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ABSTRACT
Competition between presynaptic inputs has been sug-

gested to shape dendritic form. This hypothesis can be

directly tested on bitufted, auditory neurons in chicken

nucleus laminaris (NL). Each NL neuron contains two

relatively symmetrical dendritic arbors; the dorsal den-

drites receive excitatory glutamatergic input from the

ipsilateral ear, and the ventral dendrites receive corre-

sponding input from the contralateral ear. To assess

the effect of relative synaptic strength on NL dendrites,

we used single-cell electroporation; electrophysiology;

and live, two-photon laser scanning microscopy to

manipulate both the amount and the balance of synap-

tic input to the two matching sets of dendrites. With si-

multaneous activation, both sets of dendrites changed

together, either growing or retracting over the imaging

period. In contrast, stimulation of only one set of den-

drites (either dorsal or ventral) resulted in the unstimu-

lated dendrites losing total dendritic branch length,

whereas the stimulated dendrites exhibited a tendency

to grow. In this system, balanced input leads to bal-

anced changes in the two sets of dendrites, but imbal-

anced input results in differential changes. Time-lapse

imaging revealed that NL dendrites respond to differen-

tial stimulation by first decreasing the size of their

unstimulated dendrites and then increasing the size of

their stimulated dendrites. This result suggests that the

relative activity of presynaptic neurons dynamically con-

trols dendritic structure in NL and that dendritic real

estate can rapidly be shifted from inactive inputs to

active inputs. J. Comp. Neurol. 519:2838–2851, 2011.
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Activity-dependent competition between neuronal

inputs has been suggested to play an important role in

nervous system development. By this mechanism, com-

munication between pre- and postsynaptic neurons facili-

tates the maintenance of active presynaptic inputs and

the elimination of less active inputs. This process sug-

gests that the pattern of activation, rather than the pres-

ence or absence of input, is most important for regulating

synaptic strength. This mechanism has been particularly

well studied in the establishment of neuromuscular syn-

apses (Balice-Gordon and Lichtman, 1994; Lichtman and

Colman, 2000; Personius and Balice-Gordon, 2001) and

cortical and cerebellar connections (Hashimoto et al.,

2009; Hata et al., 1999; Hua et al., 2005; Katz and Shatz,

1996). Much work has been done to understand how the

presynaptic axons are affected by the relative activity of

neighboring inputs, but the effect on the dendritic proc-

esses is not well understood.

The third-order nucleus of the chicken auditory system,

nucleus laminaris (NL), provides a useful model system in

which to address questions about the effect of synaptic

input on the structure of individual dendrites. Specifically,

NL neurons have two sets of relatively symmetrical den-

drites, a dorsal and a ventral domain (Deitch and Rubel,

1984; Smith, 1981; Smith and Rubel, 1979). Segregated

inputs from nucleus magnocellularis (NM) provide each

set of dendrites with excitatory information from one ear;

ipsilateral and contralateral NM axons form synapses

with the dorsal and ventral dendrites, respectively. The

convergence of inputs from the two ears allows NL neu-

rons to function as coincidence detectors in a neuronal

circuit involved in sound localization (Carr and Konishi,

1990). For our purposes, it also allows us to selectively
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manipulate excitatory input to one or both of the match-

ing sets of dendrites

Previous in vivo work demonstrated that dendrites in

NL, and the mammalian medial superior olivary nucleus

(MSO), depend on afferent input for their development

(Feng and Rogowski, 1980; Parks, 1981; Parks et al.,

1987; Russell and Moore, 1999) and maintenance

(Benes et al., 1977; Deitch and Rubel, 1984, 1989).

More recent work demonstrated that glutamatergic

input maintains NL dendrite length in vitro and that the

pattern, not the absolute amount, of glutamatergic syn-

aptic input regulates NL dendrite structure. Specifically,

stimulation of the dorsal dendrites led to growth of

stimulated dendrites and retraction of the unstimulated

dendrites on the opposite side of the cell, suggesting

that NM inputs might compete for synaptic space on NL

dendrites.

The current experiments used electrophysiology and

time-lapse, two-photon laser scanning microscopy to test

the hypothesis directly. By employing multiple stimulation

conditions, we found that relative input strength regulates

the relative size of the two NL dendritic arbors on a very

short time scale; stimulation of either dorsal or ventral

dendrites resulted in decreased dendritic length in the

unstimulated dendrites and growth of the stimulated den-

drites. Time course studies demonstrated that NL den-

drites responded to differential stimulation by first

decreasing the size of their inactive dendrites and then

increasing the size of their active dendrites. In contrast,

bilaterally stimulated and unstimulated, control dendrites

either grew or retracted together over the imaging period.

These data indicate that balanced input maintains the rel-

ative sizes of the two sets of NL dendrites, and unbalanc-

ing these inputs leads to rapid, input-specific changes in

dendritic structure.

MATERIALS AND METHODS

Slicing procedures
Acute brainstem slices were made from white leghorn

chicken embryos, at embryonic day 14–19 as previously

described (Monsivais et al., 2000). At this age, chicks

have functional hearing (Rebillard and Rubel, 1981; Saun-

ders et al., 1974), but the dendrites (Rubel et al., 1981)

and electrical properties (Gao and Lu, 2008) of NL neu-

rons are still developing. Embryos were removed from the

egg and rapidly decapitated. The brainstem was quickly

dissected out into room temperature oxygenated artificial

cerebral spinal fluid (ACSF; 130 mM NaCl, 2.5 mM KCl,

1.25 NaH2PO4, 26 mM NaHCO3, 1 mM MgCl2, and 2 mM

CaCl2 in filtered dH2O) and blocked for further sectioning.

Coronal sections were then cut at 400 lm thickness

using a vibratome (Technical Products International, St.

