chemical and kinetic properties and the
enzymatic interconversion of the a and
b forms of this hepatoma phosphorylase
require further study.
KiyomM1 Sato
HAaRrROLD P. MORRIS
SIDNEY WEINHOUSE
Fels Research Institute and
Department of Biochemistry,
Temple University School of Medicine,
Philadelphia, Pennsylvania 19140, and
Department of Biochemistry,
Howard University, Washington, D.C.

References and Notes

1. C. M. Goodall, Int. J. Cancer 4, 1 (1969);
M. B. Lipsett, Ann. Int. Med. 61, 733 (1964).

. R. T. Prehn, Fed. Proc. 24, 1018 (1965).

. L. Lengerova, Advan. Cancer Res. 16, 235
(1972).

4. T. One and S. Weinhouse, Eds., Isozymes and
Enzyme Regulation in Cancer (Gann Monogr.
13, Japanese Foundation for Cancer Research,
Tokyo, in press).

. S. Weinhouse, Cancer Res. 32, 2007 (1972).

. G. 1. Abelev, Advan. Cancer Res. 14, 295
(1971); P. Gold, Progr. Exp. Tumor Res. 14,
43 (1971).

7. W. E. Knox, Enzyme Patterns in Fetal, Adult

w N

AW

Synaptic Transmission at Single

and Neoplastic Rat Tissues (Karger, Basel,
1972).

8. M. M. Appleman, E. G. Krebs, E. H. Fisher,
Biochemistry 5, 2101 (1966).

9. F. Schapira, Pathol. Biol. 18, 209 (1970);

and C. Gregori, C. R. Acad. Sci. 272,
1167 (1971); T. Matsushima, S. Kawake, M.
Shibuya, T. Sugimura, Biochem. Biophys. Res.
Commun. 30, 565 (1968).

10. F. A. Farina, R. C. Adelman, C. H. Lo,
H. P. Morris, S. Weinhouse, Cancer Res. 28,
1897 (1968); V. R, Potter, Exploitable Molec-
ular Mechanisms and Neoplasia (an Annual
Symposium on Fundamental Cancer Research)
(Williams & Wilkins, Baltimore, 1969); G.
Weber, Naturwissenschaften 55, 418 (1968).

11. E. M. Fischer, M. G. Heilmeyer, Jr., R. H.
Haschke, in Current Topics of Cellular Reg-
ulation, B. L. Horecker and E. R. Stadtman,
Eds. (Academic Press, New York, 1971), vol.
4, pp. 211-265; H. DeWulf, The Control of
Glycogen Metabolism in the Liver (Vancer,
Louvain, 1971).

12. V. N. Nigam and A. Cantero, Advan. Cancer
Res. 16, 1 (1972).

13. E. Sutherland, Methods Enzymol. 1, 215
(1955).

14, C. L. Sevilla and E. H. Fischer, Biochemistry
8, 2161 (1969).

15. L. H. Schliselfeld, C. H. Davis, E. G. Krebs,
ibid. 9, 4959 (1970).

16, This work was supported by grants from the
National Cancer Institute, CA-12227, CA-
10916, and CA-10729; and BC-74M from the
American Cancer Society.

25 July 1972; revised 14 September 1972 n

Glomeruli in the Turtle Cerebellum

Abstract. We have recorded from the granular layer of the turtle cerebellum
extracellular unitary potentials that appear to reflect pre- and postsynaptic events
at the synapse between a single swelling of a mossy fiber and the dendritic

tips of several granule cells.

The presynaptic component is an all-or-none

potential. It can be directly activated by spinal stimulation and is unaltered by
repetitive activity or by high concentrations of magnesium. The postsynaptic
component is a graded potential. It follows the presynaptic component by
approximately 1 millisecond and is depressed by repetitive activity and by high
concentrations of magnesium. The recording of large potentials produced by the
flow of postsynaptic current within a single glomerulus suggests powerful trans-
mission. Electron micrographs demonstrate large cerebellar glomeruli in the
turtle and a substantial accumulation of mitochondria in the dendritic tips of

granule cells.

