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Abstract

Neuronal death and replacement, or neuronal turnover, in the adult brain is one of many
fundamental processes of neural plasticity. The adult avian song control circuit provides an
excellent model for exploring mature neuronal death and replacement by new neurons. In the song
control nucleus HVC of adult male Gambel’s white-crowned sparrows (Zonotrichia leucophrys
gambelli) nearly 68,000 neurons are added each breeding season and die during the subsequent
nonbreeding season. To accommodate large seasonal differences in HVC neuron number, the
balance between neuronal addition and death in HVC must differ between seasons. To determine
whether maintenance of new HVC neurons changes within and between breeding and nonbreeding
conditions, we pulse-labeled two different cohorts of new HVC neurons under both conditions and
quantified their maintenance. We show that the maintenance of new HVC neurons, as well as new
non-neuronal cells, was higher at the onset of breeding conditions than at the onset of nonbreeding
conditions. Once a steady-state HVC volume and neuronal number was attained in either breeding
or nonbreeding conditions, neuronal and non-neuronal maintenance were similarly low. We found
that new neuronal number correlated with new non-neuronal number within each cohort of new
neurons. Together, these data suggest that sex steroids promote the survival of an initial population
of new neurons and non-neuronal cells entering HVC. However, once HVC is fully grown or
regressed, neuronal and non-neuronal cell turnover is regulated by a common mechanism likely
independent of direct sex steroid signaling.
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Introduction

Neuronal death is a necessary concomitant of adult neurogenesis in the majority of
vertebrate species. In mammals and birds, the total volume and maximum neuronal number
in neurogenic brain regions do not increase throughout life, as opposed to the continuous
growth of the CNS in indeterminate growing vertebrates like fish. Rather, even brain regions
that routinely incorporate adult-born neurons reach a stable size in adulthood of vertebrates
with determinate growth (Wang et al., 2002; Heine et al., 2004). The processes of neuronal
birth and death are often tightly coordinated and may be causally linked (Scharff et al.,
2000; Thompson and Brenowitz, 2009; Larson et al., 2014). For example, neurological
conditions that result in neuronal death such as ischemia, injury, and depression, can induce
a neurogenic response by themselves or in conjunction with therapeutic interventions
(Fossati et al., 2004; Sairanen et al., 2005). Likewise, in the telencephalic sensorimotor
nucleus HVC (proper name; (Reiner et al., 2004)) of songbirds, neuronal death in response
to loss of trophic support has been proposed to create “vacancies” for subsequent neuronal
recruitment (Nottebohm, 2004). Although critically important for proper development and
homeostasis of the brain and for normal behavior (reviewed in (Dekkers et al., 2013)), non-
pathogenic neuronal death in the context of adult neurogenesis remains under examined.
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The seasonally-induced changes in neuronal death and addition of newborn neurons within
HVC of adult songbirds provide a robust model for examining the processes and
mechanisms of seasonally plastic neuronal turnover, defined as the process by which older
neurons in the adult brain are replaced over time by younger neurons, consistent with prior
use of this term (Wang et al., 1999; Spalding et al., 2013). The sensorimotor song nucleus
HVC (Figure 1A) adds nearly 68,000 adult-born neurons, an increase of about 25%, within
four days of exposure to breeding systemic testosterone levels and a long day photoperiod
(Smith et al., 1995; Smith et al., 1997; Tramontin and Brenowitz, 1999). Most new neurons
project to the target nucleus, the robust nucleus of the archopallium (RA; (Scott and Lois,
2007; Tokarev et al., 2016)). Conversely, within four days of a transition from breeding to
nonbreeding conditions, HVC rapidly regresses in size (Thompson et al., 2007) with the
same number of neurons undergoing apoptosis (Thompson and Brenowitz, 2008; Larson et
al., 2014).

To accommodate this growth and regression of HVC, the balance between neuronal addition
and death must also change seasonally. During the transition into breeding conditions,
neuronal addition must exceed neuronal death, allowing HVC volume and total neuronal
number to increase (Figure 1B). Upon the subsequent transition to nonbreeding condition,
neuronal death must exceed neuronal addition for HVC volume and total neuronal number
to decrease. During stable-state periods of both breeding and nonbreeding conditions, when
HVC volume and total neuron number remain constant, neuronal addition and death must
become balanced in order to maintain a constant HVC volume and neuronal number.

