
The Journal of Neuroscience, April 1993, 13(a): 1654-I 663 

Direct Evidence for Loss and Replacement of Projection Neurons in 
Adult Canary Brain 

J. R. Kirn and F. Nottebohm 

The Rockefeller University Field Research Center, Millbrook, New York 12545 

Normally occurring projection neuron loss and replacement 
were quantified over a 6 month period in the pathway from 
the high vocal center (HVC) to the robust nucleus of the 
archistriatum (RA) in adult male canaries. Fluorescent latex 
microspheres were injected into RA in April-a procedure 
resulting in long-term retrograde labeling of RA-projecting 
HVC neurons. Labeled cell densities were then obtained 4 
and 20 d later in April and 195 d later in October. We found 
that 41-49% of the RA-projecting HVC neurons present the 
previous April were no longer present in October. Fluorogold 
injections in RA 3 d prior to death in April and October ret- 
rogradely labeled similar overall densities of RA-projecting 
HVC neurons, indicating that cells lost over this 6 month 
period were replaced by new RA-projecting HVC neurons. 
Newer cells were larger than older cells, suggesting that an 
age-dependent reduction in size might precede death. Over 
the same time interval, no loss was observed for neurons 
projecting from the lateral magnocellular nucleus of the an- 
terior neostriatum to RA. Thus, loss was specific to the input 
from HVC to RA. These findings raise the possibility that 
much if not all of the pathway from HVC to RA is replaced 
within a year. The time period examined encompasses the 
yearly transition from stable song to song learning in the 
canary (Nottebohm et al., 1966, 1967). A pronounced loss 
and replacement of neurons implicated in vocal control dur- 
ing this period may relate to the canary’s ability to modify 
song in adulthood. 

[Key words: adult neurogenesis, adult neuron death, neu- 
ronal replacement, telencephalon, song control, learning, 
birds, canary] 

Neurons are produced and distributed throughout much of the 
telencephalon of adult birds (for review, see Nottebohm, 1985; 
Alvarez-Buylla and Nottebohm, 1988). One recipient region for 
new neurons is the high vocal center (HVC), a discrete forebrain 
area involved in the control of learned song (for review, see 
Nottebohm, 1989; Nottebohm et al., 1990). Most adult-formed 
HVC neurons become projection cells that connect the HVC 
with the robust nucleus of the archistriatum (RA) (Alvarez- 
Buylla et al., 1990a; Kim et al., 199 1). RA, in turn, projects 
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onto the motor neurons that innervate the syrinx (Nottebohm 
et al., 1976). New neurons, therefore, are inserted into the ef- 
ferent pathway for the control of learned song (Fig. 1). 

Approximately 50-60% of the neurons in HVC project to RA 
(Alvarez-Buylla et al., 1990a; Kim et al., 1991). When the cell 
bodies of these neurons are used to define HVC’s boundaries, 
the volume they enclose remains constant in adult canaries over 
periods of up to 8 months extending from fall to the following 
spring (Kim et al., 1991). Moreover, the total number of RA- 
projecting neurons does not change over the same interval (Kim 
et al., 199 1). This seemingly static picture, however, masks the 
dynamics of neuronal replacement within HVC. RA-projecting 
neurons are produced and incorporated into the adult HVC at 
rates as high as 0.345% per day (Alvarez-Buylla et al., 1990a; 
Kim et al., 199 1). These results suggest that some RA-projecting 
HVC neurons die and are replaced by new neurons of the same 
kind. Neuronal loss has never been demonstrated directly, how- 
ever. Moreover, we do not yet know what proportion of cells 
in the circuit from HVC to RA are replaced. This information 
is necessary in order to determine whether adult neuronal tum- 
over is a common feature of projection neurons linking HVC 
to RA or is restricted to a small, perhaps specialized subpop- 
ulation of these cells. 

Normally occurring addition and loss of RA-projecting HVC 
neurons may be related to adult song plasticity in the canary. 
Adult male canaries change their song every year. In April, song 
is loud and stereotyped; song is less stable in October, and by 
then many song components from the previous spring’s reper- 
toire have been deleted or modified and others have been added 
(Nottebohm et al., 1986, 1987). Recruitment of new RA-pro- 
jetting HVC neurons is higher in the fall than in the spring 
(Alvarez-Buylla et al., 1990a). In addition, HVC neurons born 
in the fall survive at least 8 months, a sufficient length of time 
for them to participate in the yearly acquisition of new song in 
the fall and the retention of this song until the following spring 
(Kim et al., 1991). These results raise the possibility that the 
processes of neuronal addition and loss participate in both the 
formation and turnover of motor programs for song. 

We wished to determine the number of RA-projecting HVC 
neurons that survive the transition from stable song in the spring 
to plastic song in the fall. The present experiment, therefore, 
was designed to obtain a direct evaluation of the percentage of 
RA-projecting HVC neurons that are lost and replaced during 
a time of year when song reorganization is at its highest. 

