
mus-101' as well as two other mus loci 
(mus-105+ and mus-109') ( 6 )  encode es- 

Inhibitory Conductance Changes at 

sential functions indicate that a substan- 
tial fraction of eukaryotic mutagen-sensi- 
tive and repair-defective mutants may be 
leaky mutants in essential loci. 

The cytological analysis of mus-I01 
mutants demonstrates that the condensa- 
tion of euchromatic and heterochromatic 
portions of the genome is, at least in 
part, under separate genetic control. 
That other functions required for mitotic 
contraction of both euchromatin and het- 
erochromatin can be identified is indicat- 
ed by a cytological screening of a large 
collection of lethal mutants, which has 
led to the isolation of six other mutants 
affecting chromosome condensation (8). 
Thus, a cytogenetic approach to identify- 
ing genes whose products are responsi- 
ble for the condensation and longitudinal 
differentiation of chromosomes is feasi- 
ble. Mutations in these genes should 
provide probes that will aid in decipher- 
ing the organization and function of the 
eukaryotic chromosome. 
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Synapses in the Lamprey Brainstem 

Abstract. Although the conductance and kinetic behavior of inhibitory synaptic 
channels have been studied in a number of nerve and muscle cells, there has been 
little i f  any detailed study of such channels at synapses in the vertebrate central 
nervous system or of the relation of such channels to natural synaptic events. In the 
experiments reported here, current noise measurements were used to obtain such 
information at synapses on Miiller cells in the lamprey brainstem. Application of 
glycine to the cells activated synaptic channels with large conductances and 
relaxation time constants (70 picosiemens and 33 milliseconds, respectively, at 3' to  
1O"Cj. Spontaneous inhibitory synaptic currents had a mean conductance of 107 
nanosiemens and decayed with the same time constant. In addition, the glycine 
responses and the spontaneous currents had the same reversal potential and both 
were abolished by strychnine. These results support the idea that glycine is the 
natural inhibitory transmitter at these synapses and suggest that one quantum of 
transmitter activates about 1500 elementary conductance channels. 

The characteristics of channels acti- 
vated by various putative inhibitory syn- 
aptic transmitter substances have been 
studied in a number of nerve and muscle 
cells ( I ,  2 ) .  However, except for a study 
of inhibitory voltage noise (3) ,  we know 
of no detailed analysis of such channels 
at synapses in the vertebrate central ner- 
vous system. Conductance changes un- 
derlying inhibitory potentials at such 
synapses tend to be large and of long 
duration (4 ) ,  and it would be of interest 
to know whether these properties reflect 
the characteristics of individual inhibi- 
tory channels. In addition, the character- 

istics of drug-activated channels can in- 
dicate whether the drug under consider- 
ation is the natural inhibitory neurotrans- 
mitter. Specifically, in addition to having 
the same pharmacological properties as 
the natural transmitter, the drug should 
activate channels with the same reversal 
potential as the naturally occurring in- 
hibitory events and with compatible ki- 
netic characteristics. Glycine has been 
shown to increase C1- conductance in 
neurons of the lamprey central nervous 
system and to mimic the natural inhibi- 
tory transmitter pharmacologically (5) .  
We now report that in brainstem reticu- 

Fig. 1. (A) Current noise pro- 
duced by a brief exposure of a 
Miiller cell to glycine. Drug 
application (bar) produced a 
peak outward current of 5.6 
nA (upper trace). The accom- 1 nA 

panying increase in baseline 
noise (lower trace) was ob- 5 sec 
tained at a higher gain through 
an a-c amplifier with a band- B 
pass response of 0.75 to 140 - 
Hz (half-power points). (B) - 
Spectral density distribution 
from the same cell as in (A). 
Data points represent the 
mean of 16 difference spectra, - 
smoothed by the weighted av- - 
eraging of adjacent points in 
groups of five. Smooth curve - 
oftheformSV) = S(O)[I + (f/ ; 

f J 2 ] - '  was fitted by eye with s 
S(0) = 8 X A2/sec and 5 - 
f, = 5 Hz. Holding potential, 
reversal potential, and mean 
current were -60 mV, -70 
mV, and 6.6 nA, respectively. 10-22 - 
Calculated channel conduc- - 
tance was 95 pS and mean - 
open time 31.8 msec (3°C). - - 

1 2 5 1 0  20 
Hz 



lospinal neurons (Miiller cells), glycine 
opens channels with the same relaxation 
time constant and reversal potential as 
spontaneously occurring inhibitory post- 
synaptic currents (IPSC's). In addition, 
the spontaneous inhibitory events ap- 
pear to result from the synchronous acti- 
vation of about 1500 elementary conduc- 
tance channels, suggesting that they are 
due to the presynaptic release of single 
quanta of transmitter. 

Isolated brains from adult lampreys 
(Petromyzon marinus or Lampetra la- 
mottenii anesthetized with tricaine meth- 
ylsulfonate at 0.5 glml) were perfused 
with oxygenated saline containing 104.5 
mM NaCI, 2.0 mM KC1, 5.0 mM CaCIZ, 
5.0 mM MgCIZ, 4.0 mM glucose, and 2.0 
mM Hepes, and adjusted to pH 7.4. To 
measure current noise, we added 1.0 pM 
tetrodotoxin and 1.0 mM 4-aminopyri- 
dine to the solution to abolish spontane- 
ous synaptic activity and reduce delayed 
rectification. The perfusate was cooled 
to about 4°C in most experiments; a few 

experiments were done at 7" to 10°C. 
Miiller cells on the floor of the fourth 
ventricle were impaled with two elec- 
trodes for voltage clamping. Both the 
voltage and current electrodes were 
filled with 3M potassium acetate and had 
resistances of 20 to 30 megohms. The 
voltage clamp amplifier had a bandpass 
response of 0 to 1.8 kHz and a gain 
variable between 5,000 and 10,000. The- 
oretical clamp efficiency was greater 
than 98 percent at all relevant frequen- 
cies, and no loss of voltage control was 
detected during drug application or spon- 
taneous synaptic events. The latter ap- 
peared to be effectively space-clamped 
as judged from their smooth exponential 
decay and from a lack of correlation 
between their amplitudes and decay time 
constants. Glycine was applied to the 
cells near the base of the dendrites by 
iontophoresis or by pressure pulses from 
a third pipette filled with a 0.2 to 1.OM 
solution of the drug. Drug application 
produced membrane currents in the volt- 

1 0  sec 
6 0 0  msec 

Fig. 2. Effect of strychnine on glycine responses and spontaneous synaptic activity. The upper 
trace in (A) shows the outward current produced by three applications of glycine (bars) at a 
pressure of 1 lb/in2. The second trace shows the higher gain (a-c) record of baseline activity, 
illustrating spontaneous excitatory (downward) and inhibitory (upward) currents. Indicated 
segments are expanded in the four subsequent traces to show the time course of IPSC's. (B) 
After strychnine (20 FM)  was added to the bathing solution, glycine application at 1 lb/in2 (thin 
bar) and then 10 lb/inZ (thicker bars) failed to produce any inhibitory current (upper trace), and 
IPSC's were abolished (lower trace). Holding potential, -55 mV, reversal potential, -65 mV 
(5°C). The 500-msec time calibration applies to the expanded traces in (A); the 10-second scale 
applies to the remainder. 

age-clamped cells which were then am- 
plified by a low-gain d-c and a higher 
gain a-c amplifier and stored on two 
channels of an FM tape recorder for 
subsequent analysis. The membrane po- 
tentials of the cells were clamped 10 to 
20 mV from the reversal potential for the 
glycine response in either the hyperpo- 
larized or depolarized direction. 

Application of glycine produced a 
maximum outward current of about 6 nA 
(upper trace in Fig. 1A) and a marked 
increase in baseline noise (lower trace). 
More prolonged records with steady d-c 
levels were used to obtain the spectral 
density distribution for the same cell 
(Fig. 1B). Distributions were calculated 
as the Fourier transforms of 1024 point 
samples from the experimental records 
digitized at the rate of 512 or 1024 points 
per second. Spectra of baseline fluctua- 
tions immediately before drug applica- 
tion were subtracted from those obtained 
during the response and 8 to 24 such 
difference spectra were averaged to ob- 
tain the final distribution. The spectra 
were described by a single Lorentzian of 
the form SV) = S(0)[1 + (fifC)'1-', con- 
sistent with the idea that the drug opened 
channels whose lifetimes were distribut- 
ed exponentially, with a mean duration 
T = 1/2rfc (7). The conductance of indi- 
vidual channels (y) was calculated from 
the relation y = S(O)/~TZAV, where S(O)/ 
4~ is the area under the distribution, I is 
the mean current. and AV is the differ- 
ence between the reversal potential for 
the drug effect and the holding potential. 
This estimate of y was independent of 
mean current over a range of currents at 
least twice as large as that normally 
used. From the spectral density distribu- 
tion in Fig. lB,  T was estimated to be 
about 32 msec and y to be 95 picosie- 
mens (pS). Similar results from a total of 
14 cells resulted in overall averages of 
70 i 15 pS (mean t standard deviation) 
for channel conductance and 33 + 9 
msec for time open. The mean reversal 
potential for the drug effect was -65 
mV. This was somewhat more positive 
than reported previously for these cells 
(3, although resting potentials (60 to 70 
mV) and input resistances (about 2 meg- 
ohms) were comparable. There was no 
obvious dependence of y or T on mem- 
brane potential over the observed range 
of -50 to -80 mV. However, experi- 
ments over a wider range might be re- 
quired to reveal any such voltage depen- 
dence. 

In preparations in which no tetrodo- 
toxin or 4-aminopyridine was added to 
the bathing solution, cells showed both 
excitatory and inhibitory synaptic activi- 
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ty, presumably because of the occur- 
rence of presynaptic action potentials. 
Records from one such cell are shown in 
Fig. 2. The upper trace illustrates the 
response of the cell to glycine; the sec- 
ond trace, obtained at a higher gain, 
shows the spontaneous activity. The 
bulk of the spontaneous synaptic cur- 
rents are inward (downward deflec- 
tions), corresponding to excitation, but 
several large inhibitory events (upward 
deflections) can also be seen. The num- 
bered segments are expanded on the four 
subsequent traces to show the time 
course of the inhibitory currents. Strych- 
nine abolished the response to glycine in 
these cells (upper trace in Fig. 2B) (5) 
and the spontaneous inhibitory currents 
as well (lower trace). A total of 44 
JPSC's from four different cells had am- 
plitudes that were distributed unimodal- 
ly, with a mean corresponding to a peak 
conductance of 107 i 62 nS, and de- 
cayed exponentially with a mean time 
constant of 32 2 11 msec, the same as 
the mean relaxation time obtained for the 
glycine-activated channels. The average 
reversal potential for the IPSC's was 
-67 mV and, in individual cells, was 
indistinguishable from the reversal po- 
tential for the responses to glycine. 

In summary, both the glycine respons- 
es and the IPSC's were blocked by 
strychnine, both had the same reversal 
potential, and the time constant of decay 
of the IPSC's was identical to the mean 
relaxation time constant of the glycine- 
activated channels. These observations 
support glycine as the inhibitory trans- 
mitter in these cells. The channel con- 
ductance reported here is two to five 
times greater than that reported for chlo- 
ride channels in other cells (I), but is 
consistent with the large conductance 
underlying the IPSC's. Thus the sponta- 
neous inhibitory events each appear to 
be associated with the synchronous acti- 
vation of about 1500 channels, which is 
similar to the number of excitatory chan- 
nels activated by a quantum of acetyl- 
choline at the neuromuscular junction of 
the frog (6, 7). This, in turn, suggests that 
the spontaneous IPSC's are due to the 
release of single quanta of inhibitory 
transmitter. In support of this idea, we 
have preliminary evidence that sponta- 
neous IPSC's produced in tetrodo- 
toxin-blocked preparations by potassium 
depolarization have equivalent ampli- 
tudes. 
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Mutual Coupling Between the Ocular Circadian 
Pacemakers of Bulla gouldiana 

Abstract. The ocular circadian pacemakers of Bulla gouldiana were found to be 
mutually coupled, and their interaction could be observed in an isolated nervous 
system maintained in vitro. Experimentally induced phase separations between the 
two ocular pacemakers were reduced when the eyes were allowed to interact for 48 
hours. The reduction in phase separation did not occur however when the cerebral 
commissure was severed, indicating that this neural tract is a critical pathway 
coupling these two circadian clocks. 

Most circadian behaviors analyzed to 
date are under the control of multiple 
pacemakers (I). For example, Page (2) 
has described the effects on locomotor 
behavior of shifting the phase of one 
member of a bilaterally distributed pace- 
maker pair in the cockroach circadian 
system. These elegant experiments, and 
the work of others (3),  indicate that, in 
the cockroach, locomotor rhythmicity is 

controlled by two mutually coupled cir- 
cadian pacemakers located in the optic 
lobes. Similarly, in the rodent, the disso- 
ciation of the locomotor rhythm into two 
independent free-running components 
("splitting") suggests that at least two 
pacemakers control locomotor activity 
in these animals (4). Because of the 
apparent multi-oscillator nature of circa- 
dian systems, a complete understanding 

i 
2 0 

10 20 30 

Days in darkness 

Fig. 1. (A) Phase separations 
in vivo between the ocular 
pacemakers of Bulla. After a 
specified time in darkness, 
both eyes of Bulla were re- 
moved and the ocular rhythms 
recorded. Each vertical line in 
the figure connects the phase 
reference points of the two oc- 
ular rhythms from a single ani- 
mal. The ordinate shows the 
time of day (old dawn, 0 
hours). As the time in dark- 
ness increases, the two ocular 
rhythms drift relative to clock 
time (that is, the eyes are free- L running), but maintain a rela- 

40 tively constant phase relation 
to one another, never deviat- 
ing by more than 3 hours 
[mean phase separation, 
1.45 t 1.03 (S.D.) hours.] (B) 

I (Left) Record~ng from both 
L tccis, A,- - - " ~ y l  L optic nerves of an ~ntact ner- 

vous system mamtained in vl- 
tro. Each optic nerve potentla1 

I , ,  , , - 3 is followed one for one by an 
R I I 1 I 1 1 I i < - r 4 efferent signal in the contralat- 

> era1 optic nerve. (Right) Oscil- 
ZL 5 0  msec loscope recordings from an 
" 1  min ~solated Bulla nervous system, 

made with four electrodes, two on each optic nerve: (traces 1 and 2), left optic nerve; (traces 3 
and 4), right optic nerve. Electrodes 2 and 3 are closest to the cerebral ganglia. The temporal 
ordering of the signals (4-3-2-1 or 1-2-3-4) demonstrate that the impulses pass down one optic 
nerve and up the contralateral optic nerve. 




