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Experience leaves a lasting structural trace in cortical circuits
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Abstract

Sensory experiences exert a powerful influence on the function and future performance of
neuronal circuits in the mammalian neocortex1-3. Restructuring of synaptic connections is
believed to be one mechanism by which cortical circuits store information about the sensory
world4,5. Excitatory synaptic structures, such as dendritic spines, are dynamic entities6-8 which
remain sensitive to alteration of sensory input throughout life6,9. It remains unclear, however,
whether structural changes at the level of dendritic spines can outlast the original experience and
thereby provide a morphological basis for long-term information storage. Here we follow spine
dynamics on apical dendrites of pyramidal neurons in functionally-defined regions of adult mouse
visual cortex during plasticity of eye-specific responses induced by repeated closure of one eye
(monocular deprivation, MD). The first MD episode doubled the rate of spine formation, thereby
increasing spine density. This effect was specific to layer 5 cells located in binocular cortex where
most neurons increase their responsiveness to the non-deprived eye3,10. Restoring binocular
vision returned spine dynamics to baseline levels, but absolute spine density remained elevated
and many MD-induced spines persisted during this period of functional recovery. Remarkably,
spine addition did not increase again when the same eye was closed for the second time. This
absence of structural plasticity stands out against the robust changes of eye specific responses
which occur even faster upon repeated deprivation3. Thus, spines added during the first MD
experience might provide a structural basis for subsequent functional shifts. These results provide
a strong link between functional plasticity and specific synaptic rearrangements, revealing a
mechanism of how prior experiences could be stored in cortical circuits.

Temporary closure of one eye induces adaptive changes of eye-specific responses in
binocular visual cortex of juvenilel1-14 and adult mice3,10,15,16, as neurons shift their
preference towards the non-deprived eye. These ocular dominance (OD) shifts can be
reverted fully by restoring binocular vision, and they become accelerated when the animal
experiences a second MD episode several weeks after the first3. Thus, a transient adaptation
to altered visual input leaves a “trace’ in cortical circuits which facilitates similar adaptations
in the future. While this trace could take on multiple forms, here we investigate whether it
could be morphological in nature, whereby potential synaptic restructuring during the initial
experiencel? outlasts the functional changes to support later OD shifts.
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We repeatedly imaged apical dendritic stretches of layer 5 (L5) and layer 2/3 (L2/3)
pyramidal neurons in functionally defined regions of mouse visual cortex by combining two-
photon laser scanning microscopy with optical imaging of intrinsic signals. Adult mice (P
45-100) expressing eGFP sparsely in the cortex18 were implanted with a glass window6
through which the position of binocular visual cortex was first determined functionally by
intrinsic signal imaging (Fig. 1a,b). Subsequently — starting on average 16 days after surgery
— spine dynamics of labelled neurons in different cortical regions (see Suppl. Fig. 1 for
positions of imaged neurons) were followed for up to 8 weeks. Dendrites were imaged in
layer 1 at 4-day intervals while animals experienced repeated episodes of MD separated by a
period of normal binocular vision (Fig. 1, Suppl. Fig. 2a). We also corroborated our previous
findings on facilitated functional plasticity during repeated MD3 in adult mice implanted
with cranial windows: OD shifts caused by the first MD, as measured by intrinsic signal
imaging, reversed completely after re-opening the deprived eye. A second MD of 3 days in
the same eye induced a stronger OD shift than the first 3-day MD (p=0.009, Fig. 1c, Suppl.
Fig. 2c, Suppl. Fig. 3a,b).