Three alternative hypotheses can be proposed about which particular populations of neurons
(i.e. newest versus mature) are maintained through breeding and nonbreeding conditions
(Figure 1C). The first hypothesis posits that adult-born neurons entering HVC might serve
entirely to replace older neurons (Kirn and Nottebohm, 1993), in which case the oldest
neurons would die. Alternatively, new neurons that enter HVC could be a transient
population that dies either shortly after birth in nonbreeding conditions or during active
regression of HVC or in stable nonbreeding conditions. Previous work has shown, however,
that some new neurons incorporated during breeding condition persist through HVC
regression (Nottebohm et al., 1994; Larson et al., 2014), ruling out this model as the sole
mechanism. The final and most likely model is that both new and older mature neurons die
as new neurons enter HVC in both breeding and nonbreeding conditions, and that
maintenance of a given neuron is due to factors such as blood plasma testosterone levels,
synaptic strength, electrical activity, and neurotrophin signaling (for reviews see (Brenowitz,
2008; Brenowitz and Larson, 2015)). In this model HVC could grow upon transition into
breeding condition even while losing mature neurons so long as new neuron maintenance
was greater in breeding than nonbreeding conditions. Here, we exploit the natural seasonal
growth and regression of HVC in adult male Gambel’s white-crowned sparrow (Zonotrichia
leucophrys gambelii) to test these proposed models of neuronal turnover within and between
breeding and nonbreeding conditions. Functionally, we measured neuronal turnover as a
decrease in the number adult-born neurons added to HVC at the onset of breeding or non
breeding conditions over time, and the increase in the number of a younger cohort of new
neurons. As such, the number of new neurons from any given cohort of adult-born neurons
present in HVC at the end of the experiment represent all of the processes of adult
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neurogenesis as broadly defined to include neural stem cell (NSC) proliferation, migration
and differentiation of neuroblasts, incorporation of new neurons into existing circuits, and
survival up to the time of observation.

Materials and Methods

Animals

Fifty male Gambel’s white-crowned sparrows were collected in eastern Washington during
their pre- or post-breeding season migration. Prior to the initiation of experiments, all birds
were housed in indoor group aviaries and exposed to short day photoperiods (SD; 8 hr light,
16 hr dark) for at least 10 weeks to ensure that the song and reproductive systems were fully
regressed and sensitive to the stimulatory effects of long day photoperiods (LD; 20 hr light,
4 hr dark) and testosterone. All experiments followed NIH animal use guidelines and were
approved by the University of Washington Institutional Animal Care and Use Committee.

Experimental procedures

We synchronized the breeding condition of one group of birds by housing 30 birds in LD
photoperiods and implanting a 12-mm Silastic capsule (1.47 mm inner diameter, 1.96 mm
outer diameter) filled with crystalline testosterone (Sigma) above the scapula for four weeks.
Four weeks of LD photoperiods and testosterone plasma level elevation (LDT) induces full
breeding-like morphology and physiology of the song control circuit in the laboratory
(Tramontin et al., 2000; Meitzen et al., 2009). To test neuronal turnover in nonbreeding
conditions, we induced regression of the song control circuit by removing the subcutaneous
testosterone pellet and transferring birds to a SD photoperiod for four weeks (Smith et al.,
1997; Thompson et al., 2007; Larson et al., 2014). All SD birds received blank silastic
pellets that were replaced every four weeks for the remainder of the experiment. To
determine the effect of nonbreeding conditions on new neuronal turnover, we injected all
birds once daily for five days with 3.33 pl/g of one of the two thymidine analogs (TA)
randomly chosen and balanced across all groups at four weeks following the transition to
nonbreeding conditions. The two thymidine analogs used at equimolar doses were
bromodeoxyuridine (BrdU; 15 mg/ml in 0.09% NaCl and 0.012M NaOH; Sigma) and
ethynyldeoxyuridine (EdU; 12 mg/ml in 0.09% NaCl and 0.012M NaOH; Invitrogen). At
four (n=9), eight (n=12), or sixteen (n=9) weeks following the onset of the first series of
randomly chosen TA injections (i.e., labeled cohort one), we injected 3.33 pl/g of the other
thymidine analog daily for five days (i.e., cohort two). Four weeks after the start of the
second thymidine analog pulses, all birds were killed.

To determine the effect of physiological condition on new neuronal turnover, we housed
birds in LDT for either eight (n=11) or twelve (n=9) weeks, with testosterone pellet
replacement every 4 weeks. We replaced implants to ensure that plasma testosterone levels
remained in the breeding physiological range (Farner and Wingfield, 1978). Seven days
prior to transitioning birds to LDT each bird received five daily intramuscular injections of
3.33 pl/g of one of thymidine analogs randomly chosen and balanced across all groups.
Because neuroblasts take one to three weeks to migrate from their site of birth in the
ventricular zone to HVC (Alvarez-Buylla et al., 1990), we chose to inject birds with the first
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thymidine analog prior to transfer to LDT so new neurons labeled at that time with
thymidine analog would subsequently incorporate into HVC under breeding-like conditions.
Four or eight weeks after onset of LDT birds were injected daily for five days with 3.33 pl/g
of the other of the two thymidine analogs to label a second cohort of newborn neurons. Four
weeks following the onset of the second thymidine analog injections birds were killed.

Importantly, all thymidine analog injections in both nonbreeding and breeding conditions
were administered during periods that were previously described to have stable and similar
amounts of neural stem cell proliferation (Larson et al., 2014). Moreover, all injections were
made between five and seven hours after lights on. Thus, any differences in new cell
maintenance would be due to differential incorporation, survival, or both, rather than
differential neural stem cell proliferation rates.

