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CHAPTER I

GENERAL INTRODUCTION



GENERAL INTRODUCTION

"Plasticity" of the central nervous system is one of

the most characteristic function of it. Mechénisms of the plasticty
in higher animals, such as learning, memory and neural
compensation, have not been understood yet. However, some
modifications of neural system have been found and extensively
investigated in the neonatal visual system (Wiesel and Hubel,
1965; Blakemore and Van Sluyters, 1974; Hirsch and Spinelli,
1971) and for vestibuloocular reflex (Ito, 1980). It is difficult
to analyze the neural mechanisms concerning the behavioural
plasticity in the complex mammalian brain. It is important
and probably successful approach for studying the plasticity
of the brain to investigate cellular bases of the plasticity.
The basic process of modifications of nervous system is synaptic
plasticity. The synaptic plasticity is divided into two
categories; (A) axonal sprouting and formation of new synapses;
(B) plasticity of synaptic transmission. Sprouting of new
synapses has long-lasting effect, while plasticity of synaptic
transmission Which includes frequency potentiation, posttetanic
potentiation and longterm potentiation has temporal effect within
several hours. In our laboratory, axonal sprouting and formation
of new synapses after chronic lesion of the contralateral

nucleus interpositus (IP) of the cerebellum, frequency
potentiation and posttetanic potentiation of the cerebrorubral
synapses in the cat have been investigated in detail by

Tsukahara and co-workers (Tsukahara et al., 1974, 1975: Murakami

et al., 1977a,b).



This thesis focuses on the former synaptic plasticity of
the sprouting of new synapses in the red nucleus (RN) in wider
extent. Phenomena of sprouting of synapses are further divided!
into three sub-categories; (1) lesion-induced sprouting in-
the early developmental stage; (2) lesion-induced sprouting in
the adult; (3) sprouting>without lesions. In this thesis, axonal
sprouting and formation of new synapses in above three sub-categories
of the sprouting are investigated in RN cells. Fig.l illustrates
the results of this study diagramatically.

Formation of fuctional synapses in RN neurons after
cross—innervation of peripheral nerves where the inputs and
outputs of RN cells are remained intact is investigated in
chapter 2 and 3 (Fig.lG). In chapter 4, association cortex,
secondary somatic sensory area, medial lemniscus and pretectal
area inputs to RN other than the previously identified
sensorimotor cortex and IP inputs are examined in the adult
cat. Further, lesion-induced sproutings of the parietal
association cortex- and medial lemniscal-RN synapses following
the IP lesion will be shown. In the next chapter (chapter 5),
lesion~-induced sprouting in the kitten RN neurons after the
cerebral or cerebellar input destruction are described. (Fig.

1A-C). It will be shown that the extent and degree of sprouting
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Fig.l Diagram of synaptic connections of the red nucleus (RN) .
A,B,C: Synaptic connections of kitten red nucleus neurons in
normal (A), after chronic destruction of the ipsilateral .
cerbro—rubrai input (CP-lesion) (B), and after chronic lesion

of the contralateral nucleus interpositus (IP) of the cerebellum
(). D,E,F: Same as A,B,C but in adult cat red nucleus neurons.
G: Synaptic connections in the adult cat red nucleus neurons
after cross-—-innervation of the contralateral forelimb flexor
and extensor nerves. CP: Cerebral pe@uncle. ipsi-CP, ipsi-IP:
ipsilateral-CP and ipsilateral-IP. contr-IP, contr-CP:
contralateral-IP and contralateral-CP. FLX MN: flexor motor
neuron. EXT MN: extensor motor neuron. Arrows indicate the

sprouting.



in RN neurons at the early developmental stage are remarkably
higher than those of the adult cat. The detailed introduction

of each succeeding chapter will be presented at the top of

each chapter.
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CHAPTER 1II

FORMATION OF FUNCTIONAL SYNAPSES IN ADULT CAT RED NUCLEUS
FROM THE CEREBRUM FOLLOWING CROSS-~INNERVATION OF FLEXOR

AND EXTENSOR NERVES. I. APPEARANCE OF NEW SYNAPTIC POTENTIALS,
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INTRODUCTION

After partial denervation, sprouting occurs in some
central neurons of adult and immature mammals (Cotman and
Lynch, 1976; Lund, 1978; Raisman, 1977; Tsukahara, 1981).
Furthermore, physiological investigations using extracellular
(Wall and Egger, 1971; Lynch et él., 1973) and intracellular
(Tsukahara et al., 1974; lQ“Sa,B, Murakami et al., 1977a,b)
recording techniques suggest that these newly-formed synapses
are physiologically active. However, to what extent the
formation of new synapses occurs under conditions other
than partial denervation remains to be explored.

Sperry (1942, 1947) investigated the functional compensation
in movement disorders after "cross~ihnervation" of nerves
innervating the flexor and extensor muscles of various
mammals and found that in monkeys motor relearning occurs,
an observation which has never been made in similarly treated
rats. Eccles et al. (1962) examined the possible change in
the synaptic connections of spinal motoneurons after cross-
innervation of hindlimb flexor and extensor nerves. Although
they found evidence suggesting the formation of.new synapses
on motoneurons after cross—-innervation, sprouting was
restricted to a group of motoneurons which were axotomized.
Furthermore, the degree of reorganization was very small.
Since synaptic plasticity at higher levels of the nervous
system is expected to be larger than in the spinal cord,

it would be of great interest to know whether synaptic
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connections of supraspinal neurons undergco some modification
after cross—-innervation of flexor and extensor nerves.

Regarding red nucleus (RN) neurons, after destruction
of the cerebellar nucieus interpositus (IP), a fast-rising
component .appears in corticorubral‘EPSEs; thisfwas taken
to indicate that new synapses are formed at thé»pfoximal portion
of the soma—dendfitic membrane of RN cells (Tsukahara et al.,
1974, 1975a,b; Murakami et al., 1977é,b). This interpretation
has been partly suppérted by electron microscopic studies
(Nakamura et al., 1974} Hanaway and Smith, 1978; Murakami'et al.,
1981).
~ In the present investigation we examined whefher similar
changes occur in cat RN neurons after cross—innervation of forelimb
extensor and flexor nerves. In some RN neurons, a fast-rising
component appeared in corticorﬁgral EPSPs, as in the
case of IP lesions, suggesting the occurrence of corticorubral
sprouting at the proximal part of the RN cell membrane.

A preiiminary report has been made (Tsukahara and Fujito, 1976).

METHODS

Cross— or slef-union surgery Adult cats were used; in 43

cross—-innervation, and in 2 self-union surgery was performed
under aseptic conditions. Only unilateral forelimbs were
operated contralaterally to the intracellular recording of
RN cells. The cats were anesthetized with pentobarbitone
sodium, the musculocutaneous, median, ulnar, and radial

nerves were dissected out at the axillary region and cut
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Fig.l Time course of reinnervation

A: Isometric tension produced (1) by direct stimulation and
(2) stimulation of the cross-innervated radial nerve in the
biceps muscles 87 days after cross—inne:;vation.B: Change in the
innervation ratio after cross—innervation {(m. biceps brachii)

(ratio of isometric tension produced by nerve stimulation

to that produced by direct muscle stimulation). C: Data as in Fig.B;

(o), m. extensor digitorum communis; (x) m. flexor palmaris longus.
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.flor cross—- or self-union. The central stumps .of the
musculocutaneous, median and ulnar nerves were united to the
peripheral stump of the radial nerve by suturing the nerve
.sheath with a fine nylon thread using a binocular microscope.
AThe central stump Qf the radial nerve was similarly united.
to the peripheral stumps of the musculocutaneous, median

and ulnar'nervés. For'selfeunion, the forelimb nerves

were sectioned and re-~united, without crossing,'by-suturing
the nerve sheath.

To evaluate the degree of re—innervation,‘the distal
tendon of m. triceps brachii, and m. biceps brachii, m.
extensor digitorum communis, and m. flexorvpalmaris longus
were cut, and the distal portion of each muscle was freed of
the surrounding structure. The cut tendon was then attached
to a tension transducer to measure the isometric tension induced
by direct, as well as by nerve, stimulation. The degree
of functional re-innervation was estimated by the ratio of
maximal tension obtained by nerve stimulation (Fig.1lA2)
to that produced by direct muscle stimulation (Fig.1lAl).
Complete reinnervation reqﬁired about one month for upperarm
muscles, and two months for forearm muscles (Fig.1lB,C).

Behavior after cross-innervation.. Although we did not

perform a systematic analysis of the behavior of cross-
innervated cats, we have made some observations on the
cdrss—innervated forelimbs of two cats. The movement of

the elbow joint during voluntary goal-directed forelimb

movement was observed by a television monitor system.
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Fig.2 ' EMGs and’ joint movement of the:cross-innervated

forelimb during voluntary movement in‘:a cat cross-innervated

99 days previously. In this and suCceeding'experiments invloving

behavioral observations, the musculocutaneoué and radial

nerve supplying the triceps brachii. were corss-—innervated.
A,B:'EMG from the elbow flexor (m. biceps brachii) . In»A, the
EMG has been passed through a high-pass filter (-3dB at 33 Hz).
The EMG shown in A was integrated with a time constant of
lO0msec after full—ﬁave rectification and the integrated

EMG is shown in B. C:'EMG from the elbow extensor (m. tricpes
brachii) after passage through thé high-pass filter. D:

the integrated EMG from C. E: Time course of elbow joint

angle excursion as measured on the video-recorder display.

The time calibration in E also applies to A-D. F: Stick
diagram of the forelimb during the movement of lifting the
forelimb and putting the paw into a beaker containing food.

The time of lifting off and the time of putting the paw

into the beaker are indicated by a star and asterisk respectively,
in both E and F. In F, a,b,c and d represent the position

of the shoulder, elbow, wrist -and paw, respeqtively.

Each stick was sampled at every 50 msec interval.
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Electromyographic (EMG) recordings from the m.biceps
brachii and m. triceps brachii of tﬁe cross—innervated
forelimb were made simultaneously with cinematographic analysis
ofnﬁorelimb movement. The timiﬁg of the cinematographic
and léléctromyographic recording was matched by the use éf
photodiode signals which were recorded simultaneously in the
video reéordér and electromyograms. Fig.2 illustrates the
movement of a cross-innervated forelimb during food catching.
This cat, which was crossfinnervated three months previously, can
flex and extend the forelimb freely, with active tension
development registered on the electromyograms. Fig.2A and C
show electromyographic recordié@ from the m. biceps brachii and
m.- triceps brachii,respectively.. The corresponding integrated
records are shown in Fig.2B and D. Elbow jointlhovement was measure
from video records, and changes of elbow joint angle are plotted -
with the same time scale{ Fig.2E). During goal-directed
movement, elbow joint extension is associated with EMG activity
in the triceps muscle and flexion with EMG activity in the
biceps musclé. The trajectory of the forelimb during goal-
directed movement is shown in Fig.2F. The forepaw reaches the
target beaker smoothly without any oscillation. This'suggests
that coordination of the crdss-ipnervated forelimb within the
elbow, shoulder, and wrist joints is well developed.

In contrast to the smoothly coordinated movement of the

cross—innervated forelimb during voluntary movement,
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Fig.3 EMGs from the elbow flexor and extensor in normal

and cross—innervated walking cats. EMGs have been passed

thorugh a high-pass filter and integrated as in Fig.2. A:
superimposed traces of the integrated EMGs of a normal
walking cat (from Udo et al., 1980 Fig.1l0). B: Integrafed
EMGs of a walking cat cross-innervated 54 days previously.
C: Integrated EMGs of a walking cat cross—innervated 99
days previously. In A-C, upper traces are integrated

EMGs from the elbow flexor (m. biceps brachii) and 1ower
traces are integrated EMGs from the elbow extensor

(m. triceps brachii). Horizontal bars indicate the stance
phase. Stars indicate the middle of the stance phase and
arrows mark the final one thirds of the stance phase. Note
that in the normal cat, no muscle activity is evident at
the stages marked by stars or arrows; whereas in cross-innervated

cats muscle activity is evident at both these stages.
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movement of the same forelimb during locomotion is not
well-coordinated. In normal walking cats one cycle of locomotion
can be divided into swing and stance phases (Engberg and
Lundberg, 1969; Goslow et al, 1973; Udo et al., 1980). In
normal animals flexor (biceps bfachii) activity is enhanced in
the swing phase and in the late stance phase, and there is
nojbiceps acfivity in the early sténce_phase (Fig.3A) .In
contrast, extensor triceps activity iS’enhanced in the

early stance phase, and there is no triceps activity in the
late'stance phasé (Fig.3A).

In a cat cross-innervated between the nerves of m. triceps
brachii and m. biceps brachii 54 days previously; the basic
locomotor patterns of elbow joint movement are reversed (Fig.3B).
However, superimposed upon these reversed EMG p;tterns, some
compensating muscle activity is also evident. In this animai,
flexor-activity is enhanced during both the early and late
part of the stance phase; while extensor activity is enhanced
during both the swing phase and,. less prominently, during the‘
stancevphase. Similar resﬁlts were observed at 99 days after
cross-innervétion, as shown in Fig;BC. These results therefore
suggest a partial-cbmpensation for the reversed movement,
although locomotion was fouﬂd'tq_be doﬁinated by reversed
movements even after three months of cross~innérvation.

Intracellular recording Procedures for .intracellular recording

from RN neurons were essentially as reported previously
(Tsukahara et al.,1975a). RN neurons were identified

and L.

antidromically by stimulating the contralateral C 1

1
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spinal segments; RN neurons activated from Cl and Ll were

designated "L-cells", those activated only from C "C—cells"

1’
(Tsukahara and Kosaka, 1968). Corticorubral fibers were
stimulated at two levels; within the sensorimotor cortex (SM)
and the cerebral peduncle (CP).

