To follow the fate of fibroblasts after
their incorporation into the lattice, we la-
beled them with [*HJthymidine. A seg-
ment of each graft was taken at the time
of implantation so that estimates of cell
density and of the proportion of labeled
cells could be made at the outset. La-
beled cells were still seen in grafts recov-
ered after 7 days (Fig. 2), but the total
number of cells in the graft had increased
greatly as a result of cell division or cell
migration into the graft or both. The
number of labeled cells in 10-day-old
grafts was similiar to that in 6- or 7-day-
old grafts, but after 5 weeks very few la-
beled cells were detected.

There are two possible explanations
for their decreased presence. The first is
that many of the original cells died or
emigrated and were replaced by cells
that migrated into the graft from the sur-
rounding tissue; the second is that the
cells of the graft underwent numerous di-
visions, diluting the isotope to the point
where disintegrations were too few to be
detected after a 3-week exposure.

The organization of the graft in the rat
superficially resembles that of normal
surrounding tissue, except that hair fol-
licles and sebaceous glands are absent.
Fibroblasts are distributed throughout,
with intercellular matrix separating the
cells. The matrix of the graft can be dis-
tinguished from that of adjacent tissue
when sections are examined with polar-
ization optics. While the matrix of nor-
mal tissue is highly birefringent, birefrin-
gence is substantially reduced in the
graft but does increase with graft age.
As early as 1 week the graft shows areas
of birefringence, a phenomenon not ob-
served so early in granulation tissue. Ini-
tially, collagen fibrils appear to lie mainly
parallel to the skin surface along a single
axis of orientation. The typical woven
appearance of the collagen mat is barely
apparent after 7 weeks. Even after 9
weeks it is still not well developed. We
do not know whether longer-term grafts
will exhibit a normal dermis or whether
its development depends on the tech-
nique of lattice casting.

After 10 weeks the average thickness
of the graft dermis measured about half
that of the adjacent dermis, which was
about 1.3 mm. The dermis of the graft
appeared much less spongy and more
compact than that of adjacent skin; how-
ever, in the zone of transition between
them, the dermis was spongier. Also, the
graft dermis was more birefringent in the
transition zone than anywhere else.

In most of the grafts we examined, the
panniculus layer normally found under-
lying the dermis was absent; loose con-
nective tissue with many adipose cells
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was present instead. We assume that the
panniculus had retracted when the graft
site was prepared. Vascularization of the
grafts was evident after 7 days (Fig. 2b).
After 5 weeks the grafts were well vas-
cularized, and no ischemic regions were
apparent. By 7 weeks the vascular devel-
opment of the graft was similiar to that of
the surrounding tissue.

The skin-equivalent graft, unlike epi-
dermis alone (¢, 5), acts as a skin graft of
full thickness. And the graft, whether
partly or entirely remodeled, persists,
since after many months it can be distin-
guished as a hairless area comparable in
size to the original wound. Although
there is doubt about the source of the
dermal cells that populate the grafts after
several months, it is clear that the im-
planted tissue is vascularized, inhibits
wound contraction, fills the original
wound, and eventually resembles skin in
many respects.

Our approach provides for the fabrica-
tion of skin-equivalent tissue in virtually
unlimited amounts from a small biopsy,
since it depends mainly on replication in
vitro of the required number of dermal
and epidermal cells. Although we have
successfully used rat collagen as a lattice
for grafts composed of guinea pig cells,
we have not yet tested the acceptability
of grafts in which collagen from more re-
mote species is used.

We think that the most crucial prereg-
uisite for graft acceptance is contraction

and conditioning of the lattice by cells
from the individual who will receive the
graft. The practical uses of the skin-
equivalent graft are obvious, particularly
since the substance can be cast into vir-
tually any shape. However, its potential
for reducing distortion and functional im-
pairment in human injuries requiring skin
replacement remains to be established.
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Separation of Calcium Isotopes by Liquid Phase

Thermal Diffusion

Abstract. Significant separation of the isotopes of calcium was obtained by ther-
mogravitational thermal diffusion of an aqueous calcium nitrate solution. A flow of
solvent was used to partially offset the large solute-solvent separation effect in the
experimental column. Further development of this technique may lead to separation
of the isotopes of calcium and of other elements on a practical scale.

