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Stabilization of Dendritic Arbor Structure 
in Vivo by CaMKll 

Gang-Yi Wu and Hollis T. Cline* 

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

D u r i n g  brain development, neurons elab- 
orate complex dendritic arbors. This process 
is controlled by mechanisms that promote 
and limit n e ~ ~ r o n a l  growth (1) .  Because 
neuronal activitv and the  resultant calcium 
influx can decrease neurite extension (Z), 
activity may control dendricic 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 

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 (10).  
These findings suggest that CaMKII may 
coordinate the  development of synaptic 
physiology and neuronal morphology. 

CaMKII immunoreactivitv is distributed 

Cold Sprlng Harbor Laboratory 1 Bungtown Road, Cold in a rostrocaudal gradient in the 'ptic tee- 
Snr~na Harbor. NY 11 724. USA. turn (Fig. 1). A crescent-shaped prolifera- , - A * 

*To whom correspondence should be addressed. tive zone in  the  caudolnedial region of the  
cl~ne@cshl.org optic tectuln 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 (1 0, 1 1 ). Single neurons at different 
positions along the rostrocaudal axis of the 
tectum were labeled with DiI 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 Fm have 
little or no detectable CaMKII immunore- 
activity in their cell bodies. More mature 
neurons, with TDBL greater than -300 

immunore- Fm, are located in the CaMKII-' 
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 DiI. 
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, turns 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. Relativelv 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 ymlday in neu- 
rons with simple dendritic arbors to -50 
pmlday 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. I) ,  we plot- 
ted the increase in TDBL for "simple" neu- 
rons (with branch leneths of <300 um on " 
the first day of imaging and relatively low 
CaMKII immunoreactivitv) and for "com- 
plex" neurons (with br&ch lengths of 
>300 pm 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- 
tivitv has an im~act  on the rate of dendritic 
arbor development, we imaged single DiI- 

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 
( W )  expressing constitutively active 
CaMKII (CaMKII W )  or a control VV 
expressing P-galactosidase (P-Gal W )  
(1 5). Neurons from CaMKII W-infected 
animals (referred to as CaMKII neurons) 
were compared with uninfected controls 
and with neurons from animals infected 
with P-Gal VV (referred to as P-Gal neu- 
rons). P-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 

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 com~arable to that seen in more ma- ~ ~ 

ture normal neurons. CaMKII neurons 
from caudal tectum form sim~ler dendritic 
arbors than do uninfected or P-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 CaMKll overexpression. 

Growth rate (pm/day) TDBL (pm) 
Treatment 

Day 1 -Day 2 Day 2-Day 3 Day 3 

Control (n = 22) 172 2 22 
p-Gal (n = 33) 173 2 22 
CaMKll (n = 18) 180 2 43 

Flg. I. Developmental regulation of CaMKll 
expression in tectal neurons. (A to E) Exam- 
ples showing five Dil-labeled tectal neurons 
imaged in viw [(B), cells a and b; @), cells c, d, 
and e] and confocal images showing the posi- 
tions of the Dil-labeled somata (A, C, and E) 
end CaMKll immunoreadbky. Complex neu- 
rons (a, b, and c) express CaMKII; simple neu- 
rons (d and e) are not irnrnunoredi for 
CaMKII. (A) and (C) are horizontal sections 
through tectum, with mtral up; (E) is a sagittal 
section with rostral to the left. Scale bars, 20 
lun (4 C, and El, 40 pm (B and Dl. (F) CaMKll 
knmunoreactivity increases as TDBL increas- 
es (n = 53). 

.h y=-:. 
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rostra1 uninfected or P-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 (1 0). 

The arbor structure of CaMKII neurons 
appeared more stable over 24 hours than 

did arbors from control neurons (Fig. 2). 
To test whether CaMKII stabilizes the 

these structural rearrangements are re- 
duced bv half. Branches seen at the first 

dendritic arbor, we took observations of 
uninfected and CaMKII VV-infected neu- 

observaAon and those added during the 
6-hour observation ~er iod  in CaMKII neu- 

rons at 2-hour intervals over 6 hours (1 8). 
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, 

rons had longer lifetimes than in controls. 
Thus. increased CaMKII activitv 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 devekopment, 
we examined the effect of the antagonist 
KN93 on dendritic growth. KN93 caused 
a significant increase in TDBL in more 