Louis, MO). Vibratome sections were placed in a slice

chamber containing oxygenated ACSF heated to 34–

36�C and allowed to equilibrate for 30 minutes to 1 hour.

The University of Washington animal care committee

approved all procedures.

Electroporation procedures
After equilibration, slices were transferred to a Leica

MZFLIII fluorescent dissecting microscope (Leica, North-

vale, NJ), and individual NL neurons were filled with ani-

onic tracer using a method for single-cell electroporation

adapted from Haas et al. (2001) and described in detail

by Sorensen and Rubel (2006). Briefly, slices were placed

in a Sylgard-coated chamber containing oxygenated

ACSF and a reference electrode. A stimulating electrode

containing anionic tracer was positioned on the surface

of the slice within the line of NL cell bodies. An Electro

Square Porator (model ECM 830; BTX, San Diego, CA)

was used to apply a voltage (25–40 V, 50 msec duration,

train of two to eight pulses) to the slice. This procedure

instantaneously labeled the cell body and dendrites of

single NL neurons. For these experiments, we used a so-

lution of 5–10% Alexa 594 dextran (Molecular Probes,

Eugene, OR) in sterile saline to label one or two NL cells

on both sides of the slice. After electroporation, slices

were briefly returned to the holding chamber, before

being transferred to the multiphoton microscope

described below.

Imaging procedures
Slices were kept alive during imaging experiments by

continual perfusion with oxygenated ACSF (perfusion

ACSF contained 3 mM CaCl2) warmed with an in-line solu-

tion heater (model SF-28; Warner Instruments, Hamden,

CT) to 34�C. Digital images of NL cells were captured

with a Zeiss 510 Multi-Photon NLO microscope system

coupled to a Zeiss Axiovert 200 stand using AIM for

LSM510 scanning control software (LSM 510 MP-NLO;

Carl Zeiss Microimaging). The light source used was a

Coherent Mira 900 titanium:sapphire femtosecond pulse

laser. All cells were imaged with a Plan Neofluar �40 oil

immersion objective (NA 1.3, 0.12 mm working distance).

Images were acquired once per hour for up to 5 hours.

Imaging parameters varied with the tenfold change in

dendritic length along NL’s tonotopic map (Smith and

Rubel, 1979). Neurons taken from the high-frequency

region of the nucleus have smaller dendrites and could

be imaged with a higher resolution (0.17–0.25 lm/pixel)

than neurons taken from the low-frequency region of the

nucleus, where the dendrites are much larger (0.26–0.45

lm/pixel). When possible, neurons from the middle

region of the nucleus were studied. For images acquired
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at the beginning (0 hours) and the end of experiments

(final hour), a z-series of 100–200 consecutive images

(with a distance of 0.4–0.5 lm between images) was

taken through the entire extent of the neuron (512 �
512). For images acquired at the intervening time points,

only NL dendrites (and not their cell bodies) were imaged

using the region of interest tool in the LSM software. All

images shown are Z-stack projections. For qualitative

comparison of dendrites across time points, images were

first split into dorsal and ventral regions, and then aligned

to the cell body and/or to the base of the primary

dendrites. When images of the two time points are

presented together, the same image adjustment parame-

ters in Adobe Photoshop 7.0 were used for both time

points. Whole-cell images are not shown because

changes in the cell body throughout the imaging period

did not allow both sets of dendrites to be aligned in the

same image.

In vitro physiological stimulation and
recording procedures
Selective stimulation of the dorsal or
ventral dendrites.

To stimulate the dorsal dendrites of NL neurons selec-

tively, a concentric, bipolar stimulating electrode (FHC,

Bowdoinham, ME) was placed on NM ipsilateral to the NL

neuron being imaged (see schematic in Fig. 2A). To stimu-

late the ventral dendrites of NL neurons selectively, a

concentric, bipolar stimulating electrode (FHC) was

placed on NM contralateral to the NL neurons being

imaged (see schematic in Fig. 3A). An A-M Systems 2100

Isolated Pulse Stimulator was used to apply voltage

pulses of 10–20 V and 1 msec duration at 10–25 Hz for

4–5 hours. Borosilicate recording electrodes filled with 1

M NaCl (1–10 MX) were used to confirm the effect of the

stimulation throughout the experiment. The recording

electrode was placed in the lateral portion of NL, ipsilat-

eral to the neuron being imaged. This recording electrode

position was used for all the stimulation experiments

described here. NL neurons were imaged only in slices in

which postsynaptic field potentials were confirmed. The

strength of the stimulus was adjusted throughout the

experiment such that the strongest possible field poten-

tial could be recorded. The postsynaptic component of

the field potential was determined in separate experi-

ments by blocking with 0.1 M DNQX and 0.1 M AP-5.

Bilateral stimulation of both sets of NL
dendrites.

To activate both sets of NL dendrites simultaneously,

two stimulating electrodes (described above) were placed

on the brainstem, one on NM on each side of the slice

(see schematic in Fig. 4A). For these experiments, the

contribution of the ipsilateral and contralateral NM nuclei

was confirmed at the beginning of the experiment by

demonstrating that each stimulating electrode alone

could elicit a postsynaptic field potential.

Three-dimensional morphological
analysis procedures

Huygens Essential software was used to deconvolve

each image stack (version 2.7.3p3; Scientific Volume

Imaging B.V., Hilversum, The Netherlands). Deconvolved

stacks were then imported into Object Image 2.11, and a

series of substack projections was made to create image

stacks for analysis with an effective z-step of �1 lm.

Analyzed image stacks consisted of 30–80 images.

