modally equipotential in the common an-
cestor) further evolved independently to
subserve the species-specific repertoires that
characterize human and chimpanzee com-
munication and cognition.
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Stabilization of Dendritic Arbor Structure
in Vivo by CaMKIl

Gang-Yi Wu and Hollis T. Cline”

Calcium-calmodulin—-dependent protein kinase Il (CaMKIl) promotes the maturation of
retinotectal glutamatergic synapses in Xenopus. Whether CaMKII activity also controls
morphological maturation of optic tectal neurons was tested using in vivo time-lapse
imaging of single neurons over periods of up to 5 days. Dendritic arbor elaboration slows
with maturation, in correlation with the onset of CaMKII expression. Elevating CaMKII
activity in young neurons by viral expression of constitutively active CaMKIl slowed
dendritic growth to a rate comparable to that of mature neurons. CaMKIl overexpression
stabilized dendritic structure in more mature neurons, whereas CaMKIl inhibition in-
creased their dendritic growth. Thus, endogenous CaMKIl activity limits dendritic growth
and stabilizes dendrites, and it may act as an activity-dependent mediator of neuronal

maturation.

During brain development, neurons elab-
orate complex dendritic arbors. This process
is controlled by mechanisms that promote
and limit neuronal growth (I). Because
neuronal activity and the resultant calcium
influx can decrease neurite extension (2),
activity may control dendritic growth by a
calcium-mediated mechanism.
Calcium-sensitive enzymes such as
CaMKII can influence both neuronal
growth (3) and synaptic efficacy (4); how-
ever, it is not clear whether these effects are
coordinated. Because CaMKII is concen-
trated in postsynaptic densities (5), with a
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wide range of substrates including transmit-
ter receptors, channel proteins, and cy-
toskeletal proteins (6), it could transduce
input activity into coordinated changes in
both neuronal growth and synaptic
strength. CaMKII expression and subcellu-
lar localization are developmentally regulat-
ed (7, 8). Postsynaptic elevation of CaMKII
activity influences development of presyn-
aptic retinotectal axons (9) and maturation
of retinotectal synaptic responses (I0).
These findings suggest that CaMKII may
coordinate the development of synaptic
physiology and neuronal morphology.
CaMKII immunoreactivity is distributed
in a rostrocaudal gradient in the optic tec-
tum (Fig. 1). A crescent-shaped prolifera-
tive zone in the caudomedial region of the
optic tectum of Xenopus laevis tadpoles con-
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tinuously produces new cells, so that rostral
and lateral tectal neurons are chronologi-
cally older and morphologically more com-
plex than neurons in the caudal and medial
tectum (10, 11). Single neurons at different
positions along the rostrocaudal axis of the
tectum were labeled with Dil and imaged in
vivo (12). The tadpoles were then pro-
cessed for CaMKII immunostaining (13).
Simple neurons with total dendritic branch
lengths (TDBL) less than ~300 pm have
little or no detectable CaMKII immunore-
activity in their cell bodies. More mature
neurons, with TDBL greater than ~300
pm, are located in the CaMKII-immunore-
active region of the tectum.

To examine the morphological develop-
ment of tectal neurons in vivo, we labeled
single cells at various positions along the
rostrocaudal axis of the tectum with Dil.
Confocal images through the complete
structure of the individual neurons were
collected over 3 to 5 days (Fig. 2). Neurons
whose cell bodies are located in the caudal
tectum have simple morphologies. While
still close to the ventricular layer, cells ex-
tend a large growth cone that grows rapidly
toward the lateral tectum, tums rostrally,
and extends out of the tectum. Meanwhile,
the few dendritic branches that are present
are constantly rearranging, but there is no
net increase in branch tip number or
length. Over the next 2 days, the dendrites
become more elaborate. Relatively few
branches persist over 24 hours. Somata are
displaced rostrally and laterally by cells
more recently generated in the caudomedial
proliferative zone. These more mature neu-
rons continue to elaborate their dendrites,
but at a slower rate (14). Growth rates
gradually slow from ~175 wm/day in neu-
rons with simple dendritic arbors to ~50
pm/day as neurons mature and develop a
complex dendritic arbor. The decrease in
growth rates correlates with the time when
neurons express detectable amounts of so-
matic CaMKII. On the basis of the corre-
spondence between CaMKII expression and
morphological complexity (Fig. 1), we plot-
ted the increase in TDBL for “simple” neu-
rons (with branch lengths of <300 pm on
the first day of imaging and relatively low
CaMKII immunoreactivity) and for “com-
plex” neurons (with branch lengths of
>300 wm on the first day of imaging and
relatively high CaMKII immunoreactivity).
Simple neurons are in a phase of rapid
growth. More mature neurons with complex
dendritic arbors increase TDBL more slow-
ly. Thus, more complex neurons may have a
mechanism to limit the rate of dendritic
growth.

