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Chapter I



General Introduction

It has until recentlyv%elieved that the meural networks
of the central nervous s;?izg are 'rigidly' wired. However,
in view of the 'plastic' bahaviors of the variowms animals
it is natural to suppose that neural circuitries which
provide the structural basis of these behaviors must change
their properties in response to various circumstances. It
is important, therefore, to understand at the cellular

level to what extent the nervous system modifies its

property.

Since the introduction of intracellular recording
techniques, the property of synaptic transmisiom and the
detailed circuitry of the nervous system have been extensively
investigated (Eccles, 1964: Eccles, et al., 1I967). Now the
experimental basis for the study of plastic changes of
networks at the cellular level seems to be well founded.
This experimental development has been supplemented by
the theoretical advances as exmplifiéd by the Ball's neuron
models, which have been successfully applied o ithe analysis
of the synaptic activities located on the variowms portion
of fhe cell membrane (Rall, 1962;1964;1969).

These experimental and theoretical advances provide
us a tool for investigating the neural plasticity at the

cellular level. The purpose of the present imwestigation



is to obtain the answer to the general question how plastic
thé neuronal connections are by the experimental and
and theoretical analysis of the postsynaptic potentials of
one of the central neurons, red nucleus neurons.

Neurons of the cat's red nucleus (RN) are excellent
materials for the study of synaptic plasticity, because
the synaptic organization of RN has been investigated
extensively. In chapter 2, the synaptic organization of
of the red nucleus is briefly described. In chapter 3, the
biophysical properties of the red nucleus neurons are
investigated and the standard neuron model of the red
nucleus neuron is proposed by applying the compartmental
neuron model developed by Rall. Furthermore, the synaptic
location of the inputs from the nucleus interpositus
of the cerebellum and the cerebral sensorimotor cortex
is determined utilizing the experimental parameters and
the neuron model. In the next chapter (chapter 4), the
synaptic plasticity of the cerebral input onto the red
nucleus neurons.is described. The main finding of this
chapter is the experimental proof that the new synapses
are formed in the red nucleus neurons after interruption
of the other input; the fibers from the nucleus interpositus
of the cerebellum. This was obtained by analysing the
postsynaptic potentials produced in the red nucleus neurons

by stimulating the cerabral cortex. In chapter 5 this



conclusion was confirmed by the anlysis of the unitary
postsynaptic potentials procduced by a sigle corticorubral
gyhaptic activity. In chapter 6 , the properties of
synaptic transmission of the newly formed corticorubral
synapses were described. In the last chapter a general
discussion of the present investigation will be presented.
The specific introduction to each of the chapters will be

presented at the beginning of each chapter.
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Anatomy of the red nucleus

In this chapter, neuronal connections in and around
the RN which have so far been revealed are briefly
described. It should be noted that the circuit described
here does not include all the connection but only part
of the connections which is considered to be closely
related with the present work.

Red nuleus of the cat is mainly divided into two
parts: the rostral parvocellular part and the caudal
magnocellular part. The neurons Studied here belong to the
latter and send axons down to the contralateral spinal cord.
(The former sends axons to ipsilateral inferior olive
but not to the spinal cord.)

RN neurons receive synaptic input from contralateral
- sensorimotor cortex (SM). This cerebral input passes
through the cerebral peduncle (CP) and is arranged in
a somatotopical manner. Monosynaptic EPSP evoked Ly
stimulaticn of SM is followed by an inhibitory postsynaptic
potential (IPSP). This is mediated by and inhibitory .inter-
neuron which is probably located within the nucleus. This
interneuron is activated by the input from fast pyramidal
tract neurons. The synapses from SM terminate exclusively
on the distal portion of the rubral dendrite.

Contraleral interposed nucleus (IP) of the cerebellum

-10-



also makes synaptic connection with the magnocellular

part of the red nucleus (Parvocellular division receives
input from the dentate nucleus (DE)) by the collateral
branch of the axon to the vetrolateral nucleus (VL) of

the thalamus. 1In contrast to the cerebral input, IP axons

form synapses on the somatic portion of the nucleus.

~-11-
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Neuronal connection around the red nucleus.

PRN (parvocellular red nucleus), mRN (magnocellular red
nucleus), VL (vehtrolateral nucleus), DE ( dentate nucleus);
IP (interposed nucleus), IO (inferior a&live), sPT

(slow pyramidal tfact neUrén), fpT (fas£ pyramidal neuron)

I (inhibitory interneﬁron), RST (rubfospinal tract)

PT (pyramidal tract), ML(mid line)
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ELECTRICAL CONSTANTS OF NEURONS OF THE RED NUCLEUS

INTRODUCTION

The passive electrical properties of neurons in the
mammalian central nervous system have been explored ex-
tensively by the use of intracellular recofding and stimu-
lation techniques (Coombs, Eccles and Fatt, 1955} Araki and
Otani, 1955; Frank and Fuortes, 1956; Coombs, Curtis and
Eccles, 1959; Spencer and Kandel, 1961l; Ito and Oshima,
1965; Takahashi, 1956; Lux and Pollen, 1966; Nelson and
Frank, 1967; Nelson and Lux, 1970; Lux, Schubert and
Kreutzberg, 1970; Burke and Bruggencate, 1971; Barrett and
Crill, 1974). Starting from a single time constant equiva-
lent circuit, the model has been refined by taking into
account the dendritic cable properties as well as the
voltage and time dependent membréne conductance (Ito and
Oshima, 1965; Takahashi, 1965; Nelson and Frank, 1967;
Nelson and Lux, 1970). \

In parallel with these experimental refinements,
mathematical neuron models have been developed (Rall, 1959,
1960, 1962, 1964, 1967, 1969; Jack and Redman, 1971).
Starting from the early version of the equivalent cylinder
model (Rall, 1959, 1960, 1962) Rall developed the more
flexible compartment model, in which dendritic trees were
represented by a cascadé of lumped parameter compartments
(1964). With this model, it became bossible to analyse the

complex spatial and temporal synaptic activities generated at

-14~



the various loci on the soma-dendritic membrane of neurons.
This model has been successfully applied to the synaptic
excitation of motoneurons by large muscle spindle (Ia)
afferents and has helped to disclose the detailed location
of their synapses on the soma-dendritic membrane of
motoneurons (Burke, 1967; Rall, Burke, Smith, Nelson and
Frank, 1967).

Membrane voltage transients following the application of
rectangular current pulses to motoneurons were found to
deviate from a single exponential function, but could be
expressed by a linear combination of three exponential
functions having time constants of about 25, 5 and 1 msec
(Ito and Oshima, 1965). It has been shown previously
(Tsukahara, Toyama and Kosaka, 1967) that the large neurons
of the red nﬁcleus (RN) of the cat are free from the compli-
cation of the slow process. Fruthermore, RN cells have two
excitatory synaptic inputs which have been suggested to
impinge on different portions of the soma-dendritic membrane
(Tsukahara and Kosaka, 1968). In the présent paper, passive
electrical properties of the membrane of RN cells were
investigated more extensively. An attempt was made to
provide a quantitative eiectrophysiological description of
the RN cell membrane based on Rall's neuron model. By the
use of the compartmental model it was further attempted to
account for certain properties of the excitatory postsynaptic

potentials of RN cells.
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METHODS

The cats were anesthetized by an intraperitoneal injection
of pentobarbital sodium (35 mg/kg). Supplemental doses
(10 mg) were administered as required. In some cases, fhe
animals were immobilized by intravenous injection of gallamine
triethiodide and artificially respirated. The procedures of
the experimental érrangement for intracellular recording from
RN neurons were essentially the same as reported preViously
(Tsukahara et al., 1967), In order to prevent pulsation of
the brain tissue, drainage of the cerébrospinal fluid at the
atlantOwoécipital linkage and, in some cases, pneumothorax
were carried out. }
Glass microelectrodes filled with 2M NaCl, 3M XC1l or
2M K-citrate having an electrical resistance of 6 to 1é MQ
were used, They were inserted from the exposed surface of
the hippocampﬁs with a lateral angle of 15 degrees. As the
microelectrode penetrated the brain, DC current was sometimes
passed through it to prevent its blockage. The input
circuit for both recording and passing current through the’
recording microelectrodes was similar to that described by
Ito (1960). An operational amplifier (Phillbrick/Nexus
101101) was utilized in its construction. The output of the
voltage ahd the current recording system of the input circuit
was amplified by DC amplifier (Tektronix 3A3), and displayed
on an oscilloscope (Tektronix, 565). The voltage output was

also connected to another DC recording system in order to
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monitor the resting potential, Whenever a large amount of
current was passed to unblock the electrodes, the input of
the amplifier was disconnected by a relay circuit to protect
the pperational amplifiers. Stimuli were provided by brief
current pulses of 0.1l msec duration by electronic stimulator
(Nihon-Koden) . In order to solve the differentialvequations
of the five-compartment model (Appendix), an analogue

computer (Hitachi, AlS 2000) was used.

RESULTS
General
Neurons giving stable intracellular recordings for
thirty minutes to an hour of more and with spike amplitudes
of more than 60 mV were selected in this experimenf. The
mean amplitude of the spike potentials was 69 mV for the 25
RN cells accepted for further analysis. Many of the neurons
were the same as those in which the regulation of repetitive
firing in RN cells was investigated by injecting long
depolarizing currents (Hultborn, Murakami and Tsukahara, to
be published).
Passive Electrical Properties of RN Cells
The resistance of RN cells was found to be ohmic within
the current range tested. The term 'ohmic' is used to refer
to a situation in which the voltage change elicited by two
current pulses is the algebraic summation of the voltages
produced by current pulses delivered separately. This linear

summation should occur at any time during the background
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membrane potential change.

Figure 1A—D iliustrate examples of the original
records from which the input resistance of an RN cell was
measured. From the extracellular records (lower traces of
Fig. lE—H) it can be seen that no appreciable polarization
occurred. The make and break points of the intracellular
voltage transients permitted an evaluation of the compensation
of the electrode resistance. The filled circles of Fig. 1I
illustrate the steady state voltages, partly shown in Fig. 1A
——D,'when plotted against current intensities. The data
points were found to have a linear relation. The slope of
this liné gives the input resistance of 3.6 M{Q. Membrane
resistance was measured in this way in all 25 RN cells. The
input resistance ranged from 1.1 MQ to 4.5 M2, the mean and
S.D. being 2.5+0.9 M. The experimental points for the whole
current range tested were easily fitted to straight 1ine for
every individual cell, thus suggesting that the input
resistance did not change with increasing polarization.