Chronic two-photon imaging revealed that under normal conditions, 5.6 + 0.4% (mean £
SEM) of spines appeared (spine gain) and 6.7 £ 0.4% of spines disappeared (spine loss) on
apical dendrites of L5 pyramidal neurons in the binocular visual cortex over a 4-day period
(Fig. 1d,e). Closing the eye contralateral to the imaged hemisphere increased spine addition
rate in the binocular region already during the first 4 days of deprivation and, to a lesser
degree, during the subsequent 4 days of MD, compared to baseline conditions or control
animals (Fig. 1e,h, MD 0-4d: p<0.002, MD 4-8d: p<0.03). Spine elimination rate, however,
was not consistently altered by MD, with marginally fewer spines disappearing during the
first 4 days of deprivation (Fig. 1le, p=0.03, compared to baseline conditions, for a
comparison of gain and loss in individual neurons see Suppl. Fig. 4a). Consequently, spine
number was increased by ~8% at the end of the 8d MD period (before MD: 399 + 12.6
spines/mm, 8d MD: 434 + 11.9 spines/mm, p<0.002, see also Fig. 3). Notably, L5 neurons
with more complex apical dendrites displayed a larger increase in spine density during MD
than neurons with simpler apical structures (p<0.001, see Suppl. notes and Suppl. Fig. 4b).

The selective increase in spine number could reflect either the reorganization of synaptic
inputs associated with OD shifts, or a non-specific, compensatory effect due to the loss of
visual drive through the deprived-eye. To distinguish between these possibilities, we
quantified spine dynamics on neurons located in regions surrounding the binocular cortex.
Neurons in monocular primary visual cortex, which receive input exclusively from the
deprived eye, did not exhibit changes in spine turnover as a consequence of visual
deprivation (Fig. 1f). Similarly, spine dynamics of neurons located laterally or frontally,
outside of the functionally defined borders of the binocular cortex, presumably in monocular
parts of higher visual areas19 (see Suppl. Fig. 1), did not change during MD (Suppl. Fig. 5).
And finally, neurons positioned at the border regions of the binocular cortex showed an
intermediate effect: The rate of spine addition increased only after 8 days of MD (Fig. 19,
MD 4d: p>0.2, MD 8d: p<0.02). Therefore, the observed increase in spine number was
specific to binocular cortex, indicating that the experience of imbalanced input from the eyes
causes synaptic reorganization accompanying OD shifts in mature visual cortex. Overall, the
net addition of spines during MD parallels closely the functional consequences of adult MD,
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whereby open-eye responses are selectively strengthened3,10,20 (Suppl. Fig. 3a,b).
Conversely, the negligible loss of spines matches the absence of substantial deprived-eye
response weakening during adult OD plasticity3,10,20.

We imaged a subset of mice at 2-day intervals during MD to obtain a closer correlation
between spine gain and OD shifts (Suppl. Fig. 3c). Most new spines appeared during a time
when the strongest functional changes occurred, between day 2 and 4 of MD, while after day
6, when the OD shift had reached saturation3 (Fig. 1c) spine gain returned to baseline levels.
The consistency between structural and functional data suggests that synaptic remodelling,
implemented by the addition of new spines on L5 neurons, contributes to the strengthening
of non-deprived eye representation in binocular cortex.

In contrast to L5 neurons, spine dynamics on apical dendrites of L2/3 neurons did not
change significantly during MD (Spine gain: p>0.4, spine loss: p>0.06, Fig. 2). As cells in
L2/3 exhibit robust OD shifts3,15,16 in adults, more pronounced structural changes might
occur on deeper parts of the dendritic trees17 or different mechanisms of OD plasticity
might prevail in the upper layers of mature visual cortex.