Blood draw and hormone analysis

Blood samples were obtained from birds in SD and LDT every four weeks and upon
termination of the experiment to measure circulating testosterone concentrations. Blood was
also collected in birds of the SD group on the final day of LDT to confirm proper
synchronization to breeding condition. We drew 250 ul of blood from the alar vein in the
wing into heparinized collection tubes, immediately centrifuged the tubes, and stored the
plasma at —80°C until assay. Using a Testosterone Enzyme Immunoassay kit (Enzo Life
Sciences), we measured plasma testosterone concentration. Minimum and maximum
detectable plasma testosterone concentrations were 0.03 ng/ml and 40.00 ng/ml,
respectively. Samples with undetectable levels of testosterone were treated as having
concentrations at the lower detection limit for statistical analyses. Intra-and inter-assay
coefficients of variation were 0.59% - 41.25% and 10.00%, respectively.

Tissue collection and processing

Five to seven hours after lights-on, brains were removed quickly after birds were deeply
anesthetized with isoflurane. Brains were sectioned in the coronal plane at 40 um on a
cryostat, and each section was thaw-mounted serially. Every third section was Nissl stained
and the remaining slides were stored at —80°C for up to six months until immunolabeling.

Antibody Characterization

For all primary antibodies we observed temporal and spatial patterns of labeling consistent
with previous publications, as listed in Table 1. With the MOBu-1 BrdU antibody we did not
observe cross reaction with EdU labeled DNA ((Liboska et al., 2012); Figure 2A and 2B) or
labeling in brain regions that lack high levels of adult cell division (e.g., RA, LMAN, optic
tectum; (Alvarez-Buylla et al., 1994)). BrdU and EdU labeling was occasionally observed in
brain regions known to have active mitosis (e.g., ventricular zone). As a positive control, all
brain sections were run for immunohistochemistry (below) with intestinal tissue (sectioned
and stored similar to brain tissue) obtained from birds injected with either BrdU or EdU two
hours prior to tissue collection. Intestinal tissue was the control tissue of choice given
constantly high numbers of mitotic cells present. With the NeuN antibody we observed
strong labeling in nuclei with occasional weak labeling in the cytoplasm of mature neuronal
cells (Mullen et al., 1992; Mao et al., 2016; Saito et al., 2018). The rabbit-anti-NeuN
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antibody we use (Table 1) was previously validated and shown to not cross react with A60 or
Synapsin | (Mao et al., 2016). With all antibodies, we did not observe labeling when the
primary antibody was omitted. Moreover, we did not observe BrdU or EdU labeling in tissue
from animals that did not have thymidine analog injections prior to tissue harvesting.

Immunohistochemistry and analysis

To visualize BrdU-labeled cells, we processed brain sections as follows. Briefly, sections
were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS), rinsed in PBS with
0.5% DMSO and 0.5% Triton-X (PDTX; pH 7.4), dipped in distilled water, incubated with
2N HCI at 37°C for 30 minutes, and rinsed with PDTX. After blocking in 5% heat
inactivated goat serum, slides were incubated with mouse-anti-BrdU (1:200; Invitrogen
MOBUu-1, B35128) and rabbitanti-neuN (1:500; Abcam, ab177487) antibodies. Importantly,
the MOBu-1 BrdU antibody does not cross-react with EdU labeled DNA (Liboska et al.,
2012). NeuN is a neuron-specific protein expressed in the soma of fully differentiated
neurons of the central and peripheral nervous systems (Mullen et al., 1992; Mao et al.,
2016). Labeling was visualized with the fluorescent secondary antibodies goat-anti-mouse
Alexa Fluor 488 (Invitrogen) and goat-anti-rabbit Alexa Fluor 568 (Invitrogen). Slides were
mounted with Fluoromount-G with DAPI. All BrdU-positive cells double labeled with DAPI
and triple labeled with DAPI and NeuN were counted in each HVC section.

To visualize Edu-labeled cells, sections fixed in 4% paraformaldehyde were rinsed in PDTX,
blocked in 3% heat inactivated bovine serum, and incubated with Alexa Fluor azide 488
(1:2000; EdU Click-It Kit, Invitrogen; (Salic and Mitchison, 2008)). Slides were rinsed in
PDTX and blocked again in 5% heat inactivated goat serum. Sections were incubated with
rabbit-anti-neuN (1:500; Abcam, ab177487), which was visualized with goat-anti-rabbit
Alex Flour 568 (Invitrogen). Slides were mounted with Fluoromount-G with DAPI. All
EdU-positive cells double labeled with DAPI and triple labeled with DAPI and NeuN in
each HVC section were counted. Results are reported as unilateral data obtained from the
averages of counts across both hemispheres.

Morphometric measurements in HVC and RA

The volume of HVC in the randomly chosen hemisphere was determined by tracing the
borders of the nuclei identified in Nissl stained tissue onto paper, scanning the drawings, and
using Image J Software (Version 1.46; NIH; http://rsh.info.nih.gov/ij/) to determine the area
of each section of the nuclei. Total volume was calculated from these areas using the
formula for a truncated cone (Tramontin et al., 1998). To estimate neuron density in HVC
used a customized random systematic method as previously described and validated
(Tramontin et al., 1998). Briefly, we counted all NeuN positive neurons that fell within an
ocular grid (ca. 1.9 X 102 mm? at 1000X) randomly positioned in each section of HVC.
Samples were collected from each section through the full extent of HVC and counts were
averaged across sections and divided by the volume under the ocular grid (grid area X 40
pm) to obtain neuronal density. We used Konigsmark’s formula number 4 to correct for
oversampling due to cell splitting between sections (Konigsmark, 1970). Neuronal number
was calculated by multiplying the neuronal density for each bird by that bird’s unilateral
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HVC volume. Histological measurements described below are unilateral data, reported as
averaged volume across both hemispheres.