RN cell populafion responses were produced by IP-stimulation
conditioned by corticorubral excitation, which was induced
by stimulating the cerebral peduncle (CP). Facilitation of the
population résponses was processed by a mini-computer equipped
with a controlled stimulating and averaging system. The
intervals between stimuli and the number of repetitions were
controlled by a minicomputer; the field potentials were

averaged, displayed on the oscilloscope and photographed

automatically.

RESULTS
Intracellular records were obtained for 328 RN neurons
from 43 cross-innervated cats and 28 RN neurons from 2
self-union cats. The RN neurons were identified antidromically
by stimulation of C, and Ll spinal cord.

1

1. Appearance of a fast-rising component in composite

corticorubral EPSPs

Typical slow cerebral peduncle (CP)-EPSPs evoked in a
RN cell by CP stimulation in a normal cat are illustrated
in Fig.4A (Tsukahara and Kosaka, 1968). Figures 4B—E show

£

the CP-EPSPs from a cat subjected 176 days earlier to cross-—
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Fig.4 Corticorubral EPSPs in cross-innervated cats

A: CP-EPSP induced in a RN cell from a normal cat. B-H:
CP-EPSPs in RN cells of cross-innervated cats. B-E, CP-~-EPSPs
induced with increasing CP stiumulus intensities fron B to E
in a RN cell innervating the upper spinal segments. Upper
traces, intracellular potentials; Lower traces, extracellular
records corresponding to upper traces. Voltage and time
calibrations of E also aplly to B, C, D. F~H: Records from

a cat cross-innervated 147 days before intracellular recording.
CP-EPSPs during membrane hyperpolarization ; the current was
applied in step-wise fashion as indicated in the lowere

traces of G and H. F: Control CP-EPSP. I: Superimposed tracings
of CP-EPSPs shown in F-H. Voltage and time calibration of H
also apply to F and G.



22

innervation of the forelimb flexor and extensor nerves.
CP-EPSPs of a RN cell innervating the upper spinal segment
had a fast—-rising component superimposed on the slow-rising
one. By chaé%ng the intensity of the stimulué, the fast-rising
component could be graded in amplitude. The time-to-peak of
the fast-~rising component was about 1 msec; that of the slow
rising component was about 3 msec. The latter value approximates
that of normal CP-EPSPs (3.6 msec on the average for 100 RN
cells; Tsukahara et al., 1975a).
n>The mean latency of the fast-rising component of the

CP-EPSP was 0.%6 + 0.19 msec (n=122) for C-cells from cross-
innervated cats. This value is not significantly different from
that of normal cats (1.0 + 0.2 msec, n=100). Therefore, we
coﬁcluded that the fast-rising components are produced
monosynaptically.

- The sensitivity of the EPSPs to membrane polarization
was tested by changing the membrane poteﬁtiali As seen in
Fig.4G-H and the superimposed trace in Fig.4 I, the
fast-rising component increased in size, whereas the slow-
rising component remained viftually unchanged. This indicates
that the synapse producing the fast-rising component is located
more proximally ‘on the soma:dend;itic membrane of RN cells
than that producing the slow-rising component.

A similar fast-rising component with longer latency

than that of the CP-EPSP (Fig.5A) could be induced by stimulating

the cerebral sensorimotor cortex (SM) (Fig.5B). The conduction
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Fig.5 Somatotopical organization of the projective area of

the newly—-appeared corticorubral EPSPs after cross-union

A: CP-EPSPs produced in a RN cell (C-cell) 176 days after
cross—innervation.

B: Sensorimotor cortex (SM)-EPSPs produced in the same

cell as A.

C: CP-EPSPs produced in an L-cell 188 days after cross—innervation
D: SM-EPSPs produced in the same cell as C. E: Sites of

SM stimulation.

F~H: SM-EPSPs produced in a C-cell by stimulating electrodes

located in 1(SM1),2(SM2), 3(SM3)(E) 140 days after cross-innervation.
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velocity of corticorubral fibers responsible for the
fast-rising components was estimated aéAlG m/sec; a

value in the same range as that of corticorubral fibers
mediating the slow rising component (20 m/séc, Tsukahara and
Kosaka, 1968).

| The corticorubral projection is organized somatotopically
(Tsukahara and Kosaka, 1968; Padel et al., 1973). The cells
innervating the lower spinal segments (L-cells) receive
inputs fromrthe medial part of the bericruciate cortex

and parietal association cortex (Fujito et al., 1978). RN cells
innervating the upper spinal segment (C-cells) receive
cortical inputs from the lateral part of the pericruciate
cortex.AFigures 5F-H show the corticorubral EPSPs in a C-cell
from a cross-innervated cat operated 140 days-earlier.
Stimulation of the laterai part cf the pericruciate cortex
(Fig.5E) produced a fast—-rising component superimposed

on the slow-rising ones (Fig.Sﬁf. Stimulation of the medial
part of the postcruciate cortex, however, elicited no
responses (Fig.5H). It is likely that the fast-rising
component of the corticorubral EPSPé is prbduced from

a region similar to that from which the slow-~rising component
derives.

Times-to-peak of CP-EPSPS, corrected for extracellular
field pPotentials, were measured for C- and L-cells in
cross—-innervated cats. If dual peaks occurred, the initial
péak was used to determine the time-~to-peak of the EPSPs.

The freqguency distribution of the time-to-peak is illustrated
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Fig.6 Frequency distribution of time-to-peak of CP-EPSPs in

cross—innervated cats. The number of cells is shown on the

ordinate as dotted column, the time-to-peak of CP-EPSPs on

the abscissa. The shaded columns in A-D illustrate the previously
reported frequency distribution of time-to-peak in normal cats
(Tsukahara et al., 1975a). The right-hand ordinate in Fig. B

and D applies to normal cats, and common to A-D. The left-hand
ordinate applies to cross-innervated cats. Data are from

cats cross—innervated more (A,C) and less (B,D) than two

months before the acute experiments.
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in Figs6. Sinqe for complete re-innervation of the
forearm muscles abou£_2 monﬁhs are required (Fig.l),
CP-EPSPs were divided into two groups; CP-EPSPs from
cats operated 1ess;4and more than two months earlier.
The mean timé—tO*peak of the CP-EPSPs for C-cells shown
in Fig.6A was 1.9 + 0.9 msec (n=l60);>£his is significantly
shorter (p< 0.001) than in normal cats (3.6 + 1.4 msec,
n=100; Tsukahara et al., 1975a). Oﬁ the other hand, time-to-
peak of the CP-EPSPs from C-cells shown in Fig.6B is much
ldnger; the mean time-to-peak was 2.7 + 1.0 msec (n=535.
CP-EPSPs from most L-cells manifested a much longer time-to-
peak than from C-cells (Fig.GC,D). The mean time-to-peak
of CP-EPSPs from L-cells was 2.9 + 0.9 msec (n=115).

CP-EPSPs with fast-rising components were recorded
from a wide area in RN. We attempted to record RN cells
from an area covering stereotaxic coordinates A.2.5 to
A.5.5. The recording position was determined from the
stereotaxic»apparatus; readings of the rostrocaudal
coordinates were plotted agaiﬁét the time=to~peak of
CP-EPSPs from the respective RN cells (Fig.7). The sites
were-widely distributed in.the RN region.

The time-to-peak of the CP-EPSPs of C-cells is

. dual —Pcakecl

plotted in Fig.7A. Thelslow-rising component ofACP—EPSPs
of C-cells is also plotted by open ttiangles in Fig.7A.

The time-to-peak of CP-EPSPs of L-cells is plotted in Fig.7B.
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Fig.7 CP-EPSPs recorded at various sites along the rostro-

—-caudal axis of the red nucleus.

A Ordinate;‘timeeto=peak of CP-EPSPs; abscissa,‘location of
the RN cells (C-cells)in the anterior posterio coordinate of

the stereotaxic coordinate. B; Same*as in A, but fo L-cells.
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Fig.8 Time course of the change in the time-—to-peak of

CP—-EPSPs after cross—innervation of forelimb nerves

Open circles and open triangles, the mean time to peak of the‘
CP-EPSPs egual or more £han 3. msec. Filled circlés and
filled triangles, mean time-to—-peak of the CP—-EPSPs less than
3 msec. From C-cells. Ciréles:*éverage of‘mdfe than 5 RN~
cells.Triangles: average of 1essothan 5 RN cells.
‘Ordinate, time-to-peak df the CP—-EPSPs. Abscissa, days
after cross—inher?ation. Dotted line: mean time~to-peak
of 100 CP-EPSPs in normal cats derived from Tsukahara et al.,

1975a).
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Time course of the change of time-to-peak of CP-EPSPs

after cross—-innervation

Té evaluate the time course of appearance of the fast-
rising component ig composite corticorubral EPSPs after
cross—innervation, recordings were made at different
periods after cross—innervation surgery. Fig.8 illustrates
the.relation bétween average time-to-peak and the days'’
elapsed since cross—innervation. The CP-EPSPs of C-cells
are divided into two arbitrarj'ébués; the one with
time-to-peak less than 3 msec and the other with time-to-
peak of CP-EPSPs equal and more than 3 msec. The mean
time-to-peak of these two'groups of CP-EPSPs was calcuiated
in each cat and plotted in different symbols in Fig.8.
Fast-rising components appeared within two months from
cross—innervation.

CP—-EPSP after self-union of forelimb nerves

The time course of corticorubral EPSPs was observed
in cats subjected to self—unioﬁ of the forelimb nerves.
As shown in Fig.9, in most of the CP-EPSPs from C-cells,
time-to-peak was within the normal range (3.2 + 0.9 msec,

n=28).
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Fig.9 CP-EPSPs after self-union of forelimb nerves.

A: Isometric tension induced in the biceps musle by direct

(Al) and nusculocutaneous nerve (A2) stimulation after 84

days of self union. B: Upper traces represent the intracellular
responses in C-cell; lower traces show the extracellular
controls. C: Frequency distribution of time-to-peak of

CP-EPSPs from C-cells. The number of cells is shown on the

ordinate.
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Facilitation of RN population responses by conditioning

CP stimuli

As reported previously (Tsukahara et al., 1967), iP
stimulation yields_prominenf field potentials in the RN region
consisting of a presynaptic and postsynaptic component
(Fig.1l0 A). When IP stimulation was preceded by CP stimulation,
the amplitude of the postsyhapfic component increased
(Fig.1l0C) whereas that of the presynaptic component remained
.unchanged. In normal animals, the amplitudes increased
gradually, peaked at about 3 msec interval and slowly
returned to the control value. If the amplitudes of the
postsynaptic components are averaged and-plotted in terms
of percent of the control values againgt stimulus interwvals,
-the time course of the facilitation is similar to that
of CP-EPSPs (Fig.1l0D). The interval for the maximal
facilitation was measured in normal cats; the frequency
distribution of.this optimal interval is plotted in Fig.lOE.
The distribution was in good agreement with that of the time-to-
peak of CP-EPSPs recorded intracelluarly in normal cats.

Similar experiments were performed in cats subjected
to cross—innervation (Fig.ll). IP-induced field potentials
were recorded from RN o~ or L-cell regions, identified
by antidromic field potentials evoked by Cl and Ll spinal
segments. In the C-cell region, the facilitation curve
revealed an additional early peak (Fig.llA-D,I) which was

not noted in the L-cell region (Fig;llE—H,J).
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Fig.10 Facilitation of IP-induced field potentials by preceding

CP stimuli in normal cats. A-C represent average field potentials

in the red ?ucleus, Sixteen-ave£agings were performed;

the sampling time was 50 microseconds. A: IP-induced field potential
in the control. B: CP-induced field potential as_the background
field potential for measuring the amplitude of subsequent
IP—inducéd field potentials. C: The amplitude of tﬂe postsynaptic
IP-induced field:potential was facilitated by the preceding

CP stimulation. D: Time course of the facilitation partly

shown in A-C. The ofdinate represents the amplitude of the

postsynaptic component of the IP field potential, normalized

terms of percent of the control value. Abscissa: Interval

in J.AI.I.S
between CP and IP stimulation. T shows the interval for
peak facilitation. E: Fregquency distribution of interval times

for peak facilitation in normal cats. Upward arrows mark the

peak of the postsynaptoc field potentials.
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Fig.1ll Facilitation of IP-induced field potentials by conditioning

CP stimulation on cross-innervated cats. A-H: Average field

potentials in the red nucleus. A-D, facilitation of the
IP—induced field potentials by preceding CP stimulation,
recorded from the C—ceil region. A: IP-induced field potential
in the control. B; CP-induced field potential. C and D:
Facilitation of the IP-induced field by the preceding CP
stimulation. E-H: Facilitation recorded from the L-cell region
of RN. E: IP induced field potential.‘F: CP-induced field
potential. G and H: Facilitation of the IP-induced field
potential by cénditioning CP stimulation. I and J : Time
course of the facilitation partly showm‘in A-D and E-H ,
respectively.vUpward arrows mark the peak of postsynaptic

field potentials.
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Although assessing the time course of the facilitation
of IP—indﬁced RN population responses is an indirect method
for evaluating the time course of the CP-EPSPs, it has a
certain advantage in that it represents the activity of a
population of RN cells, and further, the results obtained
by this methods are from intact cells whose behaviour is not
distorted by micrbelectrode impalement. Therefore, the time
course of facilitation of IP—-field potentials which was
characterized by a rapid rise time, répresents additional
supportive evidence for the changing time course of CP-EPSPs
in C-cells after cross—innervation.. The frequehcy distributions
of optimal intervalélfor facilitation of IP-field potential
in the C- and L-cell region are shown in Fig.122A and B,

respectively.
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facilitation of cross—innervated cats. A: C-cell region of RN.