In adult mice, restoring binocular vision leads to complete functional recovery from an OD
shift within a week following a 7-day MD3 (Fig. 1c). To determine whether MD-induced
spine changes are also reversed during recovery, we reopened the deprived eye and
continued imaging the same dendritic stretches on L5 neurons. The rate of spine formation
in binocular cortex returned to baseline levels already within 4 days after reopening the
contralateral eye (Fig. 1e), while the rate of spine loss did not change (p>0.3, Fig. 1e),
resulting in spine numbers which remained elevated even after recovery from MD. To
demonstrate that MD-induced structural changes indeed outlast the experience, we analyzed
data from only those cells which had been imaged over the entire recovery period following
MD and which showed a clear change in spine dynamics during MD (14 cells, 9 mice). The
average spine density, which had increased progressively during the 8-day MD episode,
declined only modestly in the following period of binocular vision (Fig. 3a,b). Two weeks
later, spine densities were still substantially higher than prior to MD or compared to control
animals (p<0.005, Fig. 3b). Tracking the long-term fate of individual spines revealed that the
density of new spines that appeared during the 8 days of MD and remained stable over the
entire period of binocular vision following MD (“persistent new spines”21) was more than
2-fold higher than that of control mice during a similar time period and than that of spines
gained in the 8-day baseline period before MD (p<0.001, Fig. 3c). Interestingly, the relative
fraction of new spines that persisted during the weeks following MD was not significantly
increased (p>0.05, Fig. 3d), indicating that the conversion efficiency of new spines into
persistent spines was no different between control and deprived mice. In summary, MD in
adult mice increases the number of spines, many of which remain when normal vision is
restored. Thus, a structural correlate of the altered experience persists, even though changes
in eye-specific response strength elicited by MD are completely reversed during recovery3.

Inspired by the work of Eric Knudsen’s group on plasticity in the barn owl midbrain22,23
we had previously shown that closure of the same eye for a second time leads to a faster and
more persistent OD shift3 (Fig. 1c). Could the extra spines induced by one MD episode
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represent the lasting ‘memory trace’ of earlier experience? To test this, we induced a second
MD of the same eye after a 2-3 week period of normal vision. Remarkably, the second MD
did not alter spine dynamics, nor increase spine density on L5 neurons in binocular cortex
(p>0.2, Fig. 4a,c). This striking difference in structural plasticity compared to the first MD
could not be accounted for by older age, longer time since cranial window implantation, or
the number of imaging sessions prior to the second deprivation episode: control mice
matched for these parameters, which experienced only a single MD, showed altered spine
dynamics (p<0.02, Fig. 4b) and increased spine density similar to that observed during the
first MD in animals undergoing repeated MD (p>0.7, Fig. 4d, compare to Fig. 1e and 3b).

The absence of structural plasticity during the second MD strongly contrasts the presence of
robust and even enhanced functional plasticity upon repeated MD (Fig. 1c). When induced
in adult mice, these OD shifts are implemented primarily by strengthening of non-deprived
eye responses3 (Suppl. Fig. 3b). The new spines formed during the first MD likely carry
synapses24,25, presumably contributing to the strengthening of non-deprived eye responses.
We suggest that these synapses are then weakened or silenced after eye re-opening — without
withdrawal of the spines — thereby enabling full recovery of eye-specific responses. Their
potentiation or re-activation might later allow for faster strengthening of non-deprived eye
responses during the second MD, since physical connections do not have to be re-
established.

A robust correlation between spine size and synapse size and strength has been established
in the literature26,27, and strengthening or weakening of synaptic transmission has been
shown to lead to spine enlargement or shrinkage, respectively28-30. We therefore followed
the size of individual spines that appeared during MD and outlasted this experience by
measuring their integrated brightness (see methods). On average, new spines became larger
during deprivation and were of similar size as new spines in control animals (p=0.12, MD
spines: 50.0 £ 24.1, n=34; control spines: 57.3 £ 18.2, n=19; mean brightness £ SEM) and
as other spines in the vicinity (p=0.38, 63.1 + 46.0, n=130). However, spines that appeared
during MD shrank after binocular vision had been restored and, importantly, their size
increased again during the second MD (ANOVA, p=0.0002, Fig. 4e,f, Suppl. Fig. 6). In
contrast, persistent new spines in control animals grew and stabilized after their appearance
(ANQVA, p=0.72, Fig. 4f, Suppl. Fig. 6). Thus, size changes of MD-induced spines
correlate with the potentiation, depression and re-potentiation of non-deprived eye responses
during MD, recovery and second MD, respectively, thereby supporting the idea that these
new spines are functionally important as they are likely to bear synapses whose strength is
modulated by visual experience. In the future, calcium imaging in individual spines /n vivo
during eye-specific visual stimulation might provide final proof of the nature of synaptic
inputs on these spines.

