
Histone Gene Expression: Progeny of Isolated Early the histones. As shown in Fig. 1, descen- 
dants of each cell type, cultured to per- 

Blastomeres in Culture Make the Same Change as in the Embryo mit reaggregation and labeled after 40 
hours, synthesized only the HI, H2A, 

Abstract. Stage-specific changes in histone synthesis during sea urchin develop- and H2B late histones, as did control em- 
ment reflect the expression of different sets of genes. The three kinds of blastomeres bryos by that time. The reaggregated 
formed at the 16-cell stage are the earliest "determined" cells and fall into three masses are not true embryos (5); there- 
distinct size classes. At this stage the cells synthesize only "early" histones. Such fore each of the blastomere types divides 
blastomeres can survive and divide in culture after being separatedfrom the embryo, to yield progeny cells that make the pro- 
whether or not they are permitted to aggregate. With or without reaggregation, cul- grammed histone change without the 
tured progeny cells of each type of isolated blastomere perform the same changeover normal embryo organization. 
of histone synthesis as takes place in the intact embryo, that is, they begin sponta- Still, it is possible that some non- 
neously to synthesize a new set, the "late" histone variants. Normal contact rela- specific signal, generated as a simple 
tions among cells of the embryo are, therefore, not required for this programmed consequence of stable cell-cell contacts, 
change in gene expression. induces the observed change in gene ex- 

pression. To test this possibility, blasto- 
During development of the sea urchin tures had increased 10- to 15-fold, meres separated at the 16-cell stage were 

there are stage-specific changes in the whereas in meso- and macromere cul- cultured in spinner flasks and stirred to 
kinds of histones synthesized and incor- tures the increase was 35- to 40-fold. prevent reaggregation. We found that 
porated into chromatin (1). From fertil- To identify the histones being synthe- such blastomere progeny do synthesize 
ization to the blastula stage, one set of sized at particular times, the cultures primarily the early forms of H1, H2A, 
histones, the "early" (embryonic) type, were labeled with [3H]lysine and then and H2B within 5 hours after separation 
is produced. At about the mesenchyme subjected to isolation, purification, and (Fig. 2). (Very small amounts of the late 
blastula stage, synthesis of an additional electrophoretic procedures to separate variants were also found labeled in these 
set, the "late" or larval type, begins. 
These enter chromatin in rapidly increas- 
ing amounts, while synthesis and incor- 
poration of the early types decline. From 
the early larva stage on, the bulk of his- 
tone made and associated with DNA in 
chromatin is of the late variety. Even- 
tually the early variants are undetectable 
by ordinary chemical means. The decline 
follows a dilution function given by the 
number of nuclei at the blastula stage di- 
vided by the number present at succes- 
sive later stages. The relative decrease of 
early variants can be accounted for 
quantitatively by their retention after 
cessation of synthesis, and by their 
steady dilution with accumulating late 
histones in the later embryo and larva (2, 
3). 

In the 16-cell-stage embryo there are 
three cell types. The vegetal half of the 
embryo consists of four micromeres and 
four macromeres, and the animal half is 
formed by eight mesomeres, which are 
intermediate in size. The developmental 
fates of these cells are to some extent al- 
ready determined at this stage (4). The 
micromeres give rise to primary mesen- 
chyme and eventually to other mesoder- 
mal derivatives and are also inducers of 
gastrulation. Meso- and macromeres 
form ciliated epithelium, the archen- 
teron, and the structures derived from 
them. 

We separated the three cell types from 
highly synchronous populations of 16- 
cell embryos and cultured them under 
conditions that either allow or prevent 
reaggregation, which begins immediately 
(unless prevented) upon return of the 
isolated cells to seawater (5). After 40 
hours, cell number in micromere cul- 
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a . b c d Fig. 1. Histones synthesized in cultures of 
separated 16-cell-stage blastomeres after 40 
hours, with reaggregation permitted. Bands 
show histones synthesized in (a) intact control 
embryos, (b) the macromere culture, (c) the 
mesomere culture, and (d) the micromere cul- 
ture. Migration in the electric field is from top 
to bottom. Eggs of the sea urchin Lytechinus 
pictus (Pacific Biomarine) were fertilized at a 
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d---% : Enated by passing them through bolting silk as 

soon as the fertilization membranes had ap- 
peared. The embryos were cultured until the 
16-cell stage (15), at which time they were 

. chilled on ice and harvested by centrifugation 
at 250g for 1 minute. The cells were then sepa- 
rated by velocity sedimentation in Ficoll gra- 
dients (7). To maximize purity, the three 
bands of cells were collected separately, with 
only the top half of the mesomere band and 
the bottom half of the macromere band being 

--- ::retained. These were recentrifuged on sepa- 
_ ..._ _ 'rate gradients. The purity of the resulting pop- 

H L =. ulations was checked microscopically and by 
_M~_ I SS& BI I observation of reaggregation behavior. Micro- 

u 
'"" ?'' 