Thermogravitational thermal diffusion
in the liquid phase (/) was first applied to
the large-scale separation of uranium iso-
topes by Abelson er al. (2). It has been
used recently to separate practical quan-
tities of sulfur (3), chlorine ¢), and bro-
mine (J) isotopes. Many elements, how-
ever, do not have stable, low-molecular-
weight, liquid compounds in a temper-
ature range suitable for thermal diffusion
separation. In principle, it is possible to
separate these elemental systems as so-
lutions of some solid compound in a suit-
able solvent. Normally, the separation of
solute from solvent is much greater than
the separation of isotopic species; there-
fore, in an efficient thermal diffusion col-
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umn nearly pure solvent accumulates at
one end of the system and essentially all
of the solute concentrates at the other
end.

For nonisotopic systems, Korsching
(6) demonstrated that the solvent-solute
separation could be suppressed by im-
posing a net flow of solvent through the
separation column. It can be shown (7)
that in a dilute solution the solvent flow
does not affect the separation of the com-
ponents of the solute. In this report we
describe the separation of calcium iso-
topes by the Korsching technique and
derive some conditions necessary for its
successful application.

If we consider the system at first as a
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two-component system, solvent and so-
lute, we can write the following equation
for net transport of solvent through the
system §):

dw,

dz

where 7, is the net transport, H the ini-
tial transport coefficient for the solute-
solvent pair, w, the mass fraction of
solvent, K the remixing coefficient, z the
vertical coordinate, and o the net mass
flow through the column. Noting that o
equals the solvent injection rate and that
7y = o at the steady state, we have

dwl — (Hsswl - 0')(1 _ Wl)
& K
Thus the solvent concentration gradient

can be eliminated by choosing the
solvent injection rate such that

o = Hgxw, 3)

Ty = HSSW1(1 - WI) - K + oW, (1)

@

It is well known that the thermal dif-
fusion column is extremely susceptible
to superimposed parasitic circulations,
which tend to destroy the separation ef-
fect. We would expect instability and
large-scale parasitic circulation to occur
if

dp

& >0 “)
where p is the fluid density. For systems
such as aqueous salt solutions this would
result when

dw
& <0 &)
or when
o > Hwy (6)

Calcium nitrate was chosen for our ex-
periments on the basis of its high solubil-
ity in water and compatibility with mate-
rials of construction (austenitic stainless
steel). The thermal diffusion column had
the following dimensions: length, 72 c¢m;
hot- to cold-wall spacing, 254 um; and
average circumference, 8 ¢cm. The col-
umn was heated by steam at 164°C and
the cooling water temperature was 30°C.
The estimated effective temperature dif-
ference across the working fluid was
100°C.

A preliminary experiment without
solvent injection was performed to per-
mit estimation of the column coefficients
for the solute-solvent separation. The
experiment, which was done in the tran-
sient mode, indicated that H, was
strongly dependent on concentration,
with a range from about 4 x 1074 g/sec at
a Ca(NOj;), concentration of 30 percent
by weight to 2 X 1072 g/sec at infinite di-
lution. The equilibrium separation factor
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Time (days)

Fig. 1. Solute concentration during the cal-
cium isotope separation experiment. Dashed
lines are experimental data; solid lines are cal-
culated from the solution of Eq. 7.

for the solute-solvent pair was approxi-
mately 5000.

Experiments with solvent flow were set
up with the same column. The concept
was that of Korsching, but solvent evap-
oration was replaced by continuous feed
of a concentrated solution of material of
natural isotopic abundance to the top of
the column accompanied by continuous
withdrawal of relatively more dilute ma-
terial at the same location. If allowed to
proceed indefinitely, this would lead to (i)
an isotopic composition at the top of the
column approaching natural abundance
and (ii) a solute concentration at the top
consistent with a material balance for the
several flows.

