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Perceptual learning is associated with changes in the functional
properties of neurons even in primary sensory areas. In macaque
monkeys trained to perform a contour detection task, we have
observed changes in contour-related facilitation of neuronal
responses in primary visual cortex that track their improvement
in performance on a contour detection task. We have previ-
ously explored the anatomical substrate of experience-dependent
changes in the visual cortex based on a retinal lesion model, where
we find sprouting and pruning of the axon collaterals in the
cortical lesion projection zone. Here, we attempted to determine
whether similar changes occur under normal visual experience,
such as that associated with perceptual learning. We labeled the
long-range horizontal connections in visual cortex by virally
mediated transfer of genes expressing fluorescent probes, which
enabled us to do longitudinal two-photon imaging of axonal
arbors over the period during which animals improve in contour
detection performance. We found that there are substantial
changes in the axonal arbors of neurons in cortical regions
representing the trained part of the visual field, with sprouting
of new axon collaterals and pruning of preexisting axon collat-
erals. Our findings indicate that changes in the structure of axonal
arbors are part of the circuit-level mechanism of perceptual
learning, and further support the idea that the learned informa-
tion is encoded at least in part in primary visual cortex.
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Experience-dependent plasticity is a ubiquitous property of the
cerebral cortex. In the visual system, it extends from the

primary visual cortex (V1) to higher-order cortical areas. Various
forms of experiential manipulation, including retinal lesions and
perceptual learning, have been shown to alter the functional
properties of visual cortical neurons, which can involve shifting
receptive field (RF) position and altered tuning to trained
stimulus attributes. Perceptual learning has been demonstrated
in a contour detection task, where a contour composed of a se-
ries of collinear line segments is embedded in a background of
randomly oriented and positioned line segments. With practice,
subjects can detect contours containing fewer lines. Here, we use
this experimental model of perceptual learning combined with
two-photon imaging in monkeys to determine the nature of the
circuit alterations occurring during the course of learning.
Although some cortical connections are fixed after a critical

period in early postnatal life, other connections are mutable
throughout life. In particular, the axon collaterals of long-range
horizontal connections formed by cortical pyramidal cells have
been shown to undergo sprouting and pruning following retinal
lesions in primates. In the absence of manipulation of experience
the axonal arbors of superficial layer pyramidal cells are stable—
there is no addition or pruning of axon collaterals, although there
is a high rate of turnover of axonal boutons (1). Immediately
following retinal lesions, however, one sees a parallel process of
exuberant axonal sprouting and pruning, with a net enrichment of
the axonal arbors in the lesion projection zone (LPZ) within V1

(2, 3). This process begins immediately after making the lesion and
extends for months thereafter. The resultant increase in density of
the horizontal connections projecting into the LPZ can account
for the remapping of visual topography and shifting RFs. A very
similar process is associated with remapping of the somatosensory
barrel cortex in the mouse following whisker plucking (4, 5).
The learning-associated changes in neuronal tuning observed

in V1 and the capability of the horizontal connections to change
with experience begs the question as to whether the kinds of
axonal changes seen following retinal lesions can also explain the
functional alterations occurring during perceptual learning. Al-
though Hebbian plasticity posits that experience-dependent
learning involves changes in the strength of existing synapses,
the large-scale morphological changes in axon collateral arbors
in V1 of the primate seen following retinal lesions or in mouse
barrel cortex whisker plucking raises the possibility that experi-
ence leads to a more substantial rewiring of cortical circuits.
In this study, we use a model of perceptual learning involving a

contour detection task, which entails determining the presence
of a contour composed of a series of collinear line segments
embedded in a complex background of randomly oriented and
positioned line segments. A contour composed of many line
segments is perceptually salient, popping out of the random
background. With practice, one can detect contours made of
fewer line elements, or line elements spaced farther apart (6–8).
The shifting threshold, measured as the number of line segments
required for detection of the embedded contour, provides a
quantitative measure of the degree of perceptual learning the
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animal experiences. Because of the topographical extent and
columnar specificity of the long-range horizontal connections in
cortex, we have focused our analysis on the potential role of
these connections in perceptual learning of contour detection.
We can compare the axonal changes occurring during the
learning period by combining viral-based labeling of the hori-
zontal connections with longitudinal in vivo two-photon imaging
of the axons within the cortical region representing the training
stimulus. In this study, we find substantial axonal changes, in-
cluding collateral sprouting and pruning, in V1 of primates
during the course of perceptual learning.

