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Bigger brains cycle faster before
neurogenesis begins: a comparison of
brain development between chickens

and bobwhite quail
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The chicken brain is more than twice as big as the bobwhite quail brain in adulthood. To determine how

this species difference in brain size emerges during development, we examined whether differences in

neurogenesis timing or cell cycle rates account for the disparity in brain size between chickens and

quail. Specifically, we examined the timing of neural events (e.g. neurogenesis onset) from Nissl-stained

sections of chicken and quail embryos. We estimated brain cell cycle rates using cumulative bromode-

oxyuridine labelling in chickens and quail at embryonic day (ED) 2 and at ED5. We report that the

timing of neural events is highly conserved between chickens and quail, once time is expressed as a per-

centage of overall incubation period. In absolute time, neurogenesis begins earlier in chickens than in

quail. Therefore, neural event timing cannot account for the expansion of the chicken brain relative to

the quail brain. Cell cycle rates are also similar between the two species at ED5. However, at ED2,

before neurogenesis onset, brain cells cycle faster in chickens than in quail. These data indicate that chick-

ens have a larger brain than bobwhite quail mainly because of species differences in cell cycle rates during

early stages of embryonic development.
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1. INTRODUCTION
An influential model of brain evolution and development

proposed by Finlay and Darlington has shown that,

among mammals, the duration of brain development

increases with absolute brain size (Sacher & Staffeldt

1974; Finlay & Darlington 1995). Moreover, the schedule

of neurogenesis tends to be uniformly stretched as ges-

tation period increases among mammals (Clancy et al.

2001). These findings suggest that evolutionary increases

in brain size arise mainly because of a lengthening of brain

development, which entails predictable changes in

neurogenesis schedules.

Among birds, the length of embryonic development

also correlates with brain size (Portmann 1947b). How-

ever, the brain of chickens (Gallus gallus domesticus) is

significantly larger than that of bobwhite quail (Colinus

virginianus; Boire & Baron 1994) even though the

normal incubation time of chickens is shorter than that

of bobwhite quail (21 versus 23 days at the same incu-

bation temperature). Furthermore, both species are

similar in degree of maturity at hatching (Starck &

Ricklefs 1998). Therefore, the disparity in brain size

between chickens and quail cannot be owing to the uni-

form stretching or compressing of neurogenesis

schedules that forms the core of Finlay and Darlington’s

model.
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In search of an alternative explanation for the obser-

vation that hatchling chickens have larger brains than

hatchling quail, we examined the timing of neural

events (i.e. neurogenesis onset, maturational milestones)

and cell cycle rates in the brains of embryonic chickens

and bobwhite quail. We report that most aspects of

brain maturation occur at similar times in these two

species, if time is expressed as percentage of incubation.

Therefore, species differences in neurogenesis timing

cannot account for the differences in brain size. Instead,

the disparity in adult brain size between chickens and

quail is owing to species differences in cell cycle rates at

very early stages of development (i.e. ED2).
2. MATERIAL AND METHODS
We first discuss how embryos were collected, how neural

events were scored and how brain size was measured. We

then discuss how we compared cell cycle rates across species.

(a) Analysis of neural events

Fertile eggs were obtained from several commercial suppli-

ers. Bobwhite quail (n . 50) and chicken (n . 50) embryos

ranging from 3 to 11 days of incubation were immersion-

fixed in methacarn (60% methanol, 30% chloroform, 10%

glacial acetic acid). The next day, embryos were stored in

70 per cent ethanol and embedded in paraffin (Paraplast

Plus, Fisher, Fair Lawn, NJ, USA). The embryos were sec-

tioned horizontally or transversely at a thickness of 20 mm.

We mounted 29–65 regularly spaced sections through each

specimen and stained with Giemsa. These sections were
This journal is q 2010 The Royal Society
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Figure 1. (a) When compared in absolute days, neural events generally occur later in bobwhite quail than in chickens. (b) When
compared in percentage of normal incubation period, the timing of neural events overlaps in chickens and quail. Neurogenesis
onset events are represented in italics. Hatching was not considered a neural event in our statistical analysis. Diamonds,

chicken; filled circles, quail.
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examined to estimate the timing of a neural event, which we

define as a relatively rapid, qualitative transformation in brain

morphology. We restrict our analysis to transformations that

can be readily compared across different species. To estimate

the timing of a neural event, we noted the earliest age by

which an event had occurred and the oldest embryo in

which the event had not yet occurred (electronic supplemen-

tary material, table S1). The time of a neural event was

estimated by averaging those days.

