red wild-type cells of one mating type by
exposure to gamone of the other mating
type in the presence of actinomycin S, (50
ug/ml) (Calbiochem), which does not in-
hibit the union of cells but prevents the
separation of united cells. After 2 days,
cells were fused in many pairs. When
washed and cultured, some of them multi-
plied, keeping the fused condition. Three
doublet clones of mating type 2 were thus
obtained.

Homotypic unions of these doublets
were induced in a mixture (98 : 1: 1) of cell
suspension, gamone | preparation (//),
and 1 percent solution of bovine serum al-
bumin (/2). After 10 hours, when many
homotypic complexes were formed, al-
binos of mating type 1 were added. Albinos
started uniting to red complexes after 3
hours and remained united for about 2
days. Cells were fixed with Schaudinn’s
fluid 9, 14, 24, and 36 hours after the in-
troduction of albinos, and were stained by
the Feulgen reaction and light green.

Cells of B. intermedium have one long
macronucleus and 10 to 30 micronuclei
(about 1 pm in diameter) located near the
macronucleus. In conjugation, micronuclei
scatter in the cytoplasm, cells shrink, and
nuclear cycles begin. The micronuclear cy-
cles include three pregamic divisions: fer-
tilization, repeated divisions of the ferti-
lized nucleus, and differentiation of the di-
vision products to micronuclei and macro-
nuclear anlagen. The macronuclear cycle
includes the winding up, condensation, and
degeneration of the old macronucleus and
development of the new macronucleus
from macronuclear anlagen (13, 14).

When a doublet unites with one or two
albinos, all cells undergo macronuclear
condensation and form macronuclear an-
lagen (Fig. 2A), indicating that nuclear cy-
cles of conjugation regularly occur in dou-
blet-albino mating.

In homotypic complexes to which no al-
binos unite, nuclei remain unchanged, ex-
cept that micronuclei scatter in the cy-
toplasm and that the macronucleus winds
up slightly in some cells (Fig. 1, C to E).
However, if even a single albino cell unites
to these homotypic complexes, most cells
undergo macronuclear condensation and
form macronuclear anlagen (Fig. 2B).
When cells in a complex show different
stages of the nuclear cycle, cells closer to
the albino are in a more advanced stage
(Fig. 2, C and F). It is therefore concluded
that nuclear cycles begin in heterotypically
united cells and propagate to other cells in
the complex. This propagation is accom-
panied by a conspicuous shrinking of the
cell (Fig. 2C), indicating that the cy-
toplasm is also undergoing a profound
change.
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The propagation of nuclear cycles is not
mediated by the external medium, because
the complexes without albinos never un-
dergo nuclear cycles even if they are side
by side with"albino-united complexes for
36 hours. Thus an initiation factor of the
nuclear cycle of conjugation which is pro-
duced by the heterotypically united cells
and is transferred through cell unions may
be postulated.

In some chain-type complexes in which
an albino unites at one end, the macronu-
clear condensation is incomplete in cells at
the other end, although new macronuclear
anlagen are formed in the same cells (Fig.
2, D and E). This suggests that certain nu-
clear processes of conjugation might be
controlled by different specific factors. In
order to test this hypothesis, each factor
should be isolated. A way to approach this
problem would be to inject, by the micro-
injection method developed for Parame-
cium aurelia (15), fractionated samples
from conjugating cells into a cell in the
homotypic complex. The observed propa-
gation of induced changes would be an
assay of the activity of the factor. Such
analysis would bring new insight into the
regulation mechanism of the eukaryotic
cell, especially the meiosis-initiating
mechanism, because the first micronuclear
cycle in ciliate conjugation is meiosis.

Doublets are known in other ciliates (/6)
including P. aurelia in which homotypic
conjugation may occur (2, /7). However, in
this species homotypically united cells also
undergo all developmental changes of con-
jugation. The gamone-induced homotypic
complex of B. intermedium is unique in
that the process of conjugation stops at the
stage of cell union, thus providing a test
system for the isolation of factors that

regulate meiosis and other nuclear and
cytoplasmic events of conjugation and
for analysis of their mode of transfer
from cell to cell in multicellular com-
plexes.

AKIO MI1yAKE*
Max-Planck-Institut fur Molekulare
Genetik, Berlin-Dahlem, Germany
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Sleep Cycle Oscillation: Reciprocal Discharge by

Two Brainstem Neuronal Groups

Abstract. During the sleep cycle in cats, neurons localized to the posterolateral pole of
the nucleus locus coeruleus and the nucleus subcoeruleus undergo discharge rate changes
that are the opposite of those of the pontine reticular giant cells. The inverse rate ratios
and activity curves of these two interconnected populations are compatible with recipro-
cal interaction as a physiological basis of sleep cycle oscillation.

