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The formation of CNS circuits is characterized by the coordinated development of neuronal
structure and synaptic function. The activity-regulated candidate plasticity gene 15 (cpg15) encodes
a glycosylphosphatidylinositol (GPI)-linked protein whose in vivo expression increases the dendritic
arbor growth rate of Xenopus optic tectal cells. We now demonstrate that tectal cell expression of
CPG15 significantly increases the elaboration of presynaptic retinal axons by decreasing rates of
branch retractions. Whole-cell recordings from optic tectal neurons indicate that CPG15 expression
promotes retinotectal synapse maturation by recruiting functional AMPA receptors to synapses.
Expression of truncated CPG15, lacking its GPI anchor, does not promote axon arbor growth and
blocks synaptic maturation. These results suggest that CPG15 coordinately increases the growth of
pre- and postsynaptic structures and the number and strength of their synaptic contacts.

Axonal and dendritic arbor structure and the distribution of
synapses determine the connectivity between neurons, their integrative properties and their function within a neural circuit1–4. The
elaboration of presynaptic axonal arbors and postsynaptic dendritic arbors and synaptogenesis occur simultaneously during brain
development. Presynaptic axons and postsynaptic dendrites of target neurons attain reproducible arbor sizes and establish synapses
with characteristic distributions and strengths3,4. The highly reproducible organization of the circuit suggests the existence of intercellular signaling mechanisms that coordinate these mechanisms.
We have examined the structural and functional development
of the retinotectal projection in Xenopus to assess whether these
features develop independently of one another in vivo. Developing glutamatergic synapses in the retinotectal projection of Xenopus5, as in other systems6–9, go through a maturation process in
which newly formed synapses, mediated solely by the NMDA type
of glutamate receptor, add AMPA receptors as they mature.
Synapses with some AMPA receptors can mature further by the
addition of more AMPA receptors. This maturation process occurs
synapse by synapse, producing neurons with heterogeneous synaptic inputs with respect to the fraction of pure NMDA synapses and
AMPA/NMDA ratios5,7,8. Consistent with these electrophysiological studies, quantitative immuno-electron microscopy has demonstrated the existence of synapses with only NMDA receptors in the
brains of young rats and shown that the number of AMPA receptors increases at individual synapses as they mature10,11.
In vivo imaging studies show that optic tectal cell dendritic
arbors undergo a period of rapid growth, followed by a slower
growth phase12,13. Furthermore, dendritic arbors show rapid rates
of branch additions and retractions during the period of rapid
growth, and rates of dynamic branch rearrangements slow significantly during the slower growth phase, suggesting a correlation between branch dynamics and net arbor growth 13. By
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comparing the morphology and arbor dynamics of the tectal cells
with their synaptic maturation, we find that dendritic arbors of
neurons with low AMPA/NMDA ratios are more dynamic than
arbors of neurons with high AMPA/NMDA ratios13,14. These data
suggest that synapses with stronger synaptic transmission actively stabilize the branches bearing those synapses.
Experimental manipulation of CaMKII activity in optic tectal
neurons provided further evidence for coordination of the development of synaptic strength and the growth rates of presynaptic
axonal arbors and postsynaptic dendritic arbors. Increased postsynaptic CaMKII activity enhances the maturation of retinotectal
synapses5 and concomitantly slows the growth rates of both presynaptic axon and postsynaptic dendritic arbors12,15. Blocking endogenous tectal cell CaMKII enhances the dynamics and growth rates
of both axons and dendrites12,16. The remarkable lock-step coordination of synaptic strength and neuronal arbor development could
be most easily explained by the existence of activity-dependent
intercellular signaling molecules that can coordinate presynaptic
axon arbor development with postsynaptic dendritic arbors and
the synaptic connections between them. Candidate molecules performing such a function have been identified from differential
screens for genes induced by activity (reviewed in ref. 17).
The cpg15 gene (also called neuritin18) was discovered in a differential screen for genes upregulated by activity in adult hippocampus19. Peak expression of cpg15 occurs during periods of
neuronal arbor growth and synaptogenesis20. CPG15 is a small,
highly conserved18,21 protein whose sequence predicts a secreted
molecule that is attached to the extracellular membrane through a
glycosylphosphatidylinositol (GPI) anchor18. Many GPI-linked proteins are involved in development of nervous system structure, likely because of their function in intercellular signaling pathways22,23.
CPG15 induces dramatic growth of dendritic arbors in a noncell autonomous manner in vivo, consistent with the predicted cellnature neuroscience • volume 3 no 10 • october 2000
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Fig. 1. CPG15 expression in tectal neurons increases growth of presynaptic retinotectal axons. (a) Protocol for virus injection and axon imaging. (b) Drawings of representative retinal axon arbors collected before
(day 0) and two days after (day 2) infection of optic tectal neurons with
virus expressing β-gal, CPG15 or tCPG15. The five examples for each
virus are arranged in rows by their similar morphology at day 0. Note
the stronger growth-promoting effect of CPG15 on axons of larger
complexity. Scale bar, 40 µm.

surface location and a potential role in intercellular signaling24. The
activity-dependent regulation of cpg15 transcript19–21 and protein24,
together with the cpg15’s ability to enhance dendritic arbor development, suggest that it may function as an activity-dependent effector molecule that concomitantly regulates multiple aspects of circuit
development. To test this hypothesis, we examined the effect of
CPG15 expression on retinal ganglion cell axon arbor elaboration
and retinotectal synaptic transmission. Our results demonstrate
that postsynaptic expression of CPG15 enhances the elaboration
of presynaptic retinal axon arbors and promotes the maturation of
retinotectal synapses. Together with our previous studies showing
that CPG15 enhances dendritic arbor elaboration24, these results
support a model in which initial activity within a nascent circuit
can induce activity-regulated genes, whose protein products in turn
promote the coordinated development of the circuit.

