logical systems. Osmotic swelling of cy-
toplasmic vesicles could, in principle,
occur through a number of mechanisms,
including mobilization of osmotically in-
active constituents in the vesicle, alter-
ation of vesicle membrane permeability
to ions, or stimulation of ion pumping
into the vesicles. In the experiment rep-
resented in Fig. 1B, osmotic swelling of
the vesicle was accomplished by substi-
tuting a permeant solute (glucose) for a
nonpermeant one (stachyose). This is
formally equivalent to a biological vesi-
cle osmotically swelling because of an
increase in the permeability of its mem-
brane to cytosolic constituents, such as
ions.

Numerous examples already exist of
vesicle swelling being associated with
exocytosis (although it is not yet clear
that the swelling precedes fusion).
Among these are mucocyst discharge in
Tetrahymena (13), serotonin release by
mast cell granules (/4), and granular dis-
charge by Limulus amoebocytes (15). It
has also been shown that antidiuretic
hormone-stimulated fusion of cytoplas-
mic tubular vesicles with the luminal
plasma membrane of toad urinary blad-
der can be regulated by osmotic forces in
a manner consistent with that of vesicle—
planar membrane fusion (/6). Although
in our system Ca?* stimulates fusion by
promoting the close association of vesi-
cle and planar membranes, this need not
be its role (or its only role) in biological
exocytosis. The possibility that in-
creased levels of Ca®* trigger fusion by
stimulating osmotic swelling of vesicles
(by any of the mechanisms mentioned
above) merits serious consideration.
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Rotating Shift Work Schedules That Disrupt Sleep Are
Improved by Applying Circadian Principles

Abstract. Workers on rotating shifts dislike those aspects of their work schedules
that violate circadian sleep-wake cycle physiology. Work schedule satisfaction,
subjective health estimates, personnel turnover, and worker produictivity improve
when schedules are introduced that are designed to incorporate circadian principles.

The human sleep-wake cycle has
evolved on a rotating planet with a regu-
lar 24-hour alternation between day and
night, Yet within the past 50 years, the
need for round-the-clock operations in
many industrial plants and emergency
services has led to major changes in the
day-night schedules to which 26.8 per-
cent of the U.S. work force is exposed,
many of whom work shifts which rotate

wo /
N
v
¥ 20 - f f
@
2
& oL é é —
4
@ 80 D
2 Advance rotators
173
Nonrotators
& 60 -
40 -
20
Right After After 2 After >
away 1 day to 4 days 1 week

Fig. 1. (A to C) Comparison of sleep-wake
cycle questionnaire responses from workers
on weekly phase advance rotating shifts and
nonrotating day and swing shift workers. The
rotating shift workers reported greater prob-
lems with (A), poor quality sleep,
xX(1) = 26.4, P < .001; (B), falling asleep at
work, x*(1) = 15.6, P < .001; and (C), the
schedule changing too often, x*(1) = 55.0,
P < .001. (D) The number of days taken for
the sleep time of the weekly phase advance
rotating shift workers to adjust after each shift
rotation. ***P < 001.
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between night, evening, and daytime du-
ties (7).

Numerous medical and psychosocial
problems associated with rotating shift
work schedules have been reported (2),
and several different approaches to the
problems have been suggested (3, 4).
Because research findings (5-7) indicat-
ed to us that most rotating work sched-
ules are outside the range of entrainment
of the pacemaker timing the human cir-
cadian sleep-wake cycle, we postulated
that a practical and effective intervention
would be to resolve this aspect of the
shift work problem. We report that rotat-
ing shift workers are often dissatisfied
with the features of their schedules that
violate circadian principles, and that
when schedules are introduced which
take into account: the properties of the
human circadian system, subjective esti-
mates of work schedule satisfaction and
health improve, personnel turnover de-
creases, and worker productivity in-
creases.