Results
To maximize the amount of perceptual learning occurring during
the period available for imaging, we take advantage of the speci-
ficity of perceptual learning for visuotopic location. This affords us
with the time required for operational learning—getting the animal
to understand the task and to respond appropriately to the stimulus
configuration—without inducing perceptual learning changes at
the location to be later imaged. We therefore train the animal on
the task in the upper visual hemifield, then shift the task to the
lower visual field, the area represented by the cortical region under
the craniotomy, after we do baseline imaging of the horizontal
connections in V1. The connections are labeled by injecting the
region to be imaged, over several sites, with an adeno-associated
virus (AAV) vector containing the gene encoding the eGFP or
RFP proteins (the injections are done several months before the
start of imaging to allow sufficient time for gene expression). The
animal is presented with two patches of randomly oriented and
positioned lines, one patch containing a contour with a variable
number of collinear line segments (Fig. 1). The patches are then
extinguished and the animal is shown two saccade targets, where a
correct response is a saccade toward the spot in the location of the
previously presented patch containing the embedded contour.
Here, we present psychophysical and imaging data from two

animals. Both experienced a change in the behavioral threshold
over the training period, being able to detect embedded contours
composed of progressively fewer line segments or with increasing
background brightness. One animal, M, had been extensively
trained in the first visual field position and could detect embedded
contours comprised of three-line segments at ∼75% correct per-
formance. After obtaining a baseline image of the horizontal
axons in V1, the stimulus was shifted to the position represented

by the imaged area of cortex, where initially there was a sharp
decrement in performance compared with the initial position,
requiring a nine-line segment contour to be salient. Then, over the
next several weeks, the psychometric curve shifted up and to the
left, with performance approximating that seen at the initially
trained position (Fig. 2). The second animal, C, showed im-
provement in detecting the contour at progressively higher back-
ground luminance, over the period of imaging (see Fig. 5).
During the period of training, we imaged the horizontally pro-

jecting axonal arbors in the superficial layers of V1, at the cortical
representation of visuotopic locations corresponding to the posi-
tion of the trained stimulus. We reconstructed the axons labeled in
the opercular (surface) cortex of area V1 of monkey M at three
time points before and during the training. The axons were labeled
several months before the start of imaging, by injection of
AAV.eGFP or AAV.RFP, to allow sufficient time for expression
of the fluorescent label. Injections were made at several sites to
optimize our chances of finding an area providing clear imaging
over as many time points as possible. Here, by selecting sites for
imaging relatively far from the injection sites (∼1 mm), we were
able to focus on the horizontally projecting axon collaterals of
pyramidal cells. An example of an imaged axon cluster separated
by several weeks, during which monkey M underwent substantial
perceptual learning, is shown in Fig. 3. A number of axon collat-
erals were added over this period. A larger region was recon-
structed by tracing the axon collaterals over a tiled series of z
stacks, extending over a region of 2.6 mm2 for monkey M and
0.7 mm2 for monkey C at cortical depths ranging from 0 to 300 μm.
The reconstructions at the compared time points were made over
the same depth ranges. In the upper part of Fig. 4, we compare, for
monkey M, the pattern of axonal arbors at the pretraining baseline
image (Fig. 4A) and after 6 wk of training (Fig. 4B). The pre-
training imaging time point was collected in the week before the
week 0 psychometric curve, and the second imaging time point
occurred between the week 4 and week 8 psychometric curves.
Axon collaterals that were pruned are shown in red, newly sprou-
ted axons are shown in green, and axons that were stable between
the two time points are shown in blue. Here, substantial changes
were seen in the imaged region over the training period. Continued
training was associated with further pruning and axonal outgrowth,
as seen in the pair of images in the bottom part of the Fig. 4 C and

Fig. 1. Stimuli used for contour detection. Increasing the number of line seg-
ments from 1 to 11 increases the perceptual saliency of the embedded contour.
With training, shorter contours, made of fewer line segments, can be detected.