Neurons in the gigantocellular tegmen-
tal field (FTG) of the cat pontine brain-
stem show dramatic and state-specific dis-
charge rate increases during desynchro-
nized sleep (I). A tonic increase in dis-
charge rate is detectable in the FTG
population 5 minutes before the onset of
desynchronized sleep (2), and phasic bursts
of discharge by FTG neurons often lead
the rapid eye movements of the fully devel-

oped desynchronized sleep episode by 250
msec (3). Neurons in most of the other teg-
mental nuclei share these properties of se-
lectivity, tonic latency, and phasic latency
with the FTG, although in diminishing de-
gree as recording sites are distant from the
FTG (/-3). These findings have led us to
postulate that the FTG neurons may be a
critical part of an executive system for de-
synchronized sleep and to consider pos-
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sible cellular mechanisms underlying their
periodic activation (4).

Progressive disinhibition of FTG units
due to decreased activity of an inhibitory
population is one possible mechanism,
which might reveal itself in action poten-

tial data as decelerating activity curves at
the onset of desynchronized sleep and by
diminished discharge during desynchro-
nized sleep. The recognition, localization,
and. characterization of pontine tegmental
neurons with these two highly unusual dis-

Table 1. Discharge rate data for tegmental nuclear neurons. Four cell groups are considered: LC, nu-
cleus locus coeruleus and subcoeruleus; FTG, gigantocellular tegmental field; FTC, central, lateral,
and paralemniscal tegmental fields; and TRC, tegmental reticular nucleus. For each group, arithme-
tic and geometric mean rates (in impulses per second) are presented for each of three behavioral
states: W, waking; S, synchronized sleep; and D, desynchronized sleep. Selectivity ratios (D/W) are
computed for each group using the geometric mean rates. Abbreviation: S.E.M., standard error of

the mean.
Computed value w S D D/W
LCcells(N = 21)
Arithmetic mean rate + S.E.M. 7.25 £2.17 6.06 + 1.71 6.27 = 1.72
Cells decreasing rate (N = 13) 8.75 +3.27 6.51 +2.53 281 = 1.51
Cells increasing rate (N = 8) 4.81 +2.20 533 £2.03 11.89 +2.92
Geometric mean rate 3.08 2.79 0.969 0.314
Cells decreasing rate (N = 13) 4.06 2.56 0.256 0.0631
Cells increasing rate (V = 8) 1.97 3.19 8.42 4.27
FTG cells(N = 74)
Arithmetic mean rate + S.E.M. 595 +1.22 4.70 +£ 0915 17.8 +2.16
Geometric mean rate 0.231 0.445 10.78 46.7
FTC cells (N = 32)
Arithmetic mean rate + S.E.M. 16.5 + 4.59 15.0 + 4.01 270 +5.42
Geometric mean rate 1.21 1.66 10.9 9.02
TRC cells(N = 16)
Arithmetic mean rate = S.E.M. 13.4 +£4.30 13.6 +3.47 29.1 + 5.88
Geometric mean rate 5.03 7.24 22.1 4.40
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Fig. 1. Reciprocal discharge by cells in the nucleus locus coeruleus and gigantocellular fields of the
anterior pontine tegmentum. (A) Outline tracing of a sagittal section of the cat pontine brain at 2.5

mm lateral to the midline, showing the path of an exploring microelectrode which passed through the-

anterior lobe of the cerebellum into the dorsal brajnstem. (B) Detailed drawing of the histology in
the zone circled in (A), showing the location of the seven successive recording sites in the penetration.
The diameter of the circle is 5 mm. The cell fields of interest are labeled according to the terminology
of Berman (/9): LC, nucelus locus coeruleus; and FTG, gigantocellular tegmental field. (C) Cumula-
tive rate histograms of the cells recorded at the seven sites shown in (B), during the transition period
beginning 2 minutes before desynchronized sleep onset (vertical line) and ending 1 minute thereafter.
Each activity curve shows the cumulative percentage of discharge for as much of the epoch as was

free of arousal.
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charge properties are the subjects of this
report. The neurons showing discharge
rate decreases in desynchronized sleep are
found in the posteroventral pole of the nu-
cleus locus coeruleus and in the nucleus
subcoeruleus. Because some locus coe-
ruleus (LC) neurons concentrate norepi-
nephrine (5) and may use it as an inhib-
itory transmitter (6), we considered the
possibility that LC cells might be function-
ally interacting with the giant cells during
the sleep cycle and wished to test two pre-
dictions of that hypothesis—inverse dis-
charge rate selectivity in desynchronized
sleep and reciprocal time course of dis-
charge rate change at the onset of each epi-
sode.