We report here the electrical ac-
tivity and structure of single glomeruli
in the turtle cerebellum. Specimens of
Pseudemys scripta elegans were sedated
with sodium pentobarbital (3 mg/kg)
and immobilized with gallamine (1 to
2 mg/kg), both injected intraperito-
neally, and were respirated artificially.
Tungsten or steel microelectrodes (1)
having impedances of 1 to 3 megohms
(1 khz) were advanced through a slit
in the dura. The unconvoluted, layered
structure of the turtle cerebellum en-
sures that the microelectrode records se-
quentially from the molecular, Purkinje
cell, and granular layers. The charac-
teristic “simple” and “complex” spikes
of Purkinje cells (2) provided one phys-
iological landmark and the abrupt qui-
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escence on entering the fourth ventricle
another. This routine method for lo-
cating the granular layer was confirmed
in 18 cases by histological marking
techniques (/).

We have recorded a variety of uni-
tary potentials from this granular layer.
The most striking potential consisted of
an all-or-none, positive-negative bipha-
sic spike followed, after a brief delay
(0.8 to 1.6 msec), by a slower negative
wave of variable amplitude (Fig. 1).
The initial portion is designated the
B (biphasic) potential and the subse-
quent negative deflection, the negative
afterwave (NAW). Together they are
referred to as a B complex (3). We
have isolated 34 B complexes in the
course of 87 experiments. Although

encountered less frequently than other
wave shapes, B complexes have some
unusual features which make them the
subject of this report.

The B complexes shown in Fig. 1A
were elicited by a maintained extension
of the left hind limb. This produced a
train of B potentials, each of which was
followed by a NAW. The two superim-
posed traces (Fig. 1A) show only
three discharges from the train; the
B potentials are marked by dots and
the first, second, and nth NAW’s are
labeled. The amplitude of the NAW
decreased after the first discharge,
whereas the B potential was unchanged.
Another unit (Fig. 1B) responded with
a train of B complexes when the right
hind limb was touched. The superim-
posed traces, triggered on ‘the rising
phase of the B potentials, show each
NAW in the train. The amplitude of
the NAW declined progressively, the
first in the sequence being the largest
and the last the smallest.

Responses to electrical stimulation
of the spinal cord allowed a more
controlled investigation of the depres-
sion of the NAW produced by prior ac-
tivity. The dura overlying the spinal
cord was exposed by -boring a hole
through the carapace and vertebrae.
After slitting the dura, we placed a
monopolar electrode over the cord in
contact with the cerebrospinal fluid.
Shocks of 1 to 10 volts (0.1-msec
duration) activated many of the units
recorded in the granular layer. The B
complexes which were studied dis-
charged once at a fixed latency in re-
sponse to a single shock. The time
course of the depression of the NAW
was studied by observing the amplitude
of the second of the two NAW’s elicited
by paired shocks delivered to the spinal
cord. The depression was maximum
for intershock intervals of 5 to 10
msec (Fig. 1E). The NAW progres-
sively increased with longer intervals
(Fig. 1, F to H). Complete recovery
required up to 1 second.

The all-or-none nature of the B po-
tential indicates that it is a single action
potential. The delay between the B
potential and the NAW, as well as the
graded nature of the latter, suggests
that the NAW represents current at
postsynaptic structures. A waveform
similar to the B complex has been ob-
served with extracellular microelectrode
recordings at the giant synapse of
Loligo, the neuromuscular junction of
the rat and crayfish, and in the auditory
system (4, 5). In all these cases an
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Fig. 1. Microelectrode recordings of B A B C

Control D 3xMg
complexes in the granular layer of the . * . R
cerebellum. (A) Three discharges in a ; Calibration |
train elicited by natural stimulation. The i
first, second, and nth NAW’s in the se- . [\/\4\//\/\“ W
quence are labeled in the two superim- s
posed traces. Sweep triggered on rising

phase of first and nth B-potential por-
tion of the B complex. (B) Entire train g Smsec 100 msec

of B complexes elicited by natural stimu- . o .

lation, each trace triggered on the rising \M \ " L« “4‘

phase of the B potential. The NAW’s of ol W Vo ? \/“W
successive B complexes became progress-

sively smaller in amplitude. (C and D) ) .
These B complexes were elicited by spinal cord stimulation while the ventricular system was perfused with artificial cerebrospi-
nal fluid -having normal ionic concentrations (C) and an elevated concentration of magnesium (D). The B potential is not ap-
preciably affected whereas the NAW is essentially abolished by high magnesium. (E to H) A unit directly activated by shocks
delivered to spinal cord. Pair of shocks separated by the designated interval elicits two successive B complexes. (E) Two shock
artifacts and two B complexes are shown. (F to H) Only the second of the two complexes is shown. The NAW recovers as the
interval increases. In each case there are two superimposed traces to show the fixed latency of the B potential. Positivity upward

in all traces. Dots mark B potentials. Calibrations: (A) 1 msec, 100 uv: (B) 1 msec, 50 uv: (C and D) 2 msec, 100 uv: (E to
H) 2 msec, 50 uv.

Omsec H
L]
!

F 25 msec G 5
|
\WWVM’-« \MMWW

individual presynaptic action potential
appeared as a biphasic, positive-nega-
tive spike and the excitatory postsynap-
tic current as a negative wave.

was confirmed in three experiments in
which the fourth ventricle was per-
fused with artificial cerebrospinal fluid
(CSF) high in magnesium. The tech-

tion of artificial CSF were the same as
used by Heisey (6). Figure 1C shows
a B complex recorded while the ven-

tricle was perfused with artificial CSF

The postsynaptic origin of the NAW  nique for perfusion and the composi- of normal composition. When the mag-

Fig. 2. Electron micrograph showing a glomerulus in the turtle cerebellar granular layer. The central element, containing nu-
merous synaptic vesicles and mitochondria, as well as some cytolysosomes (ly), is a portion of the mossy fiber swelling. This
has been cut obliquely; therefore, the parent fiber is not included in the picture. The mitochondria-filled profiles are the enlarged
ter;pinals of the granule cell dendrites. The mossy fiber swelling is contacted in this plane by 22 dendritic terminals. Other den-
drmc‘ profiles form a second, more peripheral layer. The arrows point to synaptic junctions. The asterisks mark swellings of the
QOlgl axonal plexus. The ovoidal glomerulus in this micrograph measures 22 and 12 um along its major and minor axes, respec-
tively. The diameters of the mossy fiber swelling alone are 15 and S um. The inset shows mitochondria in a dendritic enlargement.
Note. the numerous cristae, some of which appear rhomboid in cross section and are arranged in parallel rows (arrow). The
matrix dense granules are unlabeled. The animals were perfused with buffered formaldehyde-glutaraldehyde. Blocks from the cere-
be]lum were postfixed in osmium tetroxide, dehydrated in methanol and propylene oxide, and embedded in Taab resin-Epon
mixiure. The ultrathin sections were stained with uranyl acetate and lead. Measurements were repeated in Golgi prep-
arations. The shrinkage taking place in the preparation of this material has not been corrected for in these measurements.
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nesium concentration was tripled, the
NAW was decreased while the B po-
tential was unaltered (Fig. 1D). It is
known that high concentrations of mag-
nesium ions can depress synaptic trans-
mission without affecting the conduc-
tion of action potentials (4, 7).
Responses of some complexes to
electrical stimulation of the spinal cord
indicate that they are directly activated
without an intervening synapse. The B
potentials of these units have fixed
latencies (variation less than 0.1 msec)
to spinal stimulation, as exemplified by
the superimposed traces in Fig. 1, E to
H. They also respond with two dis-
charges to a pair of spinal shocks
separated by intervals as brief as 1.5 to
3 msec. The fixed latency and ability to
follow pairs of shocks strongly suggest
that the pathways for these units from
the spinal cord to the cerebellum are
direct. The only known direct pathways
from the caudal spinal cord are the
dorsal and ventral spinocerebellar tracts
that terminate as mossy fibers in the

granular layer. Both tracts have been -

identified in the turtle (8).

We conclude that B complexes rep-
resent electrical events at cerebellar
glomeruli, the complex synaptic fields
where mossy fibers synapse with
granule cells. The B potentials represent
impulses in synaptic swellings of mossy
fibers and the NAW’s represent synap-
tic current in dendrites of granule cells
(and perhaps also in dendrites of Golgi
cells). A glomerulus is nested in be-
tween groups of granule cell bodies, or
it may be adjacent to a few other
glomeruli involving mossy fibers of dif-
ferent origin. An individual B complex
should represent events at a single
glomerulus, since we have never re-
corded simultaneously more than one B
complex. If simultaneous recording
from adjacent glomeruli were possible
under our experimental conditions, we
would have been able to recognize it
since many mossy fibers were spon-
taneously active. Furthermore, the
NAW component of a B complex was
lost when the micromanipulator was
advanced by 10 pum or less, whereas in-
dividual mossy fibers engage in glom-
eruli that are rarely spaced less than,
and typically much more than, 20 um
apart.

A negative field potential that has
been attributed to excitatory synaptic
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current in a population of granule cells
has been observed in several species
(9); but, recordings from single cere-
bellar glomeruli have never been re-
ported. Our ability to record these
potentials is probably due to the excel-
lent mechanical stability of our prep-
arations in combination with the large
dimensions of cerebellar glomeruli. It
may also be related to certain synaptic
specializations that we have noted in
electron micrographs of the turtle cere-
bellum.

Mossy fibers form en passant (Fig.
2) and terminal swellings 10 to 60 pm
long and 3 to 7 pm in diameter.
Dendrites of granule cells are 1 pm
thick and contact the mossy fiber
swellings mainly at their tips, where
they form an enlarged ending 2 to 3.5
pm thick and 3 to 8 um long. These
end bulbs are filled with mitochondria
and usually form large synaptic junc-
tions or groups of smaller synaptic
patches (arrows in Fig. 2). The entire
synaptic structure, the glomerulus, has
a minor axis ranging from 7 to 20 pm
and a major axis ranging from 10 to
60 um, thus providing a suitable target
for extracellular electrodes.

The great density of presynaptic
vesicles, the number and extent of syn-
aptic junctions, and the crowding of
mitochondria in the dendritic tips are
features of this synapse that suggest
powerful transmission. This abundance
of mitochondria is unusual for synapses
in the central nervous system. It has
been suggested that a similar accu-
mulation of mitochondria in sensory
receptors is related to the energy re-
quirements associated with a large ionic
load for the sodium pump (/0). The
mitochondria in the dendritic end bulbs
differ from those in mossy fiber swell-
ings by the presence of numerous cris-
tae and matrix dense granules (Fig.
2, inset). Cytochemical investigations
might distinguish the enzymatic activi-
ties in these dendritic mitochondria,
which are probably different from those
in the parent cell body and those in
the presynaptic terminals (11).

While both the electrical and the
anatomical data suggest that synaptic
transmission from mossy fibers to
granule cells is powerful, they provide
no direct estimate of the magnitude of
the postsynaptic potential. The absence
of postsynaptic action potentials, which

has been a consistent observation, may
indicate that the convergence of two or
more inputs is required to fire granule
cells. However, we favor the interpreta-
tion that action potentials arise in the
extremely thin (0.2 pm) initial segment
of granule cells and fail to invade the
soma and dendrites. Intracellular re-
cordings from granule cells will be re-
quired to resolve this important issue.
The turtle seems ideal for the identi-
fication of unitary potentials generated
at single cerebellar glomeruli. Our
study may facilitate the recognition of
glomerular potentials in the cat, the
animal of choice of most cerebellar
neurophysiologists, although cerebellar
glomeruli in the cat are somewhat
smaller (10 by 20 um).
J. V. WaALsH*
J. C. Houk
Department of Physiology,
Harvard Medical School,
Boston, Massachusetts 02115
R. L. ATLURI
E. MUGNAINI
Department of Biobehavorial Sciences,
University of Connecticut, Storrs
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