B: L-cell region of RN.
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DISCUSSION

Sprouting is primarily found after the occurrence of
lesions in central synaptic inputs (lesion-induced sprouting)
and it is especially remarkable in the early developmental
stages (Cotman and Lyhch, 1976; Lund, 1978; Raisman, 1977;
Tsukahara, 1981). Our present results suggest that sprouting
also occurs in the absence of lesions in the direct synaptic
inputs. This hypothesis is based on the observations that
a fast-rising component appears superimposed ¢n the original
sloﬁ—rising corticorubral dendritic EPSPs after cross-—innervation
surgery. This is supplemented by additonal data of ﬁhe
unitary corticorubral EPSPs and derdritic cable properties
of BN cells after cross-innervation. (Fujito et al., 1981).

On analogy with the previous experiments (Tsukahara et al., 1974;
1975a)changing properties oé corticorubral EPSPs after
cross—innervation can be accounted for in terms of the

formation of fiunctional synapses at the proximal portion of

the RN cell dendrites. This interpretation is supported by

the results of‘electronmicroscopic studies on IP lesions
(Nakamura et al., 1974; Hanaway and Smith, 1978; Murakami et

al., 1981).

In the present experimental model, neither the synaptic
inputs nor the axons of RN cells were destroyea and our
present and previously'reported results (Tsukahara and
Fujito, 1976) may represent the first experimental demonstration

suggesting the formation of functioanl synapses on intact

central neurons of adult mammals. In peripheral nervous
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system, Brown and Ironton (1977) §howed that a few days of
muscle inactivity act as a stimulus to sprouting at the
neuromuscular junctioh. Rotshenker and McMahan (1976) and
Rotshenker (1979) reported that in frogs with intact
innervated muscleé, the crushing of the motor neive of

one éﬁtanéous pectoris muscle gives rise to sproutingbon
the contralaéeral side.

Changes»ih the time course éf corticorubral EPSPs were
found primarily in RN cells innervating the upper épinal
segménts (C;cells), although similar changes were observed in
some L—-cells. This isvnot suprising, as some L-cells extend
collaterals to the upper spinalysegmenté (Shinoda et al., 1977).

About two months after cross-innervation are required
for the full establishment of the modification; this period
corresponds with completion of forearm muscle re-innervation.
This suggests that the mere &iésection bfythe peripheral
nerves is not the mainvfactor in.the induction‘of sp;outing.

The remarkable coordination of thé cross—innérvated
forelimb during voluntary goal-directed movement implies
that reorganization of motor control has‘taken place
somewhere in the brain. This idea is supported by the
difference in motor perform;nce,betWeen voluntary movements
and stereotypedmmovementsVsuch as those invloved in locomotion.
A full interprétation of the behavioral adaptation observed
after cross-innervation (Brinkman and Porter, 1977)

Oor cross—connection of muscles (Yumiya et al., 1979) 1is a



40

tremendous taks and remains to be explored. Nonethless it is
of some .interest to speculate about the correlation between
behavibral changes and the cellular changes in RN neurons
which are observed after cross-innervation. The sprouting of
corticorubral neurons onto the proximal portion of RN dendrites
indicates a switching of control from cerebellar to cerebral
predominance: after cross—-innervation, because the corticorubral
synapses are located closer to the neuronal triggexr zone.
If these observed cellular changes are indeed part.of‘the
neuronal redrganization responsible for behaviofal adaptation,
.the cerebral motdr éommands would be expected to be most
effectively transmitted to the spinal cord during voluntafy
movements. If,in contrast, the sterotyped movements of :locomotion
are controlled mainly by cerebeilar pathways, the disorders of
locomotive movement should not show any improvement after
‘cross—innervation, since no plastic change in the interpositorubra
pathway was observed. Viewed in this context, the difference
between behavioral adaptation during voluntary and involuntary
movements becomes understandable.

Tsukahara et al. (1981) have reported that classical
conditioning can be established by pairing an eleétric
shock to the cerebral peduncle jconditionedtstimulus) and the
forelimb (unconditioned stimulus) . Mediation of this
conditioned response may be via the corticorubrospinal
pathway and a possible site of the conditioned change may

be the corticorubral synapses, since no appreciable change

takes place along the interpositorubrospinal pathway after
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the establishment of the conditioned responses. Therefore,
the question of whether sprouting of the corticorubral synapses
represents the neuronal basis of the conditioned change in

classical conditioning, is an interesting topic for future

studies.
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SUMMARY. We investigated the effects of cross-~innervating the
peripheral forelimb flexor and extensor nerves of adult cats
on the time course of corticorubral EPSPs. Red nucleus neurons
were identified by antidromic invasion from_Cl oxr Ll spinal
segments as innervating the upﬁer spinal segments (C-cells)

or sending axons to the lumbosacral cord (L-cells).

In C~celis, a fast-rising component, superimposed on the
slow-rising corticorubral EPSPs induced by cerebral sensorimotor
cortex or the cerebral peduncle (CP) stimulation, was noted.
The mean time~to-peak of this component in cross—innervated
cats operated more than two months earlier was 1.9 + 0.9 msec
(n=160) , shorter than in normal cats (3.6 + 1.4 msec, n=100).
The same value in cats cross—innervated less than two months
before was 2.7 + 1.0 msec (n=53). The mean time:to—peak of
CP-EPSPs from L cells was 2.9 + 0.9 msec (n=115).

The fast-rising component had a latency of 0.96 + 0.19
msec (n=122), and it was mediated by fibers with conduction
velocities of less than 20 m/sec. The projective area of the
fast—-rising component is organized somatotopically. Since it
is ﬁore sensitive to membrane hyperpolarization than slow
rising corticorubral EPSPs,it is mediated by synapses located
more proximally than the_cof%icqyubral synapses of normal cats.

The time course of facilitation by preceding cerebral
peduncle stimulation of the nucleus interpositus (IP)-induced
RN population responses was measured. It was characterized by a

rapid, followed by a slower rise time in the RN region where

C-cells are concentrated. In contrast, the L-cell region was
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characterized by a slow rise time.

In cats subjected to self-union of the peripheral flexor and
extensor‘nerves, the majority of C-cells had CP—EPSPs with a
time-to—peak‘within the normal range.

Ouf results suggest that after cross—-innervation, sprouting

and formation of functional syhapses occur on the proximal

portion of the soma-dendritic membrane of red nucleus neurons.

Key Words: Sprouting--Corticorubral Synapse—--—-Red Nucleus

~—--Cross-Innervation--Sprouting Without Degeneration
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CHAPTER III

FORMATION OF FUNCTIONAL SYNAPSES IN ADULT CAT RED NUCLEUS
FROM THE CEREBRUM FOLLOWING CROSS—-INNERVATION OF FORELIMB

FLEXOR AND EXTENSOR NERVES. II. ANALYSIS OF NEWLY-APPEARED

SYNAPTIC POTENTIALS.
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INTRODUCTION

We previously reported the appearance of a new fast-rising
component in composite corticorubral EPSPs after cross-—innervation
of cat forelimb flexor and extensor nerves (Tsukahara and
Fujito, 1976; Tsukahara et al., 1982). This phenomenon ié
similar to that found after lesion of the cerebellar nucleus
interpositus (IP) (Tsukahara et al., 1974; 1975a,b; Murakami
et al., 1977a,b) and was interpreted to be due to formation of
new synapses on the proximal portion of soma-dendritic membrane
of red nucleus {(RN) neurons. However, our previous studies did
not determine whether, after cross-—-innervation, a similar
fast-rising component appears in the corticorubral unitary
EPSPs or whether scome changes occur in the cable property of
dendrites. Furthermore, a guestion remains as to whether
there is a drastic loss in interpositorubral synapses after
cross—innervation: because loss of these synapses induces
sprouting as reported previously (Tsukahara et al., 1974; 1975a,
b; Murakami et al., 1877a,b).

In the present study we attempted to answer these questions.
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Fig. 1. Corticorubral unitary EPSéS, produced by applying identical

stimulation intensity to the cerebral peduncle of an RN cell

from a cat cross-—-innervated 161 days earlier. A-E: Examples

of intracellular recordings of unitary EPSPs; in D there |

was no response. F: extracellular recording just outside the cell.
Voltage and time calibrationsvbelow F also apply“to A-E. G‘and

H: Frequency distribution of the time-to-peak (G) and the
amplitude (H) measured from each of the consecutive EPSP traces
partialiy shown in A-E. The shaded area in H represents the

number of response failures.
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METHODS
The experimental procedures were essentially the same as

those reported previously (Tsukahara et al., 1981).

_RESULTS
The present results are based on intracellular recordings
of RN cells identified antidromically as innervating the upper
spinal segments (C-cells; Tsukahara and Kosaka, 1968) from the
same animals as used in the previous paper (Tsukahara et al.,
1981). Stable intracellular records with spikes greater than
50 mV were selected. These records were obtained from adult

cats cross-innervated from 60 to 250 days earlier.

Unitary nature of corticorubral EPSPs after cross-innervation

experiments

Figs. 1A-E show examples of the corticorubral EPSPs induced

in an RN cell from a cat cross-—-innervated 161 days earlier.
cerebral peduncle

During thr;EEBIénE§f§§_EEHEE;imotor cortex (SM) stimulation,
unitary EPSPs appeared in an all-or~-nothing manner and varied
in amplitude. These EPSPs are thought to be due to activation
of a single cortical fiber or, less likely, a group of cortical
fibers, behaving in an all or none manner with this stimulus,
projected onto the RN cell used for recording. The responses

are designated corticorubral unitary EPSPs (Murakami et al.,

1977a) . Failure is demonstrated in rjg. 1D. The extracellular
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Fig. 2. Double peaked cerebral peduncle (CP) induced unitary

EPSPs and CP-EPSPs in an RN cell from a.c'at cross-innervated

250 days earlier. A~-F: Examples of intracellular reco;dings

of unitary EPSPs induced by applying identical stimulation
intensity to the CP; in.D there is no response. The unitary
EPSPs somtimes have both fast and slow peaks, as shown in A

and C. Unitary EPSPs in B and E have only fast peaks while

that in F has only slow peak. G shows an extracellular
recording made just outside the cell. Voltage and time calibrations
in G also apply to A-F. H is superimposed CP-unitary-EPSPs and
I is the extracellular recording for H. J and L: Intracellular
recordings of CP-EPSPs. K and M show the extracellular recordings
corresponding to J and L. Stimulus intensity was increased

from H to L. Voltage and time scales below M alsoc apply to H-L.
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N represents the frequency distribution of the time-to-peak

of CP-unitary-EPSPs measured from each of the consecutive EPSP
traces illustratedin A-F. Each symbol in columns represents the
variation of time course of the CP-unitary-EPSPs. Open columns
show the time-to-peaks of unimodal CP-unitary—-EPSPs with fast
peak; dots, time—to—peaksof unimodal EPSPs with slovaeak;
left-up oblique lines, time-~to-peaks of first peak in double
peaked unitary-EPSPs; right-up oblique lines, time-to-peaks

of second peak in double peaked EPSPs. Vertical lined column

represents the number of failures.
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field potential is shown in Fig. 1F. The mean time-to-peak and
amplitude of 18 averaged-corticorubral unitary EPSPs from 30-40
consecutive traces of C-cells from cross—innervated cats was
_ 0.11 mv, and

measured, the mean amplitude was 0.41 Eb{ﬂ?TE?EEEE_iime—to—peak
was 1.14 + 0.51 msec. These values are significantly different
from normal cats (0.33 + 0.09 mvV, n=22; p<0.01 and 2.68 + 0.61
msec, n=22; p<0.001) (Murakami et al., 1977a).

As 1llustrated in Fig. 1, corticorubral unitary EPSPs
are characterized by a fast—rising time course and a large
amplitude. In a few cases the corticorubral unitary EPSPs are
followed by an additional slow component. This is prominent at
times, but usually obscured by the fluctuating falling phase
of the EPSPs. Fig. 2A-F represent examples of CP—unitafy—EPSPs
with both fast and slow time course. Double peaked EPSPs are
shown in Fig. 2A and C; while unimodal peakes are shown in Fig.
2B and E (fast peak) and 2F (slow peak). The double peaked
CP-EPSPs becomes gradually larger in size with increasing
stimulus intensity from threshold stimulation (Fig. 2H, J and L).
The bimodal distribution of the time-to-peak of CP-unitary-EPSPs
is presented in Fig.2N. In case of double-peaked unitary EPSPs
the amplitude and time-to-peak were measured for the first peak.

Fig. 3 shows the relation between the time-to-peak and

amplitédes of these corticorubral unitary EPSPs. we noted a
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Fig. 3. Relation between time—to—ﬁeak and peak amplitude in

corticorubral unitary EPSPs. (e), unitary EPSPs of normal cats

as reported by Murakami et al. (1977a); (*), unitary EPSPs of
our cross-—-innervated cats. Each point represents the averagé
time-to-peak and the average amplitude of 30-40 consecutive
traces obtained for each unitary EPSP. The large open circles
labelled 1-5 represent the time-to-peak and amplitude of
theoretical EPSPs, derived by applying the compartment model
of Rall'(l964) to typical RN cells at each of a chain of five
compartments (Murékami et al., 1977a). The circled numbers
correspond to the compartments. The inset shows the relative
time course and amplitude of theiretical EPSPs generated in

those comaprtments.
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tendency for unitary EPSPs with shorter time-to-peak wvalues to
have larger amplitudes. This relation is predicted theoretically
by Rall’s compartment model, as schematically illustrated in

the inset of Fig.3. It has been reported that Rall’s model is
applicable to RN cells (Tsukahara et al., 1975c; Sato and
Tsukahara, 1976). There was good agreement between the theoretical
curve and our experimental findings. These results suggest that
the new synpses formed, after cross~innerva£ion experiments
developed on the proximal dendrites of RN cells. The finding

that some corticorubral unitary EPSPs have both fast and slow
components indicates that axonal sprouting ﬁay occur in a proximal

direction from axons previously connected to the RN cells at

distal sites.