We compared 85 male rotating shift
workers, aged 19 to 68 (mean * stan-
dard deviation, 31.4 £ 10.0), with a con-
trol group of 68 male nonrotating day and
swing shift workers with comparable
jobs, aged 19 to 56 (mean, 27.3 = 8.2),
at the Great Salt Lake Minerals and
Chemicals Corporation in Ogden, Utah
(8). For 10 years at this plant, weekly
shifts were rotated with each crew work-
ing a given 8-hour shift for 7 days before
rotating to the preceding 8-hour shift.
Hence the scheduled work time rotated
in a phase advancing direction from night
(midnight to 8 a.m.) to swing (4 p.m. to
midnight) to day (8 a.m. to 4 p.m.) shift
).

Each worker was given the job de-
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scriptive and health indices of Smith,
Kendall, and Hulin (/0), and sleep-wake
and schedule preference questionnaires.
The response rate was 84 percent (/7).
The rotators reported significantly more
IX*(1) = 26.4, P < .001] problems with
insomnia than did nonrotators (Fig. 1A)
and 29 percent of the rotators reported
that they had fallen asleep at work at
least once during the previous 3 months
(Fig. 1B). A major complaint was that
the schedule changed too often (Fig. 1C),
and 81 percent reported that it took 2 to 4
days or more for their sleep schedule to
adjust after each phase advance; this
included 26 percent who said they were
never able to adjust before being rotated
again (Fig. 1D).

To design a rotating work schedule
that would take into account the proper-
ties of the circadian timing system, we
focused on two key issues: the direction
of rotation and the interval between
phase shifts. In normal human subjects
the endogenous free-running period of
the sleep-wake cycle averages 25 hours,
but that cycle can usually be entrained
by periodic environmental time cues
which are within 1 to 2 hours of the
endogenous period (6). Thus the typical
range of entrainment in man easily ac-
commodates normal synchronization to
the 24-hour peridd of the earth’s rota-
tion. This range allows in any one cycle
only a small phase advance with respect
to environmental time but a 2- to 3-hour
phase delay (/2). This explains why ad-
aptation is more rapid after westbound
travel (requiring a phase delay) than after
eastbound travel (requiring a phase ad-
vance) (/3). These considerations led us
to conclude that work schedules that
rotate should do so by successive phase
delays and that the interval between
phase shifts should be as great as is
practical.

To test this hypothesis, we divided
shift workers on phase advancing work
schedules into two groups and placed
them on phase delay schedules: 33 work-
ers continued to change shifts each week
and 52 others rotated shifts by phase
delay once every 21 days (/4). Before
implementation of the schedule, all
workers and managers attended an au-
diovisual presentation on the basic prop-
erties of the circadian sleep-wake cycle
that had suggestions for adjusting their
sleep time to their schedule, and each
received an educational booklet de-
signed for the workers at this facility.

The workers’ preferences were evalu-
ated from questionnaires distributed 3
months after the introduction of the new
schedules (Fig. 2, A to D), and personnel
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Fig. 2. Measures of worker satisfaction and productivity before and after introduction of new
shift work schedules. (A) After experience with both schedules, workers preferred delay (D)
rotating schedules over the advance (4) rotating schedule [x%(2) = 43.6, P < .001}; NP, no
preference. (B) There was a significant reduction [x*(1) = 47.8, P < .001] in the complaint that
the schedule ‘‘changes too often’” by rotators on the 21-day phase delay schedule but not by
rotators on the weekly phase delay schedule or by controls. (C and D) Rotators on the 21-day
phase delay schedule had significantly increased scores on both the schedule satisfaction index
and on the health index [#(51) = 4.86, P < .001, and #(51) = 3.23, P < .01, respectively]. (E)
Personnel turnover rate during the 9-month study period among rotating shift workers (left) was
reduced (after the 21-day phase delay schedule was introduced) to the same range as a
comparable control group of nonrotating shift workers (right). (F) Potash harvesting productivi-
ty increased significantly (Student’s t-test) during the quarter season immediately following the
introduction of the 21-day phase delay rotating schedule [#(103) = 3.49, P < .001] (left cluster);
compared to the previous 2 years there were also increases in the first [£#(96) = 7.58, P < .001]
and second [#(99) = 10.89, P < .001] quarters after the summer break (middle and right
clusters) (11, 12). (G) The production of processed potash increased significantly [#(398) = 6.99,
P < .001] after introduction of the 21-day phase delay rotation schedule in comparison with the
same period the previous year when the workers were on-the weekly phase advance schedule.
P <015 ¥FEP <001,
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turnover and plant productivity were an-
alyzed 9 months after the introduction of
the new schedules (Fig. 2, E to G) (I5).
The workers clearly preferred the phase
delay direction of rotation (Fig. 2A);
complaints that the schedule changed
too often dropped from 90 to 20 percent
among the workers on the 21-day phase
delay rotation schedule (Fig. 2B). This
was associated with a substantial in-
crease on the schedule satisfaction index
(Fig. 2C), improvements in the health
index (Fig. 2D), and a reduction in per-
sonnel turnover (Fig. 2E) (/6). At the
same time, the rate of potash harvesting
(Fig. 2F) by men operating front-end
loaders in the evaporation ponds and the
rate of processed potash production in
the plant (Fig. 2G) also increased after
the introduction of the new schedule,
and the increases in productivity were
maintained in the harvest season which
followed the completion of our study
period (17, 18).