Materials and Methods 
Surgery. Adult male canaries (12-l 3 months old) from our close-bred 
colony of the Belgian Waterslager strain were deeply anesthetized with 
intramuscular injections of ketamine (Ketalar, Park-Davis; 0.5 mg/20 
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Figure 1. Schematic diagram of major circuitry of the song bird vocal 
control system (from Nottebohm et al., 1976, 1982; Bottjer et al., 1989). 
The focus of current work is on cells projecting from the high voc& 
center (HE) to the robust nucleus of the archistriatum (ZW. These 
neurons are produced in adulthood. RA neurons also receive afferents 
from cells in the lateral magnocellular nucleus of the anterior neostri- 
atum (LMAN). The efferent nathwav for sona control (shown with solid 
lines) includes HVC and Rk, ZU’s project&t onto the motor neurons 
of the tracheosyringeal branch of nucleus XII (UZZ ts), and the nXZZ 
ts projection onto the syrinx, or vocal organ. A parallel, indirect pathway 
also exists between HVC and Z2A (shown with broken fines) consisting 
of a projection from HVC to area X, a projection from X to the dor- 
solateral nucleus of the thalamus (QLMj, a projection from DLM to 
LMAN, and projections from LMAN to RA. 

gm body weight) and xylazine (Rompun, Haver; 1.0 mg/20 gm body 
weight). Stereotaxic surgery and tracer injections were performed as 
described previously (Kim et al., 199 1). In early April, birds were placed 
in a stereotaxic instrument, a midline scalp incision was made, and the 
skin over the dorsal skull surface was retracted. The brain surface caudal 
to HVC was exposed by making a small hole in the skull. A glass 
micropipette loaded with undiluted fluorescent latex microspheres (Luma 
Fluor, Inc.) was then lowered into RA at a 9” angle from the vertical 

with reference to the canary stereotaxic atlas (Stokes et al., 1974). In 
each hemisphere, microspheres (beads) were pressure injected into RA 
at four different sites (10-20 nl per injection, spaced 0.3 mm apart 
rostrocaudally and 0.2 mm apart in the dorsal-ventral axis) to produce 
maximal retrograde labeling of RA-projecting HVC neurons. Beads 
have been used as a long-term, nontoxic label for neurons in other 
systems (Katz et al., 1984; Divac and Mogensen, 1990), including other 
vocal control circuits (Gahr, 1990: Morrison. 199 1). 

Birds were then randomly assigned to one of three survival times. 
The experimental design is summarized in Figure 2. Animals were killed 
4 d (early April), 20 d (late April), or 195 d (October) after bead injec- 
tions. Two survival times in April were used to control for possible 
toxicity of beads to RA-projecting HVC neurons (also see other controls 
described below). If  beads killed neurons. then a measurable loss of cells 
backfilled with beads might be seen during this initial 20 d survival 
period. Three days prior to death, canaries in the longer two survival 
groups were subjected to a second surgery in which the retrograde tracer 
fluorogold (Schmued and Fallon, 1986; 2% in 0.9% NaCI; Fluoro- 
chrome, Inc.) was injected stereotaxically into each RA. These two 
tracers are easily distinguished under fluorescence microscopy. 

Fluorogold injections made in April and October provided a measure 
of the overall density of RA-projecting neurons to which bead-labeled 
cell loss could be compared. The density of fluorogold-labeled HVC 
neurons backfilled from RA is comparable whether the fluorogold in- 
jections are the only injections given (Kim et al., 199 l), or they follow 
by 17 d the injection of fluorescent beads into RA (present study). From 
this we infer that injections of fluorescent beads into RA do not seriously 
impair the ability of RA-projecting HVC neurons to retrogradely trans- 
port fluorogold injected at a later time. The same conclusion can be 
drawn from the fact that sequential injections of fluorescent beads and 
fluorogold produce a majority of cells labeled with both markers. Fluo- 
rogold and beads injected into RA have also been shown to label similar 
numbers of HVC neurons (Kim et al., 1991; present results). These 
observations reassure us about the appropriateness of using a double- 
labeling method to quantify the loss and replacement of RA-projecting 
HVC cells over a 6 month period from April to October. Thus, in the 
present paradigm, fluorescent bead labeling was used to measure neuron 
loss between April and October. Assuming maximal backfills with both 
tracers, the majority of cells labeled exclusively with fluorogold would 
represent projection neurons inserted only after bead injections-an 
index of replacement. 