Cable properties of RN cells after cross-—innervation

We investigated whether peripheral cross-innervation
produced a change of the cable properties of RN cells. Fig.4A
illustrates the membrane potential change induced by a step
current in an RN cell from a cat cross-—-innervated 110 days
earlier. The voltage transient thus obtained were measured at
0.2 or 0.5 msec intervals and ploted on the semilogarithmic
coodinates. Voltage points could be fitted by a straight line
except during the initial 2 msec. This straight line
gives the membrane time constant;‘to=5.3 msec. If the difference
between this straight line and the deviated data points of the
initial 2 msec are plotted on a semilogarithmic scale, they
could be fitted by another straight line, the slope of which
gives a time constant of a second exponential function,’tl=0.7
msec. The mean tim%gonstant,‘tb, was 5.2 + 0.7 msec (n=10);
in normal cats it was 5.6 + 1.0 msec (n=25) (Tsukahara et al.,

1975c¢c); T, was 0.69 + 0.19 msec (n=10); in normal cats it was

1
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0.6 + 0.2 msec (n=25) (Tsukahara et al., 1975c). The mean membrane

resistance of RN cells was 2.5 + 0.8 M{l, not significantly
different from that of normal cats (2.5 + 0.9 MfL) (Tsukahara
et al., 1975c). From the ratio of‘tl and’to, it was possible
to estimate the electrotonic length of RN cells L, using the

equation of Rall (1969) L=7r/{1:0/tl—1 . In Fig.4B, the

electrotonic length was plotted against the respective input

resistance of RN cells. The mean electrotonic length was somewhat
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Fig.4. Membrane potential change induced by a step current in

an RN cell from a cross-innervated cat, and cable parameters

Al

of RN cells. A: Semilogarithmic plot of the membrane transient

response at the onset of the hyperpolarizing current pulse.
Inset recordes: Intracellular (middle trace } and extracellular
(lower trace) potential changes induced by a hyperpolarizing
current’step (upper trace). The straight tail portion of the
curve at times larger than 2 msec represents the first time
constant,'ro = 5.3 msec. The difference between the experimental
data (e) and the extrapolated line at times shorter than 2

msec was plotted on a semilogarithmic scale (x). The line
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through the crosses represents the second equalizihg time constant,
Tl = 0.7 msec. B: Plot of electrotonic length, L, or the
increment of L in the five compartments model, AZ, (ordinate)

of RN cells against input membrane resistance (abscissa). (o),

data from cats with cross~-innervation; (o), data from normal

cats (Tsukahara et al., 1975c).
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larger in cross-innervated cats, 1.2 + 0.2 (n=10) (versus 1.1
+ 0.15, n=25; Tsukahara et al., 1975c). These data were obtained
from the C-cell of cats sujected to cross-innervation between

110 and 250 days earlier.

Convergenée number of interposito-rubral synapses

One of the possible mechanisﬁs underlying the induction of
sprouting after cross-—innervation may be the degeneration of
IP neurons, resulting in lesion-induced sprouting in RN cells.
This hypothesis can be tested by determiming the extent of
convergence of IP axons onto RN neurons before and after
cross—-innervation.

The rising slope of IP-induced EPSPs was measured from
intracellular records from which the extracellular field potentials
at different stimulus intensities were subtracted‘(Toyama et
al., 1970). Fig. 5E plots the rising slope of the IP-EPSP as
a function of stimulus intensity. Saturation occurs above 20
volts of IF stimulation. This would indicate that all the IP
axons converging onto the cell are excited. Therefore, the
steepest rising slope of the maximum IP-EPSP would indicate
that all IP axons converging onto the RN cells are excitied
in this experimental condition. The unitary EPSPs of the same
cell at threshold stimulus intensity, were recorded (Fig. 5A)
and the mean rate of the rise of unitary EPSPs was measured.
The difference of the ratio of the slope between the maximum

EPSP and the unitary IP-EPSPs gives the number of IP axons
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represent the extracellular controls. Application of time and
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converging onto the RN cells (Toyama et al., 1970). In the
experiment shown in Fig. 5, the mean rate of rise of the unitary
IP-EPSPs was 1.5 volt/sec, the maximum rafe of rise was 72
volt/sec. Therefor, the convergence number of IP axons onto
this RN cell was measured to be 48.

The convergence number of interposito-rubral synapses,
obtained for 8 C-cells from cats cfosé—innervated from 102
to 147 days earlier ranged from 37 to 57, (48 + 6, n=8). This
value is similar that obtained in normal cats (47 + 1, n=3,

Toyama et al., 1970).

DISCUSSION

The present investigation shows that, as in composite
EPSPs (Tsukahara et al., 1981), a new fast-rising component
appeared in the unitary corticorubral EPSPs after cross-innervation
of the cat peripheral nerves. Similar findings have been reported
after the destruction of the nucleus interpositus of the
cerebellum, suggesting that functional synapses are formed on
the proximal portion of the soma-dendritic membrane of RN cells.
However, there are several other possibilities which need to
be considered.

First, shrinkage of RN neurons which may occur after
cross—innervation, would result in a shortening of the electrotonic
length. However, this possibility is unlikely since the
electrotonic length was actually slightly longer. Moreover,

it is not possible to explain the dual peaks of the

corticorubral EPSPs after cross—-innervation by a change in the



electrotonic length of RN qells. Therefore, the formation of
new synapses at different locations is a reasonable hypothesis.

The present paper provides additional evidence supporting
the formation of new synapses. Analysis of the
corticorubral unitary EPSPs revealed a change in amplitude and
time—-to-peak, as would be expected if new synpses are formed
at the proximal portion of the RN cell dendrites.

The second question we asked in undertaking the present
investigation was whethef the formation of new synapses occurs
without a major change in the input from the nucleus interpoitus.
Previous studies have shown that after lesion of the nucleus
interpositus, sprouting and formation of new functional synapses
occur from the corticorubral fibers (Tsukahara et al., 1975a,b;
Murakami et al., 1977a, b). Therefore, the possibility exists
that after cross—-innervation, degeneration of the IP neurons
took place, leading to the sprouting of corticorubral fibers.
However, this possibility is unlikely because, according to our
physiological estimate of interposito-rubral convergence, there
is no large-scale degeneration of the interposito-rubral synapsae:s
after cross—-innervation.

The time course of the EPSPs is determined by a number_
of factors; 1) the time course of the synaptic current; 2) the
location of the synapses on the neuronal séma—dendritic membrane
(Rall, 1964; Tsukahara et al 1975c) 3) the dendritic and

electrical properties of the neurons, such as time constant,
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electroﬁonic length and soma-dendritic conductance ratio (Jackr
et al., 1971; Tsukahara et al., 1975c), 4) the temporal
dispersion of impulses during conduction of presynaptic fibers
(Tsukahara and Kosaka, 1968), Although the last factor can be
excluded iﬁ the case of unitary EPSPs, it is not cléar whether
the appearance of the fast-rising compoﬁents of the corticorubral
EPSPs is exclusively due to relocation of the synapses. The
variation on the shape and amplitude of unitary EPSPs may well
be due to variations in the amount and time course of synaptic
currents. Nevertheless, the observed tendency of fast-rising
corticorubral unitary EPSPs to be larger in amplitude, in the
manner expected from the theoretical piediction,‘is'in accord
with the hypothesis that the fast-rising unitary EPSPs are
generated at a site closer to the soma than the slower ones.
Furthermore, the faSt—rising component is more sensitivev to
membrane potential displacemént than the slow-rising components
(Tsukahara et al., 1981); this also supports the view that
fast-rising EPSPs are produced by synapses closer tc the soma
than slow-rising ones..Electron microscopic studies may answer
the question as to whether the synapses are produced from cortical
fibers on the proximal portion of the dendrites of RN cells,

as is suggested by physiological data.
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SUMMARY

The effects of cross—-innervation of peripheral flexor and
extensor nerves on the time course and properties of red nucleus
(RN) neurons were studied in adult cats.

Time course:of. corticorubral unitary EPSPs was examined. In
operated cats, RN neurons innervating upper spinal segments
(C-cells) manifested corticorubral unitary EPSPs with shorter
time-to-peak and larger amplitude than in normal cats. The
mean amplitude of these EPSPs was 0.41 + 0.11 mV; the mean
time-to-peak was 1,14 + 0.51 msec (n=18). These wvalues differ
from normal cats (0.33 + 0.09 mvV, and 2.68 + 0.6ll’msec, n=22).

RN neuron membrane properties were examined in cross-innervated
cats. The main time constant was 5.2 + 0.7 msec (n=10) , the
shorter equalizing time constant, 0.69 + 0.19 msec (n=10), the
input resistance, 2.5 + 0.8 M. These values were not significantly
different.from those of normal cats. The electrotonic length
was 1.2 (n=10), somewhat larger than in normal cats.
The number of converging interposito-rubral synapses,
estimated in 8 cells from cross-innervated cats, ranged from
37 to 57. This was not significantly different from normal cats,
and indicated that there is no large-scale degeneration of

interpositorubral synapses after cross-innervation.
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These results suggest that sprouting and formation of
functional synapses occur after cross-innervation of peripheral

flexor and extensor nerxrves.

Key Words : Sprouting—-Red Nucleus--Cross-Innervation--

Unitary Corticorubral EPSPs-—-Cable Properties.
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CHAPTER IV

SYNAPTIC INPUTS OF RUBROSPINAL NEURONS FROM ASSOCIATION CORTEX,

PRETECTUM, MEDIAL LEMNISCUS IN THE CAT AND THEIR PLASTICITY.
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INTRODUCTION

The rubrospinal neurons (RN neurons) receive synaptic
inputs from the ipsilateral sensorimotor cortex (SM)and the
contralateral nucleus interpositus (IP) of the cerebellum.
(T'sukahara and Kosaka, 1968; Toyama et al., 1970} Tsukahara
et al., 1975b) . Electrophysiological and histrological
investigations have shown that synapses from SM are located on
the distal dendrites of RN neurons while those of IP are
terminated on the soma (Tsukahara and Kosaka, 1968; Tsukahara
et al., 1975b; Toyama et al. 1970; Brown, 1974: XKing et al.,
1972 and 1973; Nakamura and Mizuno, 1971; Murakami et al., 1982)
In receﬁt studies it has been reported that after IP lesions
or cross—innervation of peripheral nerves, sprouting of cortico-
rubral fibers occurs and new synapses are formed at the proximal
portion of the dendrites of RN neurons (Tsukahara et al., 1975a;
Murakami et al., 1977a, 1982; Tsukahara et al., 1982; Fujito
et al., 1982)

In several studies, it has been suggested that there are
other synaptic inputs to RN neurons which términate on somewhere
between the soma and distal dendrites (Tsukahara et al., 1975b;
Nishioka and Nakahama, 1973; Massion, 1961; Eccles et al., 1975a).
Anatomical observations have shown that there are other cortical
inputs from the parietél association cortex and secondary sensory
area (Rinvik, 1965; Mabuchi and Kusama, 1966; Mizuno et al.,

1973) . Furthermore, Cajal described that lemniscal fibers
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project to the RN nucleus, and recent anatomical investigations
have shown that pretectal fibers terminate in RN nucleus (Graybiel,
1974; Itoh, 1977).
| The present study attenpted to identify synaptic inputs
of RN neurons other than IP and SM and characterize the properties
of the synaptic potentials»produced by these new inputs in
some deﬁail. Attempts are also made to clarify the possible change
of these synaptic‘inputs after destruction of the major synaptic
input of the RN cells, nucleus interpositus of the cerebellum
(IP). It will be shown that association cortex, pretectal area
and the medial lemniscus give excitatory and inhibitory inputs
to RN neurons. Furthermore, after destruction of the.IP, the
lemniscal and association cortical inputs increase the transmission
efficacy possibly by sprouting .

Some of the present findings have been reported in brief

(Fujito et al., 1978).
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MATERIALS AND METHODS

Five types of preparations were used; Normal (n=28), both
SM and IP destructed (n=6), IP lesioned (n=1), IP and dorsal
column nuclei (DCN) lesioned (n=1) and decerebrated (n=1l) cats.

Chronic operation

Cats were anesthetized with pentobarbitone sodium injected
intraperitoneally (35 mg/kg) in chronic operaions. In case of IP
lesion, DCN lesion or decerebration , bothe the right IP and
dentate nuclus, the right DCN or caudal part of the left internal
capsule was destroyed stereotaxically. Ablation of the left
SM was perfdrmed by suction under direct wvision. Each chronic
destruction was performed more than two weeks before the acute
experiment.

Stimulation and recording

In acute experiments cats were anéihetized with pentobarbitone
sodium (35 mg/kg), immobilized by gallamine triethiodide and
artificially respirated. Supplement doses of pentobarbitone and
gallamine were injected intravenously as required. The methods
of stimulation and recording from RN neurons were essentially
the same as those employed previously (Tsukahara et al., 1975a).
Bipolar stimulating electrodes made of acupuncture needles,
insulatied except at the tips were inserted stereotaxically
for stimulation of several sites. The left cerebral cortex
was stimulated by those bipolar acupuncture electrodes inserted

into the depth of 1.0-1.5 mm from the cortical surface. The
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arrangement of electrodes for stimulation of cerebrum are shown
diagramatically in fig. 1A. RN neurons were identified
antidromically by stimuiating the contralateral surface of spinal
cord at C,and L |

1 1
were designated as "C-cells". those activeted from Cl and Ll,

segments; RN neurons activated only from Cl

as "L-cells" (Tsukahara and Kosaka, 1968). Glass microelectrode,
filled with 2M NaCl or 2M k-citrate and having an electric resistance
of 6—16 M} were used. Intracellular recording was performed

from the left RN neurons. In some animals, recording from

RN _neurons in the right was done for testing the crossed
cerebro-rubral projection. The degree of lesions and the locations
of stimulating electrodes were verified by histological
examination after the acute experiments. Following abbreviations
were used in the text as well as in the figures:

AC: anterior cruciate gyrus |

AES: anterior ectosylvian gyrus

ASS: anterior suprasylvian gyrus

Cl: first cervical segment of spinal cord.