" In order to assess further the linearity of the voltage
drop due to membrane resistance, current pulses of short
duration were superimposed on the long pulse (lower traces
of Fig. 2A—D). In this series, magnitudes and polarities
of the short current pulses weré varied. Filled circles of
Fig. 2G represent the voltages of the membrane transient
that resulted from changing the intensities of the short
pulses that were superimposed on the long éulse. Since the

voltage plot fell on the same straight line whether or not

-18-
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Eig. 1. Po;ential changes of an RN cell produced by

application of current steps. A-H: intra- (A-D) and

corresponding extracellular (E-H) potentials (lower traces)
induced by hyperpolarizing current steps (upper traces)

of increasing intensities from to wottom. In the graph

I are plotted the amplitudes of potential changes (ordinatej
against the intensities of applied current (Abscissa).
Voltage, current and time calibration in H are common for

A-H.
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Fig.2 Potential changes of another RN cell as Fig.l

induced by the short current pulses of depolarizing (A,B)

and hyperpolarizing (C,D) directions superimposed on the

long current step of hyperpolarizing direction.

Corresponding current records were shown in'upper traces of
A-F. E-F: Extracellular recoras. In the graph of G are
plotted the amplitudes of potential changes (ordinates)
against tﬁe intensities of applied cﬁrrent'(Abscissa)-
Crosses: The amplitudes of potential changes evocked by léng'
current steps alone were measured at 40 msec after the

onset of current pulses. Filled circles: The potential
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changes evoked by short current pulses (shown partly in
A-D) superimposed on long current step. Open circle: The
potential change evoked by long current»step alone of
double pulse. Voltage,.:ourrent and time calibration in E

are common for A-F.
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there was a background membrane potential change (shown by
a open circle in Fig. 2G), it can be considered that the
membrane resistance of RN cells is voltage independent.

In Fig. 3A—C are found records obtained by changing
the time of superimposition of a short pulse on the back-
ground long current pulse. It can be seen from the'plot in
Fig. 3F that the membrane voltages produced by the short
current pulses do summate arithmetically with>those produced
by the long current pulse independently of the timing.
Therefore, it is evident that the membrane properties of BN
cells are 'ohmic' iﬁ nature, for the current range tested.
This apparent linear behaviour of the membrane of RN cells
is favorable for a detailed examination of the time course
of the voltageAtransients elicited by a current step.

Some records of membrane potential transients resulting
from the application of current steps across the ceil membrane
of RN cells have been reported in a previous paper (Tsukahara
et al., 1967). The membrane transients could be approximated
by a combination of two exponential functions. In this
paper, a more extensive study of the membrane transients was
attenpted.

Figure 4 (Two lower traces of inset) shows records of
the membrane transient at two sweep speeds following the
application of a rectangular hyéerpolarizing current step
through the microelectrode. The corresponding extracellular
record taken after withdrawing the electrode is shown in the

upper trace of the inset. The voltage transients thus
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Fig.3 Membrane potential changes to short current pulses

superimposed on a long current pulse. A-C: Superimposed

traces of potential changes induced by long current pulses,
and long pulses plus short pulses. D: Extracellular
records. E: Current pulses corresponding to A-D. F: Plot
of the amplitudes of potential changes (V) to short pulses
(filled circles) measured at the cessation of the short

pulses against the time after onset of long pulse (t).

Cross: Control without background long hyperpolarizafion
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obtained were measured at 0.2 or 0.5 msec intervals and
plotted on the semilogarithmic coordinates. In agreement
with the previous paper, voltage points could be fitted by

a straight line except during the initial 2 msec (Fig. 4).
This straight line gives the membrane time constant, Tg = 5.7
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, T = 0.7 msec.

Figure 5 shows the frequency distribution of these two
time constants of RN cells. The first and the second time
constants thus obtained in 25 RN cells were 5.6+1.0 msec
and 0.6+0.2 msec, respectively, and the ratio of their
amplitudes, El1/Fo, was 0.18+0.05. Although the absolute
values of El and Fo depend on several factors such as the
initial conditions, etc. as described by Rall (Rall, 1969),
the ratio E1/Eo does not (see Appehdix). |

Figure 6 is a plot of the amplitudes of these two
exponential functions, El1/Eo, against the ratio of‘respective
time constants, T /T,. Although there is some scatter of
points, it is likely that there is a linear relation between
these two ratios. This correlation was found to be of
statistical significance (0.01>p>0.001, t-test and regression
line Y = 0.97X + 0.073, where Y and X are El/Eo and T /1y,
respectively). The solid line in Fig. 6 represents the line

drawn through the mean value of these ratios and the zero
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Fig.4 Semilogarithmic plot of a voltage transient at the

onset of hyperpolarizing current pulse. Inset;

intracellular (middle and lowermost traces, different sweep
speeds) and extracellular (upper trace) voltage changes
induced by a hyperpolarizing current step. The straight
tail portion of the curve at times larger than 2 msec
represents the first time constant, €o, 5.7 msec. The
difference between the experimental data (filled circles)
and the extrapolated line was plotted 6n semilogarithmic
scale (crosses). The straight line through these crosses

represents the second time constant, Z1l, of 0.7 msec.
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Fig.5 Frequency distribution of first and second time

constants. Ordinates, number of cells. Abscissae, first

time constant (A) and second time constant (B).
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Fig.6 Linear Plot of the ratio of final values of the two

exponential functions, El1/Eo, of the transient response

against the ratio of the two time constants, Tl/To. The

line fitted for the data point is drawn by solid line. See

text.
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point of the coordinate, having a slope of 1.64.

In searching for the possible structural basis of this
linear relation, it was found that the dendritic cable
properties are especially relevant (see Discussion). By
application of cable model, it was possible to obtain a
linear relation between the two ratios. The experimentally
obtained ratio, 1.64+0.45 is not significantly different from
that obtained theoreticalily which is 1.8 according to the
five compartment model of Rall (Rall, 1964). This approximate
match between experimental and theoretical results was taken
to indicate that the initial deviation of the membrane
transients to a current step is indeed due to the cable
properties of dendrites.

By using the ratio of 1 /1y, it is possible to calculate
the cable parameter or electrotonic length, ‘L, of RN cellé

from the equation derived by Rall (1969)

The mean L value of RN cells was 1.1+0.15 for the 25 RN
cells. Since we use the five compartment model in the next
section, the increment of electrotonic length per compartment,
AZ, relates to L by the relation, 5.AZ = L. This AZ value
was used for the later calculation. Figure 7 plots the AZ
value thus obtained against the input resistance in the
present gsample. There is a negative correlation between the
electortonic length of individual RN neurons and their input

resistance (0.05>p>0.025, t-test and regression line of
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Fig.7 Plotting of the cable parameter, AZ, or electrotonic

length, L, of RN cells against the input membrane

resistance. Ordinate; AZ values or L values. Abscissa;

input membrane resistance, Rm.
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Y = 0.25-0.012 X where Y and X are AZ and input resistance,

respectively). This is in contrast to the findings for

spinal motoneurons (Burke and Bruggencate, 1971).
Excitatory Postéynaptic Potentials (EPSPs) of RN cells

The membrane resistance of RN cells was essentially
'ohmic' (see ebove) and the deviation of the membrane
transient from a single exponential function was interpreted
as being due to their dendritic cable properties. It is
known that RN cells have two excitatory synaptic inputs
which have been shown to impinge on different portions of
the soma-dendritic membrane (Tsukahara and Kosaka, 1968;
Toyama, Tsukahara, Kosaka and Matsunami, 1970; King, Martin
and Conner, 1972; Nakamura and Mizuno, 1971). It may
therefore be expected that the same cable properries would
affect several features of these excitatory postsynaptic
potentials (EPSPs). We will now analyse their dependence on
voltage diéplacement at the soma in relation to the dendritic
cable parameter, A Z, obtained above.

It has been shown that EPSPs induced from cells in the
cerebral cortex or their efferent fibers at the internal
capsule are less sensitive to membrane potential displacement
than those induced from the nucleus interpositus (IP) of
the cerebellum (Tsukahara and Kosaka, 1968). By using the
standard cable parameter, AZ, found in the RN cell material
it is possible to estimate where, expressed in electrotonic
distance, these two kinds of synapses are located on the

soma—-dendritic membrane of RN cells. This is performed by

-30-



comparing the sensitivity of these two kinds of EPSPs to
membrane potential displacement and the theoretical results
based on the five compartment model (see Appendix).

Figure 8A—D illustrate examples of records from which
EPSP sensitivities to membrane hyperpolarization were
measured. Cerebral EPSPs were induced by stimulating at
the cerebral peduncle (CP). Figure 8F plots the peak
amplitudes of both IP-EPSPs (crosses) and CP-EPSPs (filled
circles) against applied current intensities. In both
series, the points fell on straight lines, which plot these
EPSPs when the amplitudes of the control EPSPs were set as
100%. Thus the ratio of the slopes of these two straight
lines gives the relative sensitivity of the FPSPs.

Ten RN cells were examined in this way. In general,
the relative insensitivity of the CP-EPSPs as compared to
the IP-EPSPs reported by Tsukahara and Kosaka (1968) was
confirmed in the present study. By using a wider range of
current intensities than used previously, it was possible to
compare quantitatively the sensitivities of these EPSPs to
membrane hyperpolarization. The sensitivity of CP-EPSPs
ranged from 29—75.9% (mean = 48%) of the sensitivity of
IP-EPSPs 1in the ten RN cells.

Since the electrotonic length of the standard RN cell
is already known and the EPSP sensitivity to membrane
potential displacement is not dependent on the time course
of the EPSP conductance, we can compute the theoretical

sensitivities of EPSPs generated on the various loci of the
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Fig. 8 Effect of membrane potential displacement on the

EPSPs induced from the nucleus interpositus (IP) and the

cerebral peduncle (CP). A: Control IP- and CP-EPSPs. B,C,
and D: Same as in A but during passage of hyperpolarizing

8A, 3.4 X 107, and 4.6 x 10—813\

current of 1.5 x 10
respectively. F: In the graph the EPSP amplitudes
(ordinate) are plotted against the‘reSpective current
intensities (abscissa). Crosses for IP-EPSPs and filled
circles for CP-EPSPs. G: Comparison of the experimantal
data with those derived theoretically by using the five
comaprtmental madel as shown in Fig.‘9. The solid line
represents the slope for IP-EPSP and that for computed
EPSP initiated at thé first compartment. The dotted lines
indicate the slopes for the computed EPSPs initiated

at 2, 3, <++, 5th compartments. The interrupted line

(arrow) shows the slope for CP-EPSP.
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soma—-dendritic membrane of RN cells, by assuming a certain,
but arbitrary time course for the EPSP conductance increase.
We also assume the equilibrium potential of the theoretical
as well as experimental EPSPs is the same independent of the
site of initiation. We used the pulse-shaped conductance
increase of the duration of 0.7 msec in the present calcu-
lation (Appendix).