Previously three major strategies have
been used to address the problems of
adaptation to shift work. The first, and
perhaps most obvious, is to schedule
workers on straight shifts without rota-
tion. However, it is often difficult to staff
the night shift, and straight shift schedul-
ing still results in conflicting environ-
mental synchronizers for the night work-
er who adopts daytime activities for so-
cial reasons on days off. The second
strategy, favored in Europe, is to rotate
from one shift to the next rapidly in order
to escape the consequences of partial
temporal adaptation (3). However, the
circadian system may be affected, even
on rapid rotation regimens, since a
change from the phase advance to the
phase delay direction of a rapid rotation
system resulted in some improvements
in both psychological and physiological
measures (/9). A third strategy would be
to take advantage of differences between
individuals in measurable properties of
the circadian timing system, such as
rhythm amplitude (4), to select individ-
uals with the greatest tolerance for work-
ing or sleeping on abnormal schedules.

In contrast, our strategy was to take
advantage of those properties of the cir-
cadian system that individuals share in
common: the longer than 24-hour endog-
enous period and the limited range of
entrainment. The results of this field
study indicate that work schedules that
rotate by phase delay with an extended
interval between each rotation are most
compatible with the properties of the
human circadian timing system. Howev-
er, the design of any specific work
schedule must, of course, take into con-
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sideration both the nature of the work
and the specific needs of the workers.

The improvements recorded on the 21-
day phase delay schedule are consistent
with the results of temporal isolation and
clinical studies (5, 6, 12, 20). Mills et al.
(20) showed that the circadian rhythms
of volunteers usually show a phase delay
of 16 hours in response to an 8&-hour
phase advance shift of schedule because
such an abrupt phase advance is beyond
the usual human range of entrainment
(6). Most workers on phase advancing
schedules may therefore be in a state of
continual forced internal desynchroniza-
tion (13, 21) between the pacemakers (7,
22) of their circadian system.

The consequences of such disruption
in temporal organization are just begin-
ning to be understood. It was only re-
cently recognized, for example, that the
normal timing and organization of sleep
depend on an appropriate phase relation
between circadian pacemakers (5, 23).
The forced disruption of phase relations
inherent in shift work schedules ac-
counts for the previously unexplained
sleep disturbances reported in earlier
field studies (24). Failures in homeostatic
regulatory mechanisms are also associat-
ed with internal desynchronization of the
circadian system (25), and chronic exter-
nal desynchronization induced by light-
dark phase shifts results in decreases of 5
to 20 percent in longevity in insects (26)
and in mammals (27). In humans, the
long-term effects of such phase shifts are
not known, but field studies indicate that
there are more sleep and digestive disor-
ders among workers on rotating shifts
(2), with some unable to tolerate the
schedules (28). Concern about the possi-
ble long-term health consequences of
rotating shifts is growing (29). It may be
that the application of circadian princi-
ples to the design of schedules can main-
tain the temporal integrity of the circadi-
an system and minimize for the shift
worker any detrimental consequences of
circadian disruption.
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Deficiency of Functional Messenger RNA for a Developmentally
Regulated B-Crystallin Polypeptide in a Hereditary Cataract

Abstract. The messenger RNA for a B-crystallin polypeptide with a molecular size
of 27 kilodaltons, first detected 5 to 10 days after birth in the normal mouse lens and
the Nakano mouse cataract, was not detected in the Philly mouse cataract with
translation in vitro. The heterozygous Philly lens had intermediate levels of the 27-
kilodalton B-crystallin polypeptide and exhibited delayed onset of the cataract. The
deficiency of functional 27-kilodalton B-crystallin messenger RNA is the earliest
lesion reported yet for the Philly lens and points to a transcriptional or posttranscrip-
tional developmental defect in this hereditary cataract.