The column was filled with a 10 per-
cent (by weight) aqueous solution of
Ca(NQy),. Separation was allowed to
proceed for several hours without ex-
ternal flow in order to establish a stable
density gradient. Then the several flows

were established at the following rates:
solvent (water) feed to the bottom of the
column, 0.24 g/hour; 40 percent solution
feed to the top of the column, 0.11 g/
hour; and top outflow, 0.35 g/hour. We
attempted to hold these conditions
steady for the next 14 days; however,
some variation was unavoidable, and it
may have amounted to as much as =20
percent in the feed rate of concentrated
solution.

Solute concentrations during the ex-
periment are shown in Fig. 1 along with
values calculated from a finite-difference
solution of the time-dependent transport
equation &)

= )

where ¢ is time and y is column holdup
per unit length. To model the observed
behavior theoretically, it was necessary
to use values of H somewhat smaller
than the estimates derived from the tran-
sient experiment. This is not particularly
surprising in view of the crude nature of
the procedure used to generate the data.
The solvent injection rate was below that
required to completely offset the solute
concentration gradient; however, it was
sufficient to sustain a useful solute con-
centration at the top of the column.
Samples were taken for calcium iso-
tope ratio determinations on days 12, 13,
and 14. Results are given in Table 1. The
isotopic separation is, as expected,
mass-dependent, with the separation of
the 4%Ca-*#Ca pair showing the largest ef-
fect. The effect is similar in magnitude to
isotope effects obtained without solvent
injection in aqueous solutions of other

Table 1. Separation of calcium isotopes in an agueous solution of Ca(NOQOj),. Samples were
taken from the top or the bottom of the column as indicated.

Time

Isotopic composition (atom percent)

@ Position
ays) 20, 830y 4o, 80
Feed 0.62 0.125 1.88 0.152

Solvent flow: 0.24 glhour
12 Top 0.60 0.117 1.78 0.136
Bottom 0.64 0.134 2.00 0.168
13 Top 0.60 0.120 1.77 0.135
Bottom 0.64 0.136 2.01 0.170
14 Top 0.60 0.123 1.77 0.137
Bottom 0.64 0.133 2.02 0.173
Solvent flow: 0.60 glhour

18 Top 0.62 0.128 1.88 0.151
Bottom 0.64 0.133 2.01 0.175
19 Top 0.63 0.129 1.89 0.152
Bottom 0.64 0.132 2.00 0.172
20 Top 0.61 0.127 1.87 0.153
Bottom 0.64 0.132 2.02 0.175
21 Top 0.62 0.128 1.87 0.150
Bottom 0.64 0.134 2.02 0.174
23 Top 0.62 0.128 1.87 0.150
Bottom 0.64 0.132 2.04 0.177
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elements 2, 7, 9-11). It seems to be large
enough to support separation of calcium
isotopes on a practical scale by the
solvent flow technique.

An attempt to reduce the solute con-
centration gradient by increasing solvent
flow was only partly successful. On day
14 the flow rates were increased to the
following values: solvent feed, 0.60 g/
hour; 40 percent solution feed, 0.25 g/
hour; and top outflow, 0.85 g/hour. As
indicated in Fig. 1, the solute concentra-
tion gradient did decrease, but the re-
sults were somewhat out of line with

those predicted. A detailed examination’

of the composition profiles calculated
from theory showed that a clearly
defined positive concentration gradient
would develop during the transition peri-
od following the change in conditions.
This would be expected to lead to at least
partial remixing of the column contents.
As expected under these conditions, the
isotope separation dropped somewhat.
The results are equivalent to an average
separation factor of 1.16 for the *Ca-
48Ca pair, as opposed to the value of 1.26
obtained during the first 14 days of the
experiment.

Further development of this technique
may lead to a practical process for sepa-
rating isotopes in solution and thus to im-
proved availability of calcium and other
isotopes to the scientific community. It is
already established that the thermal dif-
fusion method is well suited to moderate-
scale enrichment of noble gas isotopes
and to enrichment of the isotopes of ele-
ments, such as sulfur and chlorine, that
form simple stable liquid compounds
over an appropriate temperature range.

