
can be studied in vivo, but there have been 
too few studies of the physiological interac- 
tions between endothelial and smooth mus- 
cle cells in the intact arteriole to permit 
conclusions regarding the role of gap junc- 
tions in propagated vasodilation. 
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Vertical Nitrate Fluxes in the Oligotrophic Ocean 

The vertical flux of nitrate across the thermocline in the upper ocean imposes a 
rigorous constraint on the rate of export of organic carbon from the surface layer of the 
sea. This export is the primary means by which the oceans can serve as a sink for 
atmospheric carbon dioxide. For the oligotrophic open ocean regions, which make up 
more than 75% of the world's ocean, the rate of export is currently uncertain by an 
order of magnitude. For most of the year, the vertical flux of nitrate is that d<e to 
vertical turbulent transport of deep water rich in nitrate into the relatively impover- 
ished surface layer. Direct measurements of rates of turbulent kinetic energy dissipa- 
tion, coupled with highly resolved vertical profiles of nitrate and density in the 
oligotrophic eastern Atlantic showed that the rate of transport, averaged over 2 weeks, 
was 0.14 (0.002 to 0.89, 95% confidence interval) millimole of nitrate per square 
meter per day and was statistically no different from the integrated rate of nitrate 
uptake as measured by incorporation of 15N-labeled nitrate. The stoichiometrically 
equivalent loss of carbon from the upper ocean, which is the relevant quantity for the 
carbon dioxide and climate question, is then fixed at 0.90 (0.01 to 5.70) millimole of 
carbon per square meter per day. These rates are much lower than recent estimates 
based on in situ changes in oxygen over annual scales; they are consistent with a 
biologically unproductive oligotrophic ocean. 

I N CONTEMPORARY, GLOBAL, GEO- 

chemical models of the atmosphere- 
ocean carbon cycle, the oceans are 

viewed as the primary sink for atmospheric 
carbon dioxide (I) .  The responsible mecha- 
nism is the photosynthetic incorporation of 
dissolved carbon dioxide by marine microal- 
gae in the upper ocean, followed by vertical 
loss of organic carbon, either through sink- 
ing particles or associated with vertical fluid 
transport. For the open ocean regions, 
which make up more than 75% of the 
world's oceans, both the rate of photosyn- 
thetic incorporation (the so-called total pro- 
duction) and the rate of export of organic 
carbon ("new" production) are currently 

uncertain to within an order of magnitude 
(2). Given the profound importance of the 
oceans in the global carbon cycle, this uncer- 
tainty propagates to a much greater uncer- 
tainty in prediction of future atmospheric 
carbon dioxide concentrations and hence in 
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the prediction of the hture climate of the 
earth. 

For most of the world's oceans, nitrogen 
is the plant nutrient that limits the total 
production in the well-lit upper ocean (3). 
Therefore, the flux of nitrogen into the 
upper layer sets a rigorous constraint on the 
rate of export of carbon; over a suitable 
averaging time, these two fluxes must be in a 
stoichiometric balance set by the Redfield 
ratio (4) of 6.4 atoms of carbon per atom of 
nitrogen. 

It is the vertical flux of nitrate from deep 
water rich in nutrient to the relatively im- 
poverished surface layer that dominates the 
nitrate supply for most of the oligotrophic 
region. After surface heating stratifies the 
water column in early spring, most of the 
transport is associated with vertical turbu- 
lent fluid motions. The rate of turbulent 
mixing, and consequently the magnitude of 
the vertical flux of nitrate, has been extreme- 
ly difficult to estimate in the past; recently, 
however, it has been made possible through 
direct measurements of microscale gradients 
in temperature and velocity shear fluctua- 
tions (5) .  We present the first measurements 
in any ocean region of rates of turbulent 
supply of nitrate to the surface layer and 
compare the results with direct measure- 
ment of the rate of incorporation of nitrate 
(as 15N) by the resident algal population. 

Experiments were carried out during a 2- 
week occupation of a station in the oligotro- 
phic eastern Atlantic (28"301N, 23"01W). 
The site investigated is adjacent to the Beta 
triangle area (6) approximately 1000 km 
south-southeast of the Azores and corre- 
sponds to a "shadow" region in the eastern 
North Atlantic (7), where surface isopycnals 
do not close but intersect the coast and 
where nutrient concentrations are below the 
limit of detection along near-surface isopyc- 
nals (8). Hence, vertical diapycnal mixing is 
the dominant means by which nitrate is 
transported into the upper ocean. 