The neural events include maturational milestones and

neurogenesis onset in selected brain regions (figure 1). To

determine neurogenesis onset, we took advantage of the

fact that, as progenitor cells exit the cell cycle, they tend

to exit the ventricular zone (VZ) and form a less dense,

post-proliferative zone (see Striedter & Charvet 2008).

The appearance of a post-proliferative zone marked the

onset of neurogenesis in several brain regions.

(b) Analysis of brain growth

We measured brain size at various embryonic stages in the

two species to determine when in development the chicken

brain enlarges relative to that of quail. Chicken (n ¼ 10)

and bobwhite quail (n ¼ 13) embryos were blotted dry and

weighed on a precision balance (Ohaus Adventurer SL),

immersion-fixed in methacarn, embedded in paraffin and

sectioned horizontally at 20 mm. Brain and whole embryo

areas were summed across sections and multiplied by the sec-

tion spacing. Because fixation causes tissue to shrink, we

divided volume estimates by an embryo-specific shrinkage

factor, which was calculated by dividing the embryo’s recon-

structed body volume by the embryo’s fresh weight, divided

by the fresh tissue’s estimated specific gravity of

1.04 g cm23 (Stephan et al. 1981). Some of these embryos
Proc. R. Soc. B (2010)
were collected for previous studies (Striedter & Charvet

2008; Charvet & Striedter 2009b; Charvet et al. in press).

(c) Cell cycle marker detection

To determine if cell cycle rates differ between chickens and

quail, we used an antibody to label mitotic cells (phosphory-

lated histone-H3 (pH3); Hendzel et al. 1997) and an

antibody to label all proliferating cells (proliferating cell

nuclear antigen; PCNA). Although pH3þ/PCNAþ cell

counts cannot be used to estimate cell cycle rates, they suffice

to determine whether cell cycle rates differ between species,

as long as M-phase duration is assumed to be invariant

(see Charvet & Striedter 2008).

Quail (n ¼ 6; ED2.75) and chickens (n ¼ 6; ED2.5) at

11 per cent of incubation were immersion-fixed in methacarn

and embedded in paraffin. Brains were sectioned horizontally

or sagittally at a thickness of 5 mm. Regularly spaced sections

were mounted onto slides (Fisher Scientific). The sections

were denatured with 0.5 M of hydrochloric acid for 30 min,

incubated with an antibody against pH3 for 30 min (clone:

Ser 10; species: rabbit; dilution: 1 : 100; source: Upstate,

Temecula, CA, USA), followed by a biotinylated secondary

antibody for 30 min (goat anti-rabbit IgG; dilution: 1 : 2;

Chemicon, Temecula, CA, USA), processed with Vectastain

ABC standard kit (Vector Laboratories, Burlingame, CA,

USA) and reacted with diaminobenzidine (DAB; Vector

Laboratories). The sections were then incubated with an

antibody against PCNA for 30 min (clone: PC10; species:

mouse; source: dilution: 1 : 100; Zymed, CA, USA), fol-

lowed by a secondary antibody for 30 min (anti-mouse

IgG; 1 : 200; Vector Laboratories), processed with Vectastain

ABC standard kit (Vector Laboratories) and reacted with

Vector SG (Vector Laboratories).
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Estimates of pH3þ/PCNAþ cell counts were obtained by

placing a rectangular grid on photomicrographs of evenly

spaced sections through the tectum and telencephalon. Ran-

domly selected high-power photomicrographs of a region

were taken with a digital colour camera (Spot Insight; Diag-

nostics Instruments, Sterling Heights, MI) attached to an

Olympus BH-2 microscope. Several high-power photomicro-

graphs were focused at different planes through the section of

interest in order to identify cells at different depths within the

VZ. A stack of these images was compiled and cell counts

were made with the program IMAGEJ (Rasband 1997–2007).