W. M. RUTHERFORD
K. W, LAUGHLIN
Mound Facility,
Monsanto Research Corporation,
Miamisburg, Ohio 45342
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Phase Shifting Circadian Rhythms Produces Retrograde Amnesia

Abstract. Phase shifting circadian rhythms in rats shortly after passive avoidance
training impaired their performance on retention tests. The amnesia was not due to
simple performance deficits accompanying the ‘“‘jet lag’’ effects of phase shifting or
to differences in lighting or circadian phase at training and at testing. Amnesia was
associated with specific rhythm reentrainment patterns. These data indicate that dis-
rupting circadian organization can produce retrograde amnesia in rats.

Circadian organization may be an im-
portant factor in memory processes. Per-
formance on retention tests in a variety
of appetitive and aversive tasks fluctu-
ates rhythmically, with optimal retention
occurring 24 hours after training (I, 2).
These fluctuations in retention appear to
depend on the integrity of circadian
rhythms (3). Many processes that influ-
ence memory (brain protein synthesis,
neural activity, synaptic excitability,
neurotransmitter synthesis, and hor-
mone secretion) display circadian oscil-
lations (¢). It is likely that the rhythms
governing such processes account for
periodic fluctuations in retention and for
the circadian variations in the effective-
ness of treatments, such as electrocon-
vulsive shock (5), that affect memory.

It is difficult to evaluate the impor-
tance of rhythmic organization for mem-
ory processing, since prior research has
been purely correlational, implicating in-
ternal rhythms indirectly or inferentially.
Retention fluctuations may reflect wide-
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Fig. 1. Retention performance of rats in a one-
trial passive avoidance task (maximum reten-
tion score, 600 seconds). No two groups, ex-
perimental or control, differed significantly in
their training STL’s, which were almost al-
ways less than 60 seconds. All animals were
trained in light and placed in darkness imme-
diately afterward. After training, light cycle
changes were accomplished by varying the
onset of the next light cycle. Positive phase
shifts indicate phase advances; that is, the
next light cycle began earlier than usual. The
negative phase shift indicates a phase delay;
the onset of the next light cycle began later
than usual.
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spread rhythms in processes that influ-
ence memory. But rhythmic organiza-
tion may be a prerequisite for normal
memory. Assessment of the relative im-
portance of circadian organization in
normal memory requires that retention
be examined after some direct manipula-
tion of circadian rhythms. The most ef-
fective way to alter circadian rhythms is
to change, or phase-shift, the light cycle
that entrains them.

Male albino rats weighing between 200
and 400 g were housed individually in
clear plastic cages, put on a 12-hour
light-dark cycle (lights on from 0800 to
2000 hours), and given unrestricted ac-
cess to food and water. Activity was re-
corded when a rat broke either of two
photocell beams (6) that traversed its
cage longitudinally. Activity counts were
accumulated and recorded every 10 min-
utes. Circadian activity rhythms were
used to monitor the progress of the phase
shift (7).

The rats were trained between 0830
and 1030 hours in a one-trial passive
avoidance task (8). The trough-shaped
apparatus consisted of a brightly lit start
box and a larger, unlit shock box. The rat
was placed in the start box facing away
from a circular door to the shock box.
When it stepped into the far end of the
shock box, a shock generator-scrambler
(BRS SGS-001) delivered current (0.1 W
for 5 seconds) through steel plates in the
shock-box floor. After stepping into the
shock box, receiving shock, and escap-
ing back into the start box, the rat was
returned to its home cage. Testing was
identical to training except that no shock
was delivered. Passive avoidance was in-
dexed by the length of time each rat took
to step into the shock box. This step-
through latency (STL) and the shock-
box escape latency were recorded auto-
matically by electronic timers. If a rat
did not enter the shock box within 600
seconds an arbitrary STL of 600 seconds
was recorded. Low testing STL’s were
interpreted as poor retention. We exam-
ined eight phase shift conditions, each
of which was paired with a control
(no shift) condition (N = 8 rats per
group).

Circadian rhythms were phase-shifted
by turning off the home-cage lights im-
mediately after training. The rats were
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