CP: cerebral peduncle

IP: nucleus interpositus of the cerebellum

LAT: l?teral gyrus

le first lumbar segment of spinal cord

ML: medial lemniscus

MSS: medial suprasylvian gyrus

MII: supplementary motor area

PASC: parietal association cortex



Fig.1l
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Fig.l EPSPs induced by cerebral cortes.

A: Arrangement of electrodes for stimulation of cerebral
cortex. pen and filled circles ' represent effective
positions of stimuli for inducing corticorubral EPSPs. No EPSP
was recorded by stimulating the loci indicated by crosses. Dotted
line which links adjacentrstimulation-points indicate pairs of
bipolar electrodes. B-G exemplify corticorubral EPSPs induced
by cathodal stimﬁlating current via electrodes labelled by v,
w, X, vy and z in A. B-D represent corticorubral EPSPs in a RN
cell, E-G: Corticorubral EPSPs induced in other RN cell. Upper
traces, intracellular records; Lower traces, corresponding
extracelluar reéords in B-G. H-K show a collision experiment
of EPSPs induced from PASC and CP. CP stimuli were applied at
various time intervals after preceding PASC stimuli. Downward
arrows in H-L indicate the onsets of PASC and CP stimuli. L
shows the extracellular control. Time calibration in L also
applies to B-K. Voltage calibration in G also aplies to B-F.

Voltage calibration in L also applies to H-K.



PC: posterior cruciate gyrus
PCC: pericruciate gyrus

PRT: pretectal area

PS: presylvian gyrus

PR: proreus gyrus

PY; pyramidal tract

SM: sensorimotor cortex

SII: secondary sensory area

RN: red nucleus

RESULTS
RN neurons were identified by their antidromic activation

from the C, spinal segment. RN neurons with spike amplitude

1
of more than 50 mV were selected for the following analysis.

1. Cerebral inputs of RN neurons

Cerebrorubral projections were investigated in 26 normal
cats. Fig. 1B-G illustraégéxamples of cerebrally-induced EPSPs
in two RN cells by stimulating six different cortical areas;
rostral portion of the parietal association cortex (PASC,
anterior part of lateral gyrus, posterior part of anterior
suprasylvian gyrus and anterior part of middle suprasylvian
gyrus), secondary sensory area (SII’
), presylvian gyrus (PS), proreus gyrus, supplementary motor

area (M medial surface of anterior cruciate gyrus) and

II1’
pericruciate gyrus (PCC, limb and trunk area of sensorimotor

anterior ectosylvian gyrus

77
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cortex). By stimulation of the ipsilateral PASC, S PS and

i1’
PCC( filled or open circles in Fig. 1A) EPSPs were produced in
RN neurons. The EPSPs were occasionally followed by membrane
hyperpolarizatien (not illustrated). EPSPs could not be produced
by sﬁimulating the proreus gyrus and MII(crosses in Fig. 13).

No responses was observed.by stimulating the contralateral
cerebral cortex.

Cortically-induced EPSPs had a slow rise time similar to

that reported previously for the PCC~EPSPs (Tsukahara et al.,
1967; Tsukahara and Kosaka, 1968). The mean and S.D. of latencies

of the EPSPs induced from PASC, PS, S and PCC were 2.1 + 0.6

IT
msec (n=51), 2.1 + 0.8 msec (m=29), 2.6 + 0.8 msec (n=31) and
1.8 + 0.4 msec (n=77), respectively. The mean and S.D. of times

to peak of the EPSPs from PASC, PS, S.__ and PCC were 3.4 + 1.1

II
msec (n=51), 3.3 + 0.9 msec (n=29), 3.9 + 1.5 msec (n=31) and

3.9 + 1.2 msec (n=77), respectively. PASC and SII—induced EPSPs
were found in cats where PCC, PS and anterior suprasylvian

gyrus were ablated two weeks previously. (SM ablated cat). This
indicates that PASC and SII—induCed EPSPs are at least partly
produced through independent pathway other than that mediated

by SM. Furthermore the PASC, PS and SII —-induced EPSPs interfered
with CP-EPSPs at short intervals (within 1.5 msec ), (partly
shown in Fig. 1H-L) by the impulse collision. Therefore, PASC,

PS and SII -rubral fibers pass through the CP. In view of the
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short latency of CP-EPSPs with chronic ablation of the SM, these
PASC,‘PS and SII—induced EPSPs were considered to be produced

monosynaptically.

Topographical organization of cerebro-rubral projections

As shown in Fig. 1B-G, each RN cell resieves serebral inputs
from differet cortical areas and effective sites to produced
the EPSPs were varied in  individual RN cells. We investigated
whether there are some characteristics of cerebral projection
pattern, such as somatotopy or topography, or not. According
to the histological (Rinvik and Walberg, 1964; Mabuchi and
Kusama , 1966; Pompeiano and Brodal, 1957; Martin et al., 1974)
and physiological (Tshukahara and Kosaka, 1968; Padel et al.,
1972, 1973) observations, the SM-RN projection is arranged in
a somatotopical manner; the lateral part of SM, forelimb area,
projects to the C-cells which are located in the dorsomedial
portion of RN,and the medial part of SM projects to the L-cells
located in the ventrolateral portion of RN. Here, RN neurons
were divided into two groups; neurons innervating the cervico-
thoracic segments were refered to as C-cells and neurons innervating
the lumbosacral segments were refered to as L-cells (see methods).
Stimulation of the medial part of PASC induced EPSPs predominantly
in L-cell (27 L-cells) and some in C-cells (5 C-cells).
Stimulation of the lateral part of PASC induced EPSPs in C-cells
(19 C-cells) (Fig. 2A). Therefore, there was a tendency of

somatotopy that C-cells receisve inputs from the lateral part
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Fig.2 topogrraphycal arrangements of PASC-rubral projection.

A: Frequency distribution of effective site®to produce PASC-induced
EPSP in each RN neuron. Ordinate, number of RN cells. In the |
left group, medial part of PASC was effective site, while the

right group represents the RN cells where lateral part of PASC

was effective site. Open columns represent C-cells; Dashed

column , L-cells. B: Comparison of probability of appearance
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of PASC-induced EPSPs in the rostraly-located RN and the caudally-
~located RN cells. Shaded columns represent the number of RN

cells in which PASC-induced EPSPs were observed and open columns
represent RN cells in which PASC-induced EPSPs were not found.

C: Comparison of threshold stimulating currents for evokeing

PASC~ and SM-induced EPSPS. Open column: RN cells in which
threshold currents of PASC~induce EPSPs were lower than those

of SM-EPSPs. Hatched column: RN cells where threshold currents

of PASC-induced EPSPs were higher than those of SM-EPSPs.
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of PASC whreas L-cells receive projection from the medial part

of it, although there is some overlaps. PS-induced EPSPS were
found in 20 C-cells and 9 L-~cells. SII—induced EPSPs were observed
in 18 C-cells and in 13 L-cells.

Topographical organization of PASC-rubral projection in
rostro-caudal orientation was also examined. RN neurons were
divided into two arbitrary groups by their locations of the
stereotaxic coordinats; the one at equal or anterio than A 4.0
and the other posterior than A4.0. 26 oﬁt of total 45 cells
of the rostral RN cell group received PASC-induced EPSPs, while
25 out of 72 cells of the caudal group received PASC-induced
EPSPé (Fig. 2B). Therefore, it appears that there was a tendency
that PASC-rubral projecfion was more evident in the rostral
group than in the caudal group (p. 0.05).>Furthermore, threshold
currents to produce PASC-induced EPSP and PCC-induced EPSP were
compared in 40 RN neurons. In the rostral RN cell group, PASC
was more effective for'incuding EPSPs than SM. In contrast,

PASC was less effective in the caudal group than SM (Fig. 2C).
The tendency that PASC input was more predominant than SM input
in the rostral group was statistically significant (p° 0.01).

As to PS-rubral and SII—rubral projections, no significant
topographical organizations were revealed in this study.
Because the somatotopical arréngement of PASC-rubral_  projection

was similar in both the rostral and caudal RN cell group, it

was concluded that the medial part of PASC projects predominantly
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to L-cells in the rostral part of RN and the lateral part of
PASC projects predominantly to C-cells in the rostral part of
it.

Appearance of new fast-rising component in PASC-induced EPSPs

following chronic IP lesion.

It has been reported that SM-rubral fibers sprout and form
new synapses on the proximal portion of soma-dendritic membrane
of RN neurons and new fast-rising SM-EPSPs appear following
chronic IP lesion (Tsukahara et al., 1974, 1975a; Murakami et
al., 1977, 1982). Sprouting phenomenon of the PASC-rubral projection
was examined after chronic destruction bf the contralateral IP
and dentate nucleus in this section. Fig. 3 shows CP-and PASC-
—~induced EPSPs in a cat IP lesioned 11 months before. In this
cat, CP-EPSPs had dual peaks of a fast-rising component super-
imposed on the normal slow-rising component as reported in the
previous reportes (Fig. 3C) (Tsukahara et al., 1974, 1975a;
Murakami et al., 1977). Fig. 3D-F illustrate PASC-induced EPSPs
having a new fast-rising component of rise time of about 1 msec
and EPSPs from the lateral part were most predomiant. On analogy
with similar finding of SM-EPSPs after destruction of IP, it
is likely that the newly-appeared fast—-rising component of PASC-
~inducéd EPSPs are due to the sprouting of new synapses formed
on the proximal portion of the soma-dendritic membran of RN

neurons.
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1 C-cell
D -

PASC IP

Fig. 3 Appearance of fast-rising component in PASC-induced EPSPs

after chronic IP lesion. A illustrates the sites of PASC

stimulation. B: Diagram of PASC-rubral connections following

the IP déstruction. Sprouting of this new collaterals is indicated
in black. Shaded neuron indicates‘the lesion. C: CP-EPSPs in

a RN neuron from a cat with the IP lesion. D-F: PASC-induced

EPSPs produced in a C-celi from the same cat by stimulating the
cortical sites labelled by 1, 2, 3 in A. Upper traces show
intracellualr recording and lower ' traces indicate the extracellular

controlls in C-F.
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2. Brain stem inputs to the RN neurons

In this section, synaptic inputs from the pretectal area
(PRT, in 7 cats) and the medial lemniscus fibers (ML, in 5 cats)
were investigated. Fig. 4A exemplifies the EPSP induced by the
ipsilateral PRT stimulation having a short time to peak of
1.0 msec and a latency of‘0.8 msec. The mean and S.D. of the
latencies of the PRT-induced EPSPs were 1.1 + 0.3 msec (n=18)
and those of times to peak were 1.0 + 0.4 msec (n=18). Judging
from their short latency, these EPSPs were produced monosynaptically.
The mean time to peak of PRT-induced EPSPs was significantly
shorter than that of the CP-EPSPs (p< 0.0005), and slightly but
significantly longer than that of the IP-EPSPs (0.71 + 0.23 msec,
n=32) (p4£ 0.005). The PRT-induced EPSPs were frequently followed
by the membrane hyperpolarization and the membrane hyperpolarization
could be inverted to the depolarizing potential by injecting
the hyperpolarizing current (Fig. 4B,C). Therefore, the membrane
hyperpolarizations were IPSPs. The latency of the IPSP in Fig.4B
was 2.2 msec.

Fig. 5A represents the EPSPs evoked by ML stimulation.
The latency of the ML-induced EPSPs ranged from 1.0 msec to 1.9
msec and the mean and S.D. of the latencies were 1.3 + 0.2 msec
(n=17) . Judging from their short latencies, it it is likely
that the shortest part of the ML-EPSPs were produced monosynaptically.
The mean time to peak of ML-EPSPs , 1.6 + 0.5 msec, was

significantly shorter than that of the CP-EPSPs (p< 0.0005) and
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Fig.4 PRT-induced EPSPs and IPSPs. A: PRT-induced EPSPs (upper
traces) and extracellular poteﬁtials (lower traces). B: PRT-induced
EPSPs and succeeding hyperpolarizing potentials. C: The invefted
depolarizing potentials by injecting the hyperpolarizing current

in the same cell to B.

D : the extracellular controls just outside the cell. Voltage
and time calibrations below A also apply to B-D. E, F: Frequency
distribution of the latency(E) and the time-to-peak (F) of PRT-

—~induced EPSPs.
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Fig.5 Medial lemniscal input to RN cells. A: ML-induced

EPSPs. -B: DCN-induced EPSPs in normal cats. C:
ML-induced EPSPs in the chronically decerebrated cat. ' D:
ML-induced EPSPs and following hyperpolarizations. In E, the
hyperpolarizations were inverted to depolarizing potentials by
injecting hyperpolarizing currents. F: Extracellular control
for D,E. G, H: Frequency distributions of the latency (G) and
the time-to-peak (H) of ML-induced EPSPs.Time and voltage

e

calibrations in - F also applies to A-E.
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significantly longer than that of the IP-EPSPs (p< 0.0005).