RESULTS
CPG15 increases axonal growth rate
To test the potential role of CPG15 in regulating presynaptic axonal arbor structure, we imaged single DiI-labeled retinal ganglion
cell (RGC) axons within the optic tectum of Xenopus laevis tadpoles. We infected their postsynaptic partners, the optic tectal
cells, with vaccinia virus (VV) expressing the reporter β-galactosidase (β-gal-VV) or with virus expressing β-gal along with
CPG15 (CPG15-VV). Retinal axon arbors from animals infected
with β-gal-VV were identical to axons from uninfected control
animals with respect to axonal growth rates and branch dynamics15, and were used as controls. We imaged the axons immediately before infection and two days later (Fig. 1a), when virally
expressed protein is detectable in tectal cells24.
The initial images of retinotectal axons, collected before infection (day 0) showed a range of arbor complexities, from simple
unbranched axons, terminating in a single growth cone, to highly branched arbors (Fig. 1b), as previously described15,25–27. A
comparable range of arbor morphologies was seen at the initial
time point in all experimental groups (Table 1).
Expression of CPG15 in optic tectal neurons significantly
increased the growth rate of retinal axons over a two-day period

a
b

compared to axons from animals infected with β-gal-VV (Fig. 1b).
The average growth rate of retinal axons from animals infected with
β-gal-VV (called β-gal axons) was 172 ± 30.9 µm per 2 days (mean
± s.e.m., n = 34). The average growth rate of retinal axons from
animals infected with CPG15-VV (called CPG15 axons) was significantly greater, at 255.6 ± 39.9 µm per 2 days (n = 30, p < 0.05).
Studies have suggested that growth rates of retinal axons slow
down as they become more complex5,27. Consistent with this, we
found that complex control axons are structurally more stable
than simple axons, which showed relatively large structural
changes over two days. Furthermore, the effect of CPG15 on presynaptic RGC axonal arbor growth appeared more pronounced
in complex axons (Fig. 2). We then quantitatively assessed
whether simple and complex control axons have different growth
rates over a two-day period, and whether CPG15 affects the two
populations differently.
Scatterplots of growth rate versus initial axon arbor branch
length showed that growth rates are greater for simple axons than
more complex axons (Fig. 2). The growth rates of many simple
axons fall above the mean growth rate of the entire population
(horizontal bar at about 180 µm in Fig. 2a), whereas the growth
rates of few complex axons are above the mean. Simple β-gal
axons, with initial total axon branch lengths (TABL) less than

Table 1. Morphometric parameters of retinal axons.
TABL (µm)
Treatment

Branch number
day 0
13.68 ± 1.86
30.00 ± 1.61

day 2
25.50 ± 3.18
34.50 ± 4.35

pa
–
–

day 2 – day 0
11.82 ± 2.95
4.50 ± 4.30

pb
–
–

478.60 ± 70.29 0.29
647.19 ± 57.20 0.22

14.13 ± 2.45
33.47 ± 2.61

27.80 ± 4.78
40.33 ± 3.82

0.44
0.15

13.67 ± 3.44
6.87 ± 4.58

0.33
0.35

446.29 ± 37.12 0.25
576.57 ± 38.55 0.15

12.50 ± 1.41
27.08 ± 2.69

26.84 ± 2.75
35.33 ± 3.55

0.30
0.18

14.34 ± 2.10
8.25 ± 3.05

0.23
0.24

β-gal

Complexity
Simple
Complex

n
22
12

day 0
178.24 ± 14.18
452.86 ± 29.02

day 2
385.82 ± 46.25
559.52 ± 46.59

CPG15

Simple
Complex

15
15

190.49 ± 17.20
424.03 ± 22.54

tCPG15

Simple
Complex

32
12

166.00 ± 10.83
408.00 ± 30.71

pa
–
–

a Day 0 average compared with that of β-gal of same complexity, independent two-population t-test.
b Branch addition average compared with that of β-gal of same complexity, independent two-population
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Fig. 2. Growth rates of complex axons are
selectively affected by CPG15. (a) Scatterplots
of axonal growth rate over two days versus
total axon arbor branch length at day 0.
Growth rates of simple axons, with initial
branch length < 300 µm, are higher than complex axons, with initial branch length > 300
µm. A vertical line at 300 µm along the x axis
separates these two groups to ease comparison. A horizontal line at 180 µm on the y axis
marks the average growth rate of the entire
population of the β-gal axons. CPG15 significantly increases the growth rate of complex
axons. Note the higher proportion of complex CPG15 axons with growth rates above
the horizontal line marking the average β-gal
axon growth rate. The tCPG15 axons display
a similar distribution to that of β-gal axons.
Average growth rates for simple (b) and complex (c) axons from the three treatments. The
numbers of axons analyzed are shown at the
bottom of each bar.