Overall, our experiments not only show that the rearrangement of intracortical connections
by way of dendritic spines is one mechanism contributing to experience-dependent
plasticity, but also that these spines embody the history of previous adaptations by cortical
circuits. In this way, specific structural modifications might serve to store information about
past experiences and thereby endow the cortex with an improved ability to adapt to similar
experiences in the future.
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Methods summary

Methods

Adult mice expressing eGFP in a small subset of cortical neurons (GFP-M linel8) were
implanted with a chronic imaging window6 over the right visual cortex. Optical imaging of
intrinsic signals during presentation of small, rapidly changing, drifting-grating stimuli was
used to identify functionally the binocular region and to assess eye-specific responses and
OD after different durations of MD, after re-opening of the eye and after a second MD, as
described previously3. Apical dendritic stretches, 10 to 100 um below the cortical surface, of
layer 5 and layer 2/3 pyramidal neurons were repeatedly imaged every 4 days or every 2
days under ketamine/xylazine anaesthesia with two-photon laser scanning microscopy
(custom-built microscope, Mai Tai Spectra-Physics Ti:sapphire laser at 910 nm, 40% IR
Olympus objective). Spine dynamics were followed during alternating periods of normal,
binocular vision and 8-day periods of contralateral eyelid suture. In total, 10548 spines from
100 cells were tracked over 5-14 imaging sessions. The percentage of spines appearing and
disappearing on a cell in between two successive imaging sessions relative to the total spine
number of the previous imaging session was defined as the rate of spine gain and spine loss,
respectively. For spine size measurements, the integrated brightness of all pixels comprising
the spine was calculated (see methods). P-values were calculated with a non-parametric
Wilcoxon rank sum test or Dunnett test for independent samples, and with a repeated
measures analysis of variance and Wilcoxon sign rank test for paired samples.

Window implant surgery

C57/BI6 mice (postnatal day (P) 45 — 100) expressing eGFP under the Thy-1 promoter in a
small subset of cortical neurons (GFP-M line18) were anaesthetized with an intraperitoneal
injection of ketamine (0.14 mg per g bodyweight) and xylazine (0.01 mg per g bodyweight).
Atropine (0.01 ml at 0.1 mg/ml) and fortecortin (0.01 ml at 2 mg/ml) were injected
subsequently. After resecting the scalp and cleaning the skull, a circular craniotomy (3-4 mm
diameter) was performed over the posterior part of the right hemisphere. The intact dura was
covered with a thin layer of agarose (1.2% in ACSF) and a glass coverslip (No.1, 5 mm
diameter). Dental acrylic was applied to seal implant, skull and wound margins. A small
metal bar was embedded in the acrylic for fixing the animal during imaging sessions.
Animals were housed separately after surgery.

Intrinsic signal imaging

In all mice the binocular region of the visual cortex was identified using optical imaging of
intrinsic signals. In a subset of animals, shifts in OD were determined during repeated
episodes of MD (for details see ref. 3). Mice were anaesthetized with a mixture of Fentanyl
(0.05 mg/kg), Midazolam (5.0 mg/kg) and Medetomidine (0.5 mg/kg). Rectangular square-
wave drifting gratings of changing orientations (0.03 cycles/°, 2 cycles/s, 25°%25° for
identifying the binocular cortex, 18°x18° for OD measurements) were presented to the eyes
independently at neighboring positions on a monitor in the central visual field of the mouse.
Images (600 ms duration) of the cortex through the cranial window were taken with a
cooled, slow-scan CCD camera under 707 nm-light illumination. Three ‘blank’ images were
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acquired before the stimulus was shown for 7 s. Response maps were blank-corrected and
averaged over 9-24 stimulus repetitions. Responses were combined in a maximum-response
projection to visualize the binocular visual cortex. Response strength for the two eyes was
determined as described before3. The ratio of contralateral to ipsilateral eye response
strength (contra/ipsi ratio) was calculated as a measure for ocular dominance.