ML-induced EPSPs were also frequently foliowed-by membrane
hyperpolarizations and they éould be inverted to depolarizing
potentials by injecting the hyperpoalrizing current (Fig. 5D,E).
Therefore these membrane hyperpolarizatiéns were IPSPs. In two
cats stimulating electrodes were placed in the contralateral
dorsal column nuclei (DCN) which are origin of the ML fibers.
Stimulation of the DCN produced EPSPs (Fig. 5B) and evokéd the
succeeding hyperpolarizations similar to ML-induced PSPs (not
illustrated). |

In order to examine whether the PRT; and ML-induced
EPSPs were produced by different souces from those of the IP-
and the cerebral-induced EPSPs, both‘the contralateral IP and
the ipsilaterai SM were destroyed chronically in 4 cats, the
contralateral IP was destroyed in one cat, and the ipsilateral
decerebration was performed in one cat. In these chronic cats
the PRT-induced and the ML-induced EPSPs were produced in RN
cells. This indicates that the PRT-and ML-induced EPSPs originated
from the different synaptic sources other than the cerebellum
and the cerebral cortex.

It has been reported that the sensitivity of the CP-EPSPs
to membrane polarization is less sensitive than that of the
IP-EPSPs (Tsukahara and Kosaka, 1968; Tsukahara et al., 1975b).
The normalized amplitudes of EPSPs to membrane potential

displacements were defined as Vi/vo x 100% where Vi represents
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Fig.6 Sensitivity of PRT-and ML-induced EPSPs to membrane

hyperpolarization. A-C represent the effect of membran

hyperpolarization on the IP-, CP- and PRT~induced EPSPs in a

RN cell. A, B: Specimen records of EPSPs for C before (C.) and
during’membrane hyperpolarization by injecting the amount of

current labelled on each trace (nA). The lowermost traces show

the extracellular controls corresponding to upper traces. C:

Plot of the normarized amplitudes of these EPSPs from the experiment

partly shown in A and B against intensities of currents injected.
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Open circles, data of PRT—induced EPSPs; closed circles, data of
IP-EPSPs; open squeres, data of CP-EPSPs. D,E: Comparison of
the sensitivities between IP-EPSPSs and ML-induced EPSPs in
another RN}cell. D illustrates the effect of membrane
potential displacement on IP-and ML-induced EPSPs. Uppermost
traces represent the control record with.no current injection.
Middle two traces show records during membrane
hyperpolarizatién by passage of the amount of current labelled
on each trace (nA). Lowerﬁost’ trace 1s corresponding extracellular
field potentials. E: Comparison between the IP- (filled circles)
and ML-induced (open circles) EPSPs from experiment partly
shown in D. Normalized amplitudes of EPSPs are ploted against
the respective current intensities. Time calibrations in D

alsc applies to B. Voltage calibration in D also applies to A

and B.
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the amplitude of EPSP with current injection and VO represents
the mean amplitude of EPSPs with no current injection, and the
current sensitivities of EPSPs were defined as (Vi—Vo)/ VOI x

100 ¢ where I represents the intensity or injected current.
Fig.6A-C represent the effects of membrane potential change
on the IP-, CP- and PRT-induced EPSPs in a RN cell. Fig.6C

plots the normalized amplitudes of these EPSPs against the
intensities of the current injections. The slopes of lines
labelled by IP, PRT and CP represent the respective mean ratios
of the sensitvities of these EPSPs to membrane hyperpolarization.
The senstivity of the PRT-induced EPSPs was significantly smaller
than that of the IP-EPSPs (p<¢ 0.005), and significantly larger
than that of the CP-EPSPs (p«0.0005). This result suggests that
the PRT-rubral synapses located at more proximal portion of the
dendrites than the corticorubral synapses and more distal portion
of the dendrites than the IP-rubral synapses in the RN cell
represented in Fig. 6A-C. Fig. 6D,E show similar experiment for
the ML-induced EPSPs against the IP-EPSPs in another RN cell.
In this cell the ratio of sensitivity of the ML-induced EPSPs

was significantly smaller than that of the IP-EPSPs (p¢ 0.0005).
Therefore, it is indicated that the ML-rubral synapses are
located at more distal dendrites than the IP-rubral synapses

in the RN cell. The PRT-induced EPSPs were produced in both

C-cells (10 cells ) and L-cells (8 cells), and the ML-induced



EPSPs were also prodﬁced in both C-cells (9 cells) and L-cells

(8 cells).

Sprouting of ML-rubral synapses after the chronic IP lesion

It was shown that ML-rubral synapses are located on the
dendrites of RN cells in the above section. We examined the
possibility that ML fibers sprout and form new synapses after
the chronic IP destruction as corticorubral fibers. Fig. 7C,D
show ML-induced EPSPs in a RN cell of the cat with IP lesion
which were qharacterized with a shorter time to peak of 1 msec.
Since the normal ML-induce EPSPs (Fig. 7B} have a relative short
time to peak (1.6 msec in the mean value), and there is some
overlap in the time to peak of ML- and IP-EPSPs, the small
difference of rise time of ML-induced EPSPs between the intact

and the IP-lesioned cats was difficult to evaluate. However,

effectiveness of ML stimulation to induce the extracellular unit

spike of RN cells was clearly increased in the IP lesioned cats
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than that in normal cats. Single shock stimulations of ML excited

only 5 RN uniits out of 112 RN units in 3 normal cats. In contrast,

50 RN cells out of 56 RN cells were excited in 3 both IP and
SM lesioned cats. One of the mechanisms is that ML-rubral fibers
sprout and form new synapses following chronic IP destruction
(Fig. #A7).

Sprouting of the corticorubral synapses following the IP
lesion has been reported previously by Tsukahara et al. (1974,

1975a) . However, sprouting of collateral fibers of the pyramidal
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Fig.7 Medial lemniscal input after the chronic IP lesion. A: Diagram

of synaptic connection of SM- and ML-rubral input in cats with

the IP lesion. B: ML-induced EPS5Ps in a RN cell from a normal cat.

C,D: ML~induced EPSPs in a RN cell from the cat with the IP lesion.
Intensity of stimulation was increased from C to D. Lower traces

of B-D show the extracellular controls corresponding to upper traces.
Voltage and time calibrations in B also applies to C,D. E: Frequency
distribution of latencies of unit spikes activated by ML stimulation

in cats %ith IP and SM destructions. F: Number of RN unit spikes in
normal cats and the chronic cats with IP and SM lesions. Open columns
indicate RN units which were not excited by single shock ML stimulations.

Shaded columns represent RN units extited by the single shock

ML stimulations.
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tract in RN neurons of cats with IP lesion has been remained
unaskéd. The lemniscal input was also destroyed by chronically
destroying the contralateral DCN. EPSPs induced by the pyramidal
tract stimulation in Fig. 8B,'from a cat with both IP and DCN.
lesions, had a fast-rising component superimposed on the normal
slow-rising one and similar shape to CP-EPSPs in the same cat
(Fig. 8a). In view of the appearance of the dual peaked
CP-EPSPs in the IP lesioned cats, it apperars that the collateral
fibers to RN nucleus of the pyramidal tract also sprout and

form new syﬁapses at the proximal portion of soma—dendritié

membrane of RN cells following IP and DCN lesions.
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Fig.8 Appearance of fast-rising component in EPSPs induced by
stimulation of the pyramidal tract following chronic IP and

DCN destructions. A: CP-EPSPs in a cat with

IP and DCN lesions. B: Dual peaked PY-induced EPSPs

in the same cat. Upper traces in A and B represent intracellular
records. Lower traces in A, B show the extracellular controls.
C: Diagram of conections of SM-rubral and PY-rubral synapses

after IP and DCN lesions.
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DISCUSSION

Cortical inputs

In agreement with the histological rusults, present results

show that PASC projects to the rubrospinal (RN) neurons. Oka

et al. (1979) have showﬁ that PASC projects to parvocellular

red nucleus. The present results extend their finding to the
red nucleus neurons which send their axons to the spinal cord.

It has been shown that £he lateral portion of PASC projects to
the dorsomedial portion of the predominantly rostral part of
RN-and the medial portion of PASC projects to the ventrolateral
portion of the predominantly rostral part of RN (Mabuchi and
Kuséma, 1966; Mizuno et al., 1973). Since C-cells are located

in the dorsomedial portion and L-cells in the ventrolateral
portion of RN (Padel et al., 1972; Pompeiano and Brodal, 1957;
Eccles et al., 197Sa,b), these observations are in good accordance
with the present results that stimulation of the lateral part

of PASC produced predominaﬁtly EPSPs in C-cells and stimulation
of the medial part of PASC induced EPSPs predominantly in L-cells.
These PASC-induced EPSPs were more frequently recorded in the
rostral half of RN than in the caudal half. |

Since PASC corresponds to area 5 of Hassler and Muhs-Clement

(1964) and connected reciprocally with the pericruciate cortex
(PCC) 1Kawamura, 1973; Heath and Jones, 1971), a possibility
remains that some of the PASC-induced EPSPs are mediated

via the PCC. However, PASC-induced EPSPs were still
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observed in cats with chronic ablation of PCC. Therefore, it
were
is unlikely that PASC-induced EPSPs . _ mediated by PCC. Similarly,

SII—induced EPSPs were also produced in cats with chronic SM

ablation. Our result that PS-induced EPSPs were predominantly
produced in C-cells makes sense because PS corresponds to motor
area of face (Woolsey, 1958). Rinvik (1965) showed that proreus

gyrus and M project their fibers to the bilateral RN. However,

IT

proreus—induced and M__-induced EPSPs could not be recorded from

II

both sides. Thus proreus-rubral and M__-rubral projections may

IT
not exist or are very spare if they exist.

Typical slow rise time (about 3 msec) of the cortically-
-induced EPSPs suggests that PASC-, PS-, SII—induced EPSPs
were produced by synapses located on the distal dendrites as

SM-rubral synapses.

Brain stem inputs

Our results that stimulation of PRT produced PSPs are in
good accordance with the histological observations (Graybiel,
1974; Itoh, 1977) Furthermore, in agreemet with previous
physiological studies (Massion, 1961; Nishioka and Nakahama,
1973; Eccles et al., 1975a), there is peripheral inputs to the
red nucleus which are not mediated by the cerebellum or cerebral
cortex, Our result has shown that ML is the monbsynaptic input
to the red nucleus in agreement with the histological and
physiclogical studies (Cajal, 1909-1911; Hazlett et al., 1972;

Hand and Liu, 1966; Padel, personal communication).
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The mean rise time of PRT-.:and ML-induced EPSPs is
intermediate to those of CP-EPSPs and IP-EPSPs. Furthermore,
sensitivity 6f these PRT-and ML-induced EPSPs to membrane
hyperpolarization is also intermediate to those of CP- and
IP-EPSPs. Therefore, it is likely that synapses of PRT and ML
fibers terminated on the dendrites.between distal part where
SM fibers terminate and the soma where IP fibers terminate.
This is in agreement with the previous suggestion (Tsukahara
et al., 1975b) that some unidentified synaptic inputs exist
which terminate-between the soma and terminal dendrites.

The PRT is one of the key structure of extrageniculate
visual system (Kawamura, 1974) and receives visual inputs. RN
nerons receive short latency excitation by photic stimulation
(Massion, 1967, in review). It is likely that this visually-
-evoked responses are mediated via the PRT. Similarly, RN neurons
receive lemniscal input is consistent with the previous finding
that after cerebellectomy, stimulation of the peripheral nerve
produced short latency evoked responses in RN (Nishioka .and
Nakahama, 1973). However, it must be noted that the PRT- and
ML-induced EPSPs are less powerful than that of IP-EPSPs.
Therefore, the main traffic of signals to RN is considered to
be mediated by the IP.

Bromberg and Gilman (1978) reported that multiunit activities
in the red nucleus show an initial decrease of responses and
a subsequently show recovery after lesions of the contralateral
IP. To evaluate whether the restoration of activity depends

upon intact corticofugal fibers, ipsilateral PCC was ablated
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six weeks after the contralateral IP lesion. After the ablation,
there was an immediate drop in amplitude of the aétivity.
However, there is a slow restoration, indicating that other
inputs substitute the function of the destroyed IP and PCC.

The present study has suppleidAthat one of the mechanisms

of the slow restoration after both IP and SM lesion is sprouting

and formation of functional synapses from PASC and possibly from

ML inputs.



SUMMARY

Synaptic inputs of rubrospinal (RN) neurons from the cerebral
cortex, pretectal area (PRT) and medial lemniscus (ML) were
investigated physiologically. Stimulation of the ipsilateral
parietal association cortex(PASC) and secondary sensory area (SII)
produced slow-rising mondsynaptic EPSPs of 3 msec's rise time
and, in some cases, succeeding hyperpolarizations similar to
tﬁe sensorimotor cortex (SM)-induced PSPs which have been
previously shown. Stimulation of the contralateral cerebral
cortex never produced detectable PSPs. It was shown that PASC-
and SII—rubral projections pass thrqugh independent pathway
other than that mediated by SM and through the cerebral pedencle
(CP) . Topographicalsarrangement of PASC~-rubral projection was
found. Stimulation of the lateral part of PASC produced predominantly
EPSPs in RN cells which innervated the upper spinal segments,
while stimulation of the medial part of PASC induced EPSPs
predominantly in RN cells innervating the lumbosacral cord.
Further, PASC-induced EPSPs were more frequently recorded in
the rostral half of RN than in the caudal half.