Fig. 2. Performance of monkey M on the contour detection task, showing a
marked improvement during the training period, where M was able to de-
tect embedded contours composed of fewer line segments with practice. At
the outset of training, M could detect contours made of nine collinear line
segments, then seven after a week of training, five by 4 wk, and three by the
end of the training period. Baseline imaging (Figs. 3 and 4) was done before
the week 0 psychometric curve, and the second and third reconstructions
were taken from imaging sessions between week 4 and week 8. Dark colors
indicate mean performance, and flanking lighter colors indicate SE.
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D, with the third reconstruction (Fig. 4D) made from imaging done
around the week 8 psychometric curve.
For the second monkey C, we did a similar reconstruction,

comparing two time points during training. Over the time points
represented in the axonal reconstructions, the monkey improved
in his performance in the task during the early period of training,
represented as the change observed between day 3 and week 4 of
training (Fig. 5). The baseline imaging session, and the associ-
ated axonal reconstruction was done during week 0, and the
second time point was between week 2 and 4, after the monkey
showed a measure of perceptual learning. Between these two
time points, as with monkey M, there was outgrowth of new axon
collaterals, and pruning of a few axon collaterals in the imaged
region (Fig. 6 A and B).
Overall, both animals showed substantial changes in the axonal

arbors of horizontal connections, with the two animals showing
varying degrees of sprouting and pruning and monkey M showing
different rates of sprouting and pruning over the course of training
(Table 1). The area used for comparison between week 0 and
week 6 was slightly different from that used for comparing week
6 and week 8. Although most of the improvement in performance
occurred between the initial two time points, there was a con-
tinuing substantial change in axonal arbors between the second
and third time points, when much less improvement occurred.
Monkey C also showed substantial sprouting of new axon collat-
erals, with less pruning. In general, it appeared that there was
more sprouting than pruning, and the changes represented a
substantial fraction of the preexisting plexus of axon collaterals.
Another measure of axonal dynamics is the turnover of axonal

branches, which provides a further comparison with our earlier
measurements in animals not undergoing perceptual learning.
Here, we found in both of the trained animals that a large pro-
portion of the axon collaterals in the imaged area underwent
sprouting and pruning over the time course of perceptual
learning (Table 2). This contrasts markedly with the untrained
animals, where no new branches were observed, nor were any of
the initially imaged branches pruned.

Discussion
In this study, to maximize the period of time available for im-
aging during the course of perceptual learning, we use our pre-
vious study (1) as a control. In that study, the methods, in terms
of the surgical procedures, viral vectors, injections, and patterns
of labeling were equivalent to those applied here. The differ-
ences between the earlier controls and the results seen here were

striking. In the absence of perceptual learning, while there was a
steady-state turnover of axonal boutons at the rate of 7% per
week, there was no change in the branching patterns of axons,
and the “additions or subtractions of axonal collaterals longer
than 11 μm were not observed” among ∼6 mm of axons recon-
structed in 16 locations from two animals across time points (1). In
marked distinction to this, here we saw substantial changes in the
branching pattern in the area of V1 representing the trained
stimulus, with both growth and elimination of extended axon
collaterals (Table 2). As with boutons en passant, boutons termi-
naux, along with their small (<10-μm) side branches, did appear
and disappear both in the control and perceptual learning groups.
Plasticity is a ubiquitous property of the cerebral cortex. We

