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BIRDSONG AS A MODEL IN WHICH TO STUDY 
BRAIN PROCESSES RELATED TO LEARNING 

FERNANDO NOTTEBOHM 

ABSTRACT. - The last fifteen years have yielded an ever increasing amount of 
information about brain pathways for song control in songbirds. I review here 
aspects of this work which suggest that the size of brain networks for song control 
may limit how much can be learned. In addition, sustained learning in adulthood 
may relate to plasma levels of gonadal hormones and to the replacement of 
dendrites, synapses and neurons. Mechanisms involved in this pathway “reju- 
venation” may be similar to mechanisms for brain self-repair. 

The activity and functional interconnections 
of neurons and of the circuits they form changes 
during learning (F&ova and van Harreveld 
1977, Kandel 1978, Alkon and Crow 1980, 
Kandel and Schwartz 1982). These changes 
can be long-lasting, constituting memories. The 
number and complexity of neuronal circuits 
present in the central nervous system will de- 
termine how much information can be pro- 
cessed; the degree to which these circuits can 
be modified by experience will determine how 
much information can be learned. I will use 
song learning in Common Canaries (Serinus 
canaria) to argue in favor of three interrelated 
hypotheses: 1) the number of modifiable cir- 
cuits determines learning potential; 2) as learn- 
ing takes place modifiable circuits become 
committed, subtracting from the initial leam- 
ing potential; 3) replacement of synapses and 
neurons in adulthood restores learning poten- 
tial, but possibly at the expense of earlier mem- 
ories. These hypotheses are offered as stimu- 
lation for further work and as a way of focusing 
attention on a system that is unusually well 
suited for the study of brain processes for 
learning a complex skill. 

Song learning is the process of acquiring a 
song repertoire by reference to auditory models 
(Thorpe 1958, Marler and Tamura 1964, Kon- 
ishi 1965, Nottebohm 1968, Immelmann 
1969). The model and its imitation can be re- 
corded on tape and converted into a two-di- 
mensional visual display, the sound spectro- 
graph. This conversion is quick and objective 
(Hopkins et al. 1974) and allows one to count 
the number of sounds learned, describe the 
stages in learning and time when they occur. 

Song in birds is produced by a specialized 
organ, the syrinx (Greenewalt 1968, Notte- 
bohm 1975) controlled by well-defined brain 
nuclei. A relatively large forebrain nucleus, the 
hyperstriatum ventralis, pars caudalis (HVc) 
projects to a smaller forebrain nucleus, robus- 
tus archistriatalis (RA), which in turn projects 
to an even smaller pool of hypoglossal motor 
neurons; the latter motor neurons give rise to 
the tracheosyringeal (ts) branch of the hypo- 
glossus nerve, which innervates the muscles of 
the trachea and syrinx (Fig. 1). The challenge, 
then, is to understand how this system oper- 
ates, and what limits its learning potential. 

THE RELATION BETWEEN PERCEPTION 
AND PRODUCTION 

When a bird learns to sing, it modifies a motor 
program until the vocal output generated 
matches an auditory model. During this pro- 
cess, the circuits involved in sound production 
and sound perception are part of a control loop. 
Some units that control output must also be 
able to “hear” the consequences. Not surpris- 
ingly, a major auditory projection abuts on the 
nucleus HVc (Kelley and Nottebohm 1979). 
Some HVc neurons respond to a diversity of 
sounds, including song (Katz and Gurney 198 1, 
McCasland and Konishi 198 1) and can do so 
in a very selective manner (Margoliash 1983). 
Some HVc neurons fire during song produc- 
tion (McCasland and Konishi 1981). Thus, 
HVc neurons show properties that one might 
expect from a nucleus involved in the percep- 
tion and production of learned vocalizations. 
In this sense, HVc might be functionally anal- 
ogous to Broca’s area for speech control in the 
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FIGURE 1. Schematic sagittal section of adult canary 
brain showing components of the song control system. 
Open arrows indicate direction of information flow. The 
pathways indicated by the open arrows are ipsilateral. Tra- 
cheal and syringeal muscles are indicated by light stippling. 
Abbreviations: V, forebrain lateral ventricle; nXIIts, 
tracheosyringeal part of nXI1. 

human frontal lobe (Ojemann and Mateer 
1979). The RA, in turn, has been likened, in 
terms of connectivity, to layer five of the mam- 
malian motor cortex (Nottebohm et al. 1976). 