Two-photon imaging and lid suture

Using two-photon laser scanning microscopy, dendritic stretches of layer 5 and layer 2/3
pyramidal neurons were repeatedly imaged every 4 days under ketamine/xylazine
anaesthesia (70% of implant surgery dose), starting on average 16 days after surgery. A
subset of mice was imaged at 2-day intervals. High-resolution image stacks (1024x1024
pixel, 90x90 pm?2, 0.5 um z-step size) of several apical dendrites 10 to 100 um below the
cortical surface (layer 1) were obtained with Fluoview software (Olympus), using a custom-
built microscope, a Ti:sapphire laser (Mai Tai, Spectra-Physics) at 910 nm wavelength,
focused through a 40 immersion objective (IR, 0.8 NA, Olympus). Lower-magnification
image stacks (512x512 pixel, 350x350 um?, 1-2 um z-step size) of labelled cells were taken
and matched to the blood vessel pattern on the brain surface, to relocate imaging regions and
to determine the cortical depth of the cell bodies of imaged neurons.

To induce MD, the left lid (contralateral to the imaged hemisphere) was sutured shut
immediately after the imaging session. The eye was re-opened 8 days later, immediately
following the imaging session. In a subset of mice, a second 8-day MD in the same eye was
induced 2-3 weeks later. Imaging was continued between deprivation periods. Another group
of animals was imaged 9 times every 4 days before an eye was closed for 8 days to yield
control data (“late control”, Fig. 4b,d).

Data analysis

All clear protrusions from the dendrite, irrespective of their orientation relative to the
imaging plane, were included in the analysis, resulting in a total of 10548 spines from 100
cells that were tracked over 5-14 imaging sessions. Spine analysis was carried out on raw
image stacks in ImageJ, blind with respect to cell position in the cortex. The rate of spine
gain and loss is the percentage of spines that appeared and disappeared in between two
successive imaging sessions (in a 4-day or 2-day period), relative to the total spine number
of the previous imaging session. To investigate if structural changes occurring during MD
outlast the 8 day deprivation period (Fig. 3b,c,d, Fig. 4a,c), only those cells were included
which were imaged over at least 9 time points and which showed a detectable effect on spine
dynamics during MD.

Imaging stacks were aligned with the intrinsic signal response maps via the blood vessel
pattern to determine the position of dendritic stretches and cell bodies with regard to cortical
region (binocular visual cortex, monocular primary visual cortex, outside primary visual
cortex).

To follow the size of spines over time, only spines which clearly protruded from the
dendritic shaft on all time points after their appearance were included in the analysis. In the
best focal section, intensity values of all pixels comprising the spine were summed after
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background subtraction (taken from a region close to the spine which was devoid of GFP-
labelled structures). This integrated spine intensity was divided by the mean intensity of the
adjacent dendritic shaft to correct for varying imaging conditions. Repeating this analysis
with a maximume-intensity projection of all sections containing the spine (instead of the best
focal section) yielded very similar results. To compare the size of persistent new spines in
MD and control animals to other spines in their vicinity after 8 days of MD (or the
equivalent imaging time point for control animals), the integrated spine brightness values of
10 spines on the same dendrite closest to a persistent new spine were included for this
analysis (n=130 spines, 13 neurons).