know that, without manipulation of visual experience, the hori-
zontally projecting axons of visual cortical pyramidal cells are
stable (1). The plasticity seen under these conditions involves
turnover of axonal boutons, which occurs at a rate of 7% per
week or modest changes to existing axonal branches (9) along
with turnover of synaptic spines (10). However, with alteration of
experience, one can see rapid and long-term changes in axonal
arbors. Although certain cortical connections, most notably
thalamocortical projections, have a limited period of plasticity in
postnatal life, the critical period, other connections retain the
capacity for change throughout life. We have previously used a
retinal lesion model in the monkey to induce plasticity of visual
cortical connections: focal binocular retinal lesions lead to
remapping of the retinotopic organization of V1, with neurons in
the LPZ shifting RFs to positions outside the retinal scotoma
(11–25). The circuitry underlying this functional change involves
exuberant sprouting (along with a measure of pruning) of the
long-range horizontal connections, projecting from normal cor-
tex into the LPZ, and of a reciprocal elaboration of inhibitory
connections originating from the LPZ (2, 3, 16, 26). The pattern
of axonal turnover associated with perceptual learning is remi-
niscent of that observed following retinal lesions, where, although
there is a net increase in the horizontal projections into the LPZ, it
is striking that the axonal changes involve substantial pruning as
well as sprouting. Analogous changes in cortical circuitry are seen
in the mouse barrel cortex following whisker plucking (4, 5). That
the adult cortex has this capacity for changing axonal arbors raised
the possibility that it could be used not just for functional recovery
following CNS lesions but to mediate the functional changes
associated with normal experience-dependent change, notably
perceptual learning. Our observations here support this idea. Axons

Fig. 3. Two-photon image of a selected region of cortex taken at the be-
ginning of training (A) and the same region imaged 8 wk later during the
course of training (B). Between the two time points, several axon collaterals
have sprouted. Axons that were stable over the time period are indicated by
blue arrows, a pruned axon collateral is indicated by the red arrow, and
newly sprouted axons are indicated by the green arrows.

Fig. 4. Reconstruction of axons of monkey M imaged at three time points
before training (week 1) and over the course of perceptual learning. The top row
compares axons imaged at week 0 (A) and week 6 (B), and the bottom row
compares axons imaged at week 6 (C) and week 8 (D). Axons that were stable
between these pairs of imaging sessions are shown in blue, pruned axons are
shown in red, and newly sprouted axons are shown in green. (Scale bar: 200 μm.)
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in the part of area V1 representing the trained part of the visual
field elaborated new collaterals and pruned some of the preexisting
collaterals. Horizontal connections are a fundamental component
of cortical circuitry and normally contribute to inputs arising from
outside the RF (as defined by simple stimuli), providing contextual
influences mediating a diversity of functions, including contour
integration, and encoding the Gestalt rules of perceptual grouping
(7, 8, 27–32). While the sprouting of horizontal connections into
the LPZ following retinal lesions can account for the shifting RFs
of LPZ neurons, changes of the horizontal connections during the
course of perceptual learning of contour saliency may facilitate
contour integration. Longitudinal in vivo two-photon imaging af-
fords us the ability to track the axonal changes occurring during the
course of perceptual learning, and importantly we have shown that
not only the formation of new axon collaterals but the pruning of
preexisting collaterals is part of this process.
It is important to distinguish operational learning from per-

ceptual learning. Operational learning involves getting the ani-
mal to understand the nature of the task to be performed, to do
fixation during stimulus presentation, and to make a saccade in
response to his judgment about the location of the embedded
contour. Perceptual learning can also occur during the period of
operational training, although it is difficult to assign a precise
time when it starts. Once the animal has learned the task,
however, he is readily able to shift to a new visual field position,
and one can clearly identify the period during which learning
occurs by the shifting threshold in task performance. The current
experimental design allowed us to establish the onset of per-
ceptual learning following the initial baseline imaging session,
limiting the amount of operational learning required.
Changes at the dendritic level have been associated with various

models of learning. Increased dendritic spine density in mouse
barrel cortex accompanies learning on a whisker-based object lo-
calization task (33). Motor skill learning in the mouse has been
associated with turnover and stabilization of dendritic spines and
changes in the axonal boutons of inhibitory neurons in motor
cortex (34). Shrinkage of the potentiated spines disrupts the ac-
quired skills (35). Various training paradigms have been employed
to induce motor cortex plasticity, including skill learning on a
rotorod task and improvement on producing more reproducible
movements in a lever press task. Fear conditioning based on au-
ditory cues produces a transient increase in spine formation in the
auditory cortex (36). Here, we find more extensive changes in-
volving the axonal arbors of long-range horizontal connections.
These findings mirror the similarly extensive level of axonal plas-
ticity seen following the more dramatic experimental manipulations