CaMKll 
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Fig. 2. Effect of CaMKll 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 pm. (B) Drawings 
of short-interval observations from an control neuron (a) and two CaMKll 
neurons (b and c). Elapsed times since the first observation are next to each 
drawing. CaMKll 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 pm (C) Neurons from p-Gal- and CaMKll VV-infected 
animals imaged at daily intervals. Neurons are arranged in order of increasing 

TDBL from top to bottom. Scale bar, 50 prn. (D) Daily growth rate plotted 
for control neurons (uninfected and p-Gal, pooled) and CaMKll 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), p-Gal-infected (diamonds), and CaMKII-infect- 
ed (circles) animals. Simple CaMKll neurons, n = 25; uninfected, n = 14; 
p-Gal, n = 19. Complex CaMKll neurons, n = 7; uninfected, n = 8; p-Gal, 
n = 12 CP < 0.01, "P  < 0.001). CaMKll overexpression decreases the 
rapid rate ot growth normally seen in simple neurons to the slower rate of 
more mature neurons. CaMKll 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 pm (Fig. 4). This correlates roughly 
with the time of expression of CaMKII in 
tectal neurons. 

Thus. tectal cell develo~ment has three 
phases. stage 1 neurons ;ndergo 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- 
elaboration, but do not normally have suf- 
ficient CaMKII activity. Stage 3 neurons, 

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

Control 

CaMKll i 

- 
Time lh) 

D 
Control (n=13) 801 

Oh Additions Retractions 6h Skeleton Lifetime 

Fig. 3. CaMKll increases arbor stability. (A) Control and CaMKll 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 CaMKll 
neuron. Scale bar, 25 pm. (B) Graphic depiction of arbor dynamics in the control and CaMKll neurons 
shown in (A). Each bar represents a branch in the arbor. Bars are grouped along they 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 CaMKll 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 CaMKll neurons 
than in controls rP  < 0.05). The neurons imaged for this experiment had initial branch lengths of 
about 200 pm (21 3 2 18 pm for CaMKll neurons, n = 17; 205 2 31 pm for control neurons, n = 13) 
and were located in the central tectal region. p-Gal neurons (n = 5), imaged at 2-hour intervals, are 
comparable to controls in all parameters tested. 

mature with the addition of an a-amino- 
3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) component (1 0, 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 
CaMKIIdependent dendritic stabilization, 
have synaptic responses with high AMPA/ 
NMDA ratios and relatively few silent 
NMDA synapses (1 0). 

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 (1 0) 
that have no impact on the postsynaptic 
activity unless they are coactive with oth- 

day 1 day2 day 3 day 1 day 2 day 3 

Days of imaging 

p' 
.!= 150 
E e loo 
(5 

50 

0 
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Fig. 4. KN93 increases dendritic growth in corn-- 
plex neurons. (A) Dendritic branch length for each 
day of imaging for simple (left) and complex (right) 
neurons treated with 1 to 2 pM KN93. The first 
image was collected immediately before exposure 
to KN93. Animals were maintained in KN93 in 
rearing solution over the next 2 days ('P < 0.001). 
(B) KN93 significantly increases growth rates only 
for neurons with initial branch lengths greater than 
300 pn rP < 0.05, "P < 0.01). 
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er activity in  the  tectal  neuron. If these phoress [ I  , l  '-doctadecyl-3 3,3'3'-tertmeththyn- responded to those neurons maged only at d a y  

conditiolls are met, NMDA receptors will docarbocyanne perciilorate, or DC,,, Molecular ntewals (see Fig. 2). For analys~s of braiich dynamcs 
Probes; 0 02% n absolute ethanol] usng 1 to 10 nA n neurons Imaged at 2-hour n t e ~ ~ a l s ,  each branch 

be active and result in  calcium influx a t  posltlve current appl~ed In three to f~ve pulses of tip was assgned a number Drawngs of subsequent 
200-ms duraton. For use In combnaton w ~ t h  mmu-  t ha t  svnautic site (23) .  Elevated calcium images were super~mposed on that from the prev- 
nocytochem~stry, chloromethylated D l  (Molecular ous t m e  pont,  and the maintenance and retracton ~ o u l d ' t h ; n  activate CaMKII locally (24) .  
Probes) was used, Dye Injection, screening, and lm. of each branch tip was noted, as was the addton of 

reflecting the  spatial and telnporal Pat- aqlnq were doqe whle anmals were anesthetzed new branches 
terns of afferent coactivity. wyth' 0.02°/~ 3-am~nobenzolc a c ~ d  ethyl ester 19 Branch retract~ons may be preceded by synapse 