To control further for possible effects of damage associated with in- 
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Figure 2. Schematic diagram of the experimental design. In April, adult male canaries were anesthetized and then fluorescent latex microspheres 
(beads) were pressure injected bilaterally into RA to retrogradely label neurons projecting to ZU from HVC and LMAN. Following surgery, birds 
were randomly assigned to one of three groups with survival times of 4 d (n = 4), 20 d (n = 4), or 195 d (n = 5). Beads provided a long-term 
marker with which to measure neuron loss. ZU in birds from the longer two survival groups was reinjected with the retrograde tracer fluorogold 
3 d prior to death. Fluorogold label provided a basis for quantification of overall projection neuron densities in April and October. Double labeling 
signified that a neuron survived the duration of time between tracer injections. Neurons labeled with fluorogold and that did not also contain beads 
represented cells born after the bead injections. Based on previous work, we predicted that projection neurons arising from HVC would exhibit 
loss and replacement but those in LMAN would not. 
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Fzgure 3. A and Bare photomicrographs of a sagittal section through the injection sites of a bird killed 20 d after beads (A) and 3 d after fluorogold 
(B) were stereotaxically placed in RA. The two panels are of the same tissue field viewed with different fluorescent filter sets. Dorsal is up and 
rostra1 is to the right in these and all photomicrographs to follow. RA is an egg-shaped nucleus whose rostra1 pole can be seen in the center of the 
injection site in B. The approximate boundaries of RA have been delimited by dots in A. C and D show a higher-magnification view of HVC 20 
d after RA injections of beads and 3 d after RA was injected with fluorogold. Most cells originally labeled with beads (C) became labeled with 
fluorogold subsequently (D). C and D are views of the same tissue field. Numbers (1-6) correspond to examples of double-labeled cells. At 195 d 
survival (E), beads tended to form aggregate clumps of intensely fluorescent material in the cytoplasm (arrows). The absence of a uniform cytoplasmic 
distribution of beads prevented their use in measurements of soma diameters. In contrast, fluorogold provided good definition of cell profiles, and 
so it was used for neuronal size measurements instead. F and G are photomicrographs of sagittal sections through HVC showing the pattern of 
bead labeling at short and long survival times. F is from a bird killed in late April, 20 d after RA injections of beads. G is of a comparable section 
from a bird killed the following October. Note the loss of bead-labeled neurons between the two survival times. Scale bars: A, B, F, and G, 500 
pm; C-E, 10 pm. 
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jection procedures, nonspecific loss of beads over time, or group dif- 
ferences in the targeting of RA, we also examined the lateral magno- 
cellular nucleus ofthe anterior neostriatum (LMAN). The most common 
type of RA neuron receives input from LMAN as well as HVC (Canady 
et al., 1988). Therefore, tracer injections in RA retrogradely label pro- 
jection neurons with cell bodies in both of these brain areas. LMAN 
does not acquire new projection neurons in adulthood (Nottebohm, 
1985; Alvarez-Buylla, 1992). Thus, we predicted that the density of 
LMAN neurons backfilled with fluorescent beads would not differ in 
April and October, while that of HVC backfilled neurons would drop. 

Histology. Prior to death, subjects were given an overdose of anes- 
thetic and perfused through the heart with 0.9% NaCl followed by 4% 
paraformaldehyde in 0.1 M phosphate buffer. Brains were removed and 
stored in the same fixative for l-4 weeks. Tissue was then submerged 
in 30% sucrose in 1 M uhosnhate buffer for 24 hr and cut sagittally at 
a thickness of 20 p on a freezing microtome. Sections were collected in 
0.1 M phosphate buffer, and every third section was mounted onto 
gelatinized slides and air dried. Slides were coverslipped with immersion 
oil prior to viewing. 

Quantification. All fluorescently labeled cells were counted in four 
equally spaced sections from the central two-thirds of HVC and two 
sections from an equivalent portion of LMAN using a 63 x oil objective. 
Data were collected and stored on a computer-yoked fluorescence mi- 
croscope system that has been described in detail elsewhere (Alvarez- 
Buylla and Vicario, 1988). Cells were classified according to whether 
they were labeled with beads, fluorogold, or beads and fluorogold by 
alternating between different fluorescence filters (Nikon filter sets G 1 -A 
for beads and UV- 1 A for fluorogold). These label categories were not 
mutually exclusive and in animals that received both fluorogold and 
bead injections a given cell could have been assigned to all three clas- 
sifications. Double-labeled cells were a subset of the total labeled with 
fluorogold and the total labeled with beads. Projection neuron densities 
were calculated by dividing the sum of labeled cells across all sections 
by the total area sampled. In each animal, soma diameters, as defined 
by cytoplasmic fluorescence, were obtained from at least 50 HVC neu- 
rons and 20 LMAN neurons for each cell labeling category. Soma di- 
ameter information was used so that our corrected cell density measures 
took into account cell splitting (Weibel, 1979) and the corrected data 
were expressed as labeled neuron densities per unit volume. 

Based on nrevious work (Kim et al.. 1991). adult-formed HVC neu- 
rons become smaller as they age, and we wished to determine in the 
present experiment whether this was true for the HVC-to-RA neuronal 
population. However, in our material, beads tended to aggregate into 
large, unevenly distributed intracellular compartments in birds at long 
survivals, making it difficult to resolve the precise boundaries of the 
cytoplasmic envelope in some cases (see Fig. 3E). In contrast, fluorogold 
backfills labeled the cell cytoplasm more uniformly. Therefore, statis- 
tical comparisons of mean cell diameter between cell categories and 
survival times were restricted to cases where fluorogold could be used 
for measurements. This procedure limited the number of comparisons 
to cells labeled with fluorogold and those that were double-labeled at 
20 and 195 d survival. Frequency histograms of corrected cell diameters 
(Weibel, 1979) were constructed by adding the number of cells in each 
size class across animals within a survival time. Due to slight interanimal 
differences in the number of cells measured, summed values were then 
converted into proportions. 