Figure 8G illustrates the sensitivities of the computed
EPSPs to membrane hyperpolarization. The peak amplitudes of
the computed EPSP induced at the first compartment (labeled
1 in the inset) is plotted as a solid line against current
intensities. The dotted lines represent the normalized
slopes of the computed EPSPs induced at the second, third,
~——~-, and fifth compartments (labelled 2, 3, ---. and 5 in
the inset} when the amplitudes of the control FEPSPs without
membrane hyperpolarization were set as 100%.

In order to compare the theoretical results with the
experimental ones, it was assumed that the IP-EPSP was
initiated at the first compartment. The interrupted line of
Fig. 8G illustrates the slope of the sensitivity of CP—EPSPS
after normalization so that the theoretical and experimental
slopes for the IP-EPSPs became identical. It can be seen
that the slope for CP-EPSP falls between the slopes corre-
sponding to computed EPSPs induced at compartments 4 and 5
respectively (indicated by a downwards arrow). Therefore,
it is suggested that the CP synapses are located at or near

compartment five. These results support the assumption that
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the IP terminates at the first compartment, since the best
match between experimental and computed results was obtained
if IP and CP synapses were assumed to terminate at opposite

ends of the chain of compartments.

DISCUSSION

In an extension of the previous study (Tsukahara et al.,
l967),,moré extensive measurements of the electrical
constants of RN cellé have now been made. The average input
resistanée was found to be 2.5+0.9 MQ2. The membrane transient
to a current step could be approximated by a combination of
two exponential functions having time constants of 5.6+1.0
msec and 0.6 +0.2 msec, respectively, and the ratio of the
amplitudes of these two exponential functions was 0.18+0.05.

A similar deviation from a single exponential function
was found in the transient voltages of motoneurons to current
step (Ito and Oshima, 1965). Ito and Oshima proposed two
possible mechanisms té interpret this deviation: 1. Another
time constant produced by the endoplasmic reticulum as has
been shown in muscle membrane by Falk and Fatt (1964).
According to the two time constant model of muscle fiber,
there is a third path through a resistance and a capacitance
in series, in addition to the two parallél paths through
membrane capacitance and resistance of the ordinary muscle
membrane. Transient response of this fiber model gives the
solution of the sum of two exponential functions (equation

26, Appendix C of Falk and Fatt, 1964).
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2. The initial deviation of voltage transient is due
to the cable properties of the neuron. This has been extended
ﬁheoretically by Rall (Rall, 1969); These two mechanisms
are not mutually exclusive. However, the former emphasizes
the contribution of a membrane component which has a smaller
time constant than that of the ordinary membrane, with or
without the geometric factor of dendrites, while the latter
stresses the appearance of the initial rapid transient due
to the cable properties of the geometrically complex neuron
even if the electrical property of the membrane itself can
be described by a single time constant.

In the present investigation, it was found that there is
a linear relation between the ratio of these two time
constants and the ratio of these two amplitudes. This
constraining condition of the parameters of the two time
constant model was found to be particularly useful for the
evaluation of the two alternative mechanisms discussed above.
In the former model, there would be no linear relation
between El1/Eo versus T.;/T, (equation 26, Falk and Fatt, 1964).
On the other hand, a theoretical linear relation between
El/Eo versus T1,/T, could be derived by solving compartment
model (see Appendix). Therefore, in this study the initial
deviation of the membrane transient responses of RN cells
from a single expeonetial function wés considered to be due
to the cable properties of dendrites.

In order to apply the compartmental model with a straight

chain of equal compartments or the equivalent cylinder model
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to a real neuron, several assumptions were made. 1. The
electrical properties of this neuronal membrane are linear

and passive. 2. The membrane has one time constant. 3. The
sum of the 3/2 power of all branch diameters at any particular
electrotonic distance remains constant. 4. The formulation
used for deriving the equation (1) :equired the knowledge of
the terminal boundary condition.

In this case, the first assumption was justified on
experimental grounds. In contrast to the non-linear
membrane properties found in some motoneurons (Ito and Oshima,
1965; Burke and Bruggencate, 1971; Nelson and Frank, 1967)
or pyramidal tract cells (Takahashi, 1965), the purely linear
behaviour of RN cells is favourable for applying the linear
compartment model developed by Rall (Rall, 1964). The work
by Bellman and Astrom (1970) further justifies the possibility
to determine the parameters of the compartmental equation by
analysing the membrane transient that is recorded at the
terminal compartment and produced by the application of a
current step at the same point.

As for the second and third assumptions, it was found
with the compartment model as well as the equivalent cylinder
model that a linear relation between El/Eo versus 1,/T, could
be derived theoretically (see Appendix). Experimental
verification of this linear relation may be taken to suggest
that the assumptions for deriving this ralation i.e. assump-
tions 2 and 3, are justified. F¥Finally, the terminal boundary

conditions were found to be related to the slope of the linear
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relation between E1/Eo versus T1,/T, (Sato, personal communi-
cation).

In this analysis of membrane voltage transients, only
the second exponential component was considered. This was
done since the experimental transient analysis showed that
the third or higher components constituted only a minor
portion of voltage transient. Furthermore, theoretical
calculation gives a 1, value of 0.2 msec and a E2/Eo of
0.04 by using the five compartment model. This order of
values would be within the range of experimental errors.
Therefore, the third and higher components were neglected in
the present analysis.

By applying the cable model, it is possible to define
the cable characteristics of RN cells. The electrotonic
length, L, of soma-dendritic membrane of RN cells was 1l.1.
The equivalent cylinder model has been applied to cat
motoneurons by Nelson and Lux (1970) and Burke and Bruggencate
(1971) to obtain the electrotonic length of the equivalent
cylinder. By making assumptions of the dendritic geometry
and the sealed end boundary condition of the cylinder, they
obtained an L value between 1 and 2. Further,vLux, Schubert
and Kreutzberg (1970) obtained an L value of motoneurons by
direct matching of the morphological and electrophysiological
data as 1.5. They have shown further that the 3/2 power law
indeed holds true for motoneurons. However, recent work by
Barrett and Crill found that the sum of the 3/2 pcwer of the

dendritic diameters of the reconstructed motoneurons after
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Procion dye injection ionotophoretically into motoneuron
through the recording pipette was found to decrease with
distance from the soma. They developed a computational
technique to allow calculation of the passive membrane
properties of motoneurons based on the reconstructed neuron
geometry (Barrett and Crill, 1974).

By using the eléctrotonic length of RN cells, L = 1.1,
it was estimated at what electrotonic distance from the soma
the excitatory synapses of RN cells from nucleus interpositus
of the cerebellum and the cerebral cortex are located on the
soma—-dendritic membrane of RN cells. If we assume that the
equilibrium potential of both of these excitatory synapses
is the same, it is possible to compare the observed sensi-
tivities of EPSPs to membrane hyperpolarization to those
derived theoretically using compartmental model. Since a
change in the time course of the conductance transient does
not modify the relative sensitivities of EPSPs to membrane
potential change, we used a pulse-shaped conductance increase
in the present analysis. Present results suggest that the
cerebral synapses are locafed around 4°*AZ = 0.88 A from the
soma, where A is the length constant of the membrane, while
the excitatory synapses from the nucleus interpositus are
localized at the soma. Electronmicroscopic observation of
cat red nucleus by Nakamura and Mizuno (1971) has indeed
shown that the excitatory synapses from nucleus interpositus
end exclusively on the soma. It is relevant to note that

electronmicroscopic data of King et al. (King, Martin and
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Conner, 1972) have shown the purely dendritic location of
corticorubral synapses in opposum red nucleus.

If the cerebral synapses are located far remotely, aﬁ
the terminal dendrites, and the synapses from the nucleus
interpositus at the somatic membrane, a question would arise
as to the kind of synapses which are located between the
soma and the remote dendrites. It has been suggested that
the pyramidal inhibitory synapses are at or near the soma
(Tsukahara and Fuller, 1969). This led us to consider the
possibility that there are other synaptic inputs to RN cells
which may terminate between the soma and terminal'dendrites.
There is soma indication for the other synaptic inputs to
RN cells although the exact location of these postulated
synapses is obscure at present (Massion, 1961; Nishioka and
Nakahama, 1973; Tsukahara, Hultborn and Murakami, unpublished

observation).

APPENDIX

Computation on Excitatory Postsynaptic Potential and Membrane
Transient Response Based on Rall's Compartment Model
By assuming that the excitatory conductance increase is
iocalized in one compartment and that its time course is
very brief, it is possible to calculate the resulting voltage
change at any compartment fqr "EPSPs" initiated at any one
of the five compartments using the five compartment model

(Rall, 1964). Some properties of these computed EPSPs were
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examined. For the calculations we accepted the cable
parameter AZ = 0.25 and the meﬁbrane time constant T4, = 6
msec. By the use of an analogue computer the résulting
voltage change at the first compartment (= soma) was calcu-
lated where a pulse-shaped "EPSE" conductance increase with
a duration of 0.7 msec and with the same magnitude was
applied to each one of the five compartments.

Figure 9A illustrates examples of these cbmputed EPSPs
initiated at the first and the third compartment for upper
three and lower three tfaces, respectively. For the these
values of AZ, membrane time'constant, and the duration of
the conductance pulse, the time to peak of the computed
EPSPs initiated at each compartment was 0.7, 0.9, 1.4, 2.3
and 3.2 msec, respectively for the first, second, ---, and
fifth compartment EPSPs.

In order to calculate the EPSP sensitivity to membrane
potential displacement, DC curren£ was applied at the first
compartment and.after the steady state voltage was attained,
the‘excitatory conductance was given at each compartment.

As would be expected, the amplitudes of the computed EPSPs
increased most prominently when the conductance increase was
given at the first compartment. The sensitivity to membrane
potential displacement decreased progressively as the site
of initiation of the computed EPSPs occurred more remotely
from the first compartment. Figure 9A illustrates specimen
records of these computed EPSPs initiated at the first and

third compartments, with membrane hyperpolarization of two
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Fig.9 The computed EPSP sensitivity to membrane potential

displacement. A: Computed EPSPs initiated at the first
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between the peak amplitudes of the computed EPSPs generated
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current intensities. The dotted lines represent the
normalized slopes of the computed EPSPs when their control
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different magnitudes. Figure 9B plots the peak amplitudes
of these computed EPSPs against corresponding current
intensities that were used to displace the mambrane potential.
In order to facilitate the comparison between the computed
EPSPs and those ebtained experimentally, the amplitudes of
the control EPSPs were adjusted to be the same. The dotted
lines of Fig. 9 represent the normalized slopes of these
computed EPSPs, initiated at each of these five compartments
with the same control amplitudes; These slopes thus give
the relative sensitivity to hyperpolarization of the EPSPs
initiated in respective compartments. In the present case
the slopes corresponding to the 2nd, 3rd, 4th and 5th
compartments were 80, 68, 57 and 45% of the slope of the
first compartment. These percentages were used in Results
for comparing the computed and experimental EPSPs.
Theoretical membrane transient to current step applied
to the lst compartment was also computed by using analogue
computer, but it was possible to obtain the analytical

solution. The transient voltage had a functional form

4 .
Vv =2 Ei (1 ~ exp“t/ri), where i = 0, 1, --, 4. By observing
i=0

the solution thus obtained, it was found that there is a
relation between these parameters as El/Eo = 1.81-1,/T,-
It was further known that this is a relation which holds true

more generally in the case of n-compartment model as El/Eo
= (1 + cos g)‘rl/ro, where n denotes the number of compartments.