Development of the ocular lens is
characterized by differential synthesis of
the crystallins (structural proteins) and is
consequently a favorable system for the
study of differential gene expression in
eukaryotic cells (/). Normally the lens is
transparent. In certain strains of mice,
however, the lens becomes opaque—
cataractous—after birth. The Philly
mouse, a derivative of the Swiss-Web-
ster strain, develops an osmotic cataract
during the fourth postnatal week (2). The
Philly cataract progresses from an initial
faint subcapsular opacity to a dense nu-
clear cataract in about 1 month (3). Crys-
tallin synthesis is severely depressed in
the fiber cells of the Philly cataract (4).
This appears to be caused, at least in
part, by ionic changes within the lens
that interfere with the translation of crys-
tallin messenger RNA’s (mRNA’s) (5).
Prior to the general reduction in crystal-
lin synthesis, a B-crystallin polypeptide
with a molecular size near 27 kilodaltons
(27 K) is selectively missing from the
Philly cataract (6). We now report that
this B-crystallin polypeptide is a devel-
opmentally regulated protein whose
mRNA cannot be detected by translation
in vitro until the second week after birth
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for the normal Swiss-Webster mouse and
cannot be detected at all by translation in
vitro for the Philly mouse.

The polypeptide compositions of nor-
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Fig.

5 days 10 days 20 days 30 days

mal Swiss-Webster and Philly mouse
lenses were examined by sodium dode-
cyl sulfate-polyacrylamide gel electro-
phoresis (Fig. 1). The arrows in Fig. 1
point to the 27 K B-crystallin polypeptide
band. This band of protein was not pres-
ent in the normal Swiss-Webster lens at
day 1 or day 5 but was easily visible by
day 10 and accumulated thereafter. In
contrast, the 27 K B-crystallin polypep-
tide appeared to be missing from the
Philly lens at all stages examined. Ex-
periments were not performed on older
mice because B-crystallins degrade dur-
ing the process of opacification (¢, 6).

A trace of the 27 K B-crystallin poly-
peptide was observed as early as days 1
and 5 after birth, and considerable
amounts were evident by the tenth post-
natal day in the BALB/c and Nakano
lenses (Fig. 1). Nakano mice were de-
rived originally from BALB/c mice. The
Nakano mouse develops a hereditary
osmotic cataract associated with ionic
imbalances (7) caused by the production
of an inhibitor of the cellular Na,K-
adenosine triphosphatase (8). Thus the
time of appearance for the 27 K B-crys-
tallin polypeptide may vary slightly with
the strain of mouse. Moreover, the defi-
ciency in the 27 K B-crystallin polypep-
tide is not due to general osmotic imbal-
ances.

Total RNA’s extracted from the lenses
of Philly and control mice were tested by
translation in a reticulocyte lysate to
determine whether the Philly lens lacks a
functional mRNA for the 27 K B-crystal-
lin polypeptide. Autoradiograms of sodi-

1 day 10 days 20 days
B Na B Na B Na

. L

1. Sodium dodecyl sulfate-polyacrylamide gels of lens proteins from Swiss-Webster

control (5), Philly (P), BALB/c (B), and Nakano (Na) lenses. The lenses were removed from the
eyes and homogenized in 10 mM 2-mercaptoethanol, 1 mM EDTA, and | percent sodium
dodecyl sulfate. Samples of total lens protein (35 pg) were subjected to electrophoresis in a 15
percent polyacrylamide slab gel (13). Gels were stained with Coomassie brilliant blue R (Bio-
Rad). The arrows point to the 27 K B-crystallin polypeptide; other small differences between the
control and Philly lens proteins were not reproducible.
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