Statistics. After excluding animals with off-target tracer injections, 
sample sizes were n = 4 for 4 d survival, n = 4 for 20 d survival, and 
n = 5 for 195 d survival. In all birds, targeting of RA injections was 
more satisfactory in one hemisphere than in the other and quantification 
was restricted to the side that showed the most complete tracer injec- 
tions. All survival times included some birds with analysis done on the 
rieht side and some with analvsis done on the left side 12 right (R), 2 
le?t (L) in the 4 d group; lR, 3L in the 20 d group; lR, 4L in the 195 
d group]. Although the longer two survival times favor the left hemi- 
sphere, we observed no tendency for left-right differences in cell loss 
and previous work has failed to show laterality in new HVC neuron 
incorporation (Alvarez-Buylla et al., 1990a; Rim et al., 1991). 

Statistical comparisons were made with one- or two-way analysis of 
variance (ANOVA), using survival time as an independent factor. Initial 
comparisons between HVC and LMAN were conducted with nucleus 
as a within-subject factor. A within-subject design was also employed 
when comparing different label categories (beads, double, and fluoro- 
gold) in the same birds (20 and 195 d survival times). When overall 
analyses yielded significant main effects or interactions @ < 0.05), planned 

pairwise comparisons were conducted using unpaired t tests for com- 
parisons across survival times and paired t tests for comparisons of 
different label categories within a survival time. 

Results 
Injection sites 
Inspection of bead injection sites in all birds revealed similar 
targeting success across the three survival times. Large deposits 
of beads remained in RA and surrounding archistriatum irre- 
spective of survival time. An example of injection sites in RA 
after sequential administration of beads and fluorogold is shown 
in Figure 3, A and B, respectively. In all animals, beads and 
fluorogold injections overlapped with each other extensively. 
Beads tended to diffuse over shorter distances than fluorogold, 
despite having injected the same volume of the two retrograde 
tracers. Thus, fluorogold injections appeared to fill RA, as well 
as regions surrounding RA, more completely than beads. How- 
ever, terminal fields within RA for HVC-to-RA projection neu- 
rons are extensive (Vicario and Simpson, 1988) and so com- 
parable patterns of marker uptake may obtain even when 
injections are not identically placed and when the tracers used 
show somewhat different spread. This argument is supported 
by previous work (Kim et al., 1991) in which the two tracers 
labeled comparable numbers of HVC neurons-a result also 
obtained in the present experiment (see below). 

H VC labeled cell densities 

Following sequential RA injections of beads and fluorogold, 
most HVC cells originally labeled with beads became labeled 
with fluorogold as well (Fig. 3C,D). Figure 3, F and G, shows 
representative sagittal sections through HVC from canaries killed 
20 or 195 d after labeling the HVC-to-RA projection neurons 
with beads in April. Between these two survival times a no- 
ticeable decrease was found in the density of bead-labeled cells. 

Mean (*SEM) bead-labeled cell densities for the April cohort 
of HVC neurons at the three survival times are summarized in 
Figure 4A. Estimates of the overall density of RA-projecting 
HVC neurons in late April and October, as determined by fluo- 
rogold injections made 3 d prior to death, are also included. 
For comparison, the densities of double-labeled projection neu- 
rons (beads + fluorogold) are also presented. Beads tended to 
clump together over long survivals (see Fig. 3E)-a phenome- 
non that has also been observed in other systems (Madison et 
al., 1990; L. Katz, personal communication). This resulted in 
an uneven distribution of label in the cell cytoplasm. In contrast, 
fluorogold labeled the cytoplasm more completely. The fluo- 
rogold label provided a secondary marker that aided in discrim- 
inating between cases where two clumps ofbeads were contained 
within a single cell and cases where two clumps of beads rep- 
resented two closely packed cells. Fluorogold label also provided 
confirmation that a cell labeled with beads was a neuron, rather 
than a phagocyte or glial cell that may have incorporated beads 
along with other debris associated with neuronal degeneration. 

ANOVA revealed that our labeling methods yielded different 
densities of RA-projecting cells, irrespective of survival time 
[main effect, F(2,6) = 139.7, p = O.OOOl]. Fluorogold and beads 
were equally sensitive markers as shown by the fact that they 
produced similar densities of labeled neurons in birds killed in 
late April [t (3) = 0.69; p = 0.541. However, densities of double- 
labeled cells were consistently lower than densities of bead- 
labeled cells irrespective of survival time [in late April and 
October, respectively: double/beads = 0.90, t (3) = 4.34, p = 
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Figure 4. Mean (+SEM) retrogradely labeled HVC (A) and LMAN 
(B) projection neuron densities 4 d, 20 d (in April), and 195 d (in 
October) after bead injections into RA. Cell loss/survival over the 6 
month study period for the April cohort of RA-projecting neurons in 
HVC and in LMAN is reflected in bead-labeled cell densities. The 
overall density of RA-projecting HVC neurons in April and October is 
represented by the density of fluorogold-labeled cells. Double-labeled 
cells are those that were backfilled with beads in April and then relabeled 
with fluorogold 3 d prior to killing birds in April or October. 

0.023; double/beads = 0.78,1(4) = 36.98, p = 0.000 11. Double- 
labeled cell densities were also lower than the densities of cells 
labeled with fluorogold in late April as well as in October [ for 
April and October, respectively: double/fluorogold = 0.87, t (3) 
= 6.5 1, p = 0.007; double/fluorogold = 0.5 1, t (4) = 10.29, p 
= O.OOl]. 