(Sato, personal communication). Since this linear relation
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is one of the important properties that this model can
predict, it was used in Results for interpreting the
applicability of the model to the experimental results

of RN cells.
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SUMMARY

1. Membrane electrical constants have been studied’
in neurosns of the red nucleus (RN) of the cat which were
identified antidromically from the spinal cord. For each
cell, the input resistance was determined form the membrane
potential changes to current steps and was found to be
2.5 + 0.9 M in twénty five RN cells studied. In addition,
linear summation of the membrane response induced by two
current pulses was demonstrated.

2. From the membrane voltage transients to current
steps, the first membrane time constant, 7, , and second time
constant, 7, , were determined as 5.6 + 1.0 msec and 0.6 +
0.2 msec, respectively. The ratio of the amplitudes of two
exponential functions, El/Eo, was 0.18 + 0.05. A linear
relation was found between the ratio of these amplitudes
of exponential functions and that of the two time constants.

3. The cable parameter (electorotonic length,‘L) of
the combined soma and dendrites of the RN neurons was
estimated as 1.1 from membrane transient data using the
relation developed by Rall (1969). |

4., By using this parameter, an attempt was made to
estimate the location of the excitatory inputs on the

soma-dentritic membrane of RN cells.
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ELECTROPHYSIOLOGICAL STUDY OF FORMATION OF NEW
SYNAPSES AND COLLATERAL SPROUTING IN RED

NUCLEUS NEURONS AFTER PARTIAL DENERVATION

INTRODUCTION

The possibilities for regeneration of neurons in the
central nervous system (CNS) of higher animals have been
regarded for a long time as very poor (Clemente, 1964).

In view of this, the capacity for functional compensation
after. brain lesioﬁs by the remaining nervous structures must
be regarded as surprisingly good. The compensation of the
initial dysfunction by the remaining nervous system following
cerebellar lesions has been described repeatedly since the
first report by Luciani in 1891 (Luciani, 1891). However,
little is known about functional changes subserving this
compensation and their morphological correlates at the
synaptic level._ As far as lesions in the peripheral nervous
system are concerned, it is well established that sprouts
from remaining intact motor axons are able to reinnervate
denervated muscle fibers (Edds, 1953). Recent detailed
morphological evidence indicates that collateral sprouting
of intact axon may operate in rat CNS (Lynch, Deadwyler and
Cotman, 1973; Lynch, Mosko, Parks and Cotman, 1973; Moore,
Bjorklund and Stenevi, 1971; Raisman, 1969; Raisman and
Field, 1973; Steward, Cotman and Lynch, 1974).

In order to examine possible plastic changes of synaptic
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activities, corticorubral excitatory postsynaptic potentials
(EPSPs) were investigated in the giant neurons in the red
nucleus in adult cats after destruction of the interpo—
sitorubral connection. Physioldgical and histological
investigations have shown that corticorubral synapses
terminate at the remote dendritic portion of the cells
(Brown, l§74; King, Martin and Conner, 1972; Tsukahara and
Kosaka, 1968; Tsukahara, Murakami and Hultborn, 1975),

while synapses from nucleus interpositus (IP) end on the
soma (King, Dom, Conner and Martin, 1973; Nakamura and
Mizuno, 1971; Toyama, Tsukahara, Kosaka and Matsunami, 1970).
Electrophysiologically, distal dendritic synaptic input is
dominated by the dendritic cable properties, which cause

a much slower time course of these dendritic excitatory
synaptic potentials (EPSPs) than that of somatic EPSPs

(Rall, 1964; Rall, Burke, Smith, Nelson and Frank, 1967;
Tsukahara and Kosaka, 1968; Tsukahara, Murakami and Hultborn,
1975). Taking advantage of this synaptic organization, it
is possible to test electrophysiologically whether cortico~»
rubral fibers form new synapses on the more proximal portion
of the soma-dendritic portion of RN membrane after interrup-
tion of the cerebellar nuclear input. This paper reports
evidence of such a plasicity of the corticorubral synapses
after destruction of the cerebellar input in a way which

may be partly responsible for the compensation of the
cerebellar dysfunction. Preliminary reports of the present

investigation have been published (Tsukahara, Hultborn and
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Murakami, 1974; Tsukahara, Hultborn, Murakami and Fujito,

1975) .

METHODS

The experiments were performed on 51 adult cats.
Three groups of Nembdialized cats were used; one control
group of normal animals (n = 20) and test groups with IP
lesions (n = 29) or lesions of the sensorimotor cortex
(n = 2). In the cats with IP lesions, the right IP was
destroyed electrolytically 4 days to more than 90 days before
the acute experiment. Similarly, the left sensorimotor
cortex was destroyed 20 days before the acute experimeht.
The IP nucleus was destroyed electrolytically by changing
the electrode position systematically several times and
passing cathodal current of 2 mA for 30 s each time. The
sensorimotor cortex was destroyed by electrocoagulation.
The surgical procedures and the techniques for stimulation
and recording from the red nucleus neurons were the same as
those exployed previously (Tsukahara, Toyama and Kosaka, 1967)

and will be summarized only briefly here.

Stimulation.and recording

The C,-C, segment of the spinal cord was exposed and
bipolar acupuncture needles, insulated except at the tips,
were placed on the lateral surface of the cord for anti-
dromic activation of the rubrospinal neurons. Bipolar

electrodes made of acupuncture needles, insulated except at
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the tips, were inserted stereotaxically for stimulation of
several sites. During acute experiments the corticorubral
fibers were stimulated at three levels: within the sensori-
motor cortex (SM), the rostral part of the cerebral peduncle
(rostral CP: at the stereotaxic coordinates of A8.5, L6,
and H—3.7), and the caudal part of the cerebral peduncle
(caudal CP: at A4.5, L4.5, and H—-6.1). In normal as well
as in chronic cats, stimulating electrodes were inserted in
the right IP and the left ventrolateral nucleus (VL) of
thalamus. In normal cats, stimulation of the VL evokes
monosynaptic EPSPs in RN neurons due to collateral activation
of the interpositorubral projection (Toyama, Tsukahara,
Kosaka and Matsunami, 1970; Toyama, Tsukahara and Udo, 1968;
Tsukahara, Toyama and Kosaka, 1967). During acute experi-
ments following lesions, VL as well as IP were stimulated to
estimate physiologically the degree of destruction of IP.
The subsequent histological control always verified the
physiological estimation.

Glass microelectrodes, filled with 2 M NaCl, 3 M KCIL,
or 2 M K citrate and having an electrical resistance of
6—12 MQ, were used. Microelectordes filled with Procion
yellow dye were used occasionally. The electrodes were
inserted from the exposed_surface of the left hippocampus
with a lateral angle of 15°. The input circuit, for both
recording and passing current through the recording micro-
electrodes, was similar to that described previously

(Tsukahara, Toyama and Kosaka, 1967). An operational
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amplifier (Phillbrick/Nexus 101101l) was utilized in its
construction. The output of the voltage'and the current-
recording system of the input'circuit was amplified by a

DC amplifier (Tektronix 3A3) énd displayed on an oscilloscope
(Tektronix, 565). The voltage output was also connected to
another DC recording system in order to monitor the resting
potential. Stimuli were provided by brief current pulses

of 0.1 ms duraiton from an electronic stimulator (Nihon-

Koden) .

Histology

The degree of lesion of IP and the location of the
stimulating électfodés were confirmed by histological
examination. At the end of the experiments a 10% formalin
solution was injected into the carotid artery. The sites of
stimuléting electrodes were coagulated by passing currents,
500 wA for 30 s, through the electrode, and subsequently
located by-serial\sections. Some RN neurons were identified,
in addition to thé antidromic activation from the spinal cord,
by injecting Procion yellow dye, as shown in Fig. 1.
Electrodes filled with an aqueous solution of 5% Procion
yvellow dye with an average electrode resistance of 50 MQ
were used. Hyperpolarizing current of 10—20 nA was passed
for 5-10 min across the cell membrane for dye injection.
After 1 wk, frozen sections, 100 mm thick, were examined
using a Nikon fluorescence microscope. Figure 1 illus-

trates a chronic cat RN cell stained with Procion yellow.
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Fig.1l Staining of an RN cell of a chroﬁic cat by Procion
yellow dye. A, Drawing of a histological secﬁion of the
midbrain of a chronic cat. A dot (arrow) represents the
location of an RN cell stained by Procion yellow. B,
Photomicrograph bf a Procion yellow filled RN cell with

high magnification.
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Computer simulation

The theoretical shape of the EPSP in RN neurons were
analyzed by Rall's compartment model using an analogue
computer (Hitachi, ALS 2000),7as described previously
(Tsukahara, Murakami and Hultbofn, 1975).

The model used consists of the straight chains of five
equal compartments of conventional synaptic membrane
equivalent circuit having resting (Gr) and excitatory (Ge)
conductance chénnels with resting (Er) and excitatory (Ee)
synaptic batteries. Membrane capacity (Cm) is inserted in
parallel with these conductance channels. Five such com-
partments of equal parameters are connected with each
other by mutual conductance (Gij), from jth compartment to
ith compartment. The membrane potential at ith compartment
is Vm . The normalized membrane potential at ith compartment,
vi, is expressed by the following ordinary differential
equations which are linear and first order (equation 13 of

ref 38). The ith compartment satisfies the following

equation

dvi

g - LWV, +
where

Vi T "Ee - Er

€~l + XL
£, = =
g = GLJ/Cm

-52—



Wy = - e E}iu’
JF L
g = Ge,/Gr
T = Cm/Gr
X; = I,/Gre(Ee - Er)

In this model, somatic membrane is represented by
the compartment 1 and dendritic membrane is represented by
the compartments 2, 3, ..., 5. Current I; is injected at
ith compartment externally. In the case of straight chains
of equal compartment as treated here, u; = 1~ '(AZ)"?,
where AZ is the increment of electrotonic length of the
equivalent cylinder model and the total length of the cylinder
is n - AZ, The membrane time constant, T, was assumed to
be the same in all compartments.