a
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300 µm grow faster (207.6 ± 39.2 µm per 2 days) than more complex β-gal axons with initial TABL greater than 300 µm (106.7 ±
35.0 µm per 2 days). The growth rate of simple CPG15 axons was
not significantly different from that of simple β-gal axons (288.1
± 64.7 µm per 2 days). The growth rate of complex CPG15 axons,
however, was significantly greater than that of complex β-gal
axons (223.2 ± 47.6 µm per 2 days, Fig. 2, p < 0.05), and was
comparable to the rapid growth rate of simple β-gal axons. We
did not detect an effect of CPG15 expression on branch number
over the two-day period (Table 1).
To test whether CPG15 must be bound to the cell surface to
be biologically active, we expressed a truncated form of CPG15,
lacking the GPI consensus sequence (tCPG15-VV). This construct
produces a secreted soluble form of CPG15 (ref. 18). Retinal axon
growth rates in animals expressing tCPG15 were not significantly different from those of β-gal axons (simple tCPG15 axons, 279.9
± 34.1 µm per 2 days; complex tCPG15 axons, 168.1 ± 42.8 µm
per 2 days; Figs. 1b and 2). No difference was observed in branch
number over two days compared to control axons (Table 1).
In summary, postsynaptic expression of CPG15 increased the
growth rate of presynaptic retinal axons, in a GPI-linkage-dependent manner.
CPG15 enhances axon arbor dynamics
Retinal axon arbor elaboration occurs through the maintenance
of a small fraction of newly added branches28. Increased arbor elaboration could result from a relative increase in rates of branch additions or a relative decrease in rates of branch retractions. To test
whether CPG15 affects rates of branch additions or retractions,
we collected images of single axons every two hours over eight
hours starting two days after virus injection (Fig. 3a). This allowed
us to follow the fate of every imaged branch in the arbor and determine rates of branch additions and retractions over the eight-hour
period. Analysis was performed by dividing RGC axons into simple and complex groups, according to their TABL before infection.
Over eight hours, simple β-gal axons displayed a net arbor
growth, whereas complex β-gal axons displayed a net decrease in
axon arbor branch length due to selective pruning of fine branch
tips (Fig. 3b). The branch dynamics of simple β-gal axons were
1006

also significantly different from those of complex β-gal axons. Over
the 8-hour period, simple axons displayed a net gain in branch
number of 11 ± 7%, whereas complex axons lost 7 ± 4% of their
branches (p < 0.05, Fig. 4a). Consistent with this result, simple
axons retracted fewer branches than complex axons (simple, 55 ±
3% per 8 h; complex, 63 ± 2% per 8 h, p < 0.05; Fig. 4b).
Postsynaptic expression of CPG15 increased the growth rate of
complex axons to match that of the faster growing simple axons,
as also seen over two days (Fig. 2). The relative change in branch
number and the rate of branch retractions over eight hours in
simple and complex CPG15 axons were comparable, in contrast
to control β-gal axons, in which simple axons were more dynamic than complex axons. The enhanced growth rate of complex

a
b

Fig. 3. CPG15 alters axon branch dynamics. (a) Protocol for virus
injection and axon imaging. (b) Drawings of representative retinal
axon arbors imaged every 2 h over 8 h from animals infected with
either β-gal- or CPG15-VV. Simple β-gal and CPG15 axons display
similar dynamics. Complex β-gal axons eliminate small branches over
the observation interval (compare 0 h and 8 h), whereas complex
CPG15 axons maintain them. Scale bar, 40 µm.
nature neuroscience • volume 3 no 10 • october 2000
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Fig. 4. CPG15 decreases rates of branch retractions in complex
axons. Relative change in branch tip numbers (a) and branch retractions (b) in simple and complex axons from animals infected with βgal- or CPG15-VV. Simple β-gal axons retract fewer branches than
complex β-gal axons, resulting in a significant increase in branch numbers over 8 h. Complex CPG15 axons retract significantly fewer
branches than complex β-gal axons. The numbers of axons analyzed
are shown at the bottom of each bar.

CPG15 axons was due to a significant decrease in the rate of
branch retractions (CPG15, 54 ± 2% per 8 h; β-gal, 63 ± 2% per
8 h; Fig. 4b, p < 0.05), rather than an increase in branch additions (CPG15, 60 ± 3% per 8 h; β-gal, 56 ± 3% per 8 h).
CPG15 increases retinotectal synapse maturation
The growth-promoting effect of CPG15 on both presynaptic axons
and postsynaptic dendrites suggests that CPG15 affects the synaptic connections between these partners. To test this, we made wholecell voltage-clamp recordings from optic tectal neurons in animals