There was a significant interaction between survival time and 
labeling category [F(2,6) = 18.84; p = 0.0031. When the analysis 
was restricted to comparisons ofthe bead-labeled cohort of HVC 
neurons at the three different survival times, a highly significant 
difference in the packing density of these cells was found [F(2,10) 
= 11.43; p = 0.0031. The 4 and 20 d April survival times were 
not different [t (6) = 1.35; p = 0.111, but both of these times 
were associated with significantly higher labeled cell densities 
than the 195 d October survival time [t (7) = 3.35, p = 0.006 
for 4 vs 195 d; t (7) = 4.25, p = 0.002 for 20 vs 195 d]. Between 
late April and October, there was a 4 1% decrease in the density 
of cells labeled with beads in early April. 

The size of the drop in the density of bead-backfilled cells 
between April and October could be an underestimate of the 
number of RA-projecting HVC neurons that were lost. That 
would be the case, for example, if a significant number of the 
bead-filled cells present in October were non-neuronal. The lat- 
ter possibility is not overly speculative, since phagocytes or even 
glia could acquire beads by intake of debris from dying RA- 
projecting neurons. One way to correct for this possibility is to 
compare the density of double-labeled cells in April and Oc- 
tober. The injection of fluorogold into RA in October and its 
uptake by bead-labeled cells in HVC allowed us to confirm the 
neuronal identity of these cells. There was a drop of 49% in the 
density of HVC double-labeled cells between April and October 
[t (4) = 10.29; p = O.OOl]. Thus, the 41% drop seen when using 
beads alone to measure loss may be un underestimate of the 
proportion of RA-projecting cells that disappeared. 

The overall density of RA-projecting HVC neurons in late 
April and October, as determined by fluorogold injections made 
3 d prior to death, was comparable [t (7) = 1.72; p = 0.131. 
However, in October birds, there were 35% more fluorogold- 
labeled cells than bead-labeled cells [t (4) = 7.18; p = 0.0021, 
compared to 3% more in late April [t (3) = 0.69; p = 0.541. 
These results suggest that 32% of the RA-projecting HVC neu- 
rons present in October were generated and/or developed their 
RA-projecting phenotype after the April injections of beads. A 
similar comparison made using double-labeled cells yields 49% 
more fluorogold cells than double-labeled in October [t (4) = 
10.29;~ = O.OOl], compared to 13% in late April [t (3) = 6.51; 
p = 0.0071, for a net replacement estimate of 36%. 

H VC cell sizes 

Size histograms for HVC projection neurons are summarized 
in Figure 5. The average soma diameters for cells in the April 
and October RA-projecting neuron populations, identified by 
fluorogold, were similar [mean f SEM = 7.31 + 0.27 pm for 
April, 7.19 f 0.15 pm for October; t (7) = 0.4; p = 0.691. There 
was a nonsignificant trend for double-labeled neurons to be 
larger in April than in October. Mean diameters for this cell 
category decreased from 7.20 ? 0.23 pm in April to 6.46 +- 
0.7 1 pm in October (t (7) = I .76; p = 0.11). The fraction of cells 
labeled with fluorogold in October that was not also labeled with 
beads contained cells that were presumably born or had inner- 
vated RA only after bead injections. Neurons in this cohort 
were significantly larger than the double-labeled cells [8.32 f 
0.19 Mm; t (4) = 6.35; p = 0.0031 and larger than the general 
population of projection neurons in the same animals as defined 
by all the cells backfilled with fluorogold, irrespective ofwhether 
they were also labeled with beads [t (4) = 8.86; p = O.OOl]. 

LMAN cell densities 
Figure 6 shows photomicrographs of retrogradely labeled LMAN 
neurons after tracer injections in RA. As was true for HVC, 
most neurons in LMAN that were labeled initially with beads 
were also labeled by subsequent injections of fluorogold. A sum- 
mary of mean (aSEM) densities of LMAN neurons labeled with 
beads, double-labeled cells, and those labeled with fluorogold 
at the various survival times is presented in Figure 4B. As was 
true for HVC, the density of double-labeled LMAN neurons 
was significantly lower than the density of cells labeled with 
beads or fluorogold irrespective of survival time [main effect, 
F(2,6) = 36.09, p = 0.0001; double/beads = 0.86 at 20 d, t (3) 
= 5.90, p = 0.0 1; double/fluorogold = 0.86 at 20 d, t (3) = 3.42, 
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p = 0.04; double/beads = 0.86 at 195 d, t (4) = 5.70, p = 0.005; 
double/fluorogold = 0.81 at 195 d, t (4) = 2.40, p = 0.071. 

However, unlike our results for HVC, survival time did not 
affect the density of cells revealed by different labeling categories 
in LMAN [F(2,6) = 15.62, p = 0.004 for nucleus x label type 
x survival time interaction; F(2,6) = 0.19, p = 0.83 for label 
type x survival time interaction in LMAN]. Specifically, bead- 
labeled cell densities in LMAN were not different at the three 
survival times [F(2,10) = 1.33; p = 0.311. This was also true 
when comparing fluorogold-labeled cell densities in April and 
October [t (7) = 0.46;~ = 0.661. In addition, bead-labeled neuron 
densities did not differ from fluorogold-labeled cell densities in 
late April or in October (t (3) = 0.08, p = 0.94 at 20 d; t (4) = 
0.70, p = 0.52 at 195 d). 