By assuming that the excitatory conductance increase is
localized to one compartment and that its time course is
very brief, it is possible to calculate the resulting
voltage change at any compartment for EPSPs initiated at
any one of the five compartments using the five-compartment
model described by Rall (Rall, 1964). Some properties of
these computed EPSPs were examined. For the calculations
we changed the cable parameter AZ to various values (see
'Fig. 9) assuming 1= 6 ms; By the use of an analogue computer,
the resultingrvoltage change at the first compartment
(~soma) was calculated where a pulse-shaped EPSP conductance

increase with a duration of 0.9 ms (see DISCUSSION) was

applied to each one of the five compartments. This model
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was used for quantitative evaluation of the location of
the newly formed components of CP EPSPs after partial
denervation at the various sites of the soma-dendritic

membrane of RN cells (see DISCUSSION).

RESULTS

1. Change of time course of corticorubral EPSPs after
destruction ofAcerebellar nuclear input

The typical slow CP EPSPs evoked by stimulation of
rostral CP and fast IP EPSP in a normal cat are illustrated
in Fig. 2A, B. In contrast, the rostral CP EPSP shown in
Fig. 2C—G, from a cat with chronic IP destruction, has a
much faster rise time (time to peak) and larger amplitude
than in A. The mean latency (+ SD) of the fast-rising
components of rostral CP EPSPs was 0.8 + 0.1 ms (n = 93
cells) for the chronic cats, which is slightly shorter than
that of the normal cats (1.0 + 0.2 ms (n = 100)). By
changing the stimulus intensities, the fast-rising component
of the CP EPSP could be graded in amplitude, as shown in
Fig. 2D—G, the minimal amplitude in this case being 1.2 mV
(Fig. 2D). Frequently, there is no simple decay following
the rapid rise and early summit; instead, a second peak may
occur as if the slow EPSP were superimposed on the fast one
(Fig. 2F). Spike potentials were usually initiated with
shorter latencies énd the field potentials were much larger

than in normal cats (Fig. 2G).
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Fig.2 Rise time of the CP-EPSP after IP lesion. A-G,
Upper traces are intracellulat responses -in RN ﬁeurons,
while the lower traces show the corresponding field
potentials”:ecorded at a jﬁstfextracellular position..uA
and B illustrate a CP~EPSPFaﬁd én IP-EPSP respectively
(same cell) from a normai cat, . C-G show CP—éPSPs after IP
destruction. C and D-G are records from different‘RN
cells. Stimulus intensity was increasgd from D to G. Time
and voltage calibration of B ana G aléq apply for A and D
to F respectifely. H, Frequency distribution of t‘hé-time—~
to-peak of éf—EPSPs (rostral CP-EPSPs) in chrénié cafs.
-Ordinates; number of cells. Abscissae, time—to-peak of CP-
EPSPs. I, The similar histogram as in H but from normal

cats,
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Time-to-peak measurements of rostral CP EPSPs corrected
for extracellular field potentials were made in chronic as
well as normal cats. In case of dual peaks, the initial
peak was used. The frequency distribution of the times to
peak of the rostral CP EPSPs of 119 RN cells of chronic and
100 RN cells of normal cats are shown in Fig. 2H and I,
respectively. The mean time to peak of rostral EPSPs in
the chronic cats was 1.5 + 0.6 ms (n = 119), which was
sighificantly shorter (P < 0.001) than that of the normal
cats (3.6 + 1.4 ms (n = 100)). In the majority of RN cells,
the times to peak of rostral CP EPSPs of chronic cats were
shorter thén those of normal cats. vHowever, it must be
noted that there were RN cells in which the times to peak of
'rostral CP EPSPs were within normal range. Since the results
varied with survival time (see Fig. 7), the present sample
of 119 RN cells is composed of chronic cats more than 12~
days survival time after IP lesion.

vThe time to peak of the later peak of the rostral CP
EPSPs, as shown in Fig. 2F, were measured by assuming that
thisbcomponént has the same latency as the initial fast-rising
component., The mean time to peak of this later component is
3.0 + 1.2 ms (n = 28), which is close to that of the normal
cats. These results thus indicate that a new component with
faster rise time, which appeared after chronic IP lesions,
is simply added to the normal slow-rising corticorubral EPSPs.

Figure 3 illustrates the relation of the time to peak

of the initial and second components of rostral CP EPSPs in
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chronic cats. It is noted that there is a strong positive
correlation between these two values. These data may be
taken to indicate that the time to peak of these two
components is determined largely by the cable properties of

neurons (see DOSCUSSION).

2. Conduction velocities of fibers responsible for fast-
rising component of CP EPSPs

Similar fast-rising EPSPs, but with different latencies,
could be induced by stimulation of the sensorimotor cortex
(sM) and caudal CP. Figure 4A and B illustrate records of
corticorubral EPSPs‘ihduced from two loci; the SM (with a
distance from the RN of about 30 mm) and the caudal CP
(about 2 mm from the RN). Collision experiments partly
shown in Fig. 4C—E have shown that these EPSPs were generated
by the corticofugal fibers originating in the sensorimotor
cortex and passing down through the CP. By comparing the
latencies (second arrows in Fig. 4A and B) with stimulation
at these two loci, the conduction velocities of the fibers
responsible for the new fast-rising components of the EPSP
in the chronic cat shown in Fig. 4A, B was estimated to be
14 m/s. A similar estimation was made on 29 RN cells, and
the mean conduction' velocity was 21 + 8 m/s. Figure 4F shows
the frequency distribution of these conduction velocities,
This value corresponds to that of the normal corticorubral
fibers, 20 m/s (Tsukahara and Kosaka, 1968).

Frequently, however, a very small depolarization with
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Fig.4 Conduction velocities of fibers mediating the newly

appeared fast rising components of corticorubral EPSPs in RN

cells,. Upper traces in A and B are intradellular records
of EPSPs evoked from SM(A) and CP(B). quer traées are
corresponding extracellular controls. C-E show the‘fecords
of collision experiment of EPSPs induced from SM and CP'.>
SM stimuli were applied ééyﬁérious time intervéls after

preceding .CP stimuli. Downward arrows in C-E indicate the
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onset of SM stimuli. Lower trace of C shows the
extracellular control.’ F, Frequency distribution of
conduction velocities of fibers mediating the fast rising

component of the corticorubral EPSPs. Ordinate: number of

cells. Abscissae; conduction velocities.
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somewhat shorter latency from the main component could also
be produced by stimulation of SM (initial arrows in Fig. 4A,
see also Fig. 8C and caudal CP (initial arrows in Fig. 4B).
The conduction velocity of fibers responsible for thié-small.
component was 40 m/s, which is in the range of fast-—
conducting pyramidal tract fibers (Takahashi, 1965). 1In
normal cats, the fast-conducting pyramidal tract fibers end
in the RN region, forming synaptic contact with inhibitory
interneurons (Tsukahara and Fuller, 1969; Tsukahara, Fuller
and Brooks, 19268), but not with rubrospinal neurons directly.
Therefore, it is suggested that after IP lesion, formation
of synaptic contact onto RN neurons, as identified anti-
dromically from the spinal ccrd,»occurred from fast-conducting
pyramidal tract fibers. However, the potential was usually

very small.

3. CP EPSPs during membrane potential change

Figure 5 illustrates a CP EPSP of a chronic cat during
membrane-potential displacement by injecting current through
the microelectrode. With hyperpolarizing current, the CP
EPSPs increasediin size; and with depolarizing current they
decreased; and by further increasing the depolarizing current,
they reversed in sign. This result, together with the
smoothly graded nature of the fast~rising component, indicates
that this component is due to an EPSP and npt due to a den-
dritic spike potential such as observed in‘hippocampal
pyramidal cells (Spencer and Kandel; 1961) or alligator

Purkinje cells (Llinds and Nicholson, 1971).
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Fig.5 Effect of membrane potential change on the CP-

induced EPSP. A-C, during passage of depolarizing curreﬁt
of 80 nA, 77.5 nA and 50 nA, respectively. D, Control. E,
during passage of hyperpolarizing-éurrent of 62.5 nA. F

shows the'corresponding extracellular record. G;,Tﬁe |

amplitudes of the fast—fising component of CP—-EPSPs

(Ordinates) are plotted against the respective ‘current

intensities (Abscissae).
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4. Comparison of cable properties of RN cells before and
after IP lesions

The simplest interpretation of the results presented
in sections 1-3 is to assume that corticorubral terminals
sprout to form new synaptic contacts at a more proximal
portion of RN cell membrane so as to compensate for the
removal of its principal excitatory input. However, an
alternative explanatioh is to assume that the partial
denervation causes a morphological change of the RN cells,
resulting in drastic changés of their éable properties.

In order to assess this possibility, the electrical
cable properties of RN cells were analyzed in cats with
chronic IP lesions and compared with those of a normal
sample (Tsukahara, Murakami and Hultborn, 1975). Figure 6A
illustrates an example of a membrane transient response of
an RN cell in the preparation where IP was destroyed 16 days
previously. By plotting the voltage thus obtained against
time on semilogarithmic coordinates, it was found that the
membrane transient response could be approximated by the sum
of two exponential functions of different time constants, and
final values as in normal cats. The main time constant, Tg.
was 8.4 ms and the shorter time constant, T,, was 0.7 ms in
the cell of Fig. 6A. Similar measurements were made on 11 RN
cells. The mean T, value was 7.2 + 1.2 ms, which is slightly
larger than the 1, value of 5.6 + 1.0 ms reported for normal
cats by Tsukahara et al. (Tsukahara, Murakami and Hultborn,

1975). The mean value of T,; was 0.7 + 0.2 ms (normal cats
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Fig.6 Dendritic cable properties and input resistance of

RN cells after IP lesion. A, Inset of A shows the membrane

transient responses (lowermost trace) of an RN cell inducedv
by applying a stép of current (middle trace) throuéh
microelectrode. Uppermost trace of the inset is the

corresponding extracellular control. The membrane
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transient response thus obtained is plotted on a .
semilogarithmic coordinates. .The straight tail portion of -
the curve at times lergefwfﬁan 2 msec represente tﬁe_first-'
time constanp, Ty’ 8.4_msec_i;The difference betweean tﬁe
experimental data (Filled circles) and the extrapolated
line was plotted on semilogarithmic scale (open Cireles).
The straight line through thesereircles represents the
second time constant, Ty of 0.7 msec. B, The eleetrotonic
length (L) or increment_of'the electrotohig leﬁgth»of five’
eompartment model (AZ) of the model RN cell meﬁbrene-
(Ordinates) is plotted againsf fhe respective inpﬁt
'resistanee of RN cells (Abscissae). Oﬁen circles, the deta
of chronic IP lesion. Filled circles, the‘data ef ndrmai

cats drawn from the previous experimeht (52).
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0.6 + 0.2 ms (Tsukahara, Murakami and Hultborn, 1975)).