Though avian circuits for perception and 
production of sound may overlap and share 
components, the acquisition of auditory mem- 
ories and the development of song to match 
such memories may be controlled by different 
factors. This is shown by the following ex- 
amples: 1) song learning as a motor skill can 
start well after the auditory model is acquired 
(Marler 1970); 2) auditory memories that are 
useful in song recognition can be acquired by 
female songbirds that normally do not sing 
(Miller 1979, Baker et al. 198 1). 

CRITICAL-PERIOD AND OPEN-ENDED 
LEARNERS 

Many songbirds, such as the Common Chaf- 
finch (Fringilla coelebs), White-crowned Spar- 
row (Zonotrichia leucophrys) and Zebra Finch 
(Poephila guttata) have, as juveniles, a “crit- 
ical period” for song learning (Thorpe 1958, 
Marler and Tamura 1964, Immelmann 1969). 
Members of these species retain their learned 
song programs intact for several years even 
after loss of hearing (Konishi and Nottebohm 
1969). Other songbirds, such as the canary and 
other cardueline finches, are open-ended leam- 
ers (Mundinger 1970, Nottebohm and Not- 
tebohm 1978). They can alter their song from 
year to year by retaining some sounds, drop- 
ping others, modifying still others and adding 
new ones (Nottebohm and Nottebohm 1978, 
and unpubl.). After being deafened in adult- 

hood, such a bird gradually forgets its song 
repertoire (Nottebohm et al. 1976). The dis- 
tinction between critical-period and open-end- 
ed learners is useful because it should help to 
isolate circuit features that limit or encourage 
vocal learning and forgetting in adulthood. 

CIRCUITS GROW AS VOCAL 
LEARNING PROCEEDS 

Birds that learn their song and calls go through 
a “subsong” stage, which Charles Darwin lik- 
ened in The Descent of Man to the babbling 
of infants (Thorpe and Pilcher 1958). As in 
babbling, the sounds produced are of low vol- 
ume and have no communicatory function 
(Thorpe and Pilcher 1958). During subsong 
the young bird may learn the relation between 
some efferent commands and the resulting au- 
ditory feedback; once this relation is estab- 
lished, particular sounds may be more easily 
imitated. The subsong experience may also bias 
the later selection of models (Nottebohm 1972). 

The subsong of male canaries first appears 
by day 40 after hatching, and lasts two to three 
weeks. It develops into “plastic” song. During 
the period of plastic song, the units of repeti- 
tion, or syllables, become defined and new ones 
are added until, by eight months of age the 
repertoire is stable and stereotyped. This stable 
repertoire changes little during the next six 
months, while the bird is in breeding condition 
(unpubl. observ.). 

The brain of a 15-day-old male canary weighs 
as much as that of an eight-month-old repro- 
ductively mature adult, but HVc first becomes 
recognizable at 30 days of age, when it is one- 
eighth of its adult volume. The size of HVc 
triples from day 30 to day 60 after hatching. 
The rate of growth slows thereafter, and stops 
during the seventh month (Fig. 2). Nucleus RA 
develops in a similar way, although the extent 
of growth is not as marked (unpubl. observ.). 
This suggests that during ontogeny, circuit 
space for song control grows at the same time 
that new syllable types are added and perfect- 
ed. We do not know if circuit growth results 
from an increase in the number and size of 
neurons, their processes, or the synapses they 
form, but all of these are likely candidates. 
Neither do we know if circuit growth occurs 
because learning is taking place, or if learning 
is taking place because circuit growth makes it 
possible. In either case, learning would occupy 
circuit space. 

SEASONAL WAXING AND WANING 
OF CIRCUIT SPACE 

As a male canary comes to the end of its first 
breeding season, its song becomes unstable 
again for several months; in the middle of this 
period of instability, song may cease for sev- 
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FIGURE 2. Relation between age, HVc volume, and stage in song development in male canaries. Open circles for 
the first 6 months correspond to means from four birds, the open circle at 7.5 months of age corresponds, respectively, 
to groups of 9 and 12 birds (Nottebohm 198 1); the diamonds at 16, 27 and 39 months correspond, respectively, to 
erouus of 10. 9 and 8 birds (Nottebohm et al. 1981). The vertical bars indicate one standard deviation. Abbreviations: 
SS, subsong;‘PS, plastic song; FS, full song. ’ 

era1 weeks. By late summer, when song is un- 
stable, HVc size is half what it was in the spring 
(Nottebohm 198 1) and comparable to that of 
a three-to-four-month-old male canary in 
plastic song (Fig. 2). New syllables are added 
throughout the second year of life, particularly 
during the summer and fall months, at the time 
of song instability. When the following breed- 
ing season is fully underway, the new song rep- 
ertoire is once again stable and HVc has re- 
gained the volume lost during the previous 
summer. RA goes through similar, though 
lesser seasonal changes (Nottebohm 198 1). 
Seasonal changes in the size of HVc and RA 
do not occur in adult male White-crowned 
Sparrows, a critical-period species that learns 
its song once during juvenile life (Baker et al. 
1984). Taken together, this evidence from ju- 
venile and adult canaries as well as that from 
other species suggests that learning is aided by 
the availability of new, uncommitted circuit 
space. 