To test whether increased CaMKII ac-
tivity has an impact on the rate of dendritic
arbor development, we imaged single Dil-
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labeled neurons at various positions along
the rostrocaudal axis of the tectum in vivo
over 3 days, starting immediately before
infection with a recombinant vaccinia virus
(VV) expressing constitutively active
CaMKII (CaMKII VV) or a control VV
expressing [B-galactosidase (B-Gal VV)
(15). Neurons from CaMKIl VV-infected
animals (referred to as CaMKII neurons)
were compared with uninfected controls
and with neurons from animals infected
with B-Gal VV (referred to as B-Gal neu-
rons). B-Gal neurons were comparable to
uninfected neurons in all parameters as-
sayed. Neurons from all three groups grew at
a comparable rate over the first day of im-
aging, but CaMKII neurons grew signifi-
cantly slower over the next day and ob-
tained a significantly smaller dendritic ar-
bor (Table 1). This decreased growth rate in
CaMKII neurons correlates with the time
when virally expressed proteins can be de-
tected (16) and indicates that increased

£ REPORTS

CaMKII activity can slow dendritic growth
rate. However, this protocol does not per-
mit us to test the effect of elevated CaMKII
activity on young neurons because of the
delayed synthesis of virally expressed pro-
teins. We therefore infected animals with
VV and collected the first image of each
series 2 days after virus injection.

CaMKII VV has no apparent effect on
the rate of axon outgrowth, axon growth
cone dynamics, or the initial formation
of dendritic branches (Fig. 2B). Increasing
CaMKII activity in simple neurons, before
expression of detectable amounts of en-
dogenous somatic CaMKII begins, slows
the rate of dendritic arbor elaboration to a
rate comparable to that seen in more ma-
ture normal neurons. CaMKII neurons
from caudal tectum form simpler dendritic
arbors than do uninfected or B-Gal neu-
rons from caudal tectum, as also indicated
by Sholl analysis (17). CaMKII neurons
from rostral tectum are not as elaborate as

Table 1. Dendritic growth rate is decreased after CaMKIl overexpression.

Growth rate (um/day) TDBL (um)
Treatment _—
Day 1-Day 2 Day 2-Day 3 Day 3
Control (n = 22) 172 £ 22 133 = 31 532 * 31
B-Gal (7 = 33) 173 £ 22 125 + 28 553 + 52
CaMKIl (n = 18) 180 * 43 48 = 11* 404 = 31*
*P < 0.01.
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Fig. 1. Developmental regulation of CaMKII
expression in tectal neurons. (A to E) Exam-
ples showing five Dil-labeled tectal neurons
imaged in vivo [(B), cells aand b; (D), cells ¢, d,
and e] and confocal images showing the posi-
tions of the Dil-labeled somata (A, C, and E)
and CaMKIl immunoreactivity. Complex neu-
rons (a, b, and c) express CaMKII; simple neu-
rons (d and e) are not immunoreactive for
CaMKIl. (A) and (C) are horizontal sections
through tectum, with rostral up; (E) is a sagittal
section with rostral to the left. Scale bars, 20
pm (A, C, and E), 40 um (B and D). (F) CaMKII
immunoreactivity increases as TDBL increas-
es (n = 53).
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rostral uninfected or B-Gal neurons at the
first observation, 2 days after infection
(see above). CaMKII neurons do add
new branches and extend preexisting
branches during the observation period.
Increasing CaMKII activity in more ma-
ture neurons, which already express en-
dogenous CaMKII, does not further de-
crease the rate of arbor elaboration below
their already modest growth rate. Electro-
physiological recordings indicate that
these neurons have strong retinotectal
synaptic transmission (10).