~ l ~ ~ ~ ~ ~ d  C ~ M K I I  activity would pro- (MS222, Sigma) in Stenberg's soluton. S n g e  or loss, as has been shown In the neuromuscuar junc- 
well-solated brightly labeled tecta cells were maged ton  [R. J. Balce-Gordon and J. W. L~chtman, Nature 

lnote the  lnaturation of the  synapse through with a Noran XL laser scannng confocal attachment 372, 519 (1994), H. Colman, J. Nabekura, J. W. 
the  addition of a functional A M P A  comno- mounted on an upr~qht Nkon Optphot, uslnq a 40x  L~chtman. Science 275. 356 (199711. Therefore. ~ n -  

nent to syllaptic responses (1 0, 2 j) and Nikodens (0 85 NA), Images were co~~ected at op- creasng CaMKll actvty may decrease retractons 
tlcal steps of 1 to 4 p m  ~n the z dimens~on, 8 to 16 by decreasng synapse loss, Ths IS consistent wlth would locally stabilize tectal cell dendrites frames were a,leraged for optical section , -  ,~ - . . . . . our electrophysiolog~cal exper~ments In whlch 

( L 6 ) .  Other  dendritic regions would not  be mals recovered froni anesthet~c between maqlnq CaMKll ncreased the AMPAINMDA rato at retno- 
affected bv the  local signal and could con- 
tinue to  elaborate. If sGapt ic  inputs weak- 
en  (27) and fail t o  activate CaMKII, the  
low CaMKII activity would be permissive 
for increased local branch additions and 
retractions. 

O n e  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  d e v e l o ~ i n g  neu- 

sessons and were kept In a 23°C Incubator w~thred 
~Ilum~nat~on. Anayss was performed as descrbed 
(22). Statistcal sgnifcance was determined using a 
two-taed t test. Only neurons with rostraly project- 
n g  axons were Included In t hs  study. 
Animals were fixed n 40h paraformaldehyde n 0.1 
M phosphate buffer. CaMKI mmunostanng was 
performed on 30- to 50-pm cryostat sectlons as 
follows: 1 hour prencubaton In blocklng soluton 
containng 5'10 goat serum and 0.1 0,; Triton X-100 
n phosphate-buffered saline (PBS), 2 hours Incu- 
baton n CaMKl  antbody (Boehrnger-Mannhem), 
diluted 1.100 In blockng souton:  three tmes  15- 
m n  rnse ~n blockng solut~on; 1 hour ncubaton In 
Cy5-tagged goat antibody to mouse immunoglob- 
u ln  G (Jackson) d u t e d  1 :400 n blockng solution; 
rnse n PBS. The CaMKI antbody labels a s n q e  

tecta synapses (70) The cellular control of branch 
add~t~on is not clear. CaMKl phosphorylates cy- 
toskeletal protens [H. Schuman, Curr. Opin. Cell. 
Biol. 5, 247 (1993); J M. L~tersky etal., Biochem. J. 
316, 655 (1996)], whch may mod& process exten- 
sion or the n l ta ton of new branches. It IS also pos- 
sble that the effect of CaMKl on decreasng branch 
in ta tons c o ~ ~ l d  be secondary to its effect of synaptc 
efficacy. as we suggested for branch retractons. 

20. Because a s~ngle man~pulat~on (express~on of 
CaMKIl) evoked three types of responses of tectal 
neurons at dfferent stages of development, a poten- 
t la reason for the dlversty of responses to elevated 
Ca2' or changes n CaMKll act~v~ty reported n the 
literature may be :he spatial and temporal specf~ciry 
of both the source and magntude of CaZi Influx, as 
well as the developmental requaton of Ca2+-sensi- - 

rons to play this ;ole, and that  increasing band of a p p r o x m a t e ~  52 kD on a proten mmuio- 
blot, consstent with it recognzng the Xenopus 

and decreasing CaMK1l in homolog of the rat aCaMK11, against whch  the 2 
ing tectal neurons has a n  impact o n  mor- antibody was generated, Images of the sections 
phology alld synaptic responses (1 0) of tee- were collected on the Noran Oz confocal e c l ~ p p e d  
L - ~  .- - wlth a krypton-arqon laser to assess whether the 
Ldl LlCUlUl lb .  
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