BIGGER CAN MEAN BETTER 

The size of nucleus HVc and RA has a three- 
fold range in the adult close-bred Waser- 
schlager canaries used in my laboratory. There 
is also a three-fold range in the number of 
syllable types such birds produce. These two 
variables are related in a significant manner. 
Male canaries with large song repertoires tend 
to have large HVcs and large RAs. Male canar- 
ies with small HVcs and small RAs tend to 

have small song repertoires (Nottebohm et al. 
1981). 

Large song repertoires are more effective than 
small song repertoires in inducing nest-build- 
ing and ovulation in female canaries (Kroods- 
ma 1976). From a male canary’s point of view, 
a large HVc may be “better” than a small one. 

A similar relationship between song com- 
plexity and size of HVc and RA has been found 
in two critical-period species, the Zebra Finch 
(Nottebohm and Crane, unpub. observ.) and 
the Marsh Wren (Cistothorus palustris). The 
latter species occurs throughout the United 
States, but its song complexity varies consid- 
erably among populations (Kroodsma and 
Vemer 1978). California populations have song 
repertoires that are three times as large as those 
recorded in New York’s Hudson Valley. Al- 
though the body and brain of the western birds 
are slightly smaller than those of the eastern 
ones, HVc and RA are 40% and 30% larger, 
respectively, in the western than in the eastern 
birds (Canady et al., in press). Circuit space 
for a learned skill seems to be related to how 
much of that skill is learned. Causality and 
direction of this relation have not been estab- 
lished. 

HORMONES INDUCE SYNAPTOGENE- 
SIS IN ADULTHOOD IN “OPEN- 
ENDED” SPECIES 

Evidence suggests that gonadal hormones are 
important for setting the size of adult HVc and 
RA because both these nuclei are several times 
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larger in males than in females (Nottebohm 
and Arnold 1976). Neurons in the male RA 
have dendrites that are longer than those in 
the corresponding female cell type (DeVoogd 
and Nottebohm 198 1 a). Part of this difference 
may result from hormonal influences early in 
ontogeny, as has been shown in the Zebra Finch 
(Gurney and Konishi 1980, Gurney 198 l), but 
there is also a role for adult hormonal levels. 

Female canaries do not normally sing. How- 
ever, adult females treated with physiological 
doses of testosterone develop male-like song 
and show a marked increase in the size of HVc 
and RA (Nottebohm 1980). The increase in 
RA volume results not from the addition of 
new neurons (Goldman and Nottebohm 1983), 
but, in part at least, from dendritic growth. 
The dendrites of an RA cell type are 49% long- 
er after testosterone treatment than in controls 
(DeVoogd and Nottebohm 198 lb). This in- 
creased length is accompanied by a net gain of 
5 1% in the number of RA synapses (DeVoogd 
et al. 1982). Nucleus RA is the point of exit 
from forebrain for telecephalic pathways con- 
trolling song. The testosterone-induced syn- 
aptogenesis on RA neurons presumably rep- 
resents changes in circuitry that are relevant 
to the newly acquired behavior. 

As mentioned earlier, the size of nucleus RA 
changes seasonally in male canaries. Such 
changes are accompanied by changes in go- 
nadal function. In late summer, testes are l/l 40 
of their spring volume, and blood androgen 
levels are close to zero. Whereas testosterone 
in females induces growth of RA dendrites and 
synaptogenesis, a drop in testosterone levels 
in males may induce a temporary and revers- 
ible retraction of synapses and dendrites. If so, 
this may be important for the seasonal and 
yearly changes in the learned song repertoire. 

Testosterone treatment fails to induce song 
in adult female Zebra Finches, a critical-period 
species, and the size of their HVc and RA is 
not affected (Arnold 1980). In White-crowned 
Sparrows, also a critical-period species, sea- 
sonal fluctuations in gonadal function affect 
the occurrence of song but not the size of HVc 
and RA (Baker et al. 1984). It seems likely that 
critical-period and open-ended learners differ 
importantly in the way that the song control 
system of adults responds to changes in hor- 
mone levels. The cellular and molecular bases 
for this difference remain to be discovered. 