Statistical Analysis

Results

Prior to presentation and statistical analyses of data, all cell counts were adjusted to prevent
oversampling using Konigsmark formula (Konigsmark, 1970). Using analysis of covariance
(ANCOVA), we tested the response variables condition, interval between pulses, and first
thymidine analog injected for effects as well as interactions between these variables. We
examined residuals for normality and homoscedasticity and transformed primary data to
correct for variation in residuals among groups (Sokal and Rohlf, 2012). Transformed data
included log transformation of HuC/D positive cell density and thymidine analog 2 positive
neuron number; square root of HUC/D neuron number and the ratio of thymidine analog 1 to
2 positive neurons; and natural log of thymidine analog 1 positive neuron number, thymidine
analog 1 positive non-neuron number, and the ratio of thymidine analog 1 to 2 positive
nonneuronal cells. Neither effects of first thymidine analog or length of time between pulses
nor interactions from the full factorial of interactions between these two variables and
condition were significant (Table 2). Thus, first thymidine analog and length of time
between pulses were not included in the final ANCOVA (Table 3). We also removed one
variable at a time (i.e., either first analog or interval), performed an ANOVA with two
response variables (i.e., first analog or interval within condition), and neither identified any
signifciant effects of first thymidine analog injection or length between pulses or interactions
(not presented).To test for correlations while also controlling for multiple comparisons, we
performed a nonparametric Spearman’s rank correlation test with the following data sets:
testosterone plasma levels, HVC volume, cohort one neuron number, cohort one non-
neuronal cell number, cohort two neuron number, and cohort two non-neuronal cell number
(Table 4). Because each of these factors differed between breeding and nonbreeding
conditions, tests for correlation were only conducted within the same physiological
condition, not across conditions. All statistical analyses were made using JMP Version 8.0.1
(SAS, Cary NC). All data are presented as mean + SEM with an alpha level of 0.05.

Validation of breeding and nonbreeding condition

We confirmed that our experimental manipulations induced breeding or nonbreeding-like
physiological condition by comparing blood plasma testosterone levels and morphological
changes within HVC with those previously reported (Smith et al., 1995; Smith et al., 1997,
Tramontin et al., 2000). As expected, LDT birds had significantly elevated plasma
testosterone levels when compared to testosterone levels of SD birds (Table 3). Birds in the
SD groups had elevated testosterone levels of 16.42 + 2.17 ng/mL while exposed to LDT,
confirming breeding-like condition synchronization (Smith et al., 1997). Moreover, HVC
morphology was consistent with previous reports: unilateral HVC volume and HVC
neuronal number were greater in LDT than SD birds (Table 3).
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Neuronal turnover during breeding and nonbreeding conditions

To test whether breeding condition promoted the maintenance of new HVC neurons added
during HVC growth, we labeled an initial cohort of new HVC neurons with either BrdU or
EdU (i.e., cohort one) in birds transitioned into SD or LDT conditions. Thymidine analog-
labeled neuron number varied with condition (i.e. breeding and nonbreeding), but not the
number of weeks birds were housed in a given condition (Tables 2 and 3 and Figures 2 and
3A). Birds in LDT maintained more new neurons in HVC than birds in SD (Table 3). This
result suggests that breeding condition promotes the maintenance of new neurons
incorporated into HVC during initial HVC growth. The number of new neurons did not
differ with length of time between pulses within or between breeding and non-breeding
groups (Table 2).

To test the role of breeding condition on the maintenance of new HVC neurons incorporated
during stable breeding or nonbreeding condition, we labeled a second cohort of new HVC
neurons with other of the two thymidine analogs (i.e., cohort two) in birds maintained in SD
or LDT conditions for 4 or more weeks. We found that the number of new neurons labeled
from the second cohort did not differ between conditions, suggesting that neuronal turnover
of cohort two neurons returned to baseline levels once HVC attained steady breeding or
nonbreeding state. The condition and length of time birds spent in either condition did not
affect the number of new HVC neurons belonging to the second cohort (Tables 2 and 3 and
Figure 3B).

To asses the relative turnover rates of neurons from cohort one and cohort two we calculated
the ratio between the two neuronal populations. In all nonbreeding condition groups the
number of neurons from cohort one was less than cohort two (i.e., a ratio less than one).
Given that neuronal number remains constant in nonbreeding conditions (Table 3), this
finding suggests that the second cohort replaced some of the first cohort neurons. By
contrast, in breeding condition birds the ratio of cohort one number of neurons from cohort
one was higher than cohort two (i.e, a ratio greater than one). Together these data suggest
that turnover of cohort one labeled neurons is greater in nonbreeding birds.