The data are extracellularly recorded ac-
tion potentials from individual nerve cells
of 25 male cats prepared for movable mi-
croelectrode explorations of the brainstem
during natural sleep and waking. The
methods of single cell recording, behav-
ioral state identification, histological local-
ization, and physiologic data analysis have
been described in detail elsewhere (1, 7). In
this report, we use selectivity ratios to
quantify discharge density in desynchro-
nized sleep with respect to waking and syn-
chronized sleep; a selectivity ratio is deter-
mined by dividing the mean discharge rate
in desynchronized sleep by that in either of
the other two states (8). To quantify the
time course of discharge rate change dur-
ing transitions between sleep cycle states,
we present cumulative histograms of indi-
vidual and pooled cell discharge (9). Brief
reports of these findings have been pub-
lished elsewhere (10).

The microelectrode descent recon-
structed in Fig. 1, A and B, is typical in
that some of the cells with rate decreases in
desynchronized sleep were clearly in the
principal nucleus locus coeruleus, while
others were in the more ventral nucleus
subcoeruleus. For convenience we refer to
all such neurons as LC cells. Spike height
stability in multiple cycle recordings con-
vincgd us that these rate decreases (which
sometimes ended in total arrest of dis-
charge in desynchronized sleep) were real
(Fig. 1C) and not the result of loss of spike
discrimination.

The geometric mean discharge rate of 21
LC cells decreased moderately in transi-
tion from waking to synchronized sleep
and fell more sharply still in desynchro-
nized sleep (Fig. 2A). Comparable values
for the FTG population showed opposite,
nearly equal trends, the difference being a
proportionately greater increase for the
FTG population in desynchronized sleep.
The inverse rate profiles gave rise to mark-
edly different selectivity ratios (Fig. 2B).
Discharge from FTG neurons is more
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concentrated in desynchronized sleep than
is discharge from LC neurons. As can be
seen in Table 1, 13 of the 21 LC neurons
had lowest discharge rates in desynchro-
nized sleep, while none of the FTG cells
did; in fact, only 4 of 128 cells localized to
brainstem nuclei other than the locus coe-
ruleus had lowest discharge rates in de-
synchronized sleep. The odds for chance
occurrence of such disparate values are less
than one in a billion (/7).

Because of the possibility that the LC
population contains two kinds of cell, one
of which shares the properties of FTG cells
while the other is distinctly different, we
calculated and present in Table | the rate
data for the LC subgroups as well as for
the whole population. The threefold rate
reduction over the cycle by the whole
population of 21 LC cells was found to be
five times again more marked in the subset
of 13 neurons that decreased rate. By con-
trast, the selectivity ratios of cells which
increased discharge rate were indistin-
guishable from those of cells in the teg-
mental reticular fields adjacent to the
FTG. We thus believe that the LC popu-
lation we have sampled contains two kinds
of cell: one group, a minority, is like other
pontine brainstem neurons in showing se-
lectivity for desynchronized sleep, but this
selectivity is relatively weak; the other
group, a majority, is distinctly different,
having a strong negative desynchronized
sleep selectivity. In considering the time
course of discharge activity of LC cells, we
restrict our analysis to the latter group.

During the transition from the synchro-
nized to the desynchronized phase of sleep,
the trend of decelerating discharge rates of
LC cells was opposite to the trend of accel-
erating rates of the FTG population: as LC
neuronal discharge diminished, FTG
neuronal discharge augmented. This is evi-
dent in Fig. 2C, where pooled transition
data for LC neurons give a curve which ap-
proximates an inverse or mirror image of
that determined by the data from FTG
neurons.