The net upward flux of nitrate represents 
a source of nutrient which is available for 
local algal uptake. Assuming horizontal flux- 
es to be small in relation to vertical fluxes, 

where the rate of change of local nitrate 
concentration [N(z)] depends on a balance 
between the turbulent- supply (here de- 
scribed by a constant eddy difisivity coeffi- 
cient, K,) and a sink in the form of algal 
uptake (9). The sink term is defined bv a 

\ ,  

linear, light-dependent, total production (a 
is the initial slope of the photosynthesis- 
irradiance relation expressed in nitrogen 

Kv (rn2 secml x lo- ') N ( s e c l  x 10.~)  (NO5 ] (mmol mm3) 

Fig. 1. Depth profiles (A) of eddy diffusivity, (B) buoyancy frequency, and (C) nitrate concentrations. 
Dihivities are represented by 20-dbar averages calculated every 10 dbar, and the standard errors. For 
the nitrate profile, the solid line is the least-squares fit to Eq. 2. The x data points are from the 
GEOSECS expedition (8) in March. 

equivalents, Eo is the sea-surface photosyn- 
thetically active irradiance, and k, is the 
optical attenuation coefficient) multiplied by 
the fraction of it that is satisfied by uptake of 
the oxidized nitrogen source, nitrate. This 
fraction, termed the fratio, is a linear h c -  
tion of local nitrate concentrations (f = yN) 
in agreement with recent data (10). A time 
scale for biological uptake of nitrate in the 
euphotic zone is then TB = (dOy)- l .  

If one assumes a local balance between the 
two terms on the right hand side of Eq. 1, 
the vertical profile of nitrate concentration is 

with 

fluctuations. The rates were very low (en- 
semble mean E = 1.7 x m2 secP3) and 
were distributed approximately log-normal- 
ly with a standard deviation of 0.57 (loglo 
transform), a magnitude and distribution 
consistent with other recent measurements 
in the open ocean (11). On the basis of 
energetic arguments (12), as well as empiri- 
cal measurements (13), the eddy diffisivity 
can be estimated from rates of turbulent 
kinetic energy dssipation and the buoyancy 
frequency, N (Fig. 1). 

The optical properties were those of the 
clearest ocean water. The attenuation coeffi- 
cient for downwelling irradiance was 0.037 
(k0.005) m-I, as determined from a new, 
free-fall irradiance sensor, and mean sea- 
surface irradiance during the occupation pe- 

(3) riod was 720 LE m-2 sec-' ( h  = 400 to 
where It and Ki are modified Bessel h c -  700 nm only). Error limits are ;he standard 
tions of order i, P2 is 4 (T~@&,)-', the ratio error of the coefficients unless otherwise 
of the time scale for biological nitrate uptake 
to that for mixing over one optical length 
scale, kb', and z* is the depth normalized to 
the optical length scale. The assumption that 
the local time rate of change in nitrate " 
concentration is small over the depth hori- 
zons of interest is supported by comparison 
of our measured nitrate profile, taken in 
June, with data from the Geochemical Ocean 
Sections Study (GEOSECS) (8) expedition 
at this station in early March (Fig. 1). The 
nitrate profiles are identical to 350 dbar. If 
one can constrain p and z* by direct mea- 
surement of turbulence and optical proper- 
ties, the biological rate of uptake, and hence 
the exported carbon, can be determined 
from the measured nitrate profile. 

The rate of turbulent kinktic energy dissi- 
pation, E, was determined from repeated 
measurements of microscale velocity shear 

stated. 
Equation 2 was fitted by nonlinear least- 

squares parameter estimation to highly re- 
solved measurements of nitrate in the verti- 
cal (Fig. 1). Fitted parameter values were 
p = 11.8 ('-0.8) (dimensionless) and N(0) 
= 1.4 (k1.2) x rnrnol m-3; with 
measured values of the attenuation coeffi- 
cient and eddy diffisivity, the rate constant 
which sets the scale for the biological remov- 
al of nitrate (and carbon export) is then 
1.5 x sec-I. 

Direct measurements of nitrate and am- 
monium uptake were also made (10). Up- 
take of nitrate and ammonium showed dis- 
tinct uncoupling in the vertical, with the 
peak in ammonium uptake (60 dbar) shal- 
lower than that of nitrate uptake (120 dbar; 
Fig. 2). These measurements from the oligo- 
trophic Atlantic support the form of the 
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NO; uptake NH; uptake 

(mmol m ' =  hour" x (mmol m-3 hour" x 1 0 ' ~ )  

Fig. 2. Depth profiles of rate of uptake of nitrate and ammonium as lSN. The vertical bars represent the 
range of the depth bin and the horizontal bars the standard error of the mean. 

empirical relation between the fratio and 
ambient nitrate concentration established by 
Platt and Harrison (10) for coastal waters; 
the slope of the relation at low nitrate 
concentration is lower here however [y = 
0.74 (k0.18) m3 mmol-'I, than in the previ- 
ous study [y = 5.48 (r0.77) m3 mrnol-'1. 