In Object Image, the dorsal and ventral dendrites of

each neuron were separately analyzed in each 3D z-stack

for either the total dendritic branch length (TDBL) or

length of individual dendritic branches and branch dy-

namics. It is important to note that, for all images, the ex-

perimenter was blind to the imaging time point and the

type of dendrite being analyzed (dorsal vs. ventral and

stimulated vs. unstimulated). The macros used for these

analyses were kindly provided by Hollis Cline’s laboratory

(http://clinelab.cshl.edu/methods.html).

For branch length and dynamics analyses, the z-stacks

from each time point were opened simultaneously. Within

the z-stack, a single dendritic branch was chosen and

then located (if present) in all other z-stacks. Within each

z-stack, a line was then drawn through the center of the

dendrite from its terminal tip through each successive z-

section to its origin at the cell body or parent dendrite. All

individual dendritic branches from each cell were ana-

lyzed in this way. If any individual dendrite was cut off in

any plane, or at any time point, it was not included in the

analysis. Z-axis rotations were routinely made to confirm

that dendrites were not cut off in this plane. Each den-

drite was assigned a number, which allowed us to track

changes in the length of individual dendritic branches

across imaging time points. By summing individual branch

lengths at each time point, changes in the total dendritic

branch length (TDBL) of the whole dendritic tree could be

calculated. For each neuron, TDBL was measured sepa-

rately for dorsal and ventral dendrites. Thus, each neuron

had two measures of TDBL at each time point. The mean

dorsal TDBL and ventral TDBL for each group were then

calculated at each time point. For all cells, the percentage

change in TDBL was compared between the initial and

the final time points. Quantitative comparisons between

TDBL changes for an entire set of dendrites and TDBL for

only 60 of the neuron’s dendrites indicated that there

was little difference between the changes detected with

Sorensen and Rubel
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the two measurements (data not shown). Thus, for some

neurons, only a subset of the dendrites was measured

and included in the analysis of TDBL. We also compared

the percentage difference between the initial TDBL and

the TDBL at each subsequent time point for control, bilat-

eral, and dorsal-only stimulation of neurons. To be consid-

ered branch growth or retraction, the change between

the initial length measurement and the measurement at a

subsequent time point had to be at least 10%. Using this

threshold, the mean percentage of branches that grew,

retracted, or remained stable (within 10% of their original

length) at each time point was also compared. These per-

centages add up to 100%. Statview (SAS institute Inc.,

Cary, NC) was used for statistical analyses. Significance

was determined by using an ANOVA and individual Fisch-

er’s PLSD test; P < 0.05 was considered statistically

significant. Unless otherwise noted, all data are shown as

mean6 SE.

For these experiments, five control neurons and four

bilateral stimulation neurons were analyzed, for a total of

312 control dendritic branches and 270 bilaterally stimu-

lated dendritic branches. For ventral stimulation experi-

ments, seven neurons were used, for a total of 415

dendritic branches. For dorsal stimulation experiments,

four neurons were used, for a total of 189 dendritic

branches. For all experiments, electroporated NL neurons

that exhibited aberrant changes in morphology were not

included in our analyses.

RESULTS

We examined the effect of different electrophysiologi-

cal stimulation conditions on the two sets of dendrites of

single dye-filled NL neurons in vitro using time-lapse, mul-

tiphoton imaging. For these experiments, NL neurons

were imaged before stimulation began (0 hours) and then

once per hour for 4–5 hours during stimulation of the dor-

sal and/or ventral dendrites (see schematic in Figs. 2A,

3A for example physiological traces). For comparison, we

also imaged unstimulated control neurons using these

same imaging parameters. In the absence of external

stimulation, these slices do not fire spontaneous action

potentials. Figures 1–4 show representative z-projection

images of control, dorsal-only, ventral-only, and bilaterally

stimulated NL neurons at the 0 and 4–5 hours imaging

Figure 2. Schematic of the dorsal-only stimulation paradigm

(A). A bipolar stimulating electrode was placed in NM ipsilateral

to the NL neuron being imaged (arrows). Field potentials (aver-

aged and shown at right) were recorded from the lateral portion

of NL. With this configuration, only the dorsal dendrites, and not

the ventral dendrites, were activated. Examples of stimulated dor-

sal (B,C) and unstimulated ventral (D,E) NL dendrites. Images at

left were taken at 0 hours. The same dendrites imaged 4 hours

later are shown at right. Several branches of the stimulated, dor-

sal dendrites grew between the imaging time points (B,C), while

many branches of the unstimulated ventral dendrites retracted

(D,E). Scale bar ¼ 25 lm.

Figure 1. Representative example of unstimulated, control dorsal

(A,B) and ventral (C,D) dendrites from one NL neuron imaged at

0 and 4 hours. Images at left were taken at 0 hours. The same

dendrites imaged 4 hours later are shown at right. Both sets of

dendrites remained fairly stable between the imaging periods, but

several branches can be observed to retract between the imaging

periods (arrows). Scale bar ¼ 20 lm.

Rapid dendritic regulation in auditory neurons
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time points. Figure 1 shows a representative example of

an unstimulated, control NL neuron. There are few

obvious changes in the dendrites between the two imag-

ing time points. In contrast, with differential stimulation

of the inputs to the dorsal and ventral dendrites, dendritic

branches appear much less stable across imaging time

points. Dramatic examples of NL neurons that received

unilateral stimulation of either their dorsal or their ventral

dendrites are shown in Figures 2 and 3, respectively. A

qualitative comparison of the initial (0 hours) and final

images for both manipulations indicated that many of the

stimulated dendrites remained stable between the imag-

ing time points. However, several stimulated branches

displayed substantial growth (arrowheads in Figs. 2B,C,

3D,E). Conversely, a number of the unstimulated

dendrites in Figures 2D,E and 3B,C appeared to retract in

response to the relative deprivation (arrows in images).

Unexpectedly, with bilateral stimulation for 4 hours

(Fig. 4), both sets of dendrites remained fairly stable over

the imaging period, although examples of growing and

retracting branches can be observed.