Fig. 5. CPG15 increases AMPA/NMDA ratios. (a) Evoked
EPSCs recorded at Vh = +55 mV (top traces) and Vh = –60 mV
(bottom traces) from brains infected with β-gal-, CPG15- and
tCPG15-VV. Traces are averages of 50 to 100 responses. The
relative contribution of the AMPA-receptor current increases
with development. CPG15 expression increases the relative
contribution of the AMPA-receptor-mediated current to the
evoked responses in immature tectal neurons. tCPG15 reduces
the AMPA-receptor-mediated component of the evoked
response in mature tectal neurons. (b) AMPA/NMDA ratios of
all tectal neurons recorded, or separately from neurons in caudal or rostral tectum. CPG15 significantly increased the
AMPA/NMDA ratio in immature neurons, and tCPG15 significantly decreased AMPA/NMDA in mature neurons.
(c) Amplitudes of synaptic currents evoked by minimal stimulation at Vh = –60 mV (AMPA) and Vh = +55 mV (NMDA). CPG15
increased the amplitude of AMPA-receptor-mediated currents
in caudal cells. tCPG15 reduced the amplitude of AMPA-receptor-mediated currents in rostral cells. (d) NMDA receptor
activity is not required for CPG15-induced increase in
AMPA/NMDA ratio. Animals infected with β-gal- or CPG15-VV
were treated with D-APV (right) or untreated (left). Legend in
(d) applies to (b) and (c). The numbers of neurons analyzed are
shown at the bottom of each bar. *significant differences compared to relevant β-gal-VV controls, p < 0.05. **significant differences between caudal and rostral neurons from animals
infected with β-gal-VV, p < 0.05. Scale bar, 10 pA, 100 ms.
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infected with β-gal-, CPG15- or tCPG15-VV. Glutamatergic retinotectal synaptic responses of neurons from animals infected with βgal-VV are indistinguishable from those of neurons from uninfected
animals5 and were used as controls. We stimulated retinal axons in
the optic chiasm to evoke monosynaptic excitatory postsynaptic
currents (EPSCs) in tectal neurons, which are mediated by both
AMPA and NMDA type glutamate receptors5,29,30.
Optic tectal neuronal cell bodies are organized along a rostrocaudal developmental gradient generated by a proliferative
zone at the caudomedial edge of the tectum13,31. As tectal neurons are sampled at different positions along the rostrocaudal
developmental axis, the relative contribution of AMPA receptors
to the evoked synaptic current increases as neurons mature,
whereas the amplitude of the NMDA component does not change
(Fig. 5a). As described5, this causes a significant increase in the
ratio of the amplitudes of the AMPA receptor and NMDA receptor-mediated currents (AMPA/NMDA ratio) in mature neurons
in the rostral half of the tectum compared to immature neurons
in the caudal half of the tectum (caudal neurons, 0.9 ± 0.1; rostral
neurons, 2.2 ± 0.03, p < 0.001; Fig. 5b). Importantly, there is no
physical correlation between simple and complex axons and the
location of immature and mature tectal neurons along the rostrocaudal gradient25,32. Simple axons can contact both mature
and immature tectal neurons. Similarly, complex axons can contact both mature and immature tectal neurons.
CPG15 expression significantly increased the AMPA/NMDA
ratio of evoked retinotectal synaptic responses averaged from all
recorded neurons (CPG15, 2.3 ± 0.3; β-gal,1.4 ± 0.2, p < 0.01). To
determine whether CPG15 expression selectively affected the
strength of synaptic transmission in immature or mature neurons, we compared the AMPA/NMDA ratios of neurons in caudal tectum with those in rostral tectum. CPG15 expression
significantly increased the AMPA/NMDA ratio of immature cau-

a

b

c

d
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Fig. 6. CPG15 converts silent synapses to functional
synapses. (a) Evoked responses from neurons in caudal or
rostral tectum of animals infected with β-gal-, CPG15 or
tCPG15-VV, recorded at Vh = +55 mV (top traces) and
Vh = –60 mV (bottom traces). Overlays of 20 consecutive
traces are shown. (b) Fraction of silent synapses in all tectal
neurons recorded, or neurons from caudal or rostral tectum. CPG15 expression decreased the fraction of silent
synapses in immature neurons. tCPG15 expression
increased the fraction of silent synapses in mature neurons.
The number of neurons recorded are shown at the bottom
of each bar. *significant differences compared to relevant
β-gal-VV controls, p < 0.05. **significant differences
between caudal and rostral neurons from animals infected
with β-gal-VV. p < 0.05. Horizontal scale bar, 10 ms. Vertical
scale bar, 10 pA for rostral neurons from β-gal-VV and
tCPG15-VV animals and 15 pA for all remaining panels.