LMAN cell sizes 
RA-projecting LMAN neurons were larger than RA-projecting 
HVC neurons, as defined by cells in both populations that were 
backfilled by fluorogold, and this was true whether the com- 
parison was done in April or in October [Fig. 7; F( 1,7) = 65.15; 
p = O.OOOl]. In addition, the RA-projecting LMAN neurons 
showed a greater range in backfilled soma profile sizes than was 
the case for HVC-to-RA projection neurons. The greater range 
in profile sizes would be expected with a population of cells that 
has a larger mean diameter. There was a tendency for LMAN 
cell somas backfilled with fluorogold to be larger in April than 
in October (mean f SEM = 10.74 f 0.45 pm for April, 9.61 
f 0.44 pm for October). However, this difference was not sta- 
tistically significant [t (7) = 1.75; p = 0.12). No size differences 
were found in double-labeled cells between April and October 
[lo.42 + 0.72 pm for April, 9.86 f 0.56 pm for October; t (7) 
= 0.63; p = 0.551. There were not enough neurons backfilled 
exclusively with fluorogold to make a meaningful comparison 
between the April and October times for this cell category. 

Discussion 

The overall packing density of RA-projecting neurons in HVC 
was found to be the same in April and in October. However, 
the 6 month interval was also associated with a substantial 
turnover of cells in this circuit. The magnitude of loss depends 
on how it was calculated. The lower estimate (4 1%) results from 
the drop in the density of bead-labeled HVC cells that occurred 
between 20 and 195 d after the injection of beads into RA. 
When loss is measured on the basis of cells containing fluorogold 
as well as beads, thus ensuring a neuronal phenotype, the higher 
estimate (49%) is obtained. This latter criterion is more stringent 
because it assumes that the relative efficiency with which neu- 
rons were backfilled with beads in April was comparable to the 
efficacy with which fluorogold backfilled RA-projecting cells in 
October. If, for any reason, the ease with which fluorogold was 
transported from RA to HVC was lower in October, then a 
subset of RA-projecting, bead-backfilled HVC neurons would 
fail to appear as double-labeled at this time of year and hence 
would not be recognized as neuronal. We cannot say, based on 
our data, which of these estimates is more accurate. The real 
loss of RA-projecting HVC neurons is likely to fall somewhere 
between 41% and 49%. 

Previous work using 3H-thymidine as a marker for adult neu- 
ron production in conjunction with anatomical tracers showed 
that RA-projecting HVC neurons are produced in adulthood 
and replace other cells of the same kind (Alvarez-Buylla et al., 
1990a; Kim et al., 1991). The present data suggest that 32-36% 
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Figure 5. Frequency histograms of soma diameters for retrogradely 
labeled HVC neurons in late April and in October. Sizes shown are for 
the general population of RA-projecting HVC neurons labeled with 
fluorogold 3 d prior to death (total fiuorogold, A), double-labeled cells 
that represent the cohort of cells labeled with beads in April and then 
relabeled with fluorogold in late April or October (B), and for neurons 
labeled exclusively with fluorogold in October (fluorogold + no beads, 
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of the RA-projecting neurons present in October had not been 
in place in April and possibly had been born at a later time. We 
do not have direct evidence for cell birth, because in the present 
study 3H-thymidine was not used. However, recent work using 
3H-thymidine indicates that HVC neurons are born during each 
of the months examined in the present study (Rim et al., 1992), 
in support of our more indirect measures using fluorogold. 

The 32-36% gain in RA-projecting neurons was lower than 
the 4 149% lost. This could mean that not all of the lost neurons 
had been replaced by October, or it could mean that fluorogold 
in October did not backfill all of the RA-projecting HVC neu- 
rons that were present, resulting in underestimates of replace- 
ment. Given the margin of error associated with each of the 
measures used, we cannot distinguish between these two alter- 
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we 6. Tracer injections into KA retrogradely label projection neurons in LMAN as well as in HVC. A and B show a low-magnification view 
A-projecting LMAN neurons retrogradely labeled with beads (A), followed 17 d later by fluorogold (B). A and B are of the same tissue field. 

Most cells originally labeled with beads became labeled with fluorogold subsequently. C shows a higher-magnification view of bead-labeled LMAN 
neurons from a bird injected with beads in April and killed 195 d later. This bird was reinjected in R4 with fluorogold (D) 192 d after bead 
injections. C and D are of the same tissue field, and numbers (1-6) correspond to examples of double-labeled cells. Unlike HVC, LMAN did not 
show a systematic loss of bead-labeled cells over time. Scale bars: A and B, 200 pm; C and D, 50 pm. 

natives. Nevertheless, when taken together, the results suggest 
that between one-third and one-half of the RA-projecting HVC 
neurons were replaced between April and October. 