Balanced synaptic input to the two sets
of NL dendrites maintains their relative
dendritic branch lengths

To quantify the changes in dendritic branch length,

total dendritic branch length (TDBL) measurements were

made in three-dimensional image stacks at the 0 hours

and the 4–5 hours time point. The percentage change in

Figure 4. Schematic of the bilateral stimulation paradigm (A). A

bipolar stimulating electrode was placed in NM on each side of

the slice. Field potentials were recorded from the lateral portion

of NL on one side of the slice. With this configuration, both the

dorsal and the ventral dendrites are activated. Representative

example of bilaterally stimulated dorsal (B,C) and ventral (D,E)

dendrites from one NL neuron imaged at 0 and 4 hours. Images

at left were taken at 0 hours. The same dendrites imaged 4 hours

later are shown at right. Both sets of dendrites remained fairly

stable, but several branches can be observed to retract between

the imaging periods (arrows). Scale bar ¼ 20 lm.

Figure 3. Schematic of the ventral-only stimulation paradigm

(A). A bipolar stimulating electrode was placed in NM contralat-

eral to the NL neuron being imaged (arrows). Field potentials

(averaged and shown at right) were recorded from the lateral por-

tion of NL. With this configuration, only the ventral dendrites, and

not the dorsal dendrites, are activated. Examples of unstimulated

dorsal (B,C) and stimulated ventral (D,E) NL dendrites. Images at

left were taken at 0 hours. The same set of dendrites imaged

4 hours later is shown at right. Several branches of the unstimu-

lated dorsal dendrites lost length between the imaging time

points (B,C), while several branches of the stimulated ventral den-

drites grew (D,E). Scale bar ¼ 25 lm.
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TDBL between the two imaging periods is shown in Figure

5A. In unstimulated and bilateral stimulation conditions,

both the dorsal and the ventral dendrites exhibited a

small change in dendritic length during the imaging

period. The dorsal dendrites of bilaterally stimulated

neurons lost –0.8% 6 2.1% of their length compared with

unstimulated, control neurons, which lost –1.7% 6 2.0%.

The changes for the ventral dendrites were equally small:

–1.8% 6 1.1% for the bilaterally stimulated neurons com-

pared with –2.1% 6 2.2% for control neurons. There were

no significant differences for either group in the percent-

age change in TDBL between imaging time points. These

results indicate that, at least on this short time scale, bal-

anced, action-potential-mediated signaling does not

induce significant changes in the two sets of NL dendrites

beyond that observed for the unstimulated, control condi-

tion. It should be noted that the bilateral stimulation con-

dition might be more representative of normal physiologi-

cal conditions than our unstimulated, ‘‘control’’ neurons,

insofar as the inputs from NM fire at high rates even in

the absence of sound (Born et al., 1991). It is important

to note that there were no differential changes between

the dorsal and the ventral dendrites in either the bilateral

stimulation condition or the unstimulated, control condi-

tion. When we looked at the changes in TDBL for individ-

ual neurons (Fig. 5B), we found that half of the neurons in

each group had dendrites that grew, whereas the other

half had dendrites that lost length. Interestingly, for all

neurons analyzed from the unstimulated, control and

bilateral stimulation conditions, both sets of dendrites

always changed in the same direction, whether this was

by adding or by decreasing total dendritic length.

Input-dependent changes in NL dendritic
length with differential stimulation of the
two sets of dendrites

When we quantitatively compared the mean percent-

age change in TDBL between the dorsal and the ventral

dendrites for the unilateral stimulation conditions at the

initial and final imaging time points (Fig. 5A), we found

that each set of stimulated dendrites changed signifi-

cantly relative to the unstimulated dendrites on the

opposite side of the cell. Specifically, with selective stim-

ulation of the dorsal dendrites for 4 hours, there was a

small, but reliable, increase in TDBL (2.4% 6 1.7%),

whereas the unstimulated, ventral dendrites on the

Figure 5. Effect of unstimulated, control, bilateral stimulation and unilateral stimulation conditions on the two sets of NL dendrites. Mean

total dendritic branch length (TDBL) was measured separately for the dorsal and ventral dendrites of NL neurons imaged at 0 hours and

then again after 4–5 hours for each of the four conditions: the unstimulated control condition, bilateral stimulation, dorsal stimulation, and

ventral stimulation. A: Bar graph showing the mean percentage change 6 SE in TDBL between imaging periods for the control condition

and the three stimulation conditions. NL dendrites changed very little in the unstimulated control condition or with bilateral stimulation.

With both manipulations, the dorsal and ventral dendrites lost a small amount of TDBL, and there were no significant differences between

the two groups or the two sets of dendrites in each group. Differential stimulation of either the dorsal dendrites or the ventral dendrites

led to a small increase in the size of the stimulated dendrites and a decrease in the size of the unstimulated dendrites. For each stimula-

tion condition, the two sets of dendrites differed significantly from one another. B: Changes in TDBL for individual neurons. Control neu-

rons and bilaterally stimulated neurons exhibited both increases and decreases in dendritic length over the imaging period. However, for

each neuron, both sets of dendrites changed in the same direction, either adding or decreasing TDBL. In contrast, with either dorsal

or ventral stimulation, all unstimulated dendrites lost TDBL over the imaging period, while the majority of stimulated dendrites

increased TDBL.

Rapid dendritic regulation in auditory neurons
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opposite side of the same cells lost a larger amount of

TDBL (–7.3% 6 1.3%, P < 0.005). The losses in TDBL

from unstimulated dendrites were also significantly differ-

ent from the control and bilaterally stimulated ventral

dendrites (P< 0.04 and P< 0.03, respectively). Similarly,

with selective stimulation of the ventral dendrites, there

was a small, but significant increase in the length of the

stimulated ventral dendrites (1.0% 6 1.3%) relative to the

decrease in the length of the unstimulated dorsal

dendrites, which lost –4.4% 6 1.2% with 4 hours of rela-

tive deprivation (P < 0.01).