NEUROGENESIS IN ADULTHOOD 

The magnitude of the seasonal and hormone- 
induced changes in the volumes of nucleus HVc 
and RA raised the possibility that new network 
space might result not only from new dendrites 
and new synapses, but also from the addition 

of neurons (Nottebohm 1980). If so, this ad- 
dition might be governed by gonadal hor- 
mones, possibly testosterone or its metabo- 
lites. To test this hypothesis, one-year-old 
female canaries were treated with testosterone 
and subsequently received three daily injec- 
tions of radioactively labeled thymidine, a 
marker of DNA synthesis (Korr 1980). As 
many as 1.5% of all HVc neurons were labeled 
per day of 3H-thymidine treatment. Surpris- 
ingly, the percentage of labeled neurons did 
not differ between testosterone- and choles- 
terol-treated control birds, although only the 
former developed male-like song (Goldman 
and Nottebohm 1983). From this we conclud- 
ed that testosterone-induced masculinization 
of the female song-control system was not nec- 
essary to induce neuronal labeling. Instead, 
phenomena underlying neuronal labeling 
seemed to occur spontaneously in adult female 
canaries. The issue of whether or not this neu- 
ronal labeling is under hormonal control re- 
mains open, as our cholesterol-treated females 
had intact ovaries. 

Had we administered 3H-thymidine to ca- 
nary embryos, then the subsequent presence 
of labeled neurons would have been inter- 
preted in the customary way, as evidence of 
neuronal birth that had occurred by mitosis a 
few hours after the injection of the label. Our 
subjects were adults, however, so it was pos- 
sible, for example, that the label had been in- 
corporated into the nuclei of fully differen- 
tiated neurons. To test for this possibility, adult 
female canaries were given 3H-thymidine for 
two days and killed one or two days later. These 
birds had no labeled neurons in HVc. Instead, 
their HVc was overlain by a band of labeled 
ventricular-zone cells (Goldman and Notte- 
bohm 1983). This suggested that the new neu- 
rons were born in the ventricular zone, from 
whence they migrated into HVc and differ- 
entiated. This ventricular-zone origin of neu- 
rons may not differ from that observed during 
embryogeny (Jacobson 1970, Korr 1980). Had 
neuronal labeling resulted from either DNA 
repair or genomic replication without mitosis, 
leading to polyploidy, then it would have oc- 
curred in situ. In this case, the birds sacrificed 
one or two days after the last 3H-thymidine 
injection would have had labeled neurons 
throughout HVc. The process of neuronal mi- 
gration and differentiation in adult HVc ap- 
parently takes longer than one or two days. 

In all of these experiments, there were no 
significant differences in the numbers of silver 
grains overlying the nuclei of labeled neurons, 
glia and endothelial cells (Nottebohm and 
Kasparian 1983). The mitotic origin of new 
glia and endothelial cells in the nervous system 
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of other adult animals has been well docu- 
mented (Jacobson 1970, Alberts et al. 1983). 
In the presence of 3H-thymidine the nuclei of 
such new cells are labelled. Since, in our canar- 
ies, the extent of label seen over neuronal, glial 
and endothelial nuclei was comparable be- 
tween these three cell types, it seems parsi- 
monious to conclude that the steps leading to 
labeling were in all three cases the same: 3H- 
thymidine incorporation during the S-phase of 
DNA synthesis which precedes cell division. 

How sure could we be that the new neuron- 
like cells labeled with 3H-thymidine were in 
fact neurons? We had used standard anatom- 
ical criteria accepted by others as adequate for 
neuronal identification, but the possibility re- 
mained that we might have been tricked into 
calling neurons a new cell type which, though 
neuron-like, was not really part of neuronal 
circuits. Two lines of evidence reassure us that 
our original identification was correct. Firstly, 
it has been possible to show in material pre- 
pared for electron microscopy that the labeled 
neurons receive synapses (Burd and Notte- 
bohm 1984). Secondly, we also know that the 
labeled neurons are working neurons. Adult 
male and female canaries received two daily 
injections of 50 PCi of 3H-thymidine for 14 
days, which labeled many HVc neurons, as 
ascertained one month after the last injection. 
The ‘H-thymidine treated birds were allowed 
to survive for three to four weeks, then anes- 
thetized. Single neurons in HVc were then pen- 
etrated with hollow electrodes, and changes in 
electric potential were recorded in response to 
auditory stimuli. After obtaining this physio- 
logical description, the HVc cells recorded were 
filled with horseradish peroxidase (HRP) and 
the birds killed. After adequate histological 
treatment, the position and fine anatomical de- 
tails of each cell recorded and filled with HRP 
were described. In all cases the cells that had 
yielded neuronal physiological profiles also had 
typically neuronal anatomy, with dendrites and 
axons. When subsequently processed for au- 
toradiography, 9% of these HVc cells proved 
to have radioactively labeled nuclei. Thus, not 
only are new neurons born in adulthood and 
recruited into HVc, but also they are integrated 
into existing circuits (Paton and Nottebohm, 
in press). 