The arbor structure of CaMKII neurons
appeared more stable over 24 hours than
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Fig. 2. Effect of CaMKIl expression on development of the dendritic arbor. (A)
Time-lapse in vivo images of a control Dil-labeled tectal neuron collected at
the times indicated. The photomontage shows 3D reconstructions of the
confocal optical sections. The arrowheads mark the efferent axons. The
dendritic arbor was of intermediate complexity on the first day of imaging and
became more elaborate over the next 5 days. Scale bar, 20 um. (B) Drawings
of short-interval observations from an control neuron (a) and two CaMKIl
neurons (b and ¢). Elapsed times since the first observation are next to each
drawing. CaMKII VV does not change growth cone mobility or initial forma-
tion of dendritic branches. Increase in branch length is plotted below each
neuron. Scale bar, 25 um. (C) Neurons from B-Gal- and CaMKII V V-infected
animals imaged at daily intervals. Neurons are arranged in order of increasing
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did arbors from control neurons (Fig. 2).
To test whether CaMKII stabilizes the
dendritic arbor, we took observations of
uninfected and CaMKII VV-infected neu-
rons at 2-hour intervals over 6 hours (18).
Although there is little net change in
TDBL or branch tip numbers in control
neurons, branches are continually added
and retracted from the dendritic arbor
(Fig. 3). The majority of branches are
observed only once and therefore have an
average lifetime of less than 2 hours.
Roughly twice as many dendritic branches
as are initially present are added and re-
tracted over 6 hours. In CaMKII neurons,

these structural rearrangements are re-
duced by half. Branches seen at the first
observation and those added during the
6-hour observation period in CaMKII neu-
rons had longer lifetimes than in controls.
Thus, increased CaMKII activity stabilizes
the dendritic arbor by decreasing rates of
branch additions and retractions (19).
This likely accounts for the simpler arbor
morphology seen in CaMKII neurons.

To test the role of endogenous CaMKII
activity in dendritic arbor development,
we examined the effect of the antagonist
KN93 on dendritic growth. KN93 caused

a significant increase in TDBL in more
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for control neurons (uninfected and B-Gal, pooled) and CaMKIl neurons
binned according to initial dendritic branch length. (E) Dendritic branch
length for each day of imaging for simple (left) and complex (right) neurons
from uninfected (squares), B-Gal-infected (diamonds), and CaMKIl-infect-
ed (circles) animals. Simple CaMKII neurons, n = 25; uninfected, n = 14;
B-Gal, n = 19. Complex CaMKIl neurons, n = 7; uninfected, n = 8; B-Gal,
n =12 (*P < 0.01, **P < 0.001). CaMKIl overexpression decreases the
rapid rate ot growth normally seen in simple neurons to the slower rate of
more mature neurons. CaMKIl overexpression in complex neurons does
not further decrease their growth rate; however, dendritic structure is more
stable.
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complex neurons relative to controls, but
no change in simple neurons was seen
(Fig. 4). KN93 significantly increased the
daily growth rate of neurons with an ini-
tial dendritic branch length greater than
300 wm (Fig. 4). This correlates roughly
with the time of expression of CaMKII in
tectal neurons.

Thus, tectal cell development has three
phases. Stage 1 neurons undergo axono-
genesis and extend few dendritic branches.
They are not immunoreactive for CaMKII
and may not respond to virally expressed
CaMKII because they lack downstream
signaling elements. Stage 2 neurons are
morphologically simple and in a rapid
growth phase. They have the cellular ma-
chinery necessary to carry out the

CaMKII-dependent regulation of arbor

which express larger amounts of endoge-
nous CaMKII, are morphologically more
complex; relative to younger neurons,
they have slower rates of dendritic arbor
growth and their dendritic structure is
more stable. Additional elevation of
CaMKII in these neurons does not further
slow dendritic growth. CaMKII expression
increases the stability of dendritic branch-
es in stage 2 and stage 3 neurons. Low
CaMKII concentrations are permissive for
rapid rates of dendritic arbor growth, as
seen in younger neurons and in mature
neurons exposed to KN93. Expression of
endogenous CaMKII permits neurons to
control the rate of dendritic arbor growth,
possibly in response to afferent activity
(20).