When we looked at TDBL changes for each individual

neuron (Fig. 5B), we found that the unstimulated den-

drites of all differentially stimulated neurons lost TDBL.

The stimulated dendrites of differentially stimulated neu-

rons did not exhibit such a uniform response for either

dorsal-only or ventral-only stimulation. However, for the

majority of neurons (7 of 11) the stimulated dendrites

displayed increases in TDBL, whereas the remaining

cells lost only a very small amount of TDBL. These

results are quite different from what we found for indi-

vidual bilaterally stimulated and unstimulated control

neurons. For these neurons, the two sets of dendrites

either grew or retracted to a similar degree over the

imaging period.

For all manipulations, we also compared the initial

and final sizes of individual dendritic branches in order

to understand how branches of different lengths were

affected by our different stimulation conditions. Figure

6A shows all individual dendritic branches from

neurons exposed to 4–5 hours of unilateral synaptic

stimulation of the dorsal dendrites. For NL neurons,

the majority of dendritic branches are smaller than 10

lm. With dorsal-only stimulation, a fairly balanced

number of the small branches of unstimulated ventral

dendrites grew (�44%) or retracted (�56%) between

the imaging time points, whereas the majority (�83%)

of longer branches (20 lm and above) lost length over

the imaging period. The same was not true for the

stimulated dorsal dendrites. For branches of all lengths

(including the longest branches), a relatively equal

number grew (�49%) and retracted (�51%) during the

stimulation period. We obtained similar results when

we performed individual branch length analyses on NL

neurons that received unilateral synaptic stimulation of

their ventral dendrites (Fig. 6B). For the unstimulated,

dorsal dendrites, the majority of the longer branches

(longer than 20 lm) lost length over the imaging period

(�74%), whereas shorter branches grew or retracted in

equal numbers. As with dorsal-only stimulation, all

branches of stimulated ventral dendrites grew (�42%)

and retracted (�58%) to a similar extent. Thus, for

both unilateral stimulation conditions, the imbalance of

input promotes retraction of the unstimulated

branches, particularly branches longer than 20 lm,

regardless of the set of dendrites that is deprived.

Figure 6. Scatterplot comparisons of the change in individual branch length between 0 and 4–5 hours of live imaging with unilateral stim-

ulation conditions. The initial branch length at 0 hours is indicated on the x-axis, and the amount of length lost or gained at the final time

point is indicated on the y-axis. A: The branches of differentially stimulated dorsal dendrites (circles) exhibited fairly balanced growth and

retraction over the imaging period, although a number of branches grew by 5–10 lm. In contrast, the majority of longer branches (20 lm
and above) of unstimulated ventral dendrites (triangles) lost length in response to the relative lack of stimulation (�83%). B: The branches

of differentially stimulated, ventral dendrites (triangles) exhibited fairly balanced growth and retraction over the imaging period though sev-

eral branches exhibited large (þ10 lm) increases in length. Conversely, the majority of longer branches of unstimulated, dorsal dendrites

(circles) exhibited a decrease in branch length over the imaging period (�74%).
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In contrast, few individual branches of bilaterally

stimulated or control neurons exhibited large changes in

length (data not shown). With these conditions, individ-

ual dendritic branches remained fairly stable between

imaging time points, and the two sets of dendrites had a

relatively equal number of growing and retracting

branches. These findings further suggest that balanced

input, in the form of either action-potential-mediated sig-

naling (bilateral stimulation) or spontaneous glutamate

release (unstimulated, control condition) encourages

branch stability and maintains the relative sizes of the

two sets of dendrites.

Progressive changes in TDBL with
differential stimulation

To assess further the NL dendritic changes over time

with unilateral or bilateral synaptic stimulation, we ana-

lyzed the percentage change in TDBL each hour during

the experimental period. Figure 7A illustrates the time

course of changes in NL dendrites with selective stimula-

tion of the dorsal dendrites. With this manipulation, NL

neurons exhibited an early decrease in the size of the

unstimulated ventral dendrites after just 2 hours of rela-

tive deprivation (–5.8% 6 1.5%, P < 0.05, relative to 1

hour). This decrease continued at the 3-hour (–6.3% 6

1.1%, P < 0.03, relative to 1 hour) and 4-hour (–7.5% 6

1.9%, P < 0.02, relative to 1 hour) time points, though

at a slower rate of change compared with earlier

time points. The change in the stimulated, dorsal den-

drites was delayed relative to the unstimulated ventral

dendrites. There were no significant differences in the

TDBL of the stimulated, dorsal dendrites until the 4-hour

time point, when there was a significant increase in the

size of the stimulated, dorsal dendrites (3.5% 6 1.9%),

compared with all other time points (1 hour: P < 0.04, 2

hours: P < 0.05, 3 hours: P < 0.02). Across the imaging

period, the changes in TDBL also differed significantly

between the two sets of dendrites (2 hours: P < 0.04, 3

hours: P < 0.01, 4 hours: P < 0.02). These results dem-

onstrate that, with an imbalance of synaptic input, NL

dendrites respond by first decreasing the length of their

unstimulated dendrites and then increasing the length of

their stimulated dendrites.

To determine how branch dynamics changed over the

imaging period with dorsal-only stimulation, we quantified

the proportion of growing, retracting, and stable branches

(these numbers add up to 100%) at each of these time

points (Fig. 7B–D). For both sets of dendrites, �50% of

the dendritic branches remained stable over the imaging

period, and the remaining 50% grew or retracted in rela-

tively equal proportion. These findings show that the

TDBL lost with the relative lack of stimulation likely

resulted from decreases in the length of individual

branches (particularly branches longer than 20 lm; see

Fig. 6) rather than increases in the proportion of retract-

ing dendrites. These results are reflected in the images of

dorsal-only stimulation neurons in Figure 2D,E, in which

several individual branches of unstimulated ventral den-

drites lost substantial length between the two imaging

time points.