The production of new neurons does not 
lead to a long-term change in the total number 
of neurons in HVc. No differences in HVc neu- 
ron numbers have been seen between one- and 
two-year-old adult female canaries (Notte- 
bohm and O’Loughlin, unpubl.). Therefore, the 
recruitment of new neurons must be accom- 
panied by neuronal death. Otherwise, at a re- 
cruitment rate of 1.5% per day the number of 

HVc neurons would double over a 50-day pe- 
riod. Thus, “new” neurons must replace “old” 
ones. We do not know whether neurogenesis 
occurs at the same rate throughout the year. 

In contrast to what was observed in HVc, 
we found no labeled neurons in RA (Goldman 
and Nottebohm 1983). This suggests that new 
neurons are added to parts of a network in a 
selective manner, there to replace other neu- 
rons. We do not know whether the new neu- 
rons are themselves eventually replaced. If such 
replacement of new neurons occurs, then we 
will have discovered a new type of neuron that 
lasts for a period of weeks or months of adult 
life and then is replaced. 

WHAT IS THE FUNCTION OF 
NEW NEURONS? 

The addition of new neurons to the vocal con- 
trol nucleus of adult female canaries that were 
not treated with testosterone was intriguing be- 
cause such females do not normally sing. How- 
ever, they may develop a preference for some 
songs they hear, as in White-crowned Spar- 
rows (Baker et al. 1981) and Zebra Finches 
(Miller 1979). Since HVc has access to audi- 
tory information, could song recognition be its 
main role in females? In this case, the replace- 
ment of HVc neurons in adulthood could be 
related to perceptual, rather than motor, leam- 
ing. 

The possible perceptual and motor roles of 
neurogenesis in female canaries could not be 
separated because, as shown for other cardue- 
lines, adult females may continue to alter their 
call repertoire (Mundinger 1970) a phenom- 
enon that may be similar to song learning. 

To separate these possibilities, we treated 
male Zebra Finches with 3H-thymidine well 
after the end of their critical period for song 
learning. If neuronal replacement was related 
just to the acquisition of song as a learned 
motor skill, then it would cease after the skill 
had been mastered. If, however, it was related 
to some other ongoing phenomenon, such as 
song recognition, then it would continue to 
occur after the end of the critical period for 
song learning. A small fraction (0.26%) of HVc 
neurons was labeled per day of 3H-thymidine 
treatment in adult male Zebra Finches (Not- 
tebohm and Kasparian, unpubl. observ.). If 
this proportion of labeled neurons represented 
the daily recruitment rate, then the number of 
HVc neurons would double in about 300 days, 
Thus, although neurogenesis occurs in a song 
control nucleus its significance need not be re- 
stricted to motor learning. Despite the interest 
of these speculations and their value because 
of the experiments they suggest, it is important 
to remember that no direct evidence at present 
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FIGURE 3. Distribution oflabelled neurons in cross sec- 
tion of adult female canary brain. This bird received 50 
pCi of 3H-thymidine at 12-h intervals for 14 days and was 
killed 26 days after the last injection. Whereas a total of 
228 labelled neurons occur in the forebrain part of this 
section, exclusive of hippocampus, only two labelled neu- 
rons occur in the midbrain. Abbreviations: Cb, cerebel- 
lum; FA, tractus fronto-archistriatalis; Hab, habenula; Hp, 
hippocampus; HV, hyperstriatum ventralis; IM, nucleus 
isthmi, pars magnocellularis; IPC, neucleus isthmi, pars 
parvocellularis; LMD, lamina medullaris dorsalis; N, 
neostriatum; PA, paleostriatum augmentatum; Pt, nucleus 
pretectalis; V, ventricle (Stokes et al. 1974). Broken line 
indicates ventral border of nucleus HVc. 

links neuronal replacement in HVc with leam- 
ing of any kind. 

A FOREBRAIN CONSTANTLY 
REBUILDING ITSELF? 