of retinal lesions in monkeys and whisker plucking in mice. One
might speculate that similar extensive changes in long-range
horizontal connections would occur in the motor cortex to the
extent that the motor task engages the horizontal connections. The
dynamics of the dendritic changes reported earlier and the axonal
changes seen in the current study are notable, not just for the
formation of new spines or axon collaterals but for the elimination
of preexisting connections. The parallel processes of pruning and
sprouting may indicate that plasticity is under homeostatic control,
although whether given sufficient time pruning fully counterbal-
ances the outgrowth requires imaging over a more extended pe-
riod. Still, it is of interest to note that monkey M continued to show
substantial sprouting even when the rate of learning had consid-
erably slowed. This may reflect a period of consolidation of circuit
changes that follows but is due to an earlier period of learning.
The availability of a morphological signature of perceptual

learning, the axonal changes reported here, has implications for
where along the visual pathway the learned information is repre-
sented. For many discrimination tasks, training induces changes in
the tuning of V1 neurons to stimulus-relevant attributes (8, 37–41),
and learning-dependent changes have been seen in primary so-
matosensory and auditory cortex (42–44). In the contour detection
task, one sees parallel shifts in the psychometric curve and the
neurometric curve of V1 responses, pointing toward changes in
contour representation at the sensory side (8). Here, we imaged the
horizontal connections in V1 as a likely candidate for carrying the

Fig. 5. Performance of monkey C on contour detection task. Here, lumi-
nance of the background elements was changed relative to the contour. At
the outset of training, the animal could not perform the task at low back-
ground levels but showed progressive improvement with increase of back-
ground luminance over the subsequent weeks.

Fig. 6. Reconstruction of axons of monkey C imaged at the outset of
training (A) between weeks 2 and 4 of training (B). (Scale bar: 200 μm.)

Table 1. Percentage of baseline in axon length relative to
baseline across imaging sessions for the two monkeys

Imaging session comparison Axon length, μm % of Baseline

Monkey M: comparison, week 0
to week 6
Total baseline axon length 21,266
Added 7,007.7 32.95
Retracted 5,540.5 26.05
Stable 15,725.5 73.95

Monkey M: comparison, week 6
to week 8
Total week 6 axon length 24,873
Added 15,516 62.38
Retracted 2,313 9.30
Stable 22,560 90.70

Monkey C: comparison, week 0
to week 4
Total baseline axon length 15,089
Added 7,330.1 48.58
Retracted 633.1081 4.20
Stable 14,455.8919 95.80
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contextual information involved in the contour detection task.
Other studies have provided evidence for the involvement of early
visual areas in perceptual learning. Based on magnetic resonance
spectroscopy, changes in the balance of glutamate and GABA levels
have been associated with different stages of perceptual learning in
early visual cortical areas (45). fMRI neurofeedback from V1/V2
classifiers can induce visual associative learning (46). However,
other studies have attributed perceptual learning to the areas in-
volved in the readout of sensory information and decision making
(47). It has been argued that the changes in neuronal tuning that
correlate with perceptual learning could be due to transient at-
tentional influences, but the structural changes seen in the current
study point to long-term influences. The involvement of early and
late stages in the visual pathway are not mutually exclusive mech-
anisms—learning may entail a distributed representation across
multiple areas. That perceptual learning is associated with changes
in V1 circuitry lends further support to the idea that the contour-
related responses are due at least in part to local V1 circuits, and
that changes in the contour-related responses occurring during the
course of perceptual learning involve modification of V1 circuitry.
Beyond the role of intrinsic cortical connections in mediating the