Turnover of new non-neuronal cells during breeding and nonbreeding conditions

We examined maintenance of new non-neuronal cells in HVC, and found that, as with new
neurons, non-neuronal cell maintenance was initially dependent on physiological condition
but returned to homeostasis (i.e., nonbreeding levels of turnover) once stable HVC size was
attained. The first cohort of thymidine analog-labeled non-neuronal cells was higher in birds
in breeding condition than those in nonbreeding condition (Table 3 and Figure 3C). Non-
neuronal cell number from the second cohort, however, did not differ between conditions
(Table 3 and Figure 3D). These results suggest that, similar to new neurons, non-neuronal
cell maintenance depends on breeding condition, but only during periods of active HVC
growth, not when HVC size is stable. Unlike new neuronal turnover, the proportion of new
non-neuronal cells from cohort one versus cohort two did not differ between breeding and
nonbreeding physiological conditions (Table 3).
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Factors mediating maintenance of new neuronal and non-neuronal cells in HVC

We observed variability in numbers of new neurons from both cohorts within all
experimental groups, and so we asked which of the factors measured might have contributed
to this variability using nonparametric Spearman’s rank correlation tests. Because condition
(breeding vs. nonbreeding) significantly affected the experimental results, we performed
correlation tests with all measured variables for the SD and LDT data sets independently
(Table 4). Testosterone plasma levels did not significantly correlate with HVC volume or the
number of new neuronal and non-neuronal cells from either cohorts in SD or LDT. This lack
of correlation suggests that once testosterone levels exceed a threshold that stimulates
seasonal growth of the song system (Smith et al., 1995; Smith et al., 1997; Brenowitz, 2008),
individual differences in testosterone levels do not contribute to individual variation in HVC
volume or new cell turnover. HVC volume also did not co-vary with new cell numbers from
either cohort, suggesting variability in the maintenance of new cells within a given condition
(i.e., breeding or nonbreeding) is not a major contributor to variability in HVC volume. The
number of new neurons was significantly correlated with the number of new non-neuronal
cells consistently within each of the two cohorts and conditions (i.e., SD and LDT; Table 4
and Figure 4). Neither the number of new neurons, nor the number of new non-neuronal
cells, co-varied significantly across the two cohorts, suggesting that the number of new cells
added and maintained from the first cohort did not significantly affect the number of new
cells maintained from the second cohort. Taken together, these data suggest that although
LDT conditions promote increased neuronal and non-neuronal cell maintenance of the first
cohort of new cells in HVC, some additional factor not measured in the current study
influenced addition and maintenance of all new cells in HVC, and did so independent of
condition.

Discussion

Although neuronal birth and death are necessarily coordinated and are often causally linked
in some systems, their relationship to each other is not well understood, especially in the
context of the healthy adult brain. We described natural neuronal turnover in the intact song
production nucleus HVC, and tested the role of breeding condition physiology, in
modulating new cell maintenance. We showed that breeding conditions increased the
maintenance of new neurons added to HVC at the onset of breeding conditions relative to
new neurons added in nonbreeding conditions. Once HVC attained a steady breeding-like or
nonbreeding-like state, new neuronal turnover returned to baseline levels. We observed a
similar pattern of maintenance for non-neuronal cells, with greater turnover during periods
of active breeding-like growth than periods when HVC volume was stable in either
nonbreeding or breeding states. Finally, we found a positive correlation between the
numbers of new neurons and new non-neuronal cells within, but not across, cohorts in both
breeding and non-breeding conditions. However, neither the plasma testosterone level, nor
HVC volume of individual birds accounted for the variability of new cell numbers between
birds. Together, these data suggest that gross changes toward breeding physiological
condition promote the survival of an initial population of new neuronal and non-neuronal
cells added to HVC, but that once HVC is fully grown maintenance of later cohorts of new
cells returns to the homeostatic levels of stable nonbreeding conditions.
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Both new and older neural cells are replaced in actively growing and stable HVC

We presented three hypotheses regarding the specific populations of neuronal and non-
neuronal cells that are lost and replaced to accommodate the growth, stabilization, and
regression in size of HVC (Figure 1C). The first model was that only older cells in HVC die
and are replaced by new neurons and non-neuronal cells. However, previous studies reported
that some new neurons incorporated in breeding conditions die through regression (Walton
etal., 2012; Larson et al., 2014). In context of the current study, this model might predict
that the number of new cells maintained in HVC would not vary between breeding and
nonbreeding conditions, as all new cells would be maintained, and that the growth of HVC
during the transition into breeding condition would result from increased survival of older
neurons. We found, however, that the maintenance of the new cell populations, especially
neurons from the first thymidine labeled cohort, was higher in breeding conditions than in
nonbreeding conditions. Given a constant rate of NSC proliferation during stable breeding
and nonbreeding condition (Larson et al., 2014), this observation suggests that a number of
older neurons are maintained at the expense of newer neurons in nonbreeding conditions,
further refuting this first model of turnover.