b

dal neurons (CPG15, 2.2 ± 0.4; β-gal, 0.9 ± 0.1, p < 0.01), resulting in neurons in immature regions of tectum with mature phenotypes of relatively large AMPA receptor contribution to evoked
synaptic currents (Fig. 5a). CPG15 expression did not significantly affect the AMPA/NMDA ratios in mature neurons in rostral tectum (CPG15, 2.4 ± 0.4; β-gal, 2.2 ± 0.3).
The increase in AMPA/NMDA ratio may arise from an increase
in AMPA-receptor-mediated currents or a decrease in NMDAreceptor-mediated-contribution to the EPSC. To test whether
CPG15 selectively affected NMDA or AMPA receptor currents,
we used a minimal stimulation protocol to excite single or a limited number of axons terminating on the recorded neuron 5.
CPG15 expression significantly increased the amplitude of AMPAreceptor-mediated currents in neurons from caudal tectum
(CPG15, 7.1 ± 1.5 pA; β-gal, 1.8 ± 0.5 pA; p < 0.001), but did not
significantly alter the amplitude of NMDA-receptor-mediated
currents in the same neurons (CPG15, 3.9 ± 0.6 pA; β-gal, 2.1 ±
0.5 pA; Fig. 5). CPG15 expression did not change the amplitudes
of the AMPA- or NMDA-receptor-mediated currents in rostral
tectal neurons (Fig. 5). In addition, the decrease in AMPA/NMDA
ratio by tCPG15 in rostral cells was due to a selective reduction
in the amplitude of AMPA-receptor-mediated currents (tCPG15,
2.7 ± 0.5 pA; β-gal, 4.8 ± 0.8 pA; p < 0.05).
We have reported that the effect of CPG15 expression on tectal
cell dendritic arbor growth is not cell autonomous24. To test
whether the effect of CPG15 on synapse maturation is also not cell
autonomous, we infected animals with a virus coexpressing a βgal-GFP fusion protein along with CPG15, allowing ready identification of infected and uninfected tectal neurons during whole-cell
Fig. 7. CPG15 increases the number of functional retinotectal synapses. (a) Examples of mEPSCs recorded from
caudal and rostral neurons from brains infected with βgal-, CPG15- and tCPG15-VV. Each panel is an overlay of
20 consecutive traces. CPG15 increased mEPSC frequency in caudal neurons, and tCPG15 decreased mEPSC
frequency in rostral neurons. (b) mEPSC frequency averaged from all tectal cells recorded or separately for neurons from caudal and rostral tectum. CGP15 increased
AMPA mEPSC frequency in caudal neurons. tCPG15
reduced AMPA mEPSC frequency in rostral and caudal
neurons. The number of neurons analyzed are shown at
the bottom of each bar. *significant differences compared
to relevant β-gal-VV controls, p < 0.05. **significant differences between caudal and rostral neurons from animals
infected with β-gal-VV. p < 0.05. Scale bar, 20 pA, 100 ms.
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recordings. We recorded from 10 uninfected neurons in caudal
tectum that were located close to infected GFP-expressing neurons. The average AMPA/NMDA ratio of these neurons was 2.0 ±
03. This value was significantly greater than the AMPA/NMDA
ratio of control caudal neurons (0.9 ± 0.1), and is comparable to
the AMPA/NMDA ratio of the pooled data of both infected and
uninfected neurons (2.2 ± 0.4). These data clearly indicated that
CPG15 affected synapse maturation in a non-cell-autonomous
fashion. We did not specifically target infected neurons for recording. If infected neurons display an increase in synapse maturation,
it could either be due to a cell-autonomous effect of CPG15 expression in that same neuron, or a non-cell-autonomous effect of
CPG15 expression in another infected neuron.
As reflected in axonal and dendritic arbor growth, the effects
of CPG15 on synaptic maturation required the GPI linkage to the
cell membrane. Expression of tCPG15 significantly decreased
AMPA/NMDA ratios at retinotectal synapses (Fig. 5), consistent
with the decreased growth of tectal cell dendrites in animals
expressing tCPG15-VV24. The effect of tCPG15 on AMPA/NMDA
ratios was selective for neurons in rostral tectum (tCPG15, 1.2 ±
0.3; β-gal, 2.08 ± 0.03, p < 0.05). Therefore, expression of tCPG15
caused neurons in mature tectal positions to have synaptic phenotypes characteristic of immature synapses (Fig. 5a and b).
NMDA receptor blockade severely attenuates dendritic arbor
growth in simple tectal cells, in which NMDA-receptor-mediated current constitutes a significant portion of excitatory synaptic
drive 14 . Furthermore, NMDA receptors are thought to be
required for the addition of AMPA receptors to developing
synapses7,33,34. To determine whether the effects of CPG15 expres-