Randomly selected rectangular counting frames were

aligned along the ventricular surface. All frames were

50 mm in width but the height of the frames varied with

the thickness of the ventricular (i.e. PCNAþ) zone. Two

sides of the frames served as exclusion lines to avoid over-

counting. The pH3þ cells were counted as mitotic cells

within the frame. The sum of the pH3þ and PCNAþ cells

was scored as the number of PCNAþcells (i.e. total prolifer-

ating cells). We used an independent samples two-tailed

t-test to detect species differences in pH3þ/PCNAþ ratios.

(d) Cumulative bromodeoxyuridine labelling

Cumulative bromodeoxyuridine (BrdU) labelling was used

to estimate brain cell cycle rates of chickens and quail.

Quail (n ¼ 13; ED2.75) and chickens (n ¼ 7; ED2.5) at

11 per cent of incubation received 4 mg of BrdU and 5 mg

of BrdU, respectively. Quail (n ¼ 11; ED5) and chickens

(n ¼ 8; ED5) at 22 per cent of incubation received 10 mg

of BrdU. The ED5 quail were collected for a previous

study (Charvet & Striedter 2008).

The BrdU was dissolved in phosphate buffer and applied

onto the embryo through a hole in the shell. After BrdU appli-

cation, the hole was covered with tape and returned to a non-

rotating incubator at 378C. The embryos were sacrificed 0.5,

3, 6, 8–9 or 12 h after the initial application of BrdU. Previous

work has shown that, unlike mammals, thymidine analogues

are not rapidly metabolized in avian embryos (Striedter &

Keefer 2000). Still, to ensure that high levels of unincorpo-

rated BrdU remained available within the egg, embryos

sacrificed 6, 9 or 12 h after the initial BrdU application

received additional doses of BrdU at 3 h intervals.

The embryos were immersion-fixed in methacarn,

embedded in paraffin and sectioned at a thickness of 5 mm.

Serial sections through the telencephalon and tectum were

collected for immunohistochemistry. The sections were

denatured with 0.5 M hydrochloride acid for 30 min, incu-

bated with anti-BrdU for 30 min (IU4; 1 : 100; Caltag,

Burmingame, CA), reacted with the biotinylated anti-

mouse IgG for 30 min (anti-mouse IgG; 1 : 200; Vector Lab-

oratories), processed with the Vectastain ABC standard kit

(Vector Laboratories) and DAB (Vector Laboratories). The

sections were counterstained with Giemsa. Sections from

embryos that did not receive BrdU were processed to confirm

antibody specificity. These procedures are identical to those

used previously (Charvet & Striedter 2008).

BrdUþ and BrdU2cells within the VZ were counted in

the tectum and the telencephalon of each embryo in a

manner similar to that described for the pH3þ/PCNAþ cell

counts. In total, 5–10 counting frames per region were ran-

domly selected for a given embryo. Within these frames, the

number of BrdUþ cells and total VZ cells were estimated.

The number of BrdUþ cells divided by the total number of

VZ cells is referred to as the labelling index (LI; Fujita
Proc. R. Soc. B (2010)
1963). LIs were averaged for each survival time in each species

to estimate cell cycle rates within the telencephalon or tectum.

Regression lines were then fitted through the data points for

survival times at which the LI had not saturated. We combined

cell cycle rates for the telencephalon and tectum because we

are interested in the overall brain growth. We averaged the

telencephalon and tectum LIs for each survival time before

the regression analysis. Statistical analyses were implemented

in the software packages IGOR (Wavemetrics, Lake Oswego,

OR, USA) and JMP (SAS, Cary, NC, USA).
3. RESULTS
We first describe our finding that brain maturation is

highly predictable in chickens and quail, as long as time

is expressed as a percentage of normal incubation

period. We then report our findings on species differences

in brain growth and cell cycle rates.

(a) Conserved schedules of brain maturation

If the timing of neural events is expressed in days of incu-

bation, 19 of 20 neural events occur later in bobwhite

quail than in chickens (figure 1a). However, the timing

of neural events overlaps considerably in the two species

if time is expressed as a percentage of incubation

(figure 1b). To quantify this difference, we divided each

event time in quail (expressed in days of incubation or

per cent of incubation) by the corresponding value for

chickens. This analysis revealed that neural events occur

on average 15 per cent later in quail than in chickens

(s.e.m. ¼ 1.3%; n ¼ 20 events) when time is expressed

in absolute days, but only 5 per cent later (s.e.m. ¼

1.2%; n ¼ 20) when time is expressed relative to incu-

bation period. A two-tailed t-test revealed this difference

to be statistically significant (t ¼2 5.78; p , 0.0001).

These findings indicate that age expressed as a percentage

of normal incubation period is a better predictor of event

timing than age expressed in days of incubation.

(b) Species differences in brain size

We calculated brain size at different stages of embryonic

development in both species to assess when in develop-

ment chicken brains become larger than quail brains.

We found that at 19 per cent of incubation (when neuro-

genesis begins), the chicken’s brain is already bigger than

the quail’s brain by a factor of 2–3. This size difference is

similar to the one observed at hatching (figure 2). There-

fore, the species difference in brain size must emerge

before neurogenesis begins.

(c) Early species differences in cell cycle rates

The finding that species differences in brain size are evi-

dent before neurogenesis onset suggests that events

prior to neurogenesis account for the disparities in brain

size of hatchling chickens and quail. We used pH3þ/

PCNAþ ratios and cumulative BrdU labelling to detect

species differences in cell cycle rates in the telencephalon

and tectum of quail and chickens at 11 per cent of incu-

bation. We focus on the telencephalon and tectum

because these structures account for more than 60 per

cent of the brain in each of the two species (Boire & Baron

1994). Because we are interested in species difference in

cell cycle rates in the overall brain, we combine results

from the telencephalon and tectum. (We report cell cycle
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rates for telencephalon and tectum individually in the

electronic supplementary material, table S2.)

At 11 per cent of incubation, brain pH3þ/PCNAþ
ratios are nearly twice as high in chickens at ED2.75

(�x ¼ 9:4%; s.e.m. ¼ 1.63; n ¼ 6) than in quail at ED2.5

(�x ¼ 4:7%; s.e.m. ¼ 1.05; n ¼ 6). This species difference

is statistically significant (t ¼ 22.28; p , 0.05). Assuming

that the mitotic phase is invariant across these species, our

findings suggest that, at 11 per cent of incubation, the cell

cycle rate is nearly twice as fast in chickens than in quail

(figure 3).

We used cumulative BrdU labelling to estimate the

cell cycle rate at 11 per cent of incubation in both

species. The principle of the cumulative BrdU labelling

method is that the proportion of BrdUþ cells (i.e. the

labelling index; LI) increases with time after BrdU

application, up to a saturation level that is known as

the growth fraction (Fujita 1962, 1963). The average

cell cycle duration is estimated by fitting a line to the

pre-saturation segment of the labelling index versus sur-

vival time, taking the inverse of the slope of this line,

and then multiplying this value by the growth fraction.

S-phase duration is estimated by dividing the y-inter-

cept of the fitted line by the labelling index slope

and, then, multiplying this value by the growth fraction

(Takahashi et al. 1993).

In the brain VZ of the ED2.75 quail, the LI increased

approximately linearly from 0.5 to 9 h (figure 4a). At

12 h, the LI reached a saturation level of approximately

86 per cent (i.e. 86% of the cells within the VZ were

BrdUþ). The best-fit line for the pre-saturation segment

for the quail brain has a slope of 3.61+1.46 and a

y-intercept of 41.05+8.18. These data indicate that

the brain’s cell cycle duration is 23.8 h for the ED2.75

quail brain. The S phase lasts approximately 9.8 h.

Assuming that pH3 exclusively labels mitotic cells,

M-phase duration can be estimated as a product of

the total cell cycle duration and the corresponding

pH3þ/PCNAþ ratio. Accordingly, M-phase lasts about

1.1 h in the quail brain.
Proc. R. Soc. B (2010)
In the brain VZ of ED2.5 chickens, the LI increased

approximately linearly from 0.5 to 6 h after the BrdU

application (figure 4a). At 9 h, the LI of the chicken

brain reached a saturation level of approximately 92.8

per cent. The best-fit line for the pre-saturation segment

for the chicken telencephalon has a slope of 6.61+0.83

and y-intercept of 43.03+3.2. These data indicate that

the cell cycle duration is 14 h in the chicken brain and

that S phase lasts approximately 6 h. Estimates of the

pH3þ/PCNAþ ratios in the chicken brain suggest that

the M-phase lasts approximately 1.4 h. Thus, our pH3/

PCNA ratios and cumulative BrdU labelling demonstrate

that, at 11 per cent of incubation, the brain cell cycle rate

is nearly twice as fast in chickens (Tc ¼ 14 h) than in

quail (Tc ¼ 23.8 h).
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Figure 4. These graphs show how the fraction of BrdUþ cells in the brain (i.e. tectum, telencephalon) VZ increases with
survival time after BrdU application in chickens and quail at (a) 11% of incubation (i.e. ED2–3) and (b) 22% of incubation
(i.e. ED5). The slopes of these lines are inversely proportional to cell cycle duration. Furthermore, the LIs saturate at similar
levels in the two species. These data indicate that (a) brain precursor cells cycle faster in chickens than in quail at 11% of incu-

bation. (b) However, brain precursor cells cycle at a similar rate in chickens and quail at 22% of incubation. Diamonds, chicken
brain; filled circles, quail brain.
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(d) Cell cycle rates at ED5

Although we found differences in cell cycle rates

between ED2.5 chickens and ED2.75 quail, these differ-

ences do not persist. This is evident from the

observation that the volume difference between chicken

and quail brains remains roughly constant (at a factor

of 2–3) between 19 per cent of incubation and hatching.

Furthermore, at ED5 (i.e. 22% of incubation), brain cell

cycle rates are highly similar in chickens and quail

(figure 4b). In the ED5 quail brain, the LI increased

approximately linearly from 0.5 to 6 h and eventually

reached a saturation level of approximately 96 per

cent. The best-fit line for the pre-saturation LI has a

slope of 8.89+0.09 and a y-intercept of 33.17+0.37.

Thus, the cell cycle rate is approximately 10.8 h and

the S phase lasts approximately 3.6 h. In the ED5

chicken brain, the best-fit line for the LI has a slope of

7.83+0.60 and a y-intercept of 31.95+2.34. There-

fore, the cell cycle rate lasts 11.5 h and S phase lasts

approximately 3.7 h.
Proc. R. Soc. B (2010)
4. DISCUSSION
The chicken brain is more than twice the size of the

bobwhite quail brain at hatching and in adulthood. This

is not surprising, given that the chicken body is also

much larger than that of quail (Portmann 1947a,b;

Boire & Baron 1994). However, it is surprising that chick-

ens grow these larger brains within a shorter time than

quail. Chickens hatch after 21 days of incubation,

whereas bobwhite quail hatch after 23 days of incubation.

Thus, the chicken brain gets bigger than the quail brain

within a shorter incubation period (figure 5). This obser-

vation runs counter to Passingham’s (1985) finding that

brains (at least mammalian brains) grow at constant

rates. If the brain of chickens and quail grew at constant

rates, then chicken brains should be smaller than quail

brains. How, then, can we explain that hatchling chickens

have larger brains than those of quail?

One possible explanation is that chickens delay neuro-

genesis relative to bobwhite quail. In this scenario, the

chicken brain would undergo more rounds of precursor
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cell divisions and, therefore, expand relative to the quail

brain. This hypothesis is plausible because the expansion

of the telencephalon in parrots and songbirds is associated

with delays in telencephalic neurogenesis (Striedter &

Charvet 2008; Charvet & Striedter 2009a). However,

our comparative analysis of neural event timing in chick-

ens and quail indicates that neurogenesis occurs earlier in

chickens than in quail when age is expressed in days post-

incubation onset. Importantly, neurogenesis timing in

several brain regions is highly predictable in chickens

and quail once age is expressed as a percentage of

normal incubation time. These findings are consistent

with the notion that schedules of neurogenesis uniformly

stretch or compress as developmental periods lengthen or

shorten (Clancy et al. 2001). However, these findings

cannot explain why chickens have larger brains than

those of quail.

A second possibility is that brain cells cycle faster in

chickens than in bobwhite quail throughout development.

This is conceivable given that some mammals and some

birds exhibit species differences in cell cycle rates during

neurogenesis (Kornack & Rakic 1998; Charvet & Striedter

2008). However, this hypothesis is inconsistent with our

brain growth curves for chickens and quail. By the time

neurogenesis begins, the chicken brain is already larger

than the quail brain by a factor similar to that observed

at hatching. If brain progenitor cells uniformly cycle

faster in chickens compared with quail, then chicken

brains should gradually become larger than quail brains

during embryonic development. Such a divergence in

brain growth curves is not observed.

A third possibility is that chicken progenitor cells cycle

faster than quail progenitor cells at specific stages of

development. Our brain growth curves suggest that such

a time-limited species difference in cell cycle kinetics

might exist before 19 per cent of incubation is complete.

Our estimates of pH3þ/PCNAþ and cumulative BrdU

labelling independently confirm that, at 11 per cent of

incubation (i.e. ED2.5 chicken, ED2.75 quail), brain

cells cycle faster in chickens than in quail. We also note
Proc. R. Soc. B (2010)
that the quail brain’s cell cycle rate increases between

ED2.75 and ED5, whereas chickens maintain a more

uniform cell cycle rate between ED2.5 and ED5.

These findings are consistent with previous studies

(Corliss & Robertson 1963; Wilson 1973).

The length of incubation generally correlates with

hatchling brain size among galliform birds (figure 5).

However, hatchling chicken brains are larger than

expected from this general scaling relationship and bob-

white quail brains are smaller than expected. Thus,

chickens may have accelerated their pre-neurogenetic

cell cycle rates, whereas bobwhite quail may have length-

ened them. However, further comparative studies of brain

cell cycle rates is needed to determine which pattern of

brain growth is primitive within galliform birds, and

which is derived.

Our main finding is that an early growth spurt in

chicken brains gives them a head start relative to bobwhite

quail brains. Because the chicken’s growth spurt emerges

before neurogenesis begins, the chicken’s predictably

compressed schedule of neurogenesis is superimposed

on an expanded brain precursor pool. Such evolutionary

alterations are interesting because they would not lead

to the species differences in brain region proportions

that Finlay and Darlington have referred to as ‘late

makes large’ (Finlay et al. 2010). Indeed, the brain’s

major regions (e.g. telencephalon) are similar in pro-

portional size in adult chickens and bobwhite quail

(Portmann 1947a; Boire & Baron 1994). By contrast,

uniform acceleration of cell cycle rates or delays in neuro-

genesis would cause late born regions (e.g. telencephalon)

to enlarge disproportionately relative to brain regions that

are born early (e.g. medulla). Chickens bypass these con-

straints on their way to making a larger brain relative to

those of quail.

A potential limitation of our study is that we only com-

pare cell cycle rates at two stages of development. We do

not know precisely when in development chickens and

quail begin to exhibit different cell cycle rates or how

long those differences persist. Our findings only show
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that species differences in cell cycle rates disappear by

ED5. Furthermore, our labelling indices at ED2.75 are

quite variable. This variation may be owing to ‘temporal

jitter’ in which embryos that have incubated for the

same amount of time may vary in size (Hamburger &

Hamilton 1951; Striedter & Charvet 2008). This

‘temporal jitter’ appears to be most evident at early

stages of development, before neurogenesis begins.

Because of this variability, we cannot offer precise cell

cycle rate estimates. However, both pH3þ/PCNAþ esti-

mates and cumulative BrdU labelling indicate that the

cell cycle rate differs in the two species at 11 per cent of

incubation.

Overall, our data show that there are several mechan-

isms for evolutionary alterations in brain size. Previous

studies focused on the length of development and neuro-

genesis timing (Finlay & Darlington 1995; Clancy et al.

2001; Dyer et al. 2009). We show that species differences

in cell cycle rates prior to neurogenesis account for at least

some adult species differences in brain size. Whether such

early alterations in cell cycle rates are common among

vertebrates is not yet clear. Several studies have compared

brain growth rates across species (Starck & Ricklefs

1998), but few studies have compared cell cycle kinetics

in very young embryos (Blunn & Gregory 1935). We sus-

pect that findings similar to ours will emerge from studies

on species that develop for similar lengths of time, exhibit

similar brain region proportions, but vary in absolute

brain size.
This work was supported by an NSF grant no. IOS-0744332.
We thank Shyam Srinivasan and Luke McGowan for helpful
comments on the manuscript.
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