Recent evidence suggests that adult neurogen- 
esis in the canary brain is not limited to the 
song control system. Labeled neurons are found 
not just in HVc, but also in various parts of 
the forebrain (Fig. 3). In the analysis thus far, 
virtually no labeled neurons have been found 
in the hypothalamus, septum, thalamus, optic 
lobe, cerebellum or medulla. Neurogenesis is 
best represented in parts of the hippocampus 
and in the forebrain, that part of the brain 
usually credited with complex perception and 
the control of goal-oriented behaviors and 
learning (Nottebohm and Kasparian 1983). 

Evidence of forebrain neurogenesis in adult- 
hood has now been obtained from male and 
female canaries, male and female Zebra Finch- 
es, male parakeets (Manogue and Nottebohm, 
unpubl. observ.) and male and female doves 
(Nottebohm and Cohen, unpubl. observ.). 
These birds represent three avian orders, Pas- 
seriformes, Psittaciformes and Columbi- 

formes, so it seems fair to assume that the 
phenomenon occurs widely among birds. 

New neurons continue to be formed in the 
adult forebrain, yet brain weight does not in- 
crease after the first year (Nottebohm et al. 
198 1). It seems reasonable to assume that, as 
in HVc, new neurons replace old neurons. That 
is, the adult forebrain is constantly rebuilding 
itself, or at least rebuilding parts of some cir- 
cuits. 

Preliminary observations suggest that the 
neurons born in adulthood fall into a narrowly 
defined category. So, for example, long pro- 
jection neurons, such as those of the archistria- 
turn (e.g., RA), which form connections out- 
side of the forebrain, are not labeled with 
3H-thymidine. Conversely, the axons of la- 
beled HVc neurons seem to branch and ter- 
minate within HVc (Paton and Nottebohm, 
in press). Thus, the new neurons may function 
as local circuit interneurons. If the new neu- 
rons replace others of the same kind, then we 
would have a category of replaceable inter- 
neurons. 

NEUROLOGICAL COMPARISONS 
BETWEEN BIRDS AND 
OTHER ANIMALS 

Findings in birds allow us to relate circuit space, 
synaptogenesis and neurogenesis in adulthood 
to specific behavioral skills. I will now briefly 
review some earlier descriptions of synapto- 
genesis and neurogenesis in other kinds of adult 
animals. 

SYNAPTOGENESIS 

It has been proposed that the adult comple- 
ment of synapses arises during ontogeny by a 
process of functional selection, whereby some 
connections become stable and others degen- 
erate (Eccles 1973, Changeux et al. 1973, 
Changeux 1974). In addition, Changeux (1974) 
suggested that there are learning periods when 
motility of some nerve terminals gives them 
the ability to establish transiently a multiplic- 
ity of contacts. Subsequent electrical activity 
would then stabilize some of these synapses. 

Experiential factors may do more than mod- 
ulate the effectiveness of existing synapses. The 
dendrites of some cortical neurons of adult rats 
will grow when the animal is exposed to in- 
creased environmental complexity, possibly 
leading to the formation of new synapses 
(Greenough 1975, Uylings et al. 1978, Juraska 
et al. 1980). 

Cotman and Nieto-Sampedro (1982) have 
suggested that synaptic growth, and thereby 
effectiveness, can be induced by changes in 
neuronal activity which may result from the 
occurrence of natural stimuli. Secondly, they 
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have suggested that in some parts of the brain, 
such as the hippocampus, synapses are con- 
stantly formed and unformed. Part of this con- 
stant change may reflect changing patterns of 
use, but these workers have proposed that in 
some parts of the brain synaptic turnover oc- 
curs as part of an inexorable cycle of synaptic 
birth, growth and break-up (Nieto-Sampedro 
et al. 1982). Carlin and Siekevitz (1983) have 
more recently reviewed the evidence on syn- 
apse plasticity and suggested that in many parts 
of the brain, during learning, a subset of ex- 
isting synapses undergoes division, so that, for 
example, where previously contacts between 
two neurons were represented by 1,000 syn- 
apses, now they are represented by 2,000. 
Thereby the influence of one neuron on another 
would be strengthened considerably, and the 
information conveyed would gain greater sal- 
ience. In sea slugs (Aplysia) formation and 
elimination of synapses have been related to 
processes of sensitization and habituation 
(Bailey and Chen 1983). 