b

nature neuroscience • volume 3 no 10 • october 2000

© 2000 Nature America Inc. • http://neurosci.nature.com

articles

© 2000 Nature America Inc. • http://neurosci.nature.com

sion on synaptic maturation occur independently of NMDA
receptor activity, we recorded from caudal tectal neurons in
CPG15-expressing animals exposed to NMDA receptor antagonists throughout the period of viral expression of CPG15. These
neurons show an increase in AMPA/NMDA ratio in response to
CPG15 expression. Exposure to 50 µM D-APV did not prevent
the increase in AMPA/NMDA ratio seen with CPG15 expression
(CPG15, 2.2 ± 0.4; CPG15 + APV, 2.3 ± 0.3, Fig. 5d). These data
indicate that CPG15 acts downstream of synaptic NMDA receptor activity to increase AMPA receptor insertion into synapses.
CPG15 converts silent synapses to functional synapses
We used an analysis of failure rates of synaptic transmission to
examine the effect of CPG15 on pre- and postsynaptic mechanisms regulating synaptic transmission. When recording under
minimal stimulation conditions, a certain fraction of the afferent stimulation events fail to evoke a postsynaptic response.
Responses recorded at depolarizing potentials detect both immature synapses with only NMDA receptors (silent synapses) and
mature synapses with both NMDA and AMPA receptors. Mature
synapses containing AMPA receptors are detected at hyperpolarizing potentials. Therefore, a cell with greater failure rates
recorded at hyperpolarized potentials compared to depolarized
potentials has immature synapses mediated solely by NMDA
receptors. A selective decrease in failure rates recorded at hyperpolarizing potentials may reflect the insertion of AMPA receptors at silent synapses5,7,35. A change in failure rates recorded at
both depolarized and hyperpolarized potentials may reflect a
change in the probability of transmitter release at all glutamatergic synapses.
The fraction of synapses mediated solely by NMDA receptors
decreases as neurons mature (caudal neurons, 68.7 ± 5.9%; rostral neurons, 45.1 ± 6.0%; p < 0.01; Fig. 6). In optic tectal neurons
from control β-gal-VV infected animals, the failure rates recorded at Vh = –60 mV are relatively high in immature neurons from
caudal tectum (70.8 ± 5.8%) and decrease significantly in more
mature rostral neurons (39.1 ± 5.1%, p < 0.01). This decrease
occurs without a concomitant change in failure rates at Vh = +55
mV (caudal, 45.2 ± 5.2%; rostral, 31.2 ± 6.2%), suggesting no
significant change in probability of release.
CPG15 expression significantly decreased the fraction of silent
synapses in the pooled sample of neurons recorded from the rostrocaudal extent of tectum (CPG15, 40.3 ± 7.4%; β-gal, 60.8 ±
5.9%; p < 0.05). A separate analysis of failure rates in immature
caudal neurons and mature rostral neurons indicated that CPG15
expression significantly reduced the fraction of silent synapses
in caudal neurons compared to controls (CPG15, 46.4 ± 8.8%;
β-gal, 68.7 ± 5.9%; p < 0.05), but did not affect the rate of failures
or fraction of silent synapses in mature rostral neurons. CPG15
expression decreased the failure rates recorded at Vh = –60 mV
from immature caudal neurons (CPG15, 44.3 ± 7.4%; β-gal, 70.8
± 5.9%; p < 0.05), but did not change failures at Vh = +55 mV
(CPG15, 45.2 ± 6.1%; β-gal, 45.2 ± 5.2%).
Conversely, tCPG15 expression significantly increased the estimated fraction of silent synapses in mature rostral neurons
(tCPG15, 66.8 ± 8.0%; β-gal, 45.1 ± 6.0%; p < 0.05; Fig. 6). Failure rates recorded at Vh = –60 mV in mature rostral neurons were
significantly greater in neurons from tCPG15-VV infected animals (tCPG15, 64.6 ± 7.5; β-gal, 39.1 ± 5.1%; p < 0.05), but failure rates at Vh = +55 mV were not significantly altered (tCPG15,
43.4 ± 5.8%; β-gal, 31.2 ± 6.2%).
The decrease in silent synapses and increase in AMPA/NMDA
ratios by CPG15 predicts that CPG15 expression will increase in
nature neuroscience • volume 3 no 10 • october 2000

the number of synapses containing AMPA receptors. Such a change
can be measured as a change in the frequency of spontaneous
miniature EPSCs (mEPSCs) recorded at Vh = –60 mV. In control
neurons, the AMPA mEPSC frequency increases with neuronal
maturation (Fig. 7). CPG15 expression increased the frequency of
AMPA-receptor-mediated mEPSCs selectively in immature caudal
neurons (CPG15, 1.5 ± 0.3 Hz; β-gal, 0.8 ± 0.1 Hz; p < 0.05), without changing the amplitude of AMPA mEPSCs (data not shown).
Expression of tCPG15 significantly reduced AMPA mEPSC
frequency in the pooled sample of all neurons recorded (Fig. 7).
tCPG15 selectively decreased the AMPA mEPSC frequency in
mature rostral neurons (tCPG15, 1.0 ± 0.3 Hz; β-gal, 2.7 ± 0.6;
p < 0.01) without reducing mEPSC frequency in caudal neurons. Furthermore, the AMPA receptor mEPSC frequency in
mature rostral neurons from tCPG15 animals was similar to the
mEPSC frequency in control immature neurons (0.8 ± 0.1 Hz).
Therefore tCPG15 prevents the normal developmental increase in
the number of synapses with functional AMPA receptors.
These results demonstrate that CPG15 promotes both synaptic maturation and morphological growth in the retinotectal system in vivo in a non-cell autonomous fashion. The three
parameters we measured—the fraction of pure NMDA-receptor-mediated synapses, the AMPA/NMDA ratio and the frequency of AMPA mEPSCs—all indicate that CPG15 increases
the incorporation of functional AMPA receptors into synapses.
They further suggest that tCPG15 blocks or reverses the maturation of glutamatergic synapses.