The mean membrane resistance of RN cells was 2.7 + 0.8 MQ,
which is not significantly different from that of normal

cats (2.5 + 0.9 MQ) (Tsukahara, Murakami and Hultborn,

1975). From the ratio of two time constants, 1, and 1,, it
was possiblevto estimate the cable parameter, AZ, or electro-
tonic length, L, of RN cell membrane from the following
equation (Burke and Bruggencate, 1971; Rall, 1969; Tsukahara,
Murakami and Hultborn, 1975)

m
Vio/Ty - 1

The mean AZ value in the 11 RN cells was 0.21 + 0.02, which

L=5-A42=

is not significantly different from that of normal cats,
0.22 + 0.03 (Tsukahara, Murakami and Hultborn, 1975).

Figure 6B summarizes the relation between AZ or L values and
the input resistance in the present sample of RN cells.

Open circles represent data from chronic cats and filled
circles represent data from previous work on normal cats

(T'sukahara, Murakami and Hultborn, 1975).

5. Time course of change of rise time of CP EPSPs after IP
lesions

In order to know the time course of the development of
supposed collateral sprouting and formation of new synapses,
time to peak of CP EPSPs was investigated in experiments
performed at different intervals after destfuction of IP
nucleus. Figure 7 illustrates the relation between the

average time to peak of the corticorubral EPSPs initiated at
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Fig.7 Thevtime course of the change of the'rise—time of

the CP-EPSPs after IP lesion. Ordinates, rise_time‘of the
rostral éPeE§SPs. Abscissae, the days after iP lesion.
Open circles, the mean rise time of the rostfal CP—EPSPQ_
of more than six RN cells. Filled circles, the mean rise
time of the CP-EPSPs of two to five RN cells. Each point -
represents the data from one cat. Cross indicates'the méani
rise time éf the rostral CP-EPSPs of 100 ﬁN cells ihnnormai

cats.
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rostral CP and the numbers of days after IP resion for each
experimental animal. Four days after lesion, a significant
shortening of the time to peak already occurred. After 10
days it reached the maximum and remained constant for at

least about 80 days.

6. Cortical sites producing fast-rising EPSPs

According to histological (Mabuchi and Kusama, 1966;
Nyberg-Hansen and Brodal, 1964; Pompeiano and Brodal, 1957;
Rinvik and Walberg, 1963) and physiological investigations
(Padel, Armand and Smith, 1972; Padel, Smith and Armand,
1973; Tsukahara and Kosaka, 1968), the normal corticorubro-
spinal projection is arranged in a somatotopical‘manner;
from the forelimb sensorimotor area, through the dorsomedial
part of RN, to the upper spinal segment; and from the
hindlimb sensorimotor area, through the ventrolateral part
of RN, to the lower spinal segment. It was of interest to
see whether the new fast components of the corticorubral
EPSPs in RN neurons also follow this somatotopical arrangement.

Figure 8A illustrates the antidromic invasion from Cl as
well as LI spinal segments in an RN cell, which was thus
identified as a "hindlimb" unit. Figure 8B shows the
arrangement of the stimulating SM electrodes, five on the
precruciate gyrus and five on the postcruciate gyrus.
Stimﬁlus pulses of constant intensity were applied between

the two electrodes placed both on the pre-~ and postcruciate

gyri. Figure 8C illustrates the cortical EPSPs obtained from
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Fig.8 Cortical projective area of the corticorubral EPSPs after

chronic IP lesion. i, Uppér trace, antidromic spike

potential of ah RN cell iqduced from Cy spinal ségﬁenﬁ;
Lower traqe; that induced ffqm Ly spinal segment.  B, The
diagram SHdwing»the‘poéition éf-the stimulating electtode.‘
The overview of the left cruciate gyri. C, The SM-~EPSPs
induced in the same cell in A by stimulating points -
1abé11ed_in each trace (cathodal électrodés in ﬁostcrﬁciaté
against ﬁespective énoaal electrodes in'précriqiate‘
points); D, ﬁpper trace, antidromic spike potenéial of an
RN cell induced from C, sPinal‘segmént.‘ Lower trace, thét
failed to be induced from L1 spinal segmeht. E, The
position of the stimulating electrode as in B. F, EPSPs
induced in the same cell as in D by_stimuiéting pqints
labelled in each trace similar to C;_ Voltage and time
calibration in.A and C also apply for D and F, o

respectively.
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these five pairs of electrodes in the RN cell identified in

A. The IP nucleus had been destroyed 41 days preiviously.

It can be seen that cortical EPSPs were produced predominantly,
but'not exclusively, from the hindlimb region of the SM.

The same degree of overlap was also observed in normal cats.
Correspondingly in other RN cells, which were shown to
innervate only the upper spinal segments (Fig. 8D), cortical
EPSPs were produced predominantly from the forelimb region of
SM (Fig. 8E, F). Therefore, it was concluded that there is

still a tendency toward somatotopy.

7. Chronic cortical lesions and IP EPSPs

The results presented in sections 1-6 have all been
concerned with changes in the corticorubralbsystem after
interruption of the interpositorubral projection. It would,
or course, be of interest to extend the experiments to also
cover conceivable changes in the interpositorubral termination
after chronic cortical lesions. Preliminary evidence indi-
cates that when the SM cortex was destroyed 20 days prior to
the acute experiment, there was no appreciable change of
the time course of the IP or VL EPSPs. Perhaps the inter;
positroubral system does not possess the same plastic proper-
ties as observed in the present experiments for the cortico-

rubral projection.

DISCUSSION

The present investigations have shown that the time
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course of the depolarization of red nucleus neurons following
stimulation of the corticorubral pathway changed after
chronic lesion of the nucleus interpositus of the cerebellum.
The fastef rising component of the potential started to
develop several days after the IP lesion. Furthermore, the
corticorubral depolarization increased in amplitude so
prominently that it was much easier to initiate spike
potentials in RN cells. This was revealed both by intra—
cellular recording and by the increased field potentials
induced in RN region by stimulation of the corticorubral
fiﬁers.

As for the nature of the new fast-rising component of
the potential, it could be argued that it may not be an
excitatory postsynaptic potential but rather a regeherative
potential, such as dendritic action potentials (L1inds and
Nicholson,vl97l; Spencer and Kandel, 196l). The latter
possibility was excluded for the following three reasons.
First, the new fast-rising component could be smoothlyb
graded by changing the stimulus intensity down to the
amplitude of about 1 mV. Second, by changing the membrane
potential either in depolarizing or in hyperpolarizing di-
rection, the amplitude of the new componeht varied gradually,
as would be expected for an EPSP (Eccies, 1964). By intense
depolarizing current, it was even possible to reverse the
potential. Third, the new component exhibited frequency
potentiation by double or triple stimuli with a time course

similar to that found for the normal slow corticorubral
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EPSPs (Tsukahara and Kosaka, 1968; unpublished observation).
Therefore, the new fast-rising component is concluded to be
an EPSP.

There are several ways of interpreting the change in
the time course of the corticorubral EPSPs. The most straight-
forward interpretation of the results is to assume sprouting
from the intact corticorubral fibers and formation of new
synaptic contacts at more proximal portions of the RN cell
membrane. An alternative explanation would be that the
partial denervation produced a morphological change (Cerf and
Chacko, 1958; Jones and Thomas, 1962; Mathews and Powell,
1962) of RN cells, resulting in a drastic change of their
cable properties, as has been observed in muscle membrane
after denervation (Albuquerque and Thesleff, 1968). 1If, for
example, the electrotonic distance from the soma to the
distal dendrites had become shorter, the EPSP generated at
the distal dendrites would be less affected by the cable
properties and would appear less attenuated and with a faster
rise time (Rall, 1964; Rall, Burke, Smith, Nelson and Frank,
1967). This possibility was excluded for the following two
reasons. First, this cannot account for the dual peaks of
the cerebral EPSPs. Second, there was no significant differ-
ence in the electrotonic length of RN cell membrane after IP
lesion. There was a 10% increase of the main time constant
but this should cause an increase, not a decrease, of time to
peak of the CP EPSPs. |

Another factor which had to be considered is the con-
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ceivable development of a denervation hypersensitivity.
Partial denervation.is known to increase the sensitivity of
postsynaptic membrane to transmitter substance, as demon-
strated aftef complete denervation of muscle fibers (Axelsson
and Thesleff, 1959; Miledi, 1960). Such a hypersensitivity
could possibly be responsible for an increase of amplitude
of the cortical EPSPs in RN cells, but fails to account for
the decrease of‘rise time of the EPSPs. After this con-
sideration of conceivable interference from changihg cabie
properties and developing denervation hypersehsitivity, it
must be concluded that a new component appears after chronic
IP lesion, which has heVer been observed in normal cats.

The new corticorubral component must be generated at a more
proximal portion of the somadendritic membrane of the RN
cells than the original corticorubral EPSP, as judged by

its faster rise time.

By assuming that the corticorubral fibers in normal
cats terminate at the most distal portion of dendrites (the
most distal compartment in terms of Rall's (Rall, 1964)
compartment ﬁodel),-it is possible to estimate how this new
component should bergenerated proximally. If the time to
peak of the rostral CP EPSP (3.6 ms) of normal cats is only
determined by the cable properties of dendrites (AZ = 0.22),
the model (see METHODS) predicts that the duration of the
excitatory conductance increase should be 0.9 ms, when a
pulse-shaped conductance increase was aséumed. From Fig. 9,

the expected location of the new component of cerebral EPSPs
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Fig.9 Estimation of the location of the fast rising

component of CP-EPSP of chronic cats based on the
The inset illustrates a chain

compartméent model of Rall.
of five equal compartments having the same electrical

parameters (see Methods). The pulse~shaped conductance-

increase of 0.9 msec duration (dotted line in the ‘inset

diagram) occurs in each one of these compartmehts and the
resultant potential changes at the first compartment (soma)

are called the "computed EPSPs". The times—-to-peak of
P A g
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these "computed EPSPs" are plotted against electrotonic
1engthr(L) or increment Qf!éléctrotonic'length (42). " The
computation was performeé aﬁ three different values of AZ.
The resultant timeg-té—peak_of these "computed FPSPs“ ére
iplotted as filled circles. The normal cortico~:ubrél'EPSP
is considéred to be initiated ét 5th compartment (52).‘
Dashed liné shows thé elecﬁrotonic length'of'normal cats
(average of 25 RN cells)., The solid line shows that of

‘chronic cats (average of 11 RN cells).
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which produced the time to peak of 1.3 ms, the peak value of
the histogram of Fig. 2, must be the second compartment.
Therefore, the new component is assumed'to be generated at
the proximal dendrites very close to the soma. This view
may also account for the shortening of latencies of the CP
EPSPs in chronic cats, since the latency of the distally
located EPSPs tends to be estimated longer due to the delay
of passive propagation along dendrites (Rall, 1964).

There are possible alternatives to the interpretation
of our data other than occurrence of sprouting and formation
of new synapses. One possibility would be that corticorubral
fibers always make morpholpgical synaptic contacts on the
proximal as well as remote dendrites of RN cells, but that
the former is physiologically inactive for one or more
reasons (Cass, Sutton and Mark, 1973; Dennis and Miledi, .
1974). However, this possibility seems to be refuted by
ultrastructural evidence (Brown, 1974; King, Martin and Conner,
1972) that the corticorubral synapses in normal animals
terminate selectively on distal dendrites.