H3a ---^.i 0.- - -i.; : meres, mesomeres, and macromeres were at 
?- - ' ::^- :000-0i .... least 98, 98, and 95 percent free of con- 

?!??.~~~ taminant cell types, respectively. The cells 
H2B B.L - " were washed three times with artificial sea- 

. - : - :: water and suspended in seawater in plastic 
H4 =* . '0 petri dishes at a density of 1 x 104 to 2 x 104 

cells per milliliter. In some cases fetal calf 
serum was added (2 percent), which increased 
cell viability but had no effect on the pattern 
of histone synthesis (16). The cells were left to 
divide and reaggregate for 40 hours at 21?C, 
and then were labeled with [3H]lysine (50 Ci/ 
ml) (specific activity 80 Ci/ml, New England 

Nuclear) for 4 hours while being shaken gently and intermittently. Controls (intact embryos) 
were labeled with [3H]lysine at 5 Ci/ml. Histones were then purified as described in (17) but 
with several modifications: (i) 2 ml of packed eggs, first incubated for 30 minutes with 1 mM 
emetine to inhibit protein synthesis, were used as a carrier during chromatin isolation and (ii) 
histone from calf thymus was added (50 )g/ml), again as a carrier, just before ethanol precipi- 
tation of the acid-extracted histones. Histones were separated at 30 mA for 31/2 hours on 12 
percent polyacrylamide slab gel (which had been electrophoresed overnight at 10 mA) contain- 
ing Triton X-100 (10). The gels were then fluorographed (18) to detect labeled histones. (Bands 
for H3 and H4 are less dense than for the others. This is due to their lower lysine content and to 
the lower efficiency of their extraction in the 20-minute procedure.) L, late histone. 
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cultures. This was probably due to over- 
lap of the labeling interval with the time 
at which late histone synthesis began.) 
However, when the cultures were la- 
beled after 40 hours, only late HI, H2A, 
and H2B were detectable among the ra- 
dioactive histones (Fig. 2). Stable cell- 
cell contacts are, therefore, not needed to 
elicit the normal change in histone gene 
expression. This statement is true at 
least from the 16-cell stage on. 

Similar observations have been report- 
ed for nonhistone genes in cultured 16- 
cell-stage blastomeres and their progeny 
cells. The relative rates of synthesis of 
one class of nonhistone proteins (tubu- 
lins) and of two kinds of cytoplasmic 
RNA (ribosomal and transfer) change in 
such cultures, much as they do in the in- 
tact embryo (5). Insofar as histones are 
concerned, Brookbank (6) showed that 
late H1 can appear even in "embryos" in 
which cleavage is arrested but synthesis 
of DNA is continued. 

More traditionally, new patterns of 
gene expression (those, at least, for 
which there is good evidence of change) 
are thought to be associated with specific 
inductions by external signals, such as 
new cell contacts or hormones. The situ- 
ation described in this report, and appar- 
ently underlying the related cases men- 

tioned, is very different. It implies the 
presence in early cleavage cells of infor- 
mation sufficient to control a future 
change of gene expression, indepen- 
dently of specific external signals. It is a 
situation that recalls, in fact, what is 
sometimes regarded as a form of deter- 
mination. 

The switch to synthesis of late histone 
must occur in most progeny cells of each 
of the three cell types from the 16-cell 
embryo. Because of the high purity of 
the isolated cell populations and their be- 
havior in culture when permitted to reag- 
gregate (5), we are confident that the 
cells responsible for the observed switch 
are indeed descendants of the particular 
cell types isolated (7). Of course, we can- 
not be certain that the switches in culture 
are made by the same cells and at pre- 
cisely the same time as in the intact em- 
bryo. It is, however, nearly certain that 
the switch from early to late histone pro- 
duction occurs in parts of the embryo de- 
rived from both the animal and vegetal 
halves of the egg. 