Monosynaptic EPSPs and multisynaptic IPSPs were induced
by stimulation of the ipsilateral PRT, ML and its origin of
the contralateral dorsal column nuclei. PRT- and ML-induced
EPSPs had relatively fast mean time-to-peak and S,D, of 1.0 +
0.4 msec (n=18) and 1.6 + 0.5 msec (n=17), respectively. These
mean rise times were intermediate to those of CP-EPSPs and

IP-EPSPs. Furthermore, sensitivity of amplitudes of PRT-induced EPSPS



101

to membrane hyperpolarization was intermediate to those of CP-
and IP-EPSPs, and that of ML-induced EPSPs was lower +than
that of IP-EPSPs. Therefore, it is likely that synapses of PRT
and ML fibers terminate on the dendrites between distal where
CP-rubral synapses terminate and soma where IP-rubral synapses
terminate.

PASC-induced EPSPs after the chronic IP lesion had new
fast-rising component and effectivenes of ML stimulation to
induce the unit spike of RN cells was clearly increased in
the IP and SM lesicned cat. Thus it was indicated that
PASC- and ML-rubral fibers sprouted and formed new synapses after

chronic IP destruction.
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CHAPTER V

LESION-INDUCED SPROUTING IN THE KITTEN RED NUCLEUS
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INTRODUCTION

Although axonal sprouting and formation of new
synapseé was first demonstrated in the 1950s (Edds, 1953),
it has been difficult to demonstrate sprouting of central
axonal connections unequivocally. However, recent studies
have provided convincing evidence that sprouting does occur at
central synapses and also that the newly-formed synapées
are functionally active (Raisman, 1969; Moore et al., 1971;
Steward et al., 1973; Cotman and Lynch, 1978; Lund, 1978;
Tsukahara et al., 1974; Tsukahara, 1981).

Feline red nucleus (RN) neurons have proved a particularly
felicitous substrate to demonstrate whether new, functional
synaptic connections form following lesions, due to the ease of
identifying their synaptic ihput: The rubroséinal neurons
receive two kinds of synaptic input, one from the contralateral
nucleus interpositus (IP) of the cerebellum on the somatic
portion of the cells, and the other from the ipsilateral
cerebral cortex on the distal dendrites. The physical segregation
of the two types of input determines the characteristics of
postsynaptic potentials as recorded in the RN cells (Tsukahara
and Kosaka, 1968; Tsukahara et al., 1975b). By taking advantage of
this synaptic organization, it has been possible to demonstrate
that sprouting and formation of functional synapses occurs
in the adult cat RN after destruction of the nucleus interpositus
of the cerebellum (Tsukahara et al., 1974, 1975a). The

newly-formed corticorubral synaptic transmission is
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characterized by facilitation and posttetanic potentiation

as in normal corticorubral synapses (Murakami et al., 1977).
There is also evidence to suggest that sprouting and formation
of functional synapses occurs in the cat after cross-innervation
of peripheral flexor and extensor nerves (Tsukahara and Fujito,
1976; Tsukahara et al., in press; Fujito et al., in press).

In this study we have investigated neuronal sprouting
in the kitten red nucleus following lesions of the ipsilateral
cerebral cortex and contralateral IP. Young cats were used for
these experiments because it is generally agreed that the
degree and extent of neuronal sprouting is more remarkable
after denervation in the neonatal stage than in the adult stage
(see Cotman and Lynch, 1976; Lund, 1978; Tsukahara , 1981 for
reviews). The histological work of Nah and Leong (1976a.and b)
has previously demonstrated that, in rats, crossed corticorubral
porjections do appear affer lesions of the ipsilateral cerebral
cortex.

We have used physiological techniques to explore neuronal
sprouting in the kitten RN and have, in particular, attempted to
answer the following questions; 1) Do functional crossed
cortico~-rubral projectioné form after lesions to the
iésilateral cerebral cortex? 2) Are the inhibitory and excitatory
component of newly formed crossed-rubral projections organized
as in normal ipsilateral corticorubral projections? In the
normal animal fast-conducting pyramidal tract fibers inhibit
RN neurons postsynaptically, while slow-conducting pyramidal

tract and corticorubral fibers excite monosynaptically via
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synapses on the distal dendrites. 3) Are crossed corticorubral
projéctions somatotopically organizaed as in the normal
animal? In normal cats the forelimb cortical area projects
onto RN cells innervating the upper spinal segments, whereas
the hindlimb cortical area projects onto RN cells innervating
the lower spinal segments.

preliminary reports of some of our results have already
been published (Fujito et al,. 1980; Tsukahara, 1980;

Tsukahara and Fujito, 1981).

METHODS

Kittens from 17-149 days after birth were used. Kittens
were anesthetized with pentobarbitone sodium and ablation
of the left cerebral cortex was performed under direct
vision in aseptic conditions (22 kittens). In 7 kittens
hemicerebellectomy was performed also under direct vision.
Procedures for intracellular recording from RN neruons
were the same as those reported previously ( Tsukahara
et al., 1975), although the size of the brain in the young
animal necessitated a recalibration of stereotaxic coordinates.
RN neurons were identifiéd antidromically by stimulating

v

the contralateral Cl and Ll spinal segments; RN neurons activated

from C, and L, were designated "L-cells", those activated

1 1
only from Cl’ “C-cells" (Tsukahara and Kosaka, 1968). Cortico-
rubral fibers were stimulated at two levels; within the

sensorimotor cortex (SM) and at the cerebral peduncle (CP).

The degree of ablation of the cerebral cortex and the
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Fig.l EPSPs produced in normal kitten .red nucleus neurons

A: EPSPs elicited in a RN cell by stimulating the contralateral
nucleus interpositus of the cerebellum (c-IP) (upper trace).

The lower traces of Aib are corresponding extracellular

traces as recorded just outside the cells. B: EPSPs induced

by stimulating the ipsilateral IP (i-IP). C: EPSPs induced

by stimulation of the ipsilateral cerebral peduncle (i-CP).

D: EPSPs induced by stimulating the contralateral cerebral
peduncle (c~-CP). E,F: Frequency distribution of the time~-to-peak
of the EPSPs elicitied in 80 day old kitﬁen red nucleus.

E: c-IP, F: i~CP. G: Diagram of the RN neuronal connections

Dashed line indicates the midline.
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hemicerebellectomy were checked histologically after

physiological experiments were completed.

RESULTS
Intracellular records were obtained from 263 RN cells
from 34 kittens 37-302 days old. The RN cells were identified
antidromically by stimulation of C, and L., spinal cord.

1 1

1. Synaptic organization of kitten red nucleus

Figl. shows synaptic potentials recorded intracellularly
in normal kitten RN cells. Synaptic potentials produced in RN
neurons from 5 kittens 37 to 132 day old are vittually the
same as those previously recoréed in adults. Stimulation of the
contralateral nucleus interpositus (IP) of the cerebellum produces
fast-rising EPSPs (Fig.lA,E) with a mean latency of 1.0 + 0.2
msec (n=39) and time-to-peak of 0.75 + 0.3 msec (n=39) as in
adult red nucleus (Tsukahara, Toyama, and deaka, 1967) . Such
EPSPs were only produced by stimulating the contralateral IP
and not the ipsilateral IP, as shown in Fig.lB. Stimulation
of the ipsilateral cerebral sensorimotor cortex (SM), or
itsdfibers at the cerebral peduncle (CP), produces slow-rising
dendritic EPSPs (Fig.lC,F) as in normal adult cats. These
CP-EPSPs are sometimes followed by an IPSP as in the adult

(see below). Stimulation of the contralateral CP does not produce

any postsynaptic potentials in the majority of RN cells,
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Fig.2 Newly-appeared EPSPs in kitten RN after destruction

of the ipsilateral cerebro-rubral input

A: Newly-appeared EPSPs induced in a RN cell by stimulation of
the contralateral cerebral peduncle (c-CP) (upper trace).
Corresponding extracellular records are illustratéd by the
lower traces in A-C. B: EPSPs induced by stimulating the
ipsilateral interpositus nucleus (i-IP) of the cerebellum.

C: Newly-appeared dual-peaked EPSPs induced by stimulation of
the contralateral IP (c-IP). Voltage calibration in B also
applies to A. Time calibration in C also applies to A and B. D:
Diagram illustrating sprouting in the kitten red nucleus

(RN) after destruction of the ipsilateral cerebral cortex.

Arrows indicate nery~formed synapses. Dashed line shows the
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midline. E: Frequency distribution of appearance of each

source of sprouting. Ordinate, number of RN cells. Left

column, RN cells in which c¢—-CP~EPSPs were recorded, middle

column, RN cells in which c-CP-EPSPs were recorded, right

column, RN cells in which a slow-rising component of c-IP EPSPs was
recorded. F: Frequency distribution of numbers of sprouting

sources in each RN cell. Ordinate, number of RN neurons.

Left column indicates RN cells where only one source of

sprouting was recorded. Open column, RN cells where only c—~CP-EPSPg
were recorded, obligue lined column, RN cells where only

double peaked c—-IP-EPSPs were recorded, vertical column, RN cells
where only i-IP—-EPSPs appeared. Middle column shows RN cells in
which two sprouting sources were simultaneocusly recorded. Open column,
RN cells where c-CP and dual-peaked c-IP-EPSPs were induced. oblique
lined column, RN cells in which i-IP and dual-peakd c—~IP-EPSPs

were elicited, vertical lined column, RN cells where c¢-CP and
i-IP-EPSPs were induced. Right column: RN cells where all three

new inputs were simultaneously recorded.
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as shown in Fig.1lD. The latency of the CP-EPSPs is 1.4 + 0.4

msec (n=40) and time-to-peak is 3.4 + 0.8 msec (n=40). Although
the latency of the CP-EPSPs is somewhat larger than that of normal
adult ctas (1.0 + 0.2 msec, n=100, Tsukahara et al., 1975),

these data indicate that the synaptic organization of the

kitten red nucleus is virtually the same as that of the adult.

2. Appearance of the postsynaptic potentials in RN cells

after lesion of the ipsilateral corticorubral input

Typical slow CP-EPSPs evoked in a RN cell by stimulating
the contralateral CP are illustrated in Fig.2A. In somé cases,
slow-rising EPSPs were also produced by stimulating the ipsilateral
IP (Fig.2B), and further stimuation of the contralateral IP
prodﬁced fastfrising IP-EPSPs followed by a slow—-rising component,
as shown in Fig.2C. The mean latency of the CP-EPSPs induced
by 'stimulating the contralateral CP was 1.7 msec + 0.5 msec
(n=77), and that of the IP-EPSPs induced by stimulating the
ipsilateral I? was 1.5 msec + 0.5 msec (n=ll). The time-to-peak
of the CP-EPSPs was 3.4 msec + 0.9 msec (n=77), that of the
IP-EPSPs induced from the ipsilateral IP was 2.9 msec + 1.2
msec (n=11), and the time—-to-peak of the lateral component of the
contralateral-IP~-EPSPs was 2.8 msec + 0.6 msec (n=15).

* The slo@—rising CP-EPSPs 1inducéd from the contraltefal CP
are less sensitive to membrane potential displacement than the
contralateral-IP-EPSPs (Fig.3A). Therefore, the newly-formed
synapses are located on dendrites_remote from the soma. Similarly,
newly—-appeared IP-EPSPs are less sensitive to membrane potential

displacement than fast-rising IP-EPSPs, suggesting that
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Fig.3 Sensitivity of newly-appeared EPSPs to membrane polraization

in a kitten with cerebral lesions

A,B,C: Relationship between the amplitude of EPSPs and hyperpolarizing
curreht. A: comparison between c¢—-IP-EPSPs (filled squares) and
c~CP-~EPSPs (crosses) from ekperiments illustrated in D. Normalized
amplitudes as a percentage of the control amplitudes (ordinate)

are plotted against applied polarizing current {(abscissa). B:

Comparison between c-IP-EPSPs (filled squares) and i-IP-EPSPs
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(opén squares) fiom experiments illustrated in E. C: Comparison
between the amplitudes of the initial fast-rising component
(filled circles) and the second slow-rising componet of
c—-IP-EPSPs (crosses) from experiments illstrated in F.
D,E,F: Specimen records of the EPSPs before (cont.) and
during membrane hyperpolarization by passage of the amount of
current labelled on each trace. The lowermost traces are
corresponding extracellular field potentials. Voltage and
time c3libration in E also apply to D. Data from a cat with
an ipsilateral SM lesion at the 67 th day postnatally.
G: Diagram illustrating sprouting in the kitten red nucleus
(RN) after destruction of the ipsilateral cerebral cortex.

arrows indicate newly-formed synapses. Dashed line shows the

midline.
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Fig.4 Double shock stimulation of the contralateral cerebral

peduncle (c—-CP) in a kitten with an ipsilateral cerebral lesion

A-D: Newly-appeared EPSPs induced in a RN cell by stimulating the
c-CP. A: EPSPs elicited by a single shockat the c-CPl B-D:

ERSPs induced by double shocks at the c¢c-CP. Intervals between
double shocks were gradually shortened from B to D. In D, the
second CP-EPSP was abolished. E: Corresponding extracellular
control. Time and voltage calibration in E also apply to A-D.

Data from a kitten with a chronic operation performed at 30th days

postnatally.
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they are produced at the distal dendrites.

The monosynaptic nature of the newly-appeared contralateral
CP—-EPSPs was tested by double stimulation experiments, and
it was found that a second CP-EPSP was abolished abruptly at
stimulus intervals of about 0.5 msec (Fig.4).