The second hypothesis posited that new cells that enter HVC are a transient population that
either die soon after birth in nonbreeding conditions, or later during active HVC regression
for cells added to HVC under breeding conditions. Previous work showed that new neurons
incorporated during growth of HVC in breeding birds can persist through its subsequent
regression (Nottebohm et al., 1994; Larson et al., 2014). Here, we show that even when
HVC volume is stable, new cells can persist as long as 4 weeks in stable breeding and 20
weeks in nonbreeding birds. In order for new cells to be maintained in HVC during these
periods of stable total neuron number, older neurons must die and be replaced by younger
cells. This observation is inconsistent with the second model of HVC neuronal turnover.

Our data support the third hypothesis for neuronal turnover — that both new and older
neuronal and non-neuronal cells die as new cells enter HVC regardless of physiological
condition. In this scenario, the growth of HVC in breeding birds results from a change in the
balance between cell survival and death towards greater maintenance of both new and older
cells. Indeed, we found greater maintenance of the first cohort of incoming new cells during
the transition into breeding conditions than during stable nonbreeding conditions (e.g.,
cohort one of LDT 4w v. SD 4w). Moreover, once HVC growth stabilized in breeding
conditions, turnover of new cells returned to an equilbirium similar to that observed in stable
nonbreeding conditions. We also found that although a second cohort of new neurons is
added to HVC in both SD and LDT, total HVC neuron number remains unchanged, further
suggesting that both new and older neurons die in nonbreeding and breeding conditions.

The maintenance of new versus older cells in HVC during active regression could not be
tested directly in this study because the neural stem cell proliferation rate increases
transiently when neurons die during HVC regression (Larson et al., 2014). This temporary
increase in proliferation complicates efforts to directly compare the maintenance of new
cells when HVC is actively regressing with that when HVC reaches stable nonbreeding size.
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Breeding physiological condition promotes the maintenance of new neurons during active
HVC growth

Breeding conditions supported a higher number of the first cohort of new neurons than
nonbreeding conditions or the second cohort of neurons in either condition. This increase in
maintenance of the first cohort of new neurons contributes to the overall growth of HVC to
its full breeding volume and total neuronal number. Our results are consistent with a
previous model, which posits that HVC growth occurs once plasmic testosterone levels
reach a threshold (Smith et al., 1995; Smith et al., 1997; Brenowitz, 2008). Once this
threshold level is exceeded, no further increases in HVC volume or neuron number occur
(Smith et al., 1995; Smith et al., 1997), suggesting a ceiling effect of testosterone induced
growth of HVC. The combination of threshold and ceiling effects of testosterone can explain
the lack of correlation between HVC volume and HVC total neuron number with individual
testosterone levels. Breeding conditions, specifically high systemic T levels and downstream
trophic effects including increased BDNF expression and activation of the PI3K-Akt-mTOR
signaling cascade ((Brenowitz, 2013; Brenowitz and Larson, 2015) and Kranz, Lent, Miller,
Chao, and Brenowitz unpublished observation), may “lock in” the first cohort of new
neurons, and thus facilitate HVC growth.

The correlation between the numbers of new neuronal and non-neuronal cells within a given
cohort suggests that the addition and maintenance of these different populations are
functionally linked. Individual differences in the degree to which factors like neurotrophin
expression, canonical signaling cascades, and others that are stimulated by testosterone may
also contribute to individual differences in the correlated increase in new neurons and new
non-neuronal cells. Such other factors may include arborization (Devoogd and Nottebohm,
1981; Devoogd et al., 1985), angiogenesis (Goldman and Nottebohm, 1983; Louissaint et
al., 2002), intrinsic and synaptic neuronal activity (Piatti et al., 2011; Larson et al., 2013)
and local inflammation from dying cells (Larson, 2018). Although no studies to date have
directly examined the role of inflammation in HVC neuronal addition and death, studies in
white-crowned sparrows have shown that acute induction of systemic inflammation
suppressed hormone release and decreased singing behavior (Owen-Ashley et al., 2006).
Previous research has suggested that singing activity can modulate the number of new
neurons (Li et al., 2000; Pytte et al., 2011). Thus, the relationship between HVC neuronal
cell number and singing behavior in sparrows suggests that inflammation might exert its
influence on singing behavior through modulation of neurogenesis, neural cell death, and
neuronal turnover.

Breeding physiological condition does not directly regulate the turnover of new or older
neural cells during the period of stable HVC total neuron number

The null hypothesis regarding which HVC cells are maintained longer, new versus older
cells, is that maintenance is stochastic and not dependent on any intrinsic or extrinsic
properties of HVC or seasonal physiology in general. Under stable breeding and stable non
breeding conditions, the turnover of both new and older neuronal and non-neuronal cells
appears consistent with a stochastic model. During the period of active growth of HVC at
the onset of breeding conditions, however, the addition and maintenance of the first cohort
of new neurons is regulated by breeding physiological condition, specifically elevated
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plasma testosterone and its downstream effectors, in a non-stochastic manner (discussed
above). We found that physiological conditions did not affect the maintenance of the second
cohort of new neuronal or non-neuronal cells once HVC volume has stabilized in either the
fully grown or regressed state. Moreover, neither individual variability in testosterone
plasma levels nor HVC volume accounted for variability of new cell number within the
second cohort. Although the turnover of neuronal and non-neuronal cells appears stochastic,
the fate of a given cell is likely not random; factors such as neurotrophin and canonical
signaling, intrinsic neuronal activity, and singing behavior (all discussed above) among
others potentially determine the turnover, or lack thereof, of individual neural cells.