The 0.3-0.5% daily rates of 3H-thymidine labeling in HVC 
reported previously (Alvarez-Buylla et al., 1990a; Kim et al., 
199 1) suggested either of two patterns of neuronal replacement: 
(1) a small number of RA-projecting cells with short life-spans 
was constantly turning over, or (2) turnover affected a much 
larger group of cells with longer life-spans. The idea that a small 
fraction of RA-projecting cells is constantly turning over seemed 
unlikely based on the finding that RA-projecting HVC neurons 
born in adult canaries in September persist for at least 8 months 
(Rim et al., 1991). Therefore, the percentage of HVC’s RA- 
projecting neurons that are discarded and replaced in any one 
year could be a sizeable fraction of the total population. A 
replacement of one-third to one-half over a 6 month period 
confirms this expectation. 

In both HVC and LMAN there were no significant differences 
between the densities of projection neurons labeled with beads 
and with fluorogold in the 20 d survival time. This suggests that 
the two tracers were equally sensitive markers, as has been 
shown previously (Rim et al., 1991). Moreover, most of the 

cells labeled with one marker were also labeled with the other 
one, although not all were double labeled. Since the two tracers 
were injected at different times, the result observed could have 
been produced by slight differences in the targeting of injections, 
combined with incomplete fills with either tracer. 

Most of the fluorogold-labeled cells backfilled in October that 
had no fluorescent beads presumably corresponded to RA-pro- 
jetting HVC cells inserted after the early April bead injections 
into RA. We cannot conclude that all cells labeled exclusively 
with fluorogold were new neurons, since some may have simply 
failed to incorporate beads earlier. This possibility is supported 
by the fact that double-labeled cell densities were 13% lower 
than the densities of fluorogold-labeled cells in the 20 d survival 
group. When this margin of error is taken into account, we 
estimate that 87% of the neurons labeled with fluorogold alone 
were put in place after bead injections. 

The diameter of the putative “young” cells was larger than 
that of October double-labeled cells that were born at least 6 
months earlier, suggesting a possible correlation between the 
size of these cells and their age. If true, then one might also 
expect a decrease in the size of double-labeled cells between 
April and October. RA-projecting HVC neurons in place before 
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April showed a tendency to become smaller between April and 
October, but this trend was not statistically significant. The lack 
of a significant difference would be expected if many of the soma 
sizes measured in April corresponded to cells that were already 
fairly old at that time. Their relatively smaller diameter would 
lower the mean cell size for April. The cells with the most well- 
defined ages were those labeled with fluorogold that did not also 
contain beads, and these cells were the largest RA-projecting 
cells in HVC. 

The apparent reduction in the size of HVC’s RA-projecting 
cells could have come about in either of two ways: (1) the cells 
became smaller as they grew older, or (2) these cells came in an 
array of sizes, the larger ones having shorter life-spans. The 
“aging” hypothesis is supported by recent work that showed 
that RA-projecting HVC neurons born in adulthood and labeled 
with 3H-thymidine become smaller as they age (Rim et al., 
199 1). In this other work the group of neurons studied persisted 
without any significant losses between September, when they 
were born, and May. Latex microspheres were not used in this 
other study, so an age-related reduction in cell size cannot be 
attributed to the long-term presence of beads in the cell cyto- 
plasm. RA-projecting HVC neurons born in September were 
also found to be initially larger than the general population of 
RA-projecting neurons (Rim et al., 1991), which is consistent 
with the present findings for cells labeled with fluorogold alone. 
We do not yet know the possible functional correlates of cell 
shrinkage. However, since reduction in the size of HVC’s RA- 
projecting cells occurs as cells grow older, it is intriguing to 
wonder whether shrinkage might be part of a process that even- 
tually leads to the death and replacement of these HVC cells. 

Our use of retrogradely transported beads to study neuron 
survival is not without potential sources of error. There are risks 
associated with using any invasive technique to study the natural 
processes of cell loss. However, LMAN cells that projected to 
RA and that were backfilled with beads were present in com- 
parable densities 20 and 195 d later, suggesting that this pro- 
cedure, by itself, need not lead to cell death. Beads have also 
been used as a long-term marker for HVC neurons that project 
to area X (Gahr, 1990). These cells, like those in LMAN, are 
not replaced in adulthood (Alvarez-Buylla et al., 1988), and the 
number of bead-labeled cells projecting from HVC to area X 
did not decline after survival times of 7 months. The possibility 
remains that the treatment of beads by neither LMAN cells that 
project to RA nor HVC cells that project to area X mimics the 
treatment of beads by RA-projecting HVC neurons. For ex- 
ample, such beads could have been subjected to exocytosis in 
the latter group of cells. We do not have a control for this 
possibility. However, the fact remains that the level at which 
new RA-projecting neurons are added to HVC (Alvarez-Buylla 
et al., 1990a; Kim et al., 1991) is comparable in magnitude to 
the losses observed among the bead-backfilled HVC neurons 
that project to RA. Taken together, the evidence of cell birth 
and the evidence of cell death are remarkably consistent for a 
number of different neuronal populations. 