There are interesting features on the possible sources
of sprouting following cerebral lesions in kittens. Although
three possible sources of sprouting exist as described above,
sprouting does-not seem to take.place from all three sources
simultaneously at any given cell. Most frequently, 20 out of
29 RN cells tested, only one source gives sprouting (see Fig.2F)

Similar slow-rising EPSPs to those produced by CP stimulation
(Fig.5A) was also produced by stimulating the contralateral
sensorimotor cortex (c-SM), but with a longer latency (Fig.5B).
Assuming the conduction distance from SM to CP to be 21 mm,
the conduction velocities of the fibers responsible for producing
the newly—-appeared EPSPs can be calculated to be about 14 m/sec.
This value is in the range of that for normal corticorubral
fibers, or slow conducting pyramidal tract fibers. The frequency
distribution of conduction velocities of the neurons responsible for
the’c—CP—EPSPs is illuatrated in Fig.5C. |

In normal adults, the fast—-conducting pyramidal tract
projects to inhibitory interneurons in the RN region and inhibits
the rubrospinal (RN) mneurons, whereas slow conducting pyramidal
and corticorubral fibers terminate on RN neurons and excite

them. Therefore, the question arises as to how this organization
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Fig.5 Specificity of organization of excitatory and inhibitory

pathways in newly-formed cerebrurubral projections after destruction

of ipsilateral cerebrorubral input

A,B: Newly-appeared corticorubral EPSPs evoked in a RN cell

by stimulation of the c-CP (in A) or the contralateral sensorimotor
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cortex (c-SM, in B). C: Frequency distribution of conduction
velocities of fibers mediating newly;appeared contralateral
cerebrorubral EPSPs. Ordiante, number of cells. Abscissa,
conduction velocities. D and E show train stimulation of the c¢-CP.
Intensites of stimulation were increased from D to E. IPSPs
were produced in D, althogh they were preéeded by EPSPs. Lower
traces in A-E show extracellular recordings. F:Diagram of the
organizationai specificity of the newly-formed cerebrorubral
projection. Dashed vertical line shows the midline. f-cell,
fast conducting pyramidal tract cell; s-cell, slow conducting
pyramidal tract or corticorubral ceil, Shaded cells were
destroyed by lesioning. Filled circles represents an inhibotory

interneurons.
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specificity is preserved in experimentally induced crossed
corticorubral projections. As in the normal ipsilateral
projection, the threshold during a train of CP stimuli is lower
for an IPSP than an EPSP in operated cats, as shown in Fig.5D E.
This result suggests that, as in normal animals, fast-conducting
corticcfugal fibers innervate inhibitory internueorns, whereas
slow conducting corticofugal fibers excite the RN neurons directly
(see Fig.5F). This is consistent with the observation that the
conduction velocities of fibers mediating the slow-rising EPSPs
is in the range of 10-20 m/sec which is, in turn, in the range
of slow conducting pyramidal tract fibers.

The area producing the slow-rising EPSPs in the contralateral
cerebrum is somatotopically organized as in the case of the
normal ipsilateral corticorubral projection. RN cells innervating
the upper spinal segment (C-cells) receive EPSPs from the lateral
part of the sensorimotor cortex, while RN cells innervating
the lower spinal segment (L—cells) recieve EPSPs predominantly
from the medial part of the sensorimotor cortex (see Fig.6).
However, this topographical specificity appears to be somewhat
plastic. Fig.7 illustrates an experiment in which additional
lesions were made in the forelimb region of the contralteral
sensorimotoro cortex in addition to the ipsilateral cortical
lesion. In this case, the remianing medial hindlimb region of

the sensorimotor cortex projects onto both C-cells and L-cells
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Fig.6 Topographical specificity of the newly-formed corticorubral

projections A: Diagram of the sensorimotor cortex (SM) showing

points of stimulation a,b,and c. B: Diagram of topographical .
specificity of newly-appeared- corticorubral projection after
destruction of the ipsilateral SM. Dashed line indicates the
mid-line. L-cell, cell innervating the lumbosacral spinal cord,
C-cell, cells innervating cervico-thoracic spinal cord. C,D,E:
Newly—-appeared EPSPs induced in a C«cell in the RN by stimulating
three loci in the contralateral SM. Labels in C-E indicate the
stimulating points. Data from a cat with an ipsilateral SM
lesion at the 27th day postnatally. F,G,H: Same as C-E but
EPSPs in a L-cell in the RN. Data from a cat with an ipsilateral
SM lesion at the 35 th day. Time calibration in E also applies

to C and D. Time calibration in H also applies to F and G.

Voltage calibration in H also applies to C-G.
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Fig.7 Plasticity of topographical

cerebrorubral projection in kitten with ipsilateral cerebral

cortex and contralateral forelimb region destruction.

A: Diagram showing the plasticity of topographical organization
of the newly formed corticorubral projection. B: Diagram of
stimulating sites and destroyed area in the contralatera cerebral
cortex. C-L: EPSPs induced by stimulating the contralateral SM.

Labels of a-e indicate the stimulating points as shown in B. C-G:
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Newly-appeared EPSPs induced in a L-cell by stimulating five sites

on the contralateral SM. H-L: Same as C-G but in a C-cell from

L4

the same cat. Voltage and time calibrations in L also aplly to

C-K. Data from a cat with SM lesions performed at 30the day

postnatally.
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3. Time course of the appearance of the newly-formed crossed

corticorubral projection

To establish the time of appearance of slow-rising c-CP-EPSPs,
recording were made form kittens operated upon at different
times after birth. The probability of appearance of detectable
slow-rising c¢-CP-EPSPs recorded as a percentage of all impaled
RN neurons is plotted against the time of ipsilateral cerebral
ablation (Fig.8).

These data show that the probability of development of
c—-CP-EPSPs is highest in kittens operated upon at 20 days afterxr

birth and gradually decreases.

4. Lesions of the contralateral nucleus interpositus

After lesion of the contralateral IP by hemicerebellectomy
at an early developmental stage (within several weeks after
birth), new functional connections appears from thé ipsilateral
nucleus interpositus in a few RN cells (data from 7 cats).
Stimulation of the ipsilateral IP produced monosynaptic EPSPs
(see Fig.9) in 18 cells out of the 48 RN cells examined.

Such i-IP~-EPSPs have not been found after adult lesions and are
never observed in normal kittens. However, the frequency of thé
newly-appeared ipsilateral connections is very low and the
amplitude of the EPSPs is also very small. As in adult cats,
lesions of the contralateral IP produced a fast-rising component
in the i1i-CP-EPSPs as has been reported in adult (Tsukahara et al.,
1975), suggesting that sprouting occurs from the ipsilateral

corticorubral fibers on the proximal portion of the soma-dendritic

membrane of RN cells.
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Fig.9 Sprouting in kitten red nucleus after hemicerebellectomy.

A: Newly-appeared EPSPs in a RN cell induced by stimulation

of the ipsilateral IP. Upper trace, intracellular record, lower
trace, corresponding extracellular record. B,C: Frequency
distribrution of latency (B) and time-to-peak (C) of the
newly~appeared EPSPs. N is the number of EPSPs. D: Diagram of
connections after the contralateral hemicerebellectomy. Arrows
indicate sprouting of the i-IP-rubral and the i-CP-rubral fibers.
Sprouting of ipsilateral corticorubral fibers onto the proximal
part of the RN dendrites has also been observed after c-IP

lesions in the adult cat (Tsukahara et al., 1974, 1975a).
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DISCUSSION

In agreement with the histological studies in rats
of Nah and Leoﬁg (1976a,b), the present study has shown
that crossed corticorubral projections appear after lesions
of the ipsilateral cerrbral cbrtex.in the kitten:. The present
study also demonstrates that the newly-formed corticorubral
projections are functional.

'

The degree of plasticity following neonatal lesions
of synaptic inputs of RN neurons 1s more remarkable than
that observed after adult lesions (Tsukahara, 1981) in two
ways. First, sprouting has not been observed in-:adult cats
after SM leésions (Tsukahara, unpuplished), while three
sources of sprouting have been observed after similar lesiojs
perfrmed at the neonatal stage. Secondly, newly-formed
corticorubral or interpositorubral sprouts seem to elongate
a considerable distance, up to several millimeters, after
neonatal lesions (Nah and Leong, 1976a,b). This is in sharp
contrast to the sprouting after adult IP lesions where
remaining corticorubral fibers terminating of the distal
dendrites give sprouts only a few hundred microns proximally
of in length (Tsukahara et al., 1974, 1975a, Murakami et al,
1977a,b) . |

How specifically are newly-formed cerebro-rubral projectios
organized in the kitten? Three kinds of specificity have
been investigated in this sutdy, as diagramatically illustrated
in Fig.1l0. First, "topographical specificity" was found to

be preserved since the newly~-formed corticorubral projections
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Fig.1l0 Specificity in newly-formed cerebro-rubral projections

A: SM, sensorimotor cortex, RN, red nucleus, L-cell, cells

innervating lumbosacral spinal cord, C-cell, cells innervating

cervicothoracic spinal cord. Dashed vertical line, midline.

B and C: f-cell, fast conducting pyrémidal tract cell,

s-cell, slow conducting pyramidal tract or corticorubral cell.

Open circles, excitatory neurons, Filled circles, inhibitory

neurons.
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from the contralateral cerebrum were somatotopically organized

as in normal ipsilateral corticorubral projections (Fig.l0a).
Secondly, the "specificity of synaptic connections" seemed to

be preserved, at least in part. As shown in Fig.l0b, ipsilateral
fast pyramidal tract néruons project onto inhibitory interneurons
while slow conducting pyramidal or corticorubral fibers terminate
on rubrospinal (RN) neurons directly (Allen and Tsukahara, 1974).
In the newly-formed corticorubral system slow conducting pyramidal
tract andfcorﬁicorubral fibers project onto the rubrospinal cells
directly, as in the normal animal, while fast conducting pyramidal
trace cells do not. Whether the latter cells ?fojeét>onto
inhibitory interneurons is ashowh by'the fact that threshold of
IPSPs are lower for the train of CP stimuli than that fof the
EPSPs. Thirdly, the "specifici%y of synapﬁic location™ seems to

be preserved after neonatal ipsilateral cerebral lesions.

The present resﬁlts have been interpreted to be due to
sprouting of corticorubral fibers from the contralateral cerebral
cortex. However, the possibllity exists that the observed
postsynaptic potentials could be due to retardation of the
retraction of crossed corticorubral projections which may
exist at an early developmental stage. However, there is no
hiséological data indicating that there are crossed
corticorubral projections at an early developemtnal stage. Furthermr:
we have examined normal animéls at 37 days after birth and found
no crossed projection, while ipsilateral cortical lesions at this
period produce the appearance of crossed corticorubral EPSPs

in about 60 % of the tested RN cells. Therefore, the possiblity



that the appearance of new synaptic potentials is due to the
retardated elimination of once established crossed corticorubral
projection is remote (cf. Clark and Cowan, 1976; Clark et al.,
1976) . There appears to be some competitive interaction

between the three souces of sprouting (contralateral CP,
contralateral and ipsilateral IP) observed after ipsilateral
cerebral lesion. In neuromuscular junction Betz et al. (1980)
has shown that competitive interaction is the only factor
involved in the synaptic withdrawal. Whether the same sort of

competition occurs in the CNS remains unknown.
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SUMMARY

We have examined the extent of neuronal sprouting that
occurs in the kitten red nﬁcleus (RN) following lesions of
the cerebral cortex or cerebellum. In normal 2-3 month old kittens,
stimulation of the ipsilateral cerebral cortex or cerebral
peduncle (CP) produces slow-rising monosynaptic EPSPs in RN
cells; while fast-rising EPSPs are produced by stimulating the
contralateral nucleus interpositus (IP) of the cerebellum.

In these normal animals stimulation of the contralateral cerebral
cortex or CP, or the ipsilateral IP never produces detectable
postsynaptic potentials.

In contrast, in kittens with chronic lesions of the
ipsilateral sensorimotor cortex performed at less than 2 months
after birth, it was found th;t 1) stimulation of the
contralateral sensorimotor cortex or CP produced slow-rising
EPSPs. 2) Upon stimulation of the contralateral IP a slow-
rising component appeared superimposed on the fast-rising
IP-EPSPs. 3) In some cells, stimulation of the ipsilateral
IP produced slow-rising EPSPs. These results indicate that
new synapses were formed on the dendrites of RN cells by
neurons from the contralateral CP, contralateral IP and
ip;ilateral IP. The majority of denervated RN dendrites were
found to receive new synapses from only one of these three inputs,
those from the contralateral cerebral cortex being most
prominent.

The condutction velocities of fibers responsible

for the EPSPs recorded in these lesioned animals are similar
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to those of slow conducting pyramidal tract fibers.

Sometimes IPSPs were also produced by a train of CP stimuli.
The IPSPs are probably mediated by fast conducting pyramidal
tract fibers .because their threshold is lower than that

of the EPSPs. These findings suggest that newly formed cortico-
rubral projections have organizational specificity with
respect to excitatory vs. inhibitory connections which is
similar to that of normal ipsilateral corticorubral projections.
Also, since all the newly-formed excitatory connections are
formed on the distal dendrites,_newlwaormed cortico-rubral
projections apparently have synaptic site specificity

(somatic VS; dendritic synaptic sites).

Somatotopical organization was found in the newly-formed
corticorubral excitatory projections. The forelimb cortical
area was found to project to contralateral RN neurons
innervating the forelimb spinal segments, while the hindlimb
cortical area was found to project to RN neurons ‘innervating
the lumbar segments. However, after chronic ablation of the
forelimb area of the contralateral sensorimotof cortex, in
addition to the ipsilateral cérebral cortex, a new connection
was formed from the hindlimb area of the c¢ontralteral cerebral
cortex to the RN neurons innervating the spinal forelimb
segments. This indicates that the specificity of the
topographical organization is somewhat plastic.

In chronically hemicerebellectomized kittens, ipsilateral

IP stimulation produced fast-rising monosynaptic EPSPs in some
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cases. Thus, it was concluded that new synapses were formed
on the somatic or proximal dendritic portion of RN cells

from the ipsilateral IP after ablation of the contralateral

Ip.
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