Such a conclusion need not imply that 
all nuclei of the embryo have the same 
relative amounts of the early and late his- 
tone variants. The normal changeover 
does not occur until long after fertiliza- 
tion, when the division frequencies of 

Fig. 2. Histones syn- a b c d e f g h 
thesized in cultures 
of separated 16-cell- - 
stage blastomeres af- 
ter 40 hours, with 
reaggregation pre- 
vented. Bands show 
histones synthesized 5o l p i i 
in (a) 40-hour control H2AL =- 
embryos, (b) 40-hour - H2AE 
macromeres, (c) 40- 
hour mesomeres, (d) 
40-hour micromeres, 
(e) early micromeres, 
(f) early mesomeres, 
(g) early macromeres, 
and (h) early intact 
embryos. Migration is 
from top to bottom. 
The embryos were H E 
cultured and the HIL = 
blastomeres sepa- . 
rated as described in H3 - 
the legend to Fig. 1. H2BE 
The separated cells H2BL L - 

" 

were stirred in Belico 
spinner flasks at 21?C 
at a rate sufficient to 
stop formation of any 
visible clumps. Cells 
and intact control em- 
bryos were labeled in 
the flasks with 50 and 
5 Ci of [3H]lysine per milliliter, respectively. Isolation, separation, and fluorography of histones 
were performed as described in the legend to Fig. 1. Slots a through d represent histones synthe- 
sized by the different cell populations during a labeling period begun 40 hours after their separa- 
tion. Slots e through h show histones synthesized during a 5-hour labeling period begun immedi- 
ately atter cell separation. L, late histone; E', early histone. 
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clones derived from early blastomeres 
have changed and diverged. Modulation 
of histone synthesis is not likely to be 
more synchronous than cell division af- 
ter the blastula stage. Thus the histone 
content of embryonic nuclei may be spa- 
tially inhomogeneous. 

Nuclear DNA is organized as repeat- 
ing units (nucleosomes) consisting of 
about 200 base pairs of DNA coiled 
around the outside of an octomer made 
up of pairs of H3, H2A, H2B, and H4 (8). 
The nucleosome consists of a core par- 
ticle with an invariant length of DNA 
(about 145 base pairs) complexed with 
the octomeric histones, plus a variable 
stretch of internucleosomal DNA termed 
the linker region; H1 appears to interact 
mainly with the linker DNA (9). 

The conservation of the early histone 
variants, with subsequent addition of 
late ones, implies that different kinds of 
nucleosomes appear at different stages of 
development (10). Micrococcal nuclease 
digestions of embryonic nuclei have 
shown that coincident with the increase 
of late histones is a reduction in the re- 
lease of acid-soluble DNA from chroma- 
tin (1I). Furthermore, we have observed 
that during the interval of steady in- 
crease of the late histones in chromatin, 
the mean length of the repeating nucle- 
osomes increases 20 percent (12). During 
the same interval there is a significant re- 
duction of the per-cell synthesis rate of 
heterogeneous nuclear RNA (13) and a 
similar decline in the rate of cell division 
(14). 

Although it has not yet been demon- 
strated, it would not be surprising if the 
changing pattern of histone synthesis 
were found to be related, through chrom- 
atin architecture, to such physiological 
processes as transcription and cell divi- 
sion. Whether or not this is the case, it is 
increasingly important to define the 
events that regulate differential histone 
gene expression. 
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where K1 and K2 are dimensionless con- 
stants of order unity. 

Now consider the lung as a network of 
branching tubes. As in the calculation of 
resistance in an electrical circuit, the ef- 
fective resistance to diffusion of the en- 
tire bronchial tree, RT, may be found by 
summing the individual resistances. 
Note that in a particular generation, the 
area in Eq. 1 would be the total cross- 
sectional area of that generation. 

The rate of CO2 removal from the 
lung, Vco,, is proportional to the dif- 
ference between the volume fraction of 
CO2 present in the alveoli, FA. Co, and at 
the airway opening, FAO co,, and can be 
expressed as 

where K1 and K2 are dimensionless con- 
stants of order unity. 
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Effective Pulmonary Ventilation with Small-Volume 
Oscillations at High Frequency 

Abstract. At high oscillation frequencies (4 to 30 hertz), effective alveolar venti 
tion can be achieved with tidal volumes much smaller than the anatomic dead spa( 
An explanation of this phenomenon is given in terms of the combined effects of c 
fusion and convection and in terms of data consistent with the hypothesis. The( 
and experimental results both show that the significant variable determining the 
fectiveness of gas exchange is the amplitude of the oscillatoryflow rate independi 
of the individual values of frequency and stroke volume. 
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of the individual values of frequency and stroke volume. 