NEUROGENESIS 

In the past, there has been little speculation 
about the role of adult neurogenesis, probably 
because good examples of this phenomenon 
have been rare (Korr 1980). This is so even 
though the first tentative evidence of neuro- 
genesis in adulthood appeared over 20 years 
ago (Altman 1962). Three kinds of examples 
of adult neurogenesis have since been de- 
scribed. First, olfactory neurons in rodents are 
constantly replaced by new neurons that arise 
from underlying stem cells (Graziadei and 
Monti-Graziadei 1979). These neurons are 
found in the olfactory epithelium and are not 
really part of the central nervous system. The 
process of renewal, in this case, has been at- 
tributed to peripheral wear and tear of a cell 
type that is particularly exposed to environ- 
mental agents. Second, birth of new neurons 
in adulthood has been described in the hip- 
pocampus, olfactory bulb and occipital cortex 
(Kaplan and Hinds 1977, Kaplan 198 1, Bayer 
et al. 1982). With one exception, the addition 
of new neurons in these systems has been in- 
terpreted as a process of sustained growth lead- 
ing to a net gain in neuron numbers. The ex- 
ception is the case of new olfactory bulb 
neurons which, it has been suggested, replace 
older olfactory bulb neurons (Altman 1969, 
Bayer 1983). In a third category fall reports of 
neurogenesis in the adult retina and elsewhere 
in the central nervous system of fish (Leonard 
et al. 1978, Johns and Femald 1981, Easter 
1983, Raymond and Easter 1983). These ex- 
amples concern cases of sustained growth in 

species where body and brain growth contin- 
ues in adulthood well after the age of sexual 
maturity. 

Several methodological factors could have 
contributed to the paucity of reports of mam- 
malian neurogenesis in adulthood. Negative 
results could stem from limited access of the 
injected thymidine to brain cells, incomplete 
anatomical and temporal sampling, or wrong 
assumptions regarding the survival of new, la- 
beled neurons. The avian material proves that 
adult neurogenesis is possible and that there 
is no obstacle, in principle, to the incorpora- 
tion of new neurons into existing networks. 
Even in the avian brain, regional variations in 
neuronal recruitment occur. If neurogenesis 
proves to occur at a lower rate in mammalian 
than in avian tissue, this does not preclude the 
existence of latent mechanisms of neurogene- 
sis, as could be used in brain self-repair, or the 
possibility that adult neurogenesis could be in- 
duced. Even if the adult mammalian brain were 
to be declared incapable of adult neurogenesis, 
the principles governing the migration and dif- 
ferentiation of neurons in the adult avian brain 
could be used to guide the acceptance of in- 
troduced neuroblasts, and their migration and 
differentiation and integration into functional 
circuits. In these various ways, work on avian 
brains could contribute importantly to matters 
of human clinical interest. 

Altman (1970), who pioneered in the field 
of post-natal neurogenesis, noted that in all 
cases known to him involving late-developing 
structures such as cerebellum, hippocampus 
and olfactory bulb, the newly recruited neu- 
rons were microneurons that acted as local in- 
temeurons. He saw this as a developmental 
means for adding “fine wiring,” sensitive to 
experiential factors, to an otherwise rigid, ge- 
netically determined connectivity. This view 
could be extended into adulthood and inte- 
grated with the view on neuronal replacement 
presented here: when new learning must take 
place in a system with limited circuit space, 
new “fine wiring” is necessary. 

“USED” DNA VS. “FRESH” DNA 

The neuronal replacement in adult forebrain 
inferred from the avian material poses some 
interesting questions. For example, why should 
such a process occur? After all, if dendrites can 
grow and retract, and synapses can be formed 
and shed, what extra advantage is to be gained 
by the replacement of whole neurons? Kandel 
and Schwartz (1982) have suggested that the 
formation of long-term memories may require 
the synthesis of new macromolecules, and thus 
the expression of new genes. The new mac- 
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romolecules would give permanence to syn- 
aptic changes coding for shorter-term memo- 
ry. I would like to go one step further and 
suggest that the genome of some neurons that 
partake in the formation of long-term mem- 
ories may, in some instances, be affected ir- 
reversibly. Some genes may be turned on, or 
off, or otherwise modified in an irreversible 
manner, by cytoplasmic conditions that are 
determined by the position, connectivity and 
past history of that cell. For such a cell, mod- 
ification by experience leading to long-term 
memory formation would be the achievement 
of final differentiation. The only way to restore 
to that circuit the flexibility required for leam- 
ing would be to replace the old cell by one with 
a freshly minted genome, new cytoplasm, and 
new connections. 

WHAT DO WE REMEMBER? 