We believe these findings to be of signifi-
cance for theories of sleep cycle control
since lesion, stimulation, and pharmaco-
logical experiments have implicated both
the FTG and the LC zones as critical for
the normal evolution of the sleep-waking
cycle (4). More specifically, we see the re:
sults as relevant to the hypothesis that re-
ciprocal interaction between functionally
interconnected cell populations may deter-
mine the cyclical alternation of behavioral
states. The FTG and LC cell groups are
discretely localized, in direct spatial rela-
tion to one another, and possess reciprocal
axodendritic contacts (12). These anatomi-
cal features, the reciprocal rate profiles,
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Fig. 2. Reciprocal rates, selectivity ratios, and sleep cycle activity curves for locus coeruleus (LC)
and gigantocellular tegmental field (FTG) neurons. (A) Pooled geometric mean rates for population
of 21 LC and 34 FTG neurons. Abscissas are three behavioral states: W, waking; S, synchronized
sleep; and D, desynchronized sleep. (B) Selectivity ratios for the same pooled population data shown
in (A). The ratios of geometric mean rate in D to that in W (solid bars) and in S (open bars) are
plotted. (C) Pooled cumulative histograms of discharge rates in subsets of the two neuronal groups
during the transition period from synchronized sleep to desynchronized sleep. Ordinates are per-
centages of discharges during the 3-minute time period (abscissas) beginning 2 minutes before and
ending 1 minute after desynchronized sleep onset. The overall mirroring of the two curves suggests
that the activity of the populations may be modulated by a shared, perhaps mutual process.

and the mirror image activity curves make
functional interaction between the LC and
FTG plausible.

We regard the possibility that the cells
decreasing discharge rate in desynchro-
nized sleep are norepinephrine-containing
and inhibitory to the giant cells as a work-
ing hypothesis in view of the following ob-
servations. The mixed sleep cycle rate pro-
files in our LC data and Chu and Bloom’s
results (/3) suggest that the LC may be
functionally heterogeneous. However, Chu
and Bloom found no cells with lowest dis-
charge rates in desynchronized sleep
among the 24 units recorded in fluorescent
zones in the anterior and middle locus
coeruleus. Thus, the identification of LC
cells that decrease rate as norepinephrine-
containing must be regarded as specula-
tive*. Another possible source for giant
cell inhibition is the dorsal raphe nucleus
(DRN), where serotonin-containing neu-
rons appear to be concentrated (5). A
microwire recording study by McGinty
and Harper (/4) indicates that the DRN
also contains many neurons which de-
crease discharge rate in desynchronized
sleep. Anatomical evidence of fluores-
cence around giant cells is compatible with
synaptic input from both serotonin- and
norepinephrine-containing neurons (I5),
and thus either or both could mediate
giant cell inhibition. We note the simi-
larity of this aspect of our hypothesis to
conclusions reached by others on the basis
of pharmacological evidence (16).

Whatever the specific transmitters may
be, reciprocal interaction between inhib-
itory and excitatory populations could ac-

count for the cellular data in the following
way: during waking, FTG cells discharge
rarely because they are tonically inhibited
by the activity of cells of the LC type. At
sleep onset, as LC activity and inhibition
begin to wane, FTG neuronal discharge in-
creases, at first minimally; with further dis-
inhibition, FTG discharge progressively
augments. At a critical point, perhaps as-
sociated with self-excitation in the FTG
pool, the FTG neurons escape LC cell inhi-
bition, and the subsequent exponential rise
in FTG neuronal activity leads to de-
synchronized sleep onset (2). As FTG ac-
tivity increases in the desynchronized
phase peak, more and more activity is elic-
ited in the LC population, whose inhibitory
influence on FTG cells ends the desynchro-
nized phase of sleep.

The reciprocal interaction theory is thus
capable of ordering the cellular data to ac-
count for sleep cycle oscillation and, as
shown by McCarley and Hobson (/7), it
does so in a manner amenable to detailed
mathematical and physiological modeling.
It also resolves much apparent con-
tradiction in the lesion, stimulation, and
pharmacological literature on sleep mech-
anisms, where each behavioral state tends
to be viewed as a distinct entity controlled
by its own center or its own chemical sub-
stance (/8). More important still, the the-
ory relates sleep control mechanisms to
cellular electrophysiology and gives rise to
specific and testable hypotheses of synaptic
interconnections and the long-term modu-
lation of their efficacy which may be a crit-
ical neural substrate of behavioral state
control.
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*Note added in proof: Since this report
was accepted for publication, Chu and
Bloom (20) have reported that 9 of 30
presumed norepinephrine-containing neu-
rons in the LC region decreased rate in
transition from the synchronized to the
desynchronized phase of sleep.
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Neuronal Excitability Modulation over the Sleep Cycle:
A Structural and Mathematical Model

Abstract. 4 model for control of the desynchronized phase of the sleep cycle postulates
reciprocal interaction between cells in the pontine gigantocellular tegmental field (FTG
cells) and cells in the nucleus locus coeruleus and nucleus subcoeruleus (LC cells). This
physiological model leads to equations of the Lotka-Volterra type;: the time course of ac-
tivity predicted by the model is in good agreement with actual long-term recordings of

FTG cells and single-cycle data for LC cells.