The areal rate of new production can be 
calculated by substituting Eq. 2 into the 
second term on the right hand side of Eq. 1 
and integrating from the sea surface to 
infinity: it is equivalent to the limiting value 
of the derivative of Eq. 2 with respect to 
depth (as z + m) multiplied by the coeffi- 
cient of eddy diffisivity. With dN/ 
dz = 0.045 (k0.008) rnmol m-4, and the 
mean (100 to 400 dbar) measured 
K, = 3.7 x (6.1 x to 2.3 x 

95% confidence interval) m2 sec-', 
the rate of new production is 0.14 (0.002 to 
0.89. 95% confidence interval') mmol of 
nitrogen per square meter per day. For 
comparison, the measured integral nitrate 
uptake (as "N) is 0.807 (k0.17) mmol m-2 
day-' (180 dbar limit, Fig. 2), which is 
higher but not significantly different from 
the new production calculated from physical 
transport alone. We note that one-third of 
this 'new' production occurs below the con- 
ventional euphotic zone (125 m), set by the 
transmittance of 1% of the sea-surface irra- 
diance. 

If these results are shown to be repre- 
sentative, the implications for the global flux 
of carbon out of the surface regions of the 
world's oceans are profound. Over a suitable 
averaging period, this loss of carbon from 
the euphotic zone must be equivalent in a 
stoichiometric sense to the supply of nitrate 

(2, 3). With a Redfield ratio of 6.4, the 
inferred loss of carbon is less than 1 rnmol 
m-2 dav-'. Evidence that these are indeed 
representative figures for the subtropical 
gyre is found from microstructure measure- 
ments in the gyral systems from both Atlan- 
tic and Pacific ( l l ) ,  where K, values are 

to m2 sec-', and where the 
nitrate gradient is very similar to that calcu- 
lated here. Salt fingering may enhance the 
vertical mass flux (14), but the critical ratio 
of the gradients in salt and heat is not 
reached over most of the depth horizons of 
interest and no thermohalind staircases were 
observed in the temperature and salinity 
profiles (2-dbar resolution). Inertial oscilla- 
tions may produce shear-induced instabil- 
ities which result in local intense mixing 
(15), but such processes would have been 
averaged and included in the data presented 
here. 

It has been suggested that observed 
changes in chemical tracer concentrations 
such as 3 ~ ,  3 ~ e ,  and 02, in water masses 
isolated from the sea surface, are more con- 
sistent with an average rate of new produc- 
tion of 2.5 mmol of nitrogen per square 
meter per day (15 mmol of carbon per 
square meter per day) (16), a result clearly 
outside the confidence bounds of the data 
presented here. We note that such methods 
yield results valid on an averaging scale of at 
least 1 year, whereas our results apply on a 
much shorter time scale. However, even if 
the mean eddy diffisivity were m2 
sec-', as inferred from the thermocline heat 
balance (17), it would still be difficult to 
supply enough new nitrogen to support a 
rate of new production of this magnitude. 

Results based on in situ tracer dynamics 
have been criticized on several grounds (18), 
but even taking these into account, it is still 
difficult to reconcile the two sets of figures. 
At least, however, we can now reject the 
hypothesis that vertical turbulent supply is 
sufficient to meet the demands estimated 
from tracer dynamics. The only other 
sources of new nitrogen in the open ocean 
are from fixation of atmospheric nitrogen 
and import associated with acid rain. The 
rate of nitrogen fixation is currently thought 
to be several orders of magnitude less than 
the rate of supply by turbulent transport; 
the recent discovery of a new species of 
unicellular cyanobacteria capable of nitro- 
gen fixation (19) and the difficulties of 
making the necessary measurements at sea 
(20) leaves open the possibility that this rate 
may be higher than previously thought. 

Given the importance of the oceanic slnk 
for global carbon flux models, and hence the 
prediction of future climate, it is imperative 
that this apparent discrepancy be resolved. 
For example, reassessment of the rate of 
production in the equatorial upwelling, cou- 
pled with new data on the fratio, recently 
led to an increase in the estimated annual 
new production in this region of 1.4 giga- 
tons of carbon per year (21), a value which 
represents 25% of the annual atmospheric 
C 0 2  discharge from fossil fuel combustion. 
The intermittency which characterizes both 
physical and biological processes in the 
ocean implies that advances in understand- 
ing will result only when adequate synoptic 
measurements of the processes that influ- 
ence the rate of new production in the 
world's oceans are available (22). 
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Induction of Altered c-sm Product During Neural 
Differentiation of Embryonal Carcinoma Cells 