Figure 7. Progressive changes in NL neurons with differential stimulation of the dorsal dendrites. The mean percentage change 6 SE

between TDBL at 0 hours compared with TDBL at 1, 2, 3, and 4 hours of differential stimulation. A: Dorsally stimulated NL neurons exhib-

ited an early decrease in the size of the unstimulated ventral dendrites that was significantly different from the dorsal dendrites after just

2 hours of relative deprivation. TDBL continued to decrease at the 3-hour and 4-hour time points. Growth of the stimulated dorsal den-

drites was delayed relative to that of the retraction of the unstimulated ventral dendrites. At the 1–3-hour time points, TDBL changed little,

but by 4 hours there was a significant increase in the size of the stimulated dorsal dendrites compared with the unstimulated ventral den-

drites. B–D: Branch dynamics with dorsal-only stimulation. The bar graphs show the mean percentage of all dendritic branches that grew

(B), retracted (C), or remained stable (D) within 10% of their original length 6 SE, during the imaging period. For both sets of dendrites,

�50% of the branches remained stable throughout the imaging period, and the remaining �50% either grew or retracted in relatively equal

proportions. Differential stimulation does not significantly alter branch dynamics within the 4-hour time period.
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Unlike NL neurons that received selective stimulation

of their dorsal dendrites, bilaterally stimulated and

unstimulated control NL neurons did not display reliable

and continuous differential changes in TDBL over time

(Fig. 8A). There were no significant differences in TDBL

across the imaging time points for either set of dendrites,

with either condition. The dorsal and ventral sets of

dendrites changed together, exhibiting increases or

decreases in TDBL over the imaging period. Branch dy-

namics were also fairly similar for the two sets of den-

drites under these conditions and reflected the results

seen for dorsal-only stimulation of neurons. In both the

bilateral stimulation and the unstimulated, control condi-

tions, half of the dorsal and ventral dendritic branches

remained stable during the imaging period, whereas the

remaining half displayed balanced growth and retraction.

Interestingly, we did observe a progressive increase in the

proportion of stable branches with bilateral stimulation for

both dorsal and ventral dendrites over the imaging period.

When we compared branch dynamics at the initial and

final imaging time points for all cells, for all manipulations,

a slightly different picture of branch dynamics emerged

(Fig. 9). The least amount of dendritic stability was

detected for the control dendrites, which grew, retracted,

and remained stable in relatively equal proportions

(�30%). In contrast, the selectively stimulated dorsal den-

drites had a nearly significant increase in the proportion

of growing branches (39.6% 6 8.1%) relative to the unsti-

mulated ventral dendrites on the opposite side of the cell

(18.0%6 5.0%, P ¼ 0.08). The selectively stimulated ven-

tral dendrites exhibited a decrease in the proportion of

retracting branches relative to the unstimulated dorsal

dendrites and a surprising increase in the proportion of

stable dendrites (48.9% 6 5.3%) relative to growing

(26.7% 6 3.0%) and retracting (24.4% 6 5.3%) branches

(P < 0.006). With this condition, the unstimulated dorsal

dendrites on the opposite side of the cell displayed a

decrease in the proportion of growing branches (21.0% 6

Figure 8. A: Progressive changes in NL neurons with the bilateral stimulation or unstimulated control conditions. The mean percentage

change 6 SE between TDBL at the 0 hours compared with TDBL at the 1-, 2-, 3-, and 4-hour imaging time points. With bilateral stimula-

tion, there were no significant changes in TDBL over the imaging period. The small, initial increase in TDBL of the stimulated dorsal and

ventral dendrites at the 1-hour and 2-hour time points was not maintained at 3 hours and 4 hours. In contrast, the ventral dendrites of

unstimulated control neurons exhibited a decrease in length at the 2-hour and 3-hour time points, but this decrease was not maintained

at 4 hours, and the dorsal dendrites of unstimulated control neurons remained stable throughout the imaging time period. Dynamic

changes in individual branches with bilateral stimulation (B–D) and unstimulated control (E–G) conditions. The bar graphs indicate the

mean percentage 6 SE of dendritic branches that grew, retracted, or remained stable (within 10% of their original length) during the imag-

ing period. For both the dorsal (d) and the ventral (v) sets of dendrites, for both manipulations, �50% of the branches remained stable

throughout the imaging period, and the remaining �50% either grew or retracted in relatively equal proportion. However, for the dorsal

and ventral dendrites of bilaterally stimulated neurons, there appeared to be a trend toward an increase in the proportion of stable

branches over the imaging period. Neither manipulation altered the relative sizes of the two sets of dendrites (bilateral stimulation, n ¼ 2;

control, n ¼ 3).
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5.2%) relative to the proportion of stable branches (43.4%

6 8.6%, P < 0.03). These results suggest that differential

synaptic input increases individual branch stability, sup-

presses branch retraction, and enhances growth of stimu-

lated dendrites relative to unstimulated dendrites on the

opposite side of the cell.

In summary, our data show that NL dendrites rapidly

respond to relative changes in synaptic input by changing

their TDBL; the length of their individual branches; and

the proportion of growing, retracting, and stable

branches. Furthermore, TDBL appears to be first lost

from one dendritic arbor in response to a relative

decrease in synaptic input, then added to the other den-

dritic arbor in response to a relative increase in input.