DISCUSSION
Brain development is characterized by a period of axonal and dendritic arbor growth and synaptogenesis. During this period, the
elaboration of neuronal morphology and the formation of synaptic connections are intimately entwined. These observations suggest the existence of mechanisms that might coordinate several
aspects of circuit formation. One potential scenario for the coordinated development of pre- and postsynaptic neuronal structures and synaptic connections within a circuit is as follows. Newly
extended branches on axons and dendrites form synapses with
only NMDA receptors. As these synapses mature, AMPA receptors are recruited to the synaptic sites. Mature AMPA-receptorcontaining synapses stabilize the branches on which the synapses
are located. Stabilized branches can then support the addition of
new branches. These branches in turn establish new NMDAreceptor-only synapses, which are either stabilized through the
addition of AMPA receptors or retracted. In control animals, as
both tectal cell dendrites and RGC axons become more complex,
the lifetime and stability of the arbor branches are determined by
the strength of the synapses they make— branches that have established mature synaptic contacts remain, whereas those that fail to
add AMPA receptors retract. In this way, during the growth phase
of the circuit, the overall number of synaptic contacts is increased,
as is the complexity of both axons and dendrites.
We propose that CPG15 expression in tectal neurons increases
the elaboration of tectal cell dendrites and retinal axons through
the same sequence of events including branch initiation, synapse
formation, synapse maturation and branch stabilization. The
increased retinal axon arbor growth rate is accomplished by a significant and selective decrease in axon branch retractions.Therefore, a major mechanism of regulating arbor elaboration is through
the stabilization of newly added branches. Correlated with the stabilization of axonal branches is an increase in the strength of retinotectal synaptic transmission following CPG15 expression. This
suggests that the strengthening of synaptic contacts between axon1009
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al and dendritic branches stabilizes the axon arbor branches. Therefore the increased dendritic and axonal growth rates occur together with the increased number of mature synapses.
CPG15 expression in tectal cells enhances retinal axon arbor
growth, tectal cell dendritic arbor growth and retinotectal synapse
formation, all in a non-cell-autonomous fashion. The primary
site(s) of action of CPG15 is not yet known. In principle, there are
three possibilities. One is that CPG15 could act on retinal axons,
for instance to stabilize axonal branches. The changes in tectal cell
morphology and synaptic physiology would then be secondary to
the enhanced stability of presynaptic axons. CPG15 could also act
on tectal cells. In this scenario, CPG15 expression in a tectal cell
could trigger a ‘maturation program’ in neighboring tectal neurons, which would then feed back to presynaptic axons to enhance
their branch stability and consequently, their growth rates. The
CPG15-induced maturation program would cause the tectal cell
to elaborate a complex dendritic arbor and add AMPA receptors
to synapses. Our data support this hypothesis. The ability of CPG15
to increase AMPA/NMDA ratios in the presence of APV suggests
that CPG15 may have a direct effect on dendrites independent of
synaptically activated NMDA receptor activity. Furthermore, the
changes in synaptic parameters that we have measured (increased
AMPA/NMDA ratio, decreased failure rate, increased mEPSC frequency) are all consistent with a postsynaptic site of action of
CPG15. A presynaptic site of action of CPG15 might be predicted to cause an increase in transmitter release, which would be
detected as an increase in the amplitudes of both AMPA- and
NMDA-receptor-mediated currents and an increase in AMPA
mEPSC amplitude. A third possibility is that CPG15 could affect
retinal axons and tectal cells independently of one another.
The maturation of synapses and their maintenance may operate through the regulation of AMPA receptor insertion and
removal from the synaptic membrane36,37. CPG15 expression promotes synaptic maturation by increasing the AMPA/NMDA ratio
and by decreasing the fraction of silent, NMDA-receptor-only
retinotectal synapses. Furthermore, CPG15 increases the frequency but not the amplitude of AMPA-receptor-mediated mEPSCs. These data indicate that CPG15 enhances the maturation
of retinotectal synapses by promoting the insertion of functional AMPA receptors into synapses previously mediated solely by
NMDA receptors38.
Analysis of expression of tCPG15 indicates that CPG15 functions both to promote synapse maturation and to maintain established synapses. tCPG15 may block the normal maturation of
retinotectal synapses by preventing the delivery of functional
AMPA receptors to synapses. This interpretation is consistent
with the decreased AMPA/NMDA ratios and increased fraction of
pure NMDA receptor synapses in mature neurons, as well as the
decreased mEPSC frequency seen with tCPG15 expression. The
increased fraction of NMDA-receptor-only synapses in mature
tectal neurons seen with tCPG15 is probably due to loss of AMPA
receptors from synapses36. The increase in pure NMDA receptor
synapses may in turn lead to retraction of branches bearing the
silent synapses, accounting for the reduced dendritic arbor complexity detectable over longer time periods in neurons from animals expressing tCPG15 (ref. 24).
In vivo time-lapse imaging studies demonstrate that both
axonal and dendritic growth are characterized by an early phase
of rapid arbor growth, during which growth-promoting mechanisms predominate, followed by a later phase of slower growth,
during which stop-growing mechanisms predominate. Our data
suggest that these phases of neuronal development are controlled
by temporally distinct activity-dependent mechanisms. The ini1010