A second possible source of error in measuring cell loss with 
beads concerns the fact that we do not know how long this tracer 
remains available for retrograde transport at the injection site. 
Unlike 3H-thymidine, which is only available for uptake by 
dividing cells for 60-90 min in the canary (Alvarez-Buylla et 
al., 1990b), beads may be transported for several days. Deposits 
of beads persisted at the injection site even in our longest sur- 
vival group. The potential exists for labeling not only cells pres- 
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Figure 7. Frequency histograms of soma diameters for retrogradely 
labeled LMAN neurons in late April and in October. Sizes shown are 
for the general population of RA-projecting LMAN neurons labeled 
with fluorogold 3 d prior to death (total fluorogold, A) and double- 
labeled cells that represent the cohort of cells labeled with beads in April 
and then relabeled with fluorogold in April or October (B). There were 
not enough cells labeled exclusively with fluorogold (fluorogold + no 
beads) to make meaningful comparisons of sizes between April and 
October. 

ent at the time of tracer injections, but also those cells born 
within an unknown amount of time after the injections. If, in 
the present work, beads remained available for transport for 
more than 20 d, this would result in underestimates of loss 
between our 20 and 195 d survival times. We found no signif- 
icant differences in the density of bead-labeled cells between 4 
and 20 d survivals in April, and this can be taken as evidence 
that bead transport ceased prior to the 20 d death time. 

HVC neuron production occurs in adult canary at all times 
of year (Paton et al., 1985; Alvarez-Buylla et al., 1990a; Kim 
et al., 199 1; F. Nottebohm, unpublished observations). Counts 
of pyknotic, degenerating HVC cells indicate that cell death also 
occurs on a continuous basis (Rim et al., 1992). We do not yet 
know whether HVC projection neuron loss occurs at similar 
rates throughout the year or is especially high at certain times; 
we do not have data comparable to those presented here for 
other times of the year. However, HVC neuron number remains 
relatively stable (Rim et al., 199 l), and so if there are waves of 
cell loss, they must be mirrored by waves of cell addition, and 
vice versa. Remarkably, based on the present results, the process 
of neuron replacement may be repeated several times during 
the course of a canary’s life, as recruitment of new HVC pro- 
jection neurons is similar in I- and 4-year-old canaries (Alvarez- 
Buylla et al., 1990a), and these birds can live 10 or more years. 

We do not yet know the role played by RA-projecting HVC 
neurons that turnover in adulthood, but they may serve im- 
portant functions in the production and perception of learned 
song (for review, see Nottebohm, 1989; Nottebohm et al., 1990). 
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In males, lesions in HVC or RA produce severe deficits in song 
production (Nottebohm et al., 1976) and the HVC-to-RA path- 
way also conveys short-latency responses to sound (Williams 
and Nottebohm, 1985; Williams, 1989). HVC lesions in adult 
female canaries decrease selectivity to conspecific song, as mea- 
sured by the solicitation display (Brenowitz, 199 1). RA neurons 
respond preferentially to playbacks of the bird’s own song, and 
this selectivity disappears if HVC’s input to RA is interrupted 
(Doupe and Konishi, 1991; D. S Vicario and K. H. Yohay, 
unpublished observations). 

The 4 l-49% loss of HVC’s RA-projecting neurons observed 
in the present experiment occurred between spring and fall, 
which corresponds to the time when adult male canaries go from 
a breeding to a nonbreeding condition and from stereotyped 
song to plastic song. It is during that time, too, that these birds 
produce the greatest yearly changes in their song repertoire (Not- 
tebohm et al., 1986). The HVC-to-RA part of the circuit for 
song control must undergo substantial synaptic remodeling to 
accommodate the magnitude of loss and replacement observed 
in the present experiment. This remodeling may be associated 
with changes in motor programs for song and/or programs that 
guide perceptual learning. Still could not all these, changes take 
place while preserving the existing set of neurons? Or, to put it 
more bluntly, why replace neurons at all? Learning is thought 
to change brain circuits in a long-lasting manner. It may be that 
in the avian brain long-term memories produce irreversible 
changes in some neurons, limiting their ability to encode new 
memories. The acquisition of new information may require that 
old information-and the cells that hold it-be discarded. This 
scenario, speculative and suggested before (Nottebohm, 1985), 
seems now to focus attention on the projection neurons that 
link HVC to RA. Projection neurons of this kind are also pro- 
duced in juvenile songbirds at the time they are acquiring their 
learned song (Alvarez-Buylla et al., 1988, 1992; Nordeen and 
Nordeen, 1988). Are these neurons and the connections they 
form the repositories of long-term song memories? 

It would be interesting to know if the entire circuit between 
HVC and RA is lost and replaced annually or if there is a 
subpopulation of these cells that persist for longer time intervals. 
Although the canary modifies its song substantially from year 
to year, some syllables are retained from one breeding season 
to the next (Nottebohm et al., 1987). Complete turnover of RA- 
projecting HVC neurons in 12 months would suggest that mem- 
ories for persistent song syllables are stored by the brain in the 
absence of a stable subpopulation of these cells. Now that we 
know that much of the projection pathway between HVC and 
RA is normally replaced, the stage is set to assess the impact of 
experimental regulation of neuron turnover on song plasticity. 
The canary may teach us valuable lessons about mechanisms 
of learning and brain rejuvenation. 
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