DISCUSSION

The goal of this study was to understand how the rela-

tive activity of axonal inputs influences the short-term

stability and plasticity of dendritic structure in NL neu-

rons. The symmetry of the two sets of NL dendrites and

the segregation of their excitatory inputs allowed us to

test this relationship directly. For these experiments, we

imaged single, dye-filled NL neurons via two-photon laser

scanning microscopy while using electrophysiology to

manipulate the amount and pattern of synaptic input to

the two sets of dendrites. Input-dependent structural

changes in whole sets of dendrites have been suggested

by in vivo studies in other systems (for review see Red-

mond, 2008). For example, in response to behavioral or

afferent deprivation, the orientation of dendrites shifts

away from inactive afferents, toward active afferents

(Katz and Constantine-Paton, 1988; Kossel et al., 1995;

Tailby and Metha, 2004). However, these studies were

unable to demonstrate whether this change occurred as

a result of a physical displacement of existing dendrites

or whether existing dendrites were first eliminated and

then replaced by new dendrites. Input-dependent dendri-

tic remodeling has been convincingly demonstrated in

vitro for small subsets of dendritic spines (Engert and

Bonhoeffer, 1999; Maletic-Savatic et al., 1999). However,

the spatial and temporal dynamics of input-dependent

changes for whole sets of dendrites have not been inves-

tigated. By manipulating both the presence and the pat-

tern of input to the two sets of NL dendrites, we were

able to demonstrate that relative, but not absolute, input

determines dendritic length in NL on a very rapid

time scale.

Balanced input maintains the relative sizes
of the two sets of dendrites in NL

Simultaneously stimulating the two sets of NL den-

drites for 4–5 hours in vitro (bilateral stimulation) led only

to small, balanced changes in TDBL and the length of indi-

vidual branches. In fact, balanced, suprathreshold input

to the two sets of dendrites actually increased branch

stability over the imaging time points. Similarly, unstimu-

lated, control neurons, which received only subthreshold

spontaneous glutamatergic input over the imaging period,

also displayed only small changes in TDBL over the imag-

ing period and a relatively high level of branch stability.

Previous studies from our laboratory suggested that

spontaneous glutamate release is sufficient for maintain-

ing NL dendrites under control conditions in vitro (Soren-

sen and Rubel, 2006). Surprisingly, the higher level of

balanced, glutamatergic input induced by bilateral

stimulation also appears to maintain dendritic length in

NL (at least over this short time scale).

Although we hypothesized that the pattern of synaptic

input would be critical for regulating the relative sizes of

NL dendrites, we also thought that an overall increase in

Figure 9. Dynamic changes in individual branches with bilateral

stimulation, unilateral stimulation, and unstimulated control condi-

tions. The bar graph indicates the mean percentage 6 SE of den-

dritic branches that grew, retracted, or remained stable (within

10% of their original length) during the imaging period. For both

the dorsal and the ventral sets of control dendrites and bilaterally

stimulated dendrites, relatively equal proportions of dendrites

grew, retracted, and remained stable over the imaging period. For

the two differential stimulation conditions, dorsal stimulation and

ventral stimulation, �50% of the dendritic branches remained sta-

ble throughout the imaging period, and the remaining �50% ei-

ther grew or retracted in relatively equal proportions. However,

for the stimulated dorsal dendrites, there was a nearly significant

increase in the proportion growing branches compared with the

unstimulated ventral dendrites on the opposite side of the cell.

Similarly, with ventral-only stimulation, there was a decrease in

the proportion of retracting branches for the stimulated ventral

dendrites relative to the unstimulated dorsal dendrites on the op-

posite side of the cell. Both differential stimulation conditions

appeared to enhance stability of individual branches relative to

the control and bilateral stimulation conditions.

Rapid dendritic regulation in auditory neurons
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action-potential-mediated (APM) signaling beyond control

conditions might promote growth of both sets of stimu-

lated dendrites. Although in many sensory systems APM

signaling is not required for dendrite development (Rajan

and Cline, 1998; Rajan et al., 1999; Wong et al., 2000),

elevated glutamatergic input and/or KCl induced depola-

rization has been found to promote dendritic outgrowth

(Vaillant et al., 2002). Experimental limitations might

have prevented us from fully testing the effect of bal-

anced APM input on the regulation of NL dendrites in the

current studies. Specifically, these experiments were rel-

atively short, lasting for only 4–5 hours. A longer period

of stimulation may be required to promote stable dendri-

tic growth in this system. Additionally, the frequency of

stimulation we used to activate NL dendrites (10–25 Hz)

might have enhanced their maintenance rather than their

growth. In the hippocampus, very low (1 Hz) and high

(100 Hz) stimulation rates have dramatically different

effects on dendrite structure. High-frequency stimulation

induces growth of dendritic spines, whereas low-fre-

quency stimulation promotes spine loss (Nagerl et al.,

2004; Zhou et al., 2004) and stabilization of dendritic

shafts (Lin et al., 2005).

The pattern of synaptic input regulates
the relative sizes of the two sets of
NL dendrites

In contrast to the bilateral stimulation and control con-

ditions, in response to selective stimulation of the dorsal

dendrites we saw an increase (�3–4%) in the size of the

stimulated dorsal dendrites and a significant decrease

(�7.5%) in the size of the unstimulated ventral dendrites.

This result supports our previous findings on slightly older

NL neurons (Sorensen and Rubel, 2006). Moreover, when

we selectively stimulated ventral NL dendrites, we also

found a small increase in the size of stimulated dendrites

and a significant decrease (�4.5%) in the size of the unsti-

mulated dorsal dendrites on the opposite side of the cell.

These findings demonstrate that relative synaptic input

regulates both sets of dendrites, regardless of which set

is differentially activated.