P-values were calculated with a non-parametric Wilcoxon rank sum test for independent
samples, with a repeated measures analysis of variance and Wilcoxon sign rank test for
paired samples, and with a Dunnett test for comparing different groups to one reference
group.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Monocular deprivation in adult miceincreasestherate of spine addition in layer 5
neuronsin binocular cortex

a, Timeline of the experimental protocol. b, Schematic of the mouse visual system (left),
intrinsic signal map of the binocular visual cortex (middle, scale bar: 500 um) and low-
magnification image of a L5 neuron apical dendrite (right, scale bar: 50 pm). c, OD shifts
during contralateral eye MD, 1-2 weeks after eye re-opening (BV: binocular vision) and
during a second MD, measured by intrinsic signal imaging and shown as ratio of
contralateral to ipsilateral eye response strength (contra/ipsi ratio). Circles depict data from
individual mice, horizontal lines indicate mean values. d, High-magnification view of the
dendritic stretch shown in b (red box), imaged every 4 days (depth ~25 um, soma depth
~625 pm). MD in the contralateral eye was induced at the end of the third imaging session
(day 8). Arrows point to spines appearing (red) or disappearing (blue) compared to the
previous imaging session. Scale bar: 5 um. e-h, Percentage of spines appearing (spine gain)
and disappearing (spine loss) on layer 5 neurons between two imaging time points plotted
against time for different cortical regions or conditions: binocular visual cortex (e, left,
middle: individual neurons; right: average data, 22 cells, 13 mice, 2360 spines), monocular
region of primary visual cortex (f, 7 cells, 6 mice, 754 spines), border of the binocular region
(g, 9 cells, 9 mice, 984 spines), and control data from non-deprived mice (h, 21 cells, 11
mice, 2468 spines). Error bars denote SEM.
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Figure 2. Monocular deprivation in adult mice does not alter spine dynamicsin layer 2/3 neurons
a, Repeatedly imaged dendritic stretch of a layer 2/3 pyramidal neuron (imaging depth ~50

pm, soma depth ~210 pm) shown in b (side view) and c (top view, red box outlines dendritic
stretch shown in a, scale bar: 100 pm). Arrows mark spine changes from previous imaging
time point (red: spine gained, blue: spine lost). Scale bar: 5 um. d, Average spine gain and
loss on layer 2/3 pyramidal neurons in binocular visual cortex (7 cells, 4 mice, 1101 spines).
Error bars denote SEM.
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Figure 3. MD-induced increasein spine density on layer 5 neurons outlasts the altered experience
a, Spine density as a function of time for all imaged layer 5 neurons in binocular visual

cortex (22 cells, 13 mice, 2360 spines). b, Average normalized spine density of layer 5 cells
showing an increase in spine density during MD, imaged for at least 32 days (black, 14 cells,
9 mice, 1316 spines). ¢, Density of newly appeared spines that remain stable for a minimum
of 16 days. The data have been split according to the time when the spines first appeared:
before MD, during MD, and during equivalent periods in control animals. d, Ratio of
persistent new spines to all new spines before and during MD. Matched control data from

Time of spine appearance

b

Q

Normalized spine density (%)

Number persistent new spines / new spines

108
106 - Control
104
102
100

© ©
A O

Normalized spine density

== MD

©
co
o

...o__.o...
'°...°-.-§..°

0 4 8 1216 20 24 28 32
Time (days)

Fraction persistent spines of

new spines

05 mmwvD

I control
0.4
0.3
0.2
0.1

Day 0-8 Day 8-16

(before MD)  (during MD)

Time of spine appearance

non-deprived mice are shown in gray. Error bars indicate SEM.
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Figure4_. A second MD increasesthe size of spines gained during the first MD without additional
Inegan
SI‘?pate (?f spine gain and loss (a,b) and normalized spine density (c,d) on layer 5 pyramidal
neurons during a second period of contralateral-eye MD induced 2-3 weeks after the first
(a,c, 14 cells, 9 mice, 1316 spines), and during a single MD in control mice of similar
implant duration and number of imaging sessions before the MD (b,d, 14 cells, 11 mice,
1693 spines). e, Example of a spine that appeared during the first 4 days of MD and its
brightness/size changes over time. BV: binocular vision. f, Average integrated brightness of
persistent new spines that appeared during MD (red) or during the corresponding time
period in non-deprived control animals (gray), normalized to the spine brightness value at
the end of the first MD or the equivalent time point in control mice. Error bars indicate
SEM.
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