tial phase of rapid dendritic arbor growth occurs when glutamatergic synaptic input to the cell is dominated by NMDA receptors. The rapid growth is blocked selectively by exposure to
NMDA receptor antagonists14 and enhanced by CPG15 (ref. 24).
A second activity-dependent mechanism that requires postsynaptic CaMKII normally restricts axonal and dendritic growth
in complex arbors 12,16 . Postsynaptic expression of CPG15
enhances growth rates of complex presynaptic axons by maintaining them in a fast-growing and dynamic growth state, characteristic of simple axons. Viral expression of CPG15 seems to
over-ride the endogenous mechanisms that normally restrict
growth of complex retinal axons and tectal cell dendrites, consistent with the observation that NMDA receptor blockade did
not inhibit CPG15-induced synaptic maturation.
Expression of cpg15 in cultured cortical neurons can be
induced through at least two different signaling pathways, one
involving activation by BDNF and trkB receptors and a second
involving membrane depolarization, voltage-dependent calcium
channels and CaMKII18. BDNF promotes the elaboration of
retinotectal axons in Xenopus39, and affects dendritic arbor elaboration40,41 in an activity-dependent manner40, as well as affecting synaptic connectivity42. Therefore, the growth-promoting
effect of BDNF and other neurotrophins might be mediated, at
least in part, by CPG15.
CPG15 function requires its membrane attachment, as truncation of the GPI domain eliminates its ability to promote
growth and synaptic maturation. The GPI anchor may permit
CPG15 to cluster into rafts and associate with other components
of a signaling complex22,23. Furthermore, given the potential for
bi-directional signaling of GPI-linked proteins43, CPG15 may
coordinate axo-dendritic growth and synaptic maturation by
such a mechanism. Although many GPI-linked proteins function in axonal growth, including the ephrins22, semaphorins, fasciclin I, contactin, TAG1, NCAM and T-cadherin43,44, ephrin A5
(ref. 45) and NCAM46 are also involved in synaptic plasticity,
suggesting that proteins traditionally thought to function during
axon guidance may have additional roles in circuit formation
and plasticity.

METHODS
Imaging. Retinal axons in anesthetized stage 42 albino Xenopus laevis
tadpoles were labeled with DiI (1, 1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine, DiIC18(3); Molecular Probes, Eugene, Oregon)
by iontophoresis, and imaged using a laser scanning confocal microscope (Noran Instruments, Madison, Wisconsin). Images were collected at 2 µm intervals with a 40 × oil lens (NA 1.30) as described47. Axons
were imaged over a 2-day period to assess the effect of CPG15 expression on axon arbor growth rate. To assess arbor dynamics, images were
collected every 2 h over an 8 h period. Tadpoles were individually
housed in Steinberg’s solution and kept at 25°C in a regulated 12 h red
light/dark cycle.
Viral infection. Recombinant vaccinia virus expressed either CPG15, or
a soluble form of CPG15 lacking the GPI consensus sequence (tCPG15)24.
All viruses also expressed the reporter β-gal. Some electrophysiology
experiments were performed with a virus expressing β-gal-EGFP fusion
protein as a reporter. Genes of interest were driven by a strong synthetic
early/late vaccinia virus promoter, and the reporter was driven by a weak
p7.5 promoter48. Viruses were coded before infection for all experiments.
Intraventricular virus injection and all subsequent data acquisition and
analysis were performed blind to the virus code. Tectal cell infection with
β-gal-VV has no effect on either presynaptic RGC axonal growth or
dynamics, nor on synaptic responses, compared to uninfected animals 5,12,15 . The extent of virus infection was determined by β-gal
immunohistochemistry24, or by EGFP imaging.
nature neuroscience • volume 3 no 10 • october 2000
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Axon measurement. Quantitation and analysis of axonal branch length
and branch number were performed as described previously15. Analysis
of branch dynamics was performed as described28. Axons were categorized as simple or complex according to the total axonal branch length
measurements on day 0, before virus injection. Statistical significance
was determined using Student’s t-tests.
Electrophysiology. Electrophysiological recordings were performed at
room temperature on an isolated whole-brain preparation described5,
2–3 days after viral infection. Neurons had input resistances in the range
of 1 to 4 gigaohm and series resistance of less than 50 megaohm, which
were monitored throughout each experiment. We quantified the amplitude of NMDA- and AMPA-receptor-mediated currents and the fraction
of silent synapses as described5. AMPA-receptor-mediated mEPSCs were
recorded at Vh = –60 mV with tetrodotoxin (1 µM) in the bath solution.
The mEPSCs were analyzed with Mini Analysis Program (Jaegin Software, Leonia, New Jersey). Neurons were grouped according to their location in the caudal or rostral half of the tectum. Viruses were coded before
injection, and all recordings and analysis were done blind to viral type.
To test the role of NMDA receptors in CPG15 function, we added 5aminophosphonovalerate (D-APV, 50 µM) to the rearing solution immediately after ventricular injection of either β-gal- or CPG15-VV. Fresh
APV solution was exchanged every 12 h. Bath application of APV reduced
tadpole mobility, indicating that it penetrated the CNS.
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