For both unilateral manipulations (dorsal only and ven-

tral only stimulation), we also saw large changes (�75–

85%) in the percentage of longer dendritic branches that

exhibited losses in branch length in response to relative

deprivation. This finding is somewhat unusual. Activity-de-

pendent branch length changes are typically observed for

shorter, terminal branches (Sin et al., 2002). However, at

this developmental age, branch length in NL neurons is

being altered across the entire dendritic arbor (Smith,

1981; Smith and Rubel, 1979). This finding might suggest

that during development longer dendrites, such as

primary dendrites, are the regions of NL neurons that

integrate changes (particularly losses) in presynaptic

inputs by altering their morphology. On the other hand,

stimulated dendrites displayed either increases in the

proportion of growing branches (stimulated dorsal) or

decreases in the proportion of retracting branches (stimu-

lated ventral) in response to differential stimulation. How-

ever, these changes were small. Thus it is likely that mod-

erate changes in the length of individual dendritic

branches, along with more modest changes in the propor-

tion of growing and retracting branches, underlie the

changes in TDBL observed for the two sets of NL den-

drites with differential stimulation.

To understand the time course over which the two sets

of differentially stimulated dendrites respond to changes

in presynaptic input, we also analyzed TDBL and branch

dynamics once per hour throughout the 4 hours of dorsal-

only stimulation. We found that retraction of the unstimu-

lated dendrites preceded growth of the stimulated den-

drites by several hours. These results suggest that, in NL,

dendritic branch length can rapidly shift from inactive

dendrites to active dendrites. This is one of the first dem-

onstrations of localized, input-dependent changes in

whole sets of dendrites in which losses of membrane sur-

face from inactive dendrites appear to be replaced by

additions to active dendrites in the same neuron within a

very short period. It is unclear from our current work

whether membrane is actively transferred from one set of

dendrites to the other or whether the membrane losses

and additions result from distinct but coordinated proc-

esses. Activity-dependent endo- and exocytosis could

lead to changes in membrane surface area (Kennedy

et al., 2010; Newpher and Ehlers, 2009; Peebles et al.,

2010), but targeted, activity-dependent trafficking of

membrane remains to be investigated.

Inter- and intracellular mechanisms
regulating NL dendrites

So far, the intracellular signaling cascades underlying

dendritic regulation by afferent input have not been fully

elucidated. This process could be mediated by a limited

distribution of 1) ‘‘maintenance or growth’’ signals (Van

Aelst and Cline, 2004; Wong and Ghosh, 2002) and/or 2)

‘‘retraction’’ signals (Fu et al., 2007; Hata et al., 1999;

Mironov et al., 2009) found throughout the neuron.

Putative maintenance/growth signals that have been sug-

gested by experiments in other systems include neurotro-

phins, glutamate, and intracellular calcium (Lohmann and

Wong, 2005; McAllister et al., 1996, 1997; Redmond,

2008). In our system, maintenance of NL dendrites

requires glutamatergic input (Sorensen and Rubel, 2006).

Glutamate-induced, intracellular calcium signaling might

function as both a maintenance/growth and a retraction

Sorensen and Rubel
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signal capable of communicating relative changes in syn-

aptic strength between the two sets of NL dendrites. In

other systems, local calcium release from internal stores

is known to influence dendritic stability (Lohmann et al.,

2002). In this study, the unilateral stimulation protocol

that alters dendritic stability also induces rapid and differ-

ential changes in intracellular calcium signaling within

each set of NL dendrites [S.A.S, unpublished personal

observation, but see Blackmer et al. (2009) for the cal-

cium response to individual action potentials]. Locally

regulated calcium signaling has also been observed in

vivo in other developing sensory systems in response to

physiological stimuli (Bollman and Engert, 2009). Local

changes in calcium signaling can alter the activation of

kinases and transcriptional regulators (Wong and Ghosh,

2002) and influence gene expression (Flavell and Green-

berg, 2008; Redmond and Ghosh, 2005) as well as the

expression and localization of glutamate receptors

(Martin and Henley, 2004; Wang et al., 2009) and cytos-

keletal elements (Ciani and Salinas; Luo, 2002; Okamoto

et al., 2004; Zheng and Poo, 2007), all of which can shape

dendritic form. In NL, cytoskeletal changes are known to

accompany deafferentation- and deprivation-induced

losses in dendrite structure (Deitch and Rubel, 1989;

Wang and Rubel, 2008), and rapid changes in calcium

regulatory proteins have also been observed (Wang et al.,

2009). On this short time scale, the relative decrease in

activity in the unstimulated dendrites could lead to cal-

cium-regulated destabilization of the cytoskeleton, result-

ing in a local, rapid loss in dendritic length. The slower

time scale associated with growth of the stimulated den-

drites may result from the increased time required to

have additional proteins and membrane synthesized

and/or shipped to the correct location. Studies combin-

ing electrophysiology, pharmacology, and time-lapse

calcium imaging will help to identify the intracellular

signals involved in differentially regulating NL dendrite

structure.

Another important possibility to consider is whether

the dendritic remodeling observed in these studies

occurred in response to intercellular, rather than intracel-

lular, signals (Cline and Haas, 2008; Haas et al., 2006).

Specifically, our differential stimulation protocol might

have induced structural or functional changes in the pre-

synaptic inputs to NL. In other systems, depolarization-

enhanced growth of stimulated axons has been shown to

initiate the degradation of less active inputs to the same

neurons (Singh and Miller, 2005). In this scenario, unsti-

mulated NL dendrites may lose TDBL in response to

degeneration or complete inactivation of their unstimu-

lated presynaptic terminals, whereas stimulated termi-

nals and their postsynaptic dendrites either grow or are

maintained. Indeed, in this system, input-dependent

changes in calcium regulation within presynaptic termi-

nals have been suggested (Wang et al., 2009). Simultane-

ous imaging of pre- and postsynaptic structures will shed

light on whether presynaptic changes facilitate and/or

accompany changes in postsynaptic structure in NL.
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