The postulated formation of new synapses does not imply
a priori an increase of the number of presynaptic fibers.
Instead it may merely represent a dislocation of the synaptic
contact from peripheral dendrites to more proximal portions,
without any accompanying increase of presynaptic fibers.
Although the question undoubtedly deserves a morphological
analysis, it seems that the double peaks of the SM and CP

EPSPs in cats with chronic IP lesions (see section 1 in RESULTS)
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strongly favors the idea that the original dendritic projection
remains intact; while newly formed collaterals terminate
the synapse onto the more proximal region. This conclusion
is further strengthened by the knowledge that formation of
new synapses with an increase in the number of presynaptic
fibers (collateral sprouting) occurs in the peripheral nervqus
system at the neuromuscular junction (Edds, 1953), in the
sympathetic‘ganglia (Guth and Bernstein, 19261) as well as in
some central synapses (Raisman, 1969; Raisman and Field, 1973);
The classical mérphological evidence for the formation :
of‘new synaptic contacts at the light—microséope level
{(Goodman and Horel, 1967; Liu andehambers, 1958; McCogch,
Austin, Liu and Liu, 1958) gained considerable weight with
the detailed ultrastructural studies (Raisman, 1969;.Rai_smani
and Field, 1973), as well as with the histochemical study
(Moore; 1971) on the partially denervated septal nuclei of
the adult rat by Raisman (Raisman, 1969), and Raisman and
Field (Raisman and Field, 1973). Lynch et al. (Lynch, 1973)
and .Steward et al. (Steward, Cotman and Lynch, 1974) showed
that field poténtials in rat appear in parallel with the
process of reinnervation established morphologically (Lynch,
Mosko, Parks and Cotman, 1973), and their results and othef
(Wall and Egger,vl97l) suggest that the new cohnections are
functionally active. 1In this coﬁnection, it should be noted
that most of the work referred to above was performed on the
rat CNS, which normally continues to%devélop even in the adult.

It may be of interest, therefore, to investigate the possibility
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for collateral sprouting and formation of new synaptic
contacts in species in which there is no further growth in
the adult CNS (see also Guillery, 1972; Kerr, 1972; Lund and
Lund, 1971).

The present results have provided strong phySiological
evidence for formation of new synaptic contacts with RN of
adult cats after partial denervation of IP input. Recent
electron microscopic work by Nakamura et al. (Nakamura,
Mizuno, Konishi and Sato, 1974) has supported the present
conclusion.

The recorvery of function after cerebellar lesions is
well known in the literature (Dow and Moruzzi, 1958). The
mechanism for this recovery, however, has remained obscure.
The formation of new synaptic contacts from the cerebral
cortex onto the brain stem neurons, which receive both
cerebellar and cerebral excitatory inputs, may provide one of
the possible mechanisms for this compensation. The cortico-
rubral synapses, for example, can compensate for the loss of
the major synaptic input of RN cells from IP nucleus by
occupying the more favorable location of spike initiation

than the previous remote dendritic location.

SUMMARY

1. Intracellular recording was made from cat's red
nucleus after chronic lesion of the nucleus interpositus (IP)

»

of the cerebellum and the properties of the corticorubral
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EPSPs were examined.

2. It was found that the time to peak of the cortico-
rubral EPSPs induced from cerebral peduncle (CP EPSP) of
chronic cats was much faster than that of normal cats.

There was no simple decay following the rapid rise and early
summit; instead there was another peak as if the slow normal
CP EPSPs were superimposed on the fast ones.

3. By stimulating two loci, sensorimotor cortex and
the cerebral peduncle, the conduction vélocities of the
fibers responsible for the newly appeared fast-rising
component of the corticorubral EPSPs were measured. They
were almost the same as those of normal corticorubral EPSPs.

4. The newly appeared fast-rising component of the CP
EPSPs increased in size by membrane hyperpolarization and
decreased and finally reversed in sign by membrane depolari-
zation.

5. Electrotonic length of the red nucleus neurons, as
estimated by analyzing the membrane transient response to
current steps, did not change significantly after chronic IP
lesion.

6. Time coﬁrse of the change of the rise time of the cp
EPSPs after IP lesion was investigated. At 4 days after lesion,
there was already a significant shortening of the time to
peak of the EPSPs. After about 10 days it reached the maximum
and remained for more than 80 days.

7. There was a somatotopical organization of the pro-

jective areas of the fast-rising component of the corticorubral
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EPSPs similar to that of normal cats.

8. It was concluded that the dendritic corticorubral
synapses sprout to form synaptic contacts at the more proximal
portion of the soma-dendritic membraﬁe of red nucleus neurons.
A quantitative estimation of the possible sites of the newly

appeared synapses on the soma-dendritic membrane was made.
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Chapter V



ANALYSIS OF UNITARY EPSPs MEDIATED BY THE
NEWLY-FORMED CORTICO-RUBRAL SYNAPSES AFTER LESION OF

THE NUCLEUS INTERPOSITUS OF THE CEREBELLUM

INTRODUCTION

It has until recently been considerea that
synaptogenesis does not take place in the central nervous
system of adult mammals, although in the periphéral nervous
system there is efficient regeneration (Clemente, 1964).
However, Raisman (Raisman, 1969; Raisman and Field, 1973)
reported electron microscopic evidence suggesting formation
of new synapses in the septal nucleus of adult rat following
partial denervation. A histochemical study (Moore et al., 1971)
has supplied additional evidence of growth of sprouts in the
septal area. Steward et al. (1974) have further provided
knowledge that fibers from the contralateral entorhinal
cortex give sprouts to the granule cells of dentate gyrus of
adult rat following lesion of the ipsilateral entorhinal
cortex.

The question needs to be raised at this étage wheﬁher
these newly formed connections are physiologically effective.
Attempts were made to test this problem by using indirect
methods such as field potential analysis (Wall and Eggar, 1971;
Lynch et al., 1973), but unfortunately there has been almost
no. detailed:iintracellular study of this problem in CNS.

Neuron of the red nucleus (RN) provides an excellent
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material for testing this problem directly by using
intracelluar recording techniques, since quantitative
electrophysiological properties of the synaptic organization
and the electrical constants of the neurons have been
investigated extensively (Tsukahara and Kosaka, 1968;
Tsukahara et al., 1975c; Sato and Tsukahara, 1976). Indeed,
it:hasnrécently'beenﬁShcwn“by’intracelluiar:recording that
synapses are newly formed in RN cells after partial
denervation (Tsukahara et al., 1974, 1975a,b). Cortico-rubral
fibers which make synapses originally on the remote dendrites
(Tsukahara and Kosaka, 1968; Tsukahara et al., 1975c; King
et al., 1972), make new &synapses on the proximal portion of
the soma~dendritic membrape following lesion of interpositus
nucleus (IP) of the cerebellum. This can be detected by the
change in the time course of the c¢ortico-rubral EPSPs; a new
component with fastér time to peak and larger amplitude
appears after IP lesion superimposed upon the slowly rising
ones. |

The present paper is concerned with the properties of
the unitary EPSPs generated through the newly—-formed cortico-
rubral synapses after chronic lesion of IP, while the
subsequent paper (Murakami et al., 1977) deals with the
properties of synaptic transmission.

A preliminary réport on some part of the present study

has been publishied (Murakami et al., 1976).
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METHODS

Two types of preparations were used. The first type were
with chronic IP destruction of the right side from twelve to
one hundred and sixty one days previously. The second were
cats without destruction of the IP nucleus. All animals Were
anesthetized with pentobarbitone sodium (35 mg/kg),
immobilized by gallamine triethiodide, and artificially
respirated. Supplemental doses of pentobarbitone Qere :
injected intravenously as.required. The body temperature of
the animals was kept between 36°C andv38.5°C throughout the
experiment.

The methods of recording from RN neurons and of
stimulation and destruction of IP nucleus were essentially
the same as those employed in our previous report (Tsukahara
et al., 1975b). Intracelluar recording was performed from
RN neurons on the left side. Microelectrodes filled with 2M
NaCl or 3M K-citrate and those with an electric resistance
of 4-8 M were preferred. Membrane potentials were monitored
through a low gain, D.C. coupled amplifier on an oscilloscope
(Tektronix 565) and amplitudes of the action potentials were
monitored.

A pair of acupuncture needles insulated except at the
tips was used for stimulation. Stimulating electrodes for
cerebral peduncle (CP) were composed of 2-3 such acupuncture
needles separated by 1.5 mm. Those for sensori-motor cortex

(SM) were compoéed of two lines of five acupuncture needles
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separated by 1.5 mm. A repetition rate of 1/sec was used for
CP and SM stimulation.

The output of the voltage recording system of the
preamplifier was amplified by a D.C. amplifier (Tektronix 3A3)
and displayed on an oscilloscope (Tektronix 565) and also on
a magnetic tape (Sony PFM-15). After the experiments the data
in the tape were averaged by an averaging computer (Nihonkoden
ATAC-250). 30 traces were averaged for the present analysis.

An analogue computer (Hitachi ALS-2000)was used for
calculation of the theoretical EPSPs by Rall's compartmental

model as previously (Tsukahara et al., 1975b, c).

RESULTS

The experimental results were based on 22 RNbcellé‘of
seven normal cats and 26 RN cells from eleven cats with
chronic iP lesion (referred to as 'chronic cat' below), which
showed spike amplitudes of more than 50 mV ranging from 50 mV

to 85 mV.

1. Time Course of Unitary EPSPs

Figure 1 illustrates examples of the unitary EPSPs
evoked in RN cell by stimulating the sensorimotor cortex (SM).
During SM stimulation with a fixed intensity cortico-rubral
EPSPs appeared in an all or none fashion and also exhibited
fluctuation of their amplitudes. The EPSP evoked in this all
or none manner is considered to be due to activation of a

single cortical cell or a fiber, or less likely a group of

~-84-—



i e PN i e VL T
e " A, |

05my
2msec

Fig. 1 Cortico-rubral unitary EPSPs. A-C: intracellular

EPSPs.evoked by stimulation of sensori-motor cortex

at a raté"of 1/sec in a cat with IP lesion 27 days
bgfore acute experiment. F-H: those in a normal cat.

D: failﬁres of responses which éppeared'at the ;ame
stimulus intensity as A-C. I: thét in a normal cat.

E, J: extracellular recordiﬁgé just outside of the cell.
‘Traces in A-D and F-H are part of consecutive records.

Voltage calibration in E apply to A-D and that in J

apply to F-I also. Time calibration is common for a-J.
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single cortical cell or a fiber, or less likely a group of
cortical cells behaving in an all or none manner with this
stimulus condition which convérges onto the recorded RN cell,
and is referred to as an unitary EPSP. The time course of
these cortico-rubral unitary EPSPs was compared in normal and
chronic preparations.