attributes of the trained task, we know there is a further in-
volvement of top-down influences in exhibiting the learned prop-
erties (8, 31, 39, 48). The contour-related responses in V1 are much
stronger when the animal performs the contour detection task,
suggesting that feedback to V1, conveying information about the
nature of the perceptual task, interacts with the intrinsic connec-
tions and influences their functional connectivity. This is supported
by measures of coherent activity between cortical sites recorded by
electrode arrays (31), by biologically based computational models
(30), and by conditional Granger causality analysis, showing that
lateral interactions within V1 are dependent on input from V4 (49).
This has led us to propose that perceptual learning is not purely a
matter of a homosynaptic, Hebbian process but involves setting up
an interaction, or “addressing,” between feedback and intrinsic
cortical connections. One might speculate that the axonal changes
we see here may serve to establish the proper mapping between
feedback and intrinsic connections to enable neurons to gate inputs
that are relevant to the current task. It remains to be seen whether
the feedback to V1 undergoes a similar sculpting of axonal arbors
as seen here for the intrinsic horizontal connections, and the rel-
ative roles of changes in the strength of cortical connections versus
setting up the appropriate interactions between neuronal inputs,
either of which may be mediated by the changes seen here.

Experimental Procedures
Animal Surgery. Ethical approval for experiments was granted by the In-
stitutional Animal Care and Use Committee of The Rockefeller University.
Surgical procedures and training in adult Macaca mulatta were done in ac-
cordance with institutional and federal guidelines for the treatment of animals.
Implantations and viral injections were done under anesthesia. Procedures in-
volving exposing the cortex were preceded with daily treatment with dexa-
methasone (0.1–0.25 mg/kg, i.m.), starting 3 d before the procedure and
gradually decreased over the course of the subsequent 10 d, to prevent cerebral
edema. Following initial induction of anesthesia with ketamine (10 mg/kg, i.m.)
and dexdomitor (5–20 mcg/kg, i.m.), a venous cannula was inserted, and the
animal was intubated with an endotracheal tube. Anesthesia was maintained
with isoflurane (0.5–1.5%) and dexdomitor (1–4 mcg·kg−1·h−1). Postsurgical
medication included antibiotics and analgesics. The initial surgical procedure
involved implanting a titanium head post, and subsequent procedures involved
viral injections, chamber implantation, and imaging under anesthesia.

Visual Stimuli and Behavior. Visual stimuli were generated using the same
approach as in our previous electrophysiological study (8). Two animals were
used in this study, both living in the same environment and trained and
tested under similar conditions. The animals were presented with two
patches of randomly oriented lines, with one containing an embedded
contour consisting of 1, 3, 5, 7, 9, or 11 collinear lines embedded in the
center (Fig. 1). The other patch had no embedded contour. The two patches,
one with and one without a contour, were presented on either side of a
fixation spot. A trial began with presentation of a 0.08° fixation point, which
was displayed at the CRT center. The animal had to maintain fixation during
the course of each trial, fixating within an invisible circular window of 0.5° in
radius around the fixation point, covertly attending to the stimulus patches.
Eye positions were sampled at 30 Hz by an infrared tracking system (50).
After the animal maintained fixation for 191 ms, the visual stimulus patterns
were presented for 600 ms. At the end of the trial, the patches were turned
off and the animal was presented with two saccade targets, whereupon it
made a saccade to the target in the hemifield containing the patch with the
embedded contour. Two stages of training and perceptual learning were
conducted. First, the background elements were presented at lower contrast
than those making up the contour, and over successive days the background
contrast was increased to eventually match that of the contour. Over time,
the animals were able to detect the contour in the presence of higher-
contrast backgrounds. Then, the length of the contour, that is, the num-
ber of line segments of which the contour was composed, was varied. From
trial to trial, the embedded contour was randomly made of 1, 3, 5, 7, 9, or
11 line segments. The one-line segment condition was equivalent to the
patch with no embedded contour. Over time, the animals were able to
detect contours made of fewer line segments. Performance in the task was
expressed as a function of the background/foreground contrast ratio in the
first stage of training, and as a function of the number of line segments in
the second stage of learning. The imaging experiments were done in
monkey M in the second phase of training, and in monkey C in the first.