Precise timing of TA pulses controls for temporal changes in NSC proliferation rate

Conclusion

Increased survival of new neurons added to HVC during the early stages of breeding
condition growth seems to contradict a previous report in male canaries that new neurons
persisted longer in nonbreeding conditions than breeding conditions (Nottebohm et al.,
1994). Nottebohm et. al. reported that canaries pulsed with 3H-thymidine in fall
(nonbreeding season) had a significantly higher number of labeled cells 40 to 120 days later
than canaries pulsed in spring (breeding season). However, a direct comparison of our results
to the canary work can not be made because: 1) canaries exhibit reduced seasonality
compared to white-crowned sparrows (Bentley et al., 2003), 2) the breeding season group of
canaries was allowed to transition into nonbreeding conditions as shown by a reduction in
HVC volume in their spring 140 day experimental group (Nottebohm et al., 1994), and most
importantly, 3) the timing of 3H-thymidine pulses was not precisely controlled to ensure that
neural stem cell proliferation rates were similar across canary experimental groups. As
white-crowned sparrows transition from breeding to nonbreeding conditions, neural stem
cell proliferation increases as a direct consequence of HVC neuronal death (Larson et al.,
2014). The reported increase in survival of 3H-thymidine positive cells in nonbreeding
canaries therefore might be due to a similar temporary increase in neural stem cell
proliferation during HVC regression. For our study we purposely timed all BrdU and EdU
injections to occur during periods known to have stable and similar amounts of neural stem
cell proliferation (Larson et al., 2014). Thus, our observation of breeding condition
modulating new cell number in sparrows is not complicated by differential neural stem cell
proliferation rates, but rather is due to differential maintenance of new cells.

We show that a telencephalic nucleus in adult songbirds undergoes neuronal turnover such
that during breeding conditions new neurons and non-neuronal cells enter HVC and become
“locked in” to support the seasonal growth of HVC. Once HVC total neuron number
stabilizes, subsequent cohorts of new cells enter HVC to replace older neurons at a rate
similar to that of nonbreeding conditions. Individual differences in the rate at which new
cells are maintained under stable breeding and nonbreeding states do not appear dependent
on variation in breeding condition physiology including testosterone levels or HVC
morphology. The pronounced and dynamic nature of neuronal turnover in HVC provides an
excellent system for future studies examining mechanisms regulating adult neurogenesis,
neural cell survival, natural neural cell loss and replacement.
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Sex steroids promote the maintenance of an early cohort of new neurons within the avian
sensorimotor nucleus HVC. This addition of new HVC neurons at the onset of breeding
season contributes to growth of HVC and an increase in singing behavior. Once HVC
volume and neuron number is stable, neuronal turnover, or the balance between neuronal
birth and death, returns to homeostasis. These results confirm that both new and older
neurons die as HVC grows and regresses across seasons.

J Comp Neurol. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Larson et al.

Page 17
vZ ﬁ/yc
RA
2]

7,

% %

b %
%

|_ %

R
Respiratory
motorneurons Syrinx

Stable HVC

\

Neuronal
Addition

HVC Growth
',—E;'c' HVC Regression _ g A
o ®
28
z
C ~ New Mature
\
v @ s \,“ ® % ® - @ e % -
: (;Idest Diew ; Nwewest Die Newvand Old ;ie
d
LDT (4 wk)
0 | o] L[] E
SD (4 w) SD (4,8 0r 16 w) SD (4 w) 2
(0]
= |
I [ =
SD (long-term) LDT (4 or 8 w) LDT (4 w)

Figure 1.
(A) Schematic illustrating the major projections within the song production circuit. Note the

ventricular zone (VZ) in black directly dorsal to HVC. RA = robust nucleus of the
arcopallium, nXII = tracheosyringeal portion of hypoglossal nucleus, NAM/nRAmM = nucleus
ambiguus and nucleus retroambigualis, D = dorsal, and R = rostral. HVC grows and
regresses each breeding and nonbreeding season by about 68,000 neurons as a result of
increased new neuronal survival and neuronal apoptosis, respectively. (B) Schematic
illustrating how the balance between neuronal birth and death hypothetically contributes to
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HVC growth and regression. (C) Predictive models for HVC neuronal turnover. New
neurons that enter HVC might: entirely replace oder neurons (left), temporarily contribute to
HVC growth and then die (middle), or serve to replace some older neurons, but also die
(right). (D) Experimental design for testing the predictive models above in nonbreeding (i.e.,
top) and breeding (bottom) conditions. SD = short day photoperiods to promote nonbreeding
physiological condition (light grey), LDT = long day photoperiods and exogenous
testosterone pellet to stimulate breeding-like physiological condition (dark grey), TAL and
TA2 = thymidine analog 1 and thymidine analog 2. Note: darker grey TA2 background
(bottom) indicates injections were administered in LDT conditions rather than SD
conditions.
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Figure2.
Photomicrographs of thymidine labeled cells. (A) Image of intestinal tissue labeled for EdU

(green), BrdU (red), and DAPI (blue) from bird injected with EdU two hours prior to tissue
harvest. The BrdU antibody did not cross react with EdU positive cells, confirming that the
MoBU BrdU antibody against BrdU does not react with EdU labeled DNA. (B) Image of
intestine labeled for EdU (green), BrdU (red), and DAPI, a nuclear marker (blue) from bird
injected with BrdU two hours prior to tissue harvest. The MoBU antibody labels BrdU
positive cells, whereas the EdU click reaction does not. (C) Representative image of a
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thymidine analog positive neuron in HVC. Thymidine analog label, in this case, EdU, is
shown in green, while label for NeuN, a neuronal marker, is shown in red, and DAPI, a
nuclear marker, is shown in blue. The white star indicates a new neuron co-labeled with
EdU, NeuN, and DAPI in the nucleus, as also observed in the cut outs of the X-Z and Y-Z
planes. The grey box indicates the area of zoom in (E). (D) Representative image of
thymidine analog positive non-neuronal cells in the proliferative ventricular zone (VZ) and
HVC. Thymidine analog label, in this case, BrdU, is shown in green, NeuN in red, and
DAPI in blue. The white arrows heads indicate the VZ, whereas the white arrow indicates a
BrdU-positive cell that retained label (a very slowly dividing NSC or a postmitotic non-
neuronal cell) within the VZ. The white star indicates a BrdU-positive non-neuronal cells
within HVC. The box highlights the region of zoom in (F). (E) Magnified region from (B)
showing an EdU-positive neuron in HVC. Single channel images for NeuN positive cells
(top, red), the EdU positive cell (middle, green), and co-label (bottom). The presence of
NeuN label both within and immediately outside of the area labeled with EdU (see X-Z and
Y-Z cutouts) confirm neuronal identity of this new cell. (F) Magnified region from (C)
showing an BrdU-positive non-neuronal cell in HVC. Single channel images for NeuN
positive cells (top, red), the BrdU positive cell (middle, green), and co-label (bottom). The
absence of NeuN label within the area labeled with BrdU (see X-Z and Y-Z cutouts)
suggests that this BrdU labeled cell is nonneuronal. All scale bars (white) are 20 um.
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Figure 3.

Breeding conditions promote maintenance of an initial cohort of new neurons and non-
neuronal cells, but do not alter subsequent neuronal turnover. (A) Number of thymidine
analog positive neurons in one hemisphere of HVC from cohort one across all survival times
in nonbreeding and breeding condition. Depicted results include both BrdU and EdU
positive cell data pooled within experimental group (see Table 2 for lack of thymidine
analog order effect), with data from individual birds represented as grey diamonds and the
group mean as a black bar with S.E.M.. The number of new HVC neurons maintained from
the initial cohort of thymidine analog label are significantly higher under breeding
conditions, suggesting that LDT conditions promote greater maintenance of an initial cohort
of new neurons than in SD. Because in both nonbreeding and breeding conditions neurons
from the first cohort are maintained, these data further indicate that some new neurons
replace older neurons, while other new neurons die (see Figure 1C, right panel). (B) Number
of new neurons maintained in HVC on one side of the brain from the second thymidine
analog label in all experimental groups. Physiological condition and interval between
injection of the two thymidine analogs did not significantly affect the number of new
neurons from the second cohort maintained in HVC. These data suggest that during stable
conditions, new neurons enter HVC to replace older neurons in equal amounts regardless of
condition (Tables 2 and 3). (C-D) The number of new non-neuronal HVC cells maintained
from the cohort labeled with the first thymidine analog (C) and the second thymidine analog
(D) across all survival times in nonbreeding and breeding condition. LDT conditions lead to
greater maintenance of new non-neuronal cells from the first thymidine analog-labeled
cohort but not the second when compared to SD conditions (Table 3). These data suggest
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that breeding conditions not only promote the increased maintenance of an initial population
of new neurons but also new non-neuronal cells, which together contribute to the growth of
HVC.
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sSD 8 weeks
p=0.5124 16 weeks
p=0.0088
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The number of new neuronal and non-neuronal cells co-vary significantly within, but not
across, cohorts (also see Table 4). The results of Spearman’s rank correlation from
comparisons of: (A) neuronal and non-neuronal cells labeled with the first thymidine analog
in SD, (B) neuronal and non-neuronal cells labeled with the second TA in SD, (C) neuronal
and non-neuronal cells labeled with the first thymidine analog in LDT, (D) neuronal and
non-neuronal cells labeled with the second thymidine analog in LDT. The correlation
between new neuronal and non-neuronal cells within, but not across, thymidine analog-
labeled cohorts suggests that a temporally controlled common factor present during both
breeding and nonbreeding conditions mediates addition, survival, or both of new cell

populations.
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