The existence of a cell group in the re-
gion of the nucleus locus coeruleus (LC) of
the cat with discharge activity curves oppo-

site to those of cells in the gigantocellular

tegmental field (FTG) has been docu-
mented by Hobson et al. (1). It was pro-
posed that reciprocal interaction between
excitatory and inhibitory neural popu-
lations may determine the alternation of
sleep cycle states. We now present a simple
structural and mathematical model for
sleep cycle control based on the reciprocal
interaction hypothesis and consider as-
pects of FTG and LC unit discharge activ-
ity curves in terms of the model (2).

The temporal organization of discharges
in the FTG with respect to the sleep-wak-
ing cycle is illustrated in Fig. 1 for an FTG
neuron recorded continuously for 10.5
hours. The most striking features of this
discharge time course are the periodically
occurring peaks of discharge activity, each
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of which corresponds to a desynchronized
sleep episode. This regular, nonsinusoidal
modulation of discharge activity was no-
ticed in all of the six pontine reticular neu-
rons recorded over 10 to 18 sleep-waking
cycles (recording duration, 4.7 to 17.5
hours), although there was variability in
the extent of modulation and cycle length.
The presence of periodicity was confirmed
by peaks in serial correlation coefficients
and a dominant peak in the power spectral
density (3).

For a detailed examination of the time
course of discharge activity over the sleep-
waking cycle, we normalized the duration
of each cycle and averaged the activity
over many cycles. Figure 2C presents the
average activity curve for 12 cycles of FTG
neuron 568, whose average cycle length
was about 20 minutes. Note that the form
of the activity curve is in general agree-
ment with that in Fig. 1. What mechanism

might be involved in generation of these
nonsinusoidal, periodic neuronal activity
curves? A detailed autocorrelation analysis
of the discharge pattern of brainstem neu-
rons gave no evidence for the regular,
stercotyped discharge patterns generated
by invertebrate pacemaker neurons in-
volved in control of rhythmic activity (4).
We were thus led to pursue the implica-
tions of the hypothesis that the time course
of FTG unit activity is the result of recip-
rocal interaction with LC neurons.

Figure 2A shows the structural con-
nections and the signs of influence that we
have postulated. Golgi studies indicate the
presence of FTG recurrent collaterals (5),
and we have observed that the process of
transition to high discharge levels in de-
synchronized sleep in FTG neurons is of
exponential order, a finding compatible
with self-excitation via such collaterals (6).
Studies using Golgi (7) and Nauta (8) tech-
niques have indicated the presence of a
projection from FTG to LC cells which is
postulated to utilize acetylcholine and to
be excitatory. The available histochemical
evidence points to the FTG cells as both
using acetylcholine as a neurotransmitter
and being influenced themselves by syn-
aptically released acetylcholine (9). Con-
nections from LC to FTG and from LC to
LC cells are indicated by Golgi work (7)
and by the presence of norepinephrine-con-
taining varicosities in each area (10); these
synapses are assumed to utilize norepi-
nephrine as a neurotransmitter and to be
inhibitory (/7). Hobson er al. (1) discuss
the problem of identification of the norepi-
nephrine-containing cells with those re-
corded by us.

With this basic structural model, we
proceeded to develop a parallel quan-
titative model of interaction. The mathe-
matical form of terms describing the influ-
ence of each population on itself is sug-
gested by evidence that the rate of change
of activity levels in the FTG population is
proportional to the current level of activity
(6), and we propose that the same is true
for the LC population, but with a negative
sign because the recurrent feedback is in-
hibitory. The highly nonsinusoidal nature
of FTG activity suggested that nonlinear
FTG-LC interaction was to be expected.
We model this effect by the simplest form
of nonlinearity, the product of activities in
the two populations; this is in accord with
the reasonable physiological postulate
that the effect of an excitatory or inhib-
itory input to the two populations will be
proportional to the current level of dis-
charge activity. Let x(z) be the level of dis-
charge activity in FTG cells; y(1) the level
of discharge activity in LC cells; and a, b,
¢, and d positive constants identified with
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