The expression of the cellular src gene product pp60C-'"' was examined in an embryonal 
carcinoma cell line that differentiates in vitro into neuronlike cells after being treated 
with retinoic acid. Quantitative and qualitative changes in c-src expression accompa- 
nied the events associated with neuronal differentiation. The levels of ~ ~ 6 0 " "  
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increased 8- to 20-fold during the period when the cells elaborated neuritic processes 
and expressed neuron-specific proteins. The electrophoretic mobility of pp6OC-" 
induced in these cells was retarded in com~arison with that in untreated cells or in 
treated cells before neurite elaboration. The shift in electrophoretic mobility was due 
to an alteration in the amino terminal 16,000 daltons of pp6OC-" and similar to an 
alteration of c-src protein found in neural tissues and in pure primary cultures of 
neuronal cells. ~ h e i e  results indicate that expression of pp60c~src~induced by retinoic 
acid in these embryonal carcinoma cells mimics the expression of c-src in developing 
neurons. Therefore, this embryonal carcinoma cell line provides a model system to 
investigate the function of the src protein in neuronal differentiation. 

E MBRYONAL CARCINOMA (EC) CELL 

lines provide experimental models of 
the molecular events involved in cel- 

lular differentiation (1). EC cell lines devel- 
op from malignant stem cells present in 
teratocarcinomas and display morphologi- 
cal, biochemical, and biological properties 
of pluripotent cells of the early embryo (2). 
Murine EC cells can differentiate into a 
variety of cell types, depending on the con- 
ditions of cell culture. The nature of the cells 
that develop from stem cells is generally 
monitored on the basis of the morphology 
of the cells and of the expression of macro- 
molecular markers specifically expressed in 
the differentiated cells (3). Although these 
markers are useful for classifying the differ- 
entiating cells, the analyses of these mole- 
cules do not provide insight into the events 
triggering cellular differentiation. Several 
lines of evidence implicate the normal cellu- 
lar homologs of retroviral oncogenes 
(proto-oncogenes) as genes that might regu- 
late cellular differentiation. Certain proto- 
oncogenes display patterns of expression 
specific to cell type; some actually encode 

growth factors or the receptors for growth 
factors that induce the proliferation of spe- 
cific cells (4). In addition, experimental ma- 
nipulation of the expression of the oncogen- 
ic homologs of these genes either stimulates 
differentiation of immature cells (5, 6) or 
interferes with the normal pathway of differ- 
entiation in cell culture (7). 

One such proto-oncogene is c-src, the 
cellular homolog of the transforming gene 
of Rous sarcoma virus (RSV) (8). This 
proto-oncogene is one of several that encode 
tyrosine-specific protein kinases (9). Analy- 
sis of the c-src (pp60C-"") protein during 
embryonic development has revealed both 
qualitative and quantitative differences in its 
pattern of tissue-specific expression (10). All 
neural tissues from developing embryos and 
adult animals contain high levels of a struc- 
turally distinct form of pp60C-Src containing 
an alteration within the amino terminal re- 
gion of the molecule (1 1).  This novel form 
of pp60C-"" was specifically expressed in 
primaw cultures of Dure neuronal cells and 
&spla;ed a higher krosine kinase-specific 
activity than the protein expressed in astro- 

cytic or fibroblastic cells (12). This pattern 
of expression suggests that the c-src protein 
may be important in either the differentia- 
tion of neurons or the events that take place 
in mature neurons. However, in the absence 
of a genetic system that provides the means 
to manipulate the expression of pp60C-"", it 
is difficult to assess the role of ~ ~ 6 0 ~ ' ~ ' "  in 
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these events. Alema and co-workers have 
shown that introducing the viral src protein 
into rat pheochromocytoma (PC12) cells 
stimulated the expression of a neuronal phe- 
notype similar to that induced by nerve 
growth factor (NGF) ( 5 ) .  Although these 
results suggest a potential function for c-src 
in stimulating neuronal differentiation, it is 
difficult to correlate the functional behavior 
of the RSV pp6OV-"" protein with that of 
pp60C-Src (13). Furthermore, PC12 cells may 
not be a useful system for analyzing the role 
of pp60C-Src in normal differentiation, since 
no -significant differences have been detected 
in the quantitative levels of pp60C-"" or in 
its electrophoretic mobility after differentia- 
tion induced by NGF or cyclic adenosine 
monophosphate (14). 

We have analyzed the expression of 
pp60C'"" in an EC cell line, p19S1801Al 
(01Al). that can be induced to differentiate 

r ,  

into neuronlike cells under the influence of 
retinoic acid (15). We induced the OlAl  
cells to differentiate by growing them as 
aggregates in retinoic acid, dissociating the 
aggregates into a single cell suspension, and 
plating the dissociated cells onto tissue cul- 
ture &ates coated with poly-L-lysine. Within 
24 hours after plating, the cells began to 
elaborate neuritic processes, and after 3 to 5 
davs more than 80% of the cells could be 
labeled with antibodies to the neurofilament 
triplet polypeptides. This in vitro differenti- 
ation parallels the in vivo differentiation of 
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