I know of no evidence at present that neuronal 
replacement and synaptic replacement occur 
in the human brain. If they do occur, one might 
expect them in parts of the forebrain involved 
in the processing and storing of sensory infor- 
mation, and, perhaps, motor skills. I would 
like to borrow a metaphor from photography, 
using the terms “fine grain” and “coarse grain” 
to refer to better and poorer resolution of de- 
tail. Most of our memories lose their fine grain 
with time. Might a change of fine to coarse 
grain in memories occur as the number of neu- 
rons or synapses related to that memory di- 
minishes, as these neurons and synapses are 
replaced by fresh neurons and fresh synapses? 

THE ENGRAM REMAINS ELUSIVE 

Summarizing his work of 30 years, Karl Lash- 
ley (1950) concluded that “all of the cells of 
the brain are constantly active and are partic- 
ipating, by a sort of algebraic summation, in 
every activity. There are no special cells re- 
served for special memories.” We have learned 
a lot more since then about mechanisms that 
might mediate learning, particularly at the syn- 
aptic level (Kandel and Schwartz 1982). Yet 
we remain ignorant as to what might be the 
principles governing “learning space.” Imag- 
ine that each unique memory-a word, a face- 
occupies a unique point in memory space, each 
point being defined by the intersection of sev- 
eral information-bearing axes. If this is so, then 
occupancy of one point by a memory does not 
“use” space for other memories. In this case, 
the sum total of memory space equals the sum 
total of different perceptions of which the or- 
ganism is capable. Replacing the “used” set of 
synapses that define a memory point would 
achieve nothing except allowing for a re-leam- 
ing of that same memory; it would not make 
space available for other memories. 

Alternatively, imagine memory space as 
space on the shelves of a library. The total 
space remains the same, but the books can be 
moved around and replaced. In this case, space 
occupied by particular sets of books is un- 
available to other sets. Which of these two 
metaphors applies better to the brain? It would 
seem that the “unique memory points” con- 
cept would be more in line with what is known 
about connectivity, except for one observa- 
tion. Complex memories-a word, a face-are 
aggregates of simpler percepts, of lines and in- 
tensity gradients arranged in space, of sound 
relations arranged in time. These simpler com- 
ponents are not unique to one face or one word, 
yet memories may have to be encoded in terms 
of such simpler components, else one would 
have to postulate a unique cell for each com- 
plex memory. The simpler components of a 
particular face and a particular word may recur 
repeatedly in other words and other faces, so 
that the lexicon of components is shared by 
many memories. The sum total of these com- 
ponents, each of which may have many repli- 
cas, may constitute the sum total of memory 
space. 

A comparison of these two metaphors sug- 
gests that the brain’s memory space may be 
best defined by properties of both: a series of 
unique points, with many replicas of each, con- 
stituting an abecedary of memory compo- 
nents, the number of replicas of each com- 
ponent determining the size of the shelf space. 
If this is true, the same memory can be ac- 
quired again and again, and held as many sep- 
arate memories. Two identical inputs, entered 
at different times, would compete maximally 
for memory space, while inputs that had less 
in common would compete less for memory 
space. Replaceable neurons may be those that 
are part of the abecedary of memory compo- 
nents. I offer these ideas not as rigorous hy- 
potheses, but as suggestions for thinking about 
memory space, its renewal, and the physical 
representation of memories. 

HOPE FOR A NEW NEUROLOGY 

My emphasis thus far has been on learning and 
the insights offered into the machinery of 
learning by the song control system of birds. 
Brain plasticity used in learning can also be 
seen as a spontaneous form of brain rejuvena- 
tion or repair. At present, neurology relies 
heavily on methods that remove damaged or 
abnormal tissue, prevent infection, maintain 
electrolyte balance and regulate ventricular 
pressure. We may know enough now to at- 
tempt more than this, and in particular to en- 
courage the repair of damaged circuits (Aguayo 
et al. 1982, Shatz 1982). How can this be best 
done? Could genes be turned on and off to 
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induce dendritic retraction and growth, to in- 
duce synapse formation and shedding, to in- 
duce birth of new neurons, their migration and 
differentiation? If the system’s own stem cells 
are not available for neurogenesis, then, as has 
been shown (Bjorklund and Stenevi 1979, 
Dunnett et al. 1982, Labbe et al. 1983), fetal 
brain grafts may be introduced to repair net- 
work damage. Until recently these approaches 
to brain repair would have seemed unthink- 
able, but now we know differently. The avian 
data show that new neurons form, migrate and 
incorporate themselves into existing networks. 
These processes are possible in the adult brain, 
contrary to long-held beliefs. The possibility 
of a confluence of mechanisms for memory up- 
dating and network repair, involving replace- 
ment of synapses and neurons, seems worth 
exploring. 
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