Imaging. Approximately 2 mo before baseline imaging, wemade a craniotomy
over the opercular cortex, exposing a region ofV1posterior to the lunate sulcus;

Table 2. Percentage of baseline of axon branches across
imaging sessions during the course of perceptual learning

Imaging session comparison Branch points % of Baseline

Monkey M: branch point comparison,
week 0 to week 6
Baseline branch points 126
Added 34 26.98
Retracted 42 33.33
Stable 84 66.67

Monkey M: branch point comparison,
week 6 to week 8
Added 59 77.63
Retracted 11 14.47
Stable 65 85.52

Monkey C: branch point comparison,
week 0 to week 4
Baseline branch points 63
Added 25 39.68
Retracted 4 6.35
Stable 59 93.65

Fig. 7. Sketch of imaging chamber. A titanium collar (gray) is implanted and
sealed with dental cement (dark brown). A titanium insert (black), sealed with a
silicone ring (green), is inserted into the collar, replacing both the skull (light
brown) and the dura mater (red). A glass coverslip (blue) is held in place by a
threaded titanium ring (black) and sealed with silicone (green).
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a cut wasmade in the dura and reflected to expose the cortical surface. The site
of the craniotomywas selected, based on skull coordinates, to expose a cortical
region representing a known visuotopic location (based on previous studies)
and corresponding to the location of the trained stimulus. We made a series of
injections of AAV2/1.CMV.eGFP and AAV2/1.CBA.TurboRFP, atmultiple depths,
placed with ∼3-mm separation, to label axonal arbors for subsequent imaging
(2). After the injections were completed, a piece of artificial dura was placed
on the cortical surface and the dura flap was sewn back in place. To prepare
for imaging, we made a circular craniotomy, 24 mm in diameter, and
implanted a custom-designed chamber on the skull surrounding the craniot-
omy (Fig. 7). The dura was resected to expose the entire area of cortex under
the craniotomy. The imaging chamber consisted of a threaded titanium collar
that was placed on the skull surface and cemented in place by dental acrylic
(Palacos) that covered a series of titanium screws that were screwed into the
skull. We lowered a glass-bottomed titanium insert, fitted with a silicone O-
ring, into the collar until it touched the cortical surface, and screwed it into
place. Several of these inserts were made so that we would be provided with
one that accommodated the depth of the cortical surface below the collar,
enabling the insert to lightly touch the cortical surface. The resulting water-
tight chamber minimized artifacts from cortical movement when imaging.

The cortex under the chamber was imaged with a custom-built two-photon
microscope fitted with a Nikon 16× objective. Two-photon excitation (88–
890 nm) was provided by a mode-locked Ti:sapphire laser pumped by a 10-W
frequency-doubled Nd:vanadate laser (Tsunami/Millenia system; Spectra Physics).
Imaging of eGFP used a filter set with peak of 525 nm and bandwidth of 50 nm.

Analysis. The reconstruction of axonal arbors was done with the use of ImageJ,
in order to view image stacks off-line. Images were deconvolved using Huygens
deconvolution software (Scientific Volume Imaging). Neuromantic (version 1.7.5;
https://groups.google.com/forum/#!topic/neuromanticusergroup/1u2YSpiXgLY)
was used to reconstruct axonal arbors of corresponding areas. Image stacks
were imported into Neuromantic, and overlapping regions were aligned from
one stack to another using vasculature and fluorescently labeled neurites.
Corresponding areas were reconstructed using landmarks such as vasculature,
and imaging sessions were compared at the same depths in both imaging
sessions. Following reconstruction of the area, the two time points were then
reassessed axon by axon to ensure that all axons were accounted for. Voxel size
was corrected for by using a custom Matlab script (Mathworks) before axonal
length was determined. Changes in axonal morphology were determined by
visualizing stacks and reconstructions from two imaging sessions on two open
Neuromantic windows and comparing the morphology throughout the recon-
structed stack. Axons and/or portions of axons were then encoded as added,
stable, or pruned by changing the structure identifier of the swc file generated
by Neuromantic. We arbitrarily used structure identifier type 3 for stable axons,
type 4 for retracted axons, and type 8 for added axons. Axonal lengths for
added, retracted, and stable axons were determined by importing the finalized
swc files into Matlab and analyzing the data using a custom Matlab script.
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