Gas exchange during normal tidal ven- 
tilation is thought to involve two distinct 
regions of the lung: (i) the dead space 
volume, comprised of the conducting air- 
ways, where gas transport is primarily 
convective; and (ii) the alveoli, where 
molecular diffusion is the predominant 
mechanism of gas transport. In normal 
ventilation, therefore, effective gas ex- 
change is possible only if the tidal vol- 
ume exceeds the dead space volume. Re- 
cently, however, it was shown that ef- 
fective alveolar ventilation can occur 
with tidal volumes considerably less than 
the dead space volume if the respiratory 
frequencies are sufficiently high (4 to 20 
Hz) (1). 

To explain the gas exchange effected 
by high-frequency, low tidal volume ven- 
tilation, we present a theoretical model 
based on the concept of augmented 
transport, or diffusion coupled to con- 
vection (2). We also present experimen- 
tal data that confirm the observations of 
others concerning the efficacy of this 
technique and that are in general agree- 
ment with the predictions of the theory. 

Augmented mass transport in both 
laminar and turbulent flow through a 
long straight tube was originally ana- 
lyzed by Taylor (2). Subsequently, Chat- 
win, using concepts similar to those of 
Taylor, provided a solution for oscilla- 
tory laminar flow (3). The augmented 
mass transport can be represented in a 
way analogous to molecular diffusion by 
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replacing molecular diffusivity Drmol 
effective diffusivity Deff. The effective 
sistance to diffusion R (in units of inve 
volume flow) for a tube of length L i 
cross-sectional area A may then be 
pressed as 

R = L/(ADeff) 

The appropriate formula for Deff 
pends mainly on two parmeters: (i) 
Womersley parameter, a = dx/(7r/2) 
where d is the tube diameter, f the os 
lation frequency, and v the kinemi 
viscosity; and (ii) the Reynolds numb 
Re = ud/v, where u is the root-me 
square velocity. 

For this simple analysis we assu 
that the stroke volume of oscillatior 
less than the dead space volume and t 
there exists a critical Reynolds numb 
Re,, such that the flow is laminar wt 
Re < Rec and well mixed when Re 
Re, (4). Given the theoretical results 
Chatwin (3) for laminar flow and 
theory of Taylor (2) and experiments 
Scherer et al. (5) for well-mixed flow, 
employ the following expressions 
Deff: 

Deff/Dmol = 1 + K1 (udDmol), 
if Re > Re, 

Deff/Dmol = 1 + (1/192) (ud/Dmo)2, 
if Re < Re, and a < 1 

Deff/Dmol = + (K2/192) (ud/Dmol)2C 
if Re < Re, and a> 1 
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Vco0 = (FA, co2 FAO, c0)/R?T (5) 

To obtain the results shown in Fig. IA, 
we used the anatomic' data from the dog 

la- lung model of Horsfield and Cumming (6) 
ce. and K1 = 0.7 [the mean value for in- 
dif- spiratory and expiratory flow given by 
ory Scherer et al. (5)]. Results are shown for 
ef- three cases that bracket the anticipated 
ent range of Re, and a,, where ac represents 

the critical value of a; a, determines 
whether Eq. 3 (for a < ac) or Eq. 4 (for 

by a > ac) is used (7). The value of Rec is 
re- not known, but is thought to be on the 
rse order of 10 (8). The discontinuities in the 
and curve for Rec = 30 are an artifact of the 
ex- model caused by the abrupt transition 

from laminar to mixed flow as the Rey- 
nolds number in a given generation (1) 
changes through its critical value. In 

de- reality these transitions are probably not 
the abrupt, but continuous, due to entrance 
f/v, effects, secondary motions, and asym- 
cil- metries in the bronchial tree. 
atic The model predicts that CO2 output 
)er, will increase as the amplitude of the os- 
an- cillatory flow increases, regardless of the 

individual values off and stroke volume, 
me as long as f is low enough for a to be 
i is small in regions of laminar flow. In addi- 
hat tion, theoretical results not shown in Fig. 
)er, 1 indicate that the CO2 output as a func- 
hen tion of tracheal flow is relatively inde- 

? > pendent of animal size or lung volume 
of for a single animal, provided the lung ge- 

the ometries are similar (9). 
3 of Experiments were performed on four 
we dogs in which we variedf and the stroke 
for volume and observed the effect on CO2 
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