Glutamatergic synapses in vertebrates

elaboration, but do not normally have suf-
ficient CaMKII activity. Stage 3 neurons,

initially use the N-methyl-D-aspartate
(NMDA) type of glutamate receptors and

Dendritic branches
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Fig. 3. CaMKIl increases arbor stability. (A) Control and CaMKIl VV-infected neurons imaged at
2-hour intervals over 6 hours. Branches marked by asterisks are those seen at the first observation
that persist to the last observation. Stable branches are seen more often in the representative CaMKI|
neuron. Scale bar, 25 um. (B) Graphic depiction of arbor dynamics in the control and CaMKIl neurons
shown in (A). Each bar represents a branch in the arbor. Bars are grouped along the y axis according
to the time point when the corresponding branch was first seen, with those initiated early in the
experiment at the lower left of the graph, and those initiated late at the upper right. The position of the
bar along the x axis indicates the time point(s) during which the branch was observed. The length of
each bar represents the lifetime of the branch. (C) Branch additions and retractions observed at
2-hour intervals over 6 hours (**P < 0.001, *P < 0.05). (D) The skeleton (the fraction of branches
present in the first observation that persist through the 6-hour observation period) is significantly
greater in CaMKIl neurons than in control neurons (**P < 0.01) . (E) Branch lifetime, an indicator of the
stability of both new and initial branches in the arbor, is also significantly greater in CaMKil neurons
than in controls (*P < 0.05). The neurons imaged for this experiment had initial branch lengths of
about 200 wm (213 * 18 um for CaMKIl neurons, n = 17; 205 = 31um for control neurons, n = 13)
and were located in the central tectal region. g-Gal neurons {n = 5), imaged at 2-hour intervals, are
comparable to controls in all parameters tested.
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mature with the addition of an a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) component (10, 21). Stable
dendritic structure in tectal neurons corre-
lates with mature synapses. Rapid growth
rate and dynamic physical structure corre-
late with a preponderance of silent NMDA
synapses. Stage 1 neurons from caudal tec-
tum either have principally NMDA recep-
tor-mediated retinotectal synaptic trans-
mission (10) or have not yet received reti-
nal inputs. Stage 2 neurons, which are
rapidly growing, have retinotectal synaptic
responses with relatively low AMPA/
NMDA ratios, and about half of the synap-
tic responses are mediated solely by NMDA
receptors. Stage 3 neurons, which exhibit
CaMKII-dependent dendritic stabilization,
have synaptic responses with high AMPA/
NMDA ratios and. relatively few silent
NMDA synapses (10).

Thus, CaMKII plays a pivotal role in an
activity-dependent mechanism that coor-
dinates the development of neuronal
structure and function. New retinal axonal
branches (22) may form transient pure
NMDA synapses with tectal neurons (10)
that have no impact on the postsynaptic
activity unless they are coactive with oth-
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er activity in the tectal neuron. If these
conditions are met, NMDA receptors will
be active and result in calcium influx at
that synaptic site (23). Elevated calcium
would then activate CaMKII locally (24),
reflecting the spatial and temporal pat-
terns of afferent coactivity.

Elevated CaMKII activity would pro-
mote the maturation of the synapse through
the addition of a functional AMPA compo-
nent to synaptic responses (10, 25) and
would locally stabilize tectal cell dendrites
(26). Other dendritic regions would not be
affected by the local signal and could con-
tinue to elaborate. If synaptic inputs weak-
en (27) and fail to activate CaMKII, the
low CaMKII activity would be permissive
for increased local branch additions and
retractions.

One potential function of afferent activ-
ity may be to consolidate the structure and
function of developing neurons and their
circuit properties, possibly through a calci-
um-sensitive mechanism. Here, we have
shown that CaMKII is expressed at the
correct time and place in developing neu-
rons to play this role, and that increasing
and decreasing CaMKII activity in develop-
ing tectal neurons has an impact on mor-
phology and synaptic responses (10) of tec-
tal neurons.
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