Examples of cortico- rubral unitary EPSPs in a chronic
cat are illustrated in Figure 1lA-C whereas those ih a normal
cat are shown in Figure 1F-H. The traces shown in D.and I are
failures of responses with the same stimulus intensity as A-C
or F-H, respectively'and the traces shown in E and J are the
extracellular recordings just outside the cell. As exemplified
in this figure, the times to peak of many cortico-rubral
unitary EPSPs are shorter and their amplitudes are larger in
chronic cats than in normal ones. Photographs of 30-40 such
consecutive responses were taken, and the time to peak}
amplitude, and the latency were measured fo each trace. In
a few cases of chronic cats there were apparently
double-peaked EPSPs. In these cases their amplitudes and their

times to peak were measured for the first peak.

Time to Peak

As can be seen in the example of Figure 1, time to peak
of the cortico-rubral unitary EPSPs is evidently shorter in
chronic cats than in normal ones. Frequency distributions of
the time to peak plotted from records of the EPSPs partly

shown in Figure 1 are shown in Figure 2A and B for the
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Fig. 2 Prequency distribution of the time to peak

and amplitude. Tifne to peak and amplit_udé of the

EPSP was measured from each of the consecutive traces
of the EPSPs partly shown in Fig. 1. A: histogram of
the time to peak of the unitary EPSP in a cat with

IP lesion. B: that of the EPSP in a notmal cat. C, D:
histogram of the amplitude c')f the EPSP in a cat with

IP lesion and normal cat, respectively. Shaded areas

represent number of failures of the responses.
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unitary EPSPs in a chronic and a normal cat, respectively. The
average times to peak of the unitary: EPSPs shown in Figure 2A

B are 0.9 msec and 2.9 msec, respectively.

Amplitude

The amplitude of the unitary EPSPs is larger in chronic
cats than in normal ones. The frequency distribution of their
amplitudes for the EPSPs partly shown in Figure 1 is plotted
in the histograms of Figure 2C and D, reséeétively. The
distribution is unimodal and the mean amplitude of the EPSP
in a chronic cat is 0.6 mV. Histogram of those of the noxrmal
preparation of Figure 1 is shown ih Figure Zb. Again the
distribution is unimodal, and the mean value is 0.3 mV.

In a few cases the distribution was not unimodal. These

were not used for the present analysis.

Latency

It has been reported. that the latency ofi the compound
CP-EPSPs was slightly shorter in chronic cats than in normal
ones. The average latency of the unitary EPSP of a chronic
cat shown in Figure 1lA-C is 1.4 msec and that in normal cat
is 1.8 msec.

Altogether 26 unitary EPSPs recorded in cats with IP
lesion and 22 unitary EPSPs in normal cats were sampled in
this way and the average time to peak, amplitude and the
latency of the series of 30-40 consecutive traces thus
obtained are plotted in the histograms of Figure 3. It is

noted that the time to peak is shorter and the amplitude is
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larger in chronic cats (Fig. 3A, C) than in normal cats (Fig.
3B, D).. The meagn, S.D. (ahd the range) of .time to!'peak and thg
amplitude of the EPSPs in normal cats are 2.68¥70.61 mesc(l.25-
3.90; n=22) and 0.33%0.09 mV(0.23-0.41; n=22), respectively.
Similarly, the meah, S.D. (and the range) of time to peak and
the amplitude of the EPSPs in chroni¢ cats are 1.36+0.59
msec (0.81-2.64; n=26) and 0.48+0.16 mv (0.22-0.89: n=26),
respectively. The difference of the time to peak and .
amplitude of the EPSPs in chronic catS'aﬁd those in normal
ones is étatistidally significant (p < 0.001). |

Likewise, latencies of the unitary EPSPs evoked by
stimulation of CP or SM inﬂchronic'cats'aﬁd normal ones:are
shown: in;rFiguré:-' 3E.and F, respectively. "'I!he.,u_latetl-__c-‘y is
slightly but not significantly shorter,:l.lli 0.17 msec (n=15)
for CP-EPSPs in the chronic cats, ﬁhan in the normal, l.lGi
0.17 msec(n=14). Similarly for SM-EPSPs, the latency is 2.01
+0.58 msec (n=11) in the chronic and 2.15+0.51 méec(n=8) in
the normal cats.

Figure 4 shows the relation between time to peak of.
the unitary EPSPs‘and their peak amplitudes. Filled circles
represent EPSPs>in normal cats and open circles represent
those in chronic cats. It is noted that the EPSPs in normal
cats had large time to peak and small amplitude; while those
in chronic cats showed a.wider'range-of:variabilitygon;the
graph. Furthermofe, there is a tendency for the larger
unitary EPSPs to show a shorter.time to peak.

A similar relation of the time to peak versus amplitude
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Fig. 3. Summarized histogram of the mean time to peak,

',amplitude and latency of the cortico-rubral unitary EPSPs.

A, B; histogram showing the relation between number of

EPSPs and mean time to peak of the EPSPs.

C, D:

histogram'showing the distribution of amplitude.

E, G and F, H: histogram showing the distribution of

latency by stimulation of CP and SM, respectively.

A, C, E and F: fo: chronic cats. B, D, G and H:

for normal cats.
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Fig. 4 Relation between time to peak and amplitude of

unitary EPSPs. Open circles represent unitary EPSPs

of chronic cats and fille§ circles represent those

of normal cats. Large open circles represent those of
theoretical EPSPs derived by Rall's.coﬁpartmental

model initiated at the each compartment of a chain of
five compartment.s Numbers 1 ~ 5 in each circle
indicate corresponding compartments. The -time course of
the theoretical EPSPs generaﬁed in those compaftmentS-

is diagramatically shown in the inset of the figure.
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was derived theoretically using Rall's compartmental model
(Rall, 1964) and calculating the theoretical EPSPs generated
at each compartment.of the five compartment model as
illustrated in the inset diagram of Figure 4. Times to peak
and amplitudes of these theoretical EPSPs are plotted in the
same graph as large circles labelled as 1-5. For deriving
this relation the same paramenters as in our previous
computation (Tsukahara et al., 1975c) were used and an
excitatory conductance increase of the same time course was
assumed to be localized in each compartment, i.e., membrane
time constant of RN cells was assumed to be 6 msec and the
total electrotonic length as 1.1l. Pulse-shaped excitatory
conductance change of 0.9 msec duration was employed for the
genération of EPSPs at each compartment. By assuming that
the peak amplitude of the theoretical EPSP caused by the
conductance change at the most diétal compartment
(compartment5) is about 300uV, it is possible to compare the
theoretical results with those derived experimentally. A good
agreement of the theoretical curve with the experimental
points strongly supports the view that cortico-rubral :
synapses are newly formed in chronic cats on the dendritic
trunk electrotonically close to the soma.

Presence of the EPSPs of the normal range either in the
time to peak or the amplitude is also notiéed in chronic
cats. Thisbsuggests that there are cortical fibers which do
not:give_any sprouts(see:section2).

In a few cases cortico-rubral unitary EPSPs with i
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combined fast and slow components were clearly observed.
Figure 5A-E shows part of the consecutive records where
an EPSP with double peak appeared in all (A-E) or none
(F) fashion. Slight decrease in stimulus intensity

caused complete failure of responses.

2. Fast and slowly rising cortico-rubral EPSP during
membrane potential displacement.

Sometimes both fast and slowly rising EPSPs were recorded
‘in the same RN cell when stimulating different loci of the
sensori-motor cortex of chronic cats. Fig. 6 illustrates
an example of a pair of averaged records of fast and slowly
rising EPSP in an RN cell.

When the membrane potential was hyperpolarized
(Fig. 6B and C) by injecting current through the impaling
microelectrode, the amplitude of the fast rising EPSPs
increased whereas the amplitude of the slowly rising EPSP
rémained almost ¢onstant. The relation between the ampli-
tude of the EPSP and the amount of injected current is
plotted in Figure 6D. Open circles corréspond to the fast
rising EPSP and filled circles relate to the slowly rising
EPSPs. Crosses represent the amplitude of fast—-rising EPSP
when initial amplitude without injection of cﬁrrent was
normalized to be the same as that of slowly rising EPSP.

It was necessary to avefage the data because of the

fluctuation of the amplitude of the EPSP. A large scatter
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Fig. 5 Unitary EPSP with double peak A-E:part of

consecutive records of cortico-rubral unitary EPSPs
evoked by stimulation of cerebral peduncle in a cat

with IP lesion. F; a failure of response.
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Fig. 6 Sensitivity of amplitude of the EPSPs to membrane

polarization.' A: fast rising (left) and slowly rising

( right) corticorubral EPSP of unitary level recorded in
the same cell by simulating different points of sensori-
motor cortex of a chronic cat. B: same as A but EPSPs
when membrane potential was hyperpolarized by injecting
current through microelectrode. Hyperpolarzing current
of stronger intensity than in B was injected in C. 30

consecutive EPSPs were averaged in A-C. Upward arrows
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in A-C indicate the time of onset of stimulation. D:
relation between amplitude of EPSP and injected current.
Open circles correspond to the fast rising EPSP and filled
circles correspond to slowly rising ones in A-C. Crosses
represent the percentage increase (right ordinate) of

the amplitude of fast rising EPSP. The chtrol amplitude
without current injection was adjusted to be the same as
that for slowly risng ones. Left ordinate; amplitude of
EPSP. Abscissa; intensity of injected current. Lines

were drawn by the method of least squares.
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of the points in Figure 6D might be accounted for by
the variation of the membrane resistance, since it took
at least 30 sec to obtain one point of the graph of
Figure 6D. However, it is noted that the amplitude of the
fast rising EPSP inceased more prominently (34%) than
that of the slowly rising one (7%). Further, the coeffi-
cient of regression (obtained by the method of least
squares) 1is significantly larger for the fast rising EPSP
(dashed line) than that for the slowly rising one.

Similar difference of sensitivity of the amplitude
of EPSPs to injected current was bbserved in two other
RN cells. This can be accounted for by proximal loca-
tion of the synapses responsible for the fast rising EPSPs
on the soma dendritic membrane of RN cells compared to
the slowly rising one and supports the view that the fast
rising cortico-rubral EPSPs are newly formed at the proxi-
mal portion of the soma-dendritic membrane of RN cells

(see discussion).
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DISCUSSION

In an extent of a previous study (Tsukahara et
al., 1975b), a more detailed analySis of the cortico-rubral
EPSP after chronic lesion of the IP nucleus has now been
made. By providing a detailed knowledge of the pro-
perties of the unitary EPSPs the‘present investigation
has confirmed the previous conclusion that new synapses
are formed in RN cells form corticorubral fibers after
chronic lesion of IