 2005).
In the adult barrel cortex, a subset of dendritic spines appear
and disappear over days (Grutzendler et al., 2002; Trachtenberg
et al., 2002; Holtmaat et al., 2005). Under baseline conditions,
new spines rarely persist for ⬎8 d (Holtmaat et al., 2005). Whisker trimming in a chessboard pattern enhances the formation of
new persistent spine synapses (ⱖ8 d) on the apical arbors of L5B
neurons (Holtmaat et al., 2006), suggesting that the growth of
new spines with synapse formation (Knott et al., 2006) could
underlie cortical rewiring and receptive field plasticity (Holtmaat
et al., 2006; Hofer et al., 2009).
Here we present experiments to further explore the relationship between spine structural plasticity and experience-
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dependent plasticity. First, we measure response potentiation in
neurons near the border between spared and deprived barrels.
We report that potentiation is greatest for neurons located nearest the border between columns. Second, we measure the stabilization of new spines as a function of location within the barrel
map. Consistent with the data we present on response potentiation, we find that new persistent spine formation after whisker
trimming is concentrated within the border between spared and
deprived barrels. Third, we compare spine stabilization in wildtype and ␣CaMKII-T286A mutant mice that lack response potentiation (Glazewski et al., 2000; Taha et al., 2002). We find that
in mice that lack response potentiation, there is no increase in
new persistent spines at the border between spared and deprived
barrels after whisker trimming.

Materials and Methods
Animals. All procedures for electrophysiological recording were conducted in accordance with the UK’s Animal Procedures Act, 1986. All
procedures for imaging were approved by the Cold Spring Harbor Laboratory animal care and use committee and followed National Institutes
of Health guidelines.
For electrophysiology experiments (Fig. 1), a total of 10 wild-type
(WT) C57BL/6J mice, 4 chessboard-deprived animals (P42–P46) and 6
intact (nondeprived) animals (P42–P51) were studied.
For imaging experiments (Figs. 2– 4), 1–2 neurons were imaged in 59
male mice, age 2–3 months. To permit imaging of L5B neurons, mice
with an ␣CaMKII-T286A point mutation (Giese et al., 1998) were
crossed with a C57BL/6J transgenic line expressing enhanced green fluorescent protein (EGFP) under control of the Thy-1 promoter (GFP-M
line) (Feng et al., 2000). EGFP-expressing mice heterozygous for the
␣CaMKII-T286A point mutation were crossed to produce sibling mice
used for the imaging portion of this study.
Whisker deprivation for electrophysiology experiments. Whiskerdeprived WT mice underwent a typical unilateral chessboard pattern
deprivation for a period of 7 d (Fig. 1). Animals were anesthetized with
isoflurane for whisker removal every 2 d. After the deprivation period,
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a piezoelectric stimulator. The principle whis- response to principal whisker stimulation in the spared barrel was not affected by deprivation (histogram bars on right).
ker and all of the immediate surrounding
neighbor whiskers were stimulated with fifty 1
Spine formation and loss were analyzed for ⬃26 mm of dendrite. A
Hz deflections. Extracellular spikes were recorded at a bandwidth of 600
cumulative total of 18,070 individual spines were observed over 8 –13
Hz to 6 kHz and sorted online using a dual threshold spike discriminator
imaging sessions (6789 in the first session). Analysis was performed in
(Neurolog). Spike2 software (CED) was used to measure the average
three dimensions by a blind observer using criteria described by Holtmagnitude and latency of responses.
maat et al. (2009). Turnover ratio was calculated as (Ngained ⫹ Nlost)/
Recording penetrations were made into cortical columns that corre2 Ntotal, where Ngained is the number of new spines, Nlost is the number of
sponded to either deprived or spared whiskers in the chessboard pattern
lost spines, and Ntotal is the total number of spines (supplemental Figs. 3,
(52 cells); control data were recorded from nondeprived WTs (78 cells).
7a, available at www.jneurosci.org as supplemental material).
Cranial window surgery for imaging. Cranial window surgeries and
We reconstructed the morphology of the apical tuft from two-photon
imaging were performed in 8- to 9-week-old mice using ketamine/xylaimage stacks, calculating the total length of all second- and higher-order
zine as previously described (Holtmaat et al., 2005, 2009). Briefly, the
branches, the total number of all branch points, and the vertical separaskull overlying the right barrel cortex was replaced by a thin coverglass,
tion between the first bifurcation in the apical dendritic tree and the
leaving the dura intact. Imaging began after a 7–10 d recovery period. A
cortical surface (Neurolucida). We verified that all groups contained
recent study suggested imaging windows cause spine densities to drop by
neurons with similar arbor complexity (supplemental text, supplemental
⬎35% over the first 2 weeks after the surgery (Xu et al., 2007). We were
Fig. 6, supplemental Table 1, available at www.jneurosci.org as supplenot able to reproduce this data (Holtmaat et al., 2009), and since we
mental material).
report on location- and experience-dependent effects, our data contain
Location of neurons in the barrel field. All microelectrode penetrations
internal controls.
were marked by lesions following recording (1 A, 10 s tip negative), and
Imaging procedure. In vivo images were acquired with a custom-built
tangential sections of barrel field were reacted for cytochrome oxidase
two-photon laser-scanning microscope with a Ti:sapphire laser, running
(CO) activity to localize barrels L4 (450 – 680 m from the pia). The
at  ⬃910 nm (Mai Tai, Spectra Physics), and a 40⫻, 0.8 NA objective
center of penetration lesions to septal center was measured by a blind
(Zeiss). Image acquisition was achieved with custom software (MatLab)
observer. Imaged neurons were similarly located by identifying GFP⫹
(Pologruto et al., 2003). In each mouse, the apical dendritic tufts ramiapical dendrites in L4 (Fig. 3b– d). Precise edges of CO-positive barrels
fying in L1 of 1–2 GFP-expressing L5B pyramidal neurons (Fig. 2) were
were defined by adjusting the barrel profiles to 75% of the area within
imaged every 4 d, under ketamine/xylazine anesthesia, over a period of at
septal centers (Holtmaat et al. (2006). In our sample, imaged neurons
least 28 d. Image stacks consisted of sections (512 ⫻ 512 pixels; 0.08
judged in the septal-associated border between barrel columns had apical
m/pixel) in 1 m steps. For illustration (Fig. 2), 3– 6 median filtered
dendrites that fell within 50 m from the septal center (range: 36 to ⫺26
images from a z-stack were combined in a projection.
m, mean: 5 ⫾ 5 m).
Whisker trimming for imaging experiments. To induce experienceStatistics. For electrophysiology data, we used Student’s t test for pairdependent plasticity, we trimmed whiskers contralateral to the imaging
wise comparison.
window in a chessboard deprivation pattern (Fig. 1b). The ipsilateral
For analysis of spine data, we used a Kruskal–Wallis test, followed by a
mystacial pad was fully trimmed. Whisker trimming was performed unBonferroni contrast (Analyze-It). Significance was set at p ⫽ 0.05. We
der isoflurane anesthesia every 2 d, after a baseline period of three imagreport p values corrected for multiple comparisons and mean ⫾ SEM.
ing sessions (Fig. 2a). In controls, mock trimming sessions were performed.
Image analysis. A total of 68 neurons were imaged, with three neurons
Results
in WT mice followed for a 1-month-long control session, then a 20-dlong whisker-trimming experiment. The total number of experiments
To investigate the effect of whisker deprivation on response powas therefore n ⫽ 71. The data were grouped by genotype, whisker trimtentiation in L5 neurons, we recorded the average number of
ming, and location in the barrel field. Eleven experiments were perspikes elicited in response to 50 whisker deflections in the barrel
formed in untrimmed WTs, 29 in trimmed WTs, 8 in untrimmed T286A
cortex of mice that had whisker deprivation and intact controls
⫹/⫹ mutants, 15 in untrimmed T286A ⫹/⫹ mutants (2 without precise
(Fig. 1a,b). L5 receptive fields were typically comprised of a prinlocation data), and 8 in trimmed T286A ⫹/⫺ mutants. Divisions of these
cipal whisker and 1– 8 surround receptive field (SRF) whiskers in
groups made by location are indicated below. The WT experiments also
intact mice (average SRF size mean ⫾ SD ⫽ 2.6 ⫾ 2.2). Stimulaincluded data from mice that were from the GFP-M line (from Holtmaat
tion of the principal whisker produced the shortest latency reet al., 2006), and of which the precise location of the imaged L5B cells in
sponse for 74% of L5 cells, similar to findings in rat barrel cortex
the barrel field was known (6 untrimmed and 8 trimmed; these data are
distinguished in the figures as triangles).
(Wright and Fox, 2010).
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Figure 2. In vivo imaging protocol and analysis of new spine formation and stabilization. a, Timeline for imaging and definitions of spine categories. Spines observed during every imaging session
were AP (yellow circles and arrows); spines that were first observed on imaging day 8 or thereafter, and were present for the last 8 d of imaging were NP (orange); TN spines (green) include all spines
that were first observed between day 8 and 20. b, c, Examples of spine categories in a: b, Images from a WT mouse. c, Images from an ␣CaMKII-T286A ⫹/⫹ mouse. Scale bars, 5 m.

Following chessboard deprivation (Fig. 1b), the response to
the regrown principal whisker was strongly depressed to 32% of
control values in L5 (data not shown) similar to previous findings
(Wright et al., 2008). However, the responses to the spared principal whiskers were unchanged and identical to those measured
in control mice (t(97) ⫽ 0.18, p ⫽ 0.85) (Fig. 1c). The spared
whisker responses were potentiated outside the principal barrel
compared to control values in a manner that depended on distance from the spared barrel. As an initial analysis, we compared
the responses of cells recorded in the deprived barrel column to
stimulation of the two closest spared whiskers in the same row
(e.g., D2 and D4 for a cell in the D3 barrel). We found that the
average response to the near-side whisker was significantly
greater than that to the far-side whisker (t(60) ⫽ 2.3, p ⬍ 0.025)
(supplemental Fig. 1, available at www.jneurosci.org as supplemental material). A more detailed analysis revealed that cells located close to the center of the septal border between barrels
(within 50 m of the deprived side of the septal center) showed a
significant enhancement in spiking response compared to cells in
intact controls (t(72) ⫽ ⫺2.71, p ⬍ 0.01) (Fig. 1c).
After whisker trimming, new persistent spine formation is
enhanced on the cells at the border between spared and
deprived barrels
To investigate the effect of whisker trimming on new spine formation, we imaged the apical tufts of complex L5B neurons of
adult transgenic mice expressing green fluorescent protein in a
sparse subset of neurons in the barrel cortex (GFP-M line) (Feng
et al., 2000). Over 1 month, we tracked individual spines, marking all gains and losses (Fig. 2). Whiskers were kept intact during
a baseline period of 8 d (three imaging sessions), followed by 20 d
during which whiskers were trimmed in a chessboard pattern
(Fig. 1b) to induce plasticity. After the imaging experiment, the
location of each cell within the barrel map was identified by the
location of the apical dendrite as it crossed L4 (Fig. 3a– d).
We analyzed structural spine plasticity as a function of position within the barrel map. Consistent with previous measurements (Holtmaat et al., 2005), a subpopulation of spines, mostly
long and thin, appeared and disappeared over days (fractional
turnover between imaging sessions, average all WT d0 – 4: 0.21 ⫾
0.011, d4 – 8: 0.20 ⫾ 0.012, n ⫽ 40).
We focused on new spines that were observed for 8 d or more,
since they always bear synapses (Knott et al., 2006) and are likely
to persist for a month or longer (“new persistent” spines, NP)

(Holtmaat et al., 2005). We counted “total new” spines (TN, first
observed on the day of whisker trimming or thereafter, day 8 to
day 20), “always present” spines (AP, observed in all imaging
sessions), and NP spines (for definition of spine categories, see
Fig. 2a; for spine loss data, see supplemental text, available at
www.jneurosci.org as supplemental material). The density of
new spines did not vary significantly by group (TN mm ⫺1, K-W
2
(3,36)
⫽ 3.33, p ⫽ 0.34) (Fig. 3e). However, the probability that
new spines became persistent (NP/TN) after whisker trimming
was higher for neurons in septal columns at the border of barrels
than for neurons in deprived columns (NP/TN: septal column
neurons: 0.091 ⫾ 0.007, n ⫽ 13, vs deprived column neurons:
0.042 ⫾ 0.014, n ⫽ 8, p ⫽ 0.004) (Fig. 3f; supplemental Fig. 4d,
available at www.jneurosci.org as supplemental material). Consistent with previous data (Holtmaat et al., 2006), the probability
that new spines became persistent in septal columns after trimming was also higher than in nontrimmed controls (NP/TN, p ⬍
0.0001, untrimmed septal column neurons: 0.029 ⫾ 0.006, n ⫽ 11)
(Fig. 3f ). Comparisons of trimmed septal column neurons with
spared column neurons (0.058 ⫾ 0.013, n ⫽ 8) were nonsignificant ( p ⫽ 0.12). Similar results were obtained using other measures of new persistent spine growth (supplemental text, available
at www.jneurosci.org as supplemental material). An analysis of
soma and individual dendritic branch location within the barrel
map showed that NP spine density increases were concentrated
on the septal dendrites of neurons in septal columns, but NP
spine density increases were not found on dendrites extending
from neurons in barrel columns into neighboring septal columns
(supplemental Fig. 5, available at www.jneurosci.org as supplemental material). These data show that similar to response
potentiation (Fig. 1; supplemental Fig. 1, available at www.
jneurosci.org as supplemental material), the stabilization of new
persistent spines is most pronounced for neurons close to the
border between deprived and spared barrel columns. The precise
location of the soma in the barrel map is therefore an important
factor shaping experience-dependent plasticity.

␣CaMKII-T286A mutant mice that lack response
potentiation also fail to gain new persistent spines at
the border between spared and deprived barrels
The postsynaptic kinase ␣CaMKII is critical for long-term potentiation (LTP) (Giese et al., 1998; Lisman et al., 2002; Hardingham
et al., 2003) and experience-dependent receptive field plasticity in
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T286A+/+ T286A+/To test this hypothesis, we imaged spines
in GFP-M mice that were crossed with Figure 4. Lack of experience-dependent spine stabilization in ␣CaMKII-T286A mutant mice. All data are from septal column
␣CaMKII-T286A mutant (T286A) mice neurons in barrel border regions. a, The number of total new spines per length of dendrite (TN mm ⫺1). b, The probability that new
and compared five groups: (1) un- spines persist after whisker trimming (NP/TN). *p ⬍ 0.01; ns, nonsignificant.
trimmed WT, n ⫽ 11, all septal (same data
as above); (2) trimmed WT, n ⫽ 29, 13
The density of new spines and spine turnover ratio did not
2
septal (same data as above); (3) untrimmed T286A homozygotes
differ between groups (TN mm ⫺1 septal neurons: K-W (4,40)
⫽
(T286A ⫹/⫹), n ⫽ 8, all septal; (4) trimmed T286A homozygotes
8.56, p ⫽ 0.073) (Fig. 4a; for turnover ratio, see supplemental Fig.
(T286A ⫹/⫹), n ⫽ 15, 9 septal; and (5) trimmed T286A het7a, available at www.jneurosci.org as supplemental material).
erozygotes (T286A ⫹/⫺), n ⫽ 8, 4 septal. Dendritic complexity
However, we observed a robust difference between WT and
and spine density were similar between groups (supplemental
T286A ⫹/⫹ mice in the probability that new spines became perFigs. 6, 7, supplemental text, available at www.jneurosci.org as
sistent (NP/TN) on septal column neurons. In contrast to WT
mice (see above), whisker trimming failed to enhance the probsupplemental material).
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ability that new spines become persistent in T286A ⫹/⫹ mice
(NP/TN septal neurons: untrimmed T286A ⫹/⫹: 0.048 ⫾ 0.025,
n ⫽ 8, vs trimmed T286A ⫹/⫹: 0.041 ⫾ 0.012, n ⫽ 9; p ⫽ 1) (Fig.
4b). In trimmed T286A ⫹/⫹ mice, the probability that new
spines became persistent was significantly lower than in trimmed
WT mice (NP/TN septal neurons: p ⫽ 0.002) and was comparable to untrimmed WT controls (NP/TN septal neurons: p ⫽ 1).
Other measures of persistent spine gains yielded comparable conclusions (supplemental Fig. 7, available at www.jneurosci.org as
supplemental material). These data show that, similar to response potentiation, the stabilization of new persistent spines is
absent in homozygous T286A mice. Heterozygous T286A mice
show normal surround potentiation in electrophysiology experiments (Glazewski et al., 2000). Consistent with these findings the
NP/TN fraction in trimmed T286A ⫹/⫺ and WT mice was comparable (NP/TN septal neurons: p ⫽ 1, T286A ⫹/⫺: 0.12 ⫾
0.032, n ⫽ 4) (Fig. 4b).

Discussion
How does the cortex change in response to experience? Classic
work has shown that response properties in sensory cortex can
change in response to manipulation of activity of inputs (Wiesel
and Hubel, 1963; Merzenich et al., 1983; Fox and Wong, 2005).
The specific circuits and mechanisms underlying these changes
are of great interest as a circuit and cellular model of cortical
plasticity and perhaps learning in general.
The topographic organization of the barrel cortex creates a
tractable map upon which to induce and isolate experiencedependent changes in cortical response properties. In the mouse
barrel cortex, neurons found at the border of barrel columns
(septal columns) receive input from the same laminar locations
as neurons in neighboring barrel columns (Bureau et al., 2006),
and so, in terms of cortical columnar organization, barrel and
septal column circuits in the mouse cortex are not different. Subcortical input to L5 neurons does vary according to columnar
location. In rats, septal column neurons receive thalamic input
from multiple whiskers, while barrel column neurons receive single whisker input from the thalamus, and multiple whisker input
from cortical sources (Wright and Fox, 2010). Multiwhisker thalamic input makes neurons in septal columns comparable to neurons in the binocular zone of the mouse visual cortex (Fox and
Wong, 2005; Hofer et al., 2009). The interface of multiple distinct
inputs onto single neurons may enhance the opportunity for
experience-dependent plasticity in subpopulations of neurons
across diverse regions of the cortex.
Previous studies have shown that the growth of new persistent
spines is enhanced ⬃10% after 2 weeks of whisker trimming
(Holtmaat et al., 2006) and that new persistent spines have synapses (Knott et al., 2006). These observations suggested that new
spine synapses contribute to experience-dependent rewiring of
cortical circuits. Layer 1 synapses in the barrel cortex are made
by afferents from local L5 and L2/3 axons, thalamic axons as
well as feedback from the motor cortex and other cortical areas
(Petreanu et al., 2009). It is possible that a 10% change in
synapses corresponds to a much larger fractional change in
connectivity between specific cell types.
We conducted three experiments to further explore the relationship between spine structural plasticity and experiencedependent plasticity. First, we measured response potentiation in
between spared and deprived barrels and found potentiation is
greatest nearest the deprived border. Second, we measured the
stabilization of new spines as a function of location within the
barrel map. Consistent with the data we present on response
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potentiation, we found that new persistent spine formation after
whisker trimming is concentrated within the border between
spared and deprived barrels. Our data are consistent with data
from the mouse visual cortex that shows that functional and
structural plasticity driven by monocular deprivation is greatest
in the cortical binocular zone (Hofer et al., 2009). Third, we
compared spine stabilization in wild-type and ␣CaMKII-T286A
mutant mice that lack response potentiation in both barrel
(Glazewski et al., 2000) and visual cortex (Taha et al., 2002). We
found that in mice that lack response potentiation, there is no
increase in new persistent spines at the border between spared
and deprived barrels after whisker trimming.
Together these data suggest that experience-dependent functional and structural plasticity is generally greatest for neurons
that receive multiple competing inputs. We conclude that new
spine growth and experience-dependent stabilization with synapse formation underlies, at least in part, experience-dependent
changes in the barrel cortex and likely other sensory cortices
(Taha et al., 2002; Hofer et al., 2009).
Our data further show that ␣CaMKII autophosphorylation
plays a critical role in spine stabilization, but not the addition of
new spines in vivo. Other studies have shown that CaMKII autophosphorylation is critical for the induction of LTP (Lisman et
al., 2002; Hardingham et al., 2003) and the associated spine enlargement (Matsuzaki et al., 2004). Spine enlargement is also a
signature of spine stabilization in vivo (Holtmaat et al., 2006;
Knott et al., 2006). Together these data suggest a causal link between LTP induction and spine stabilization (supplemental Fig.
8, available at www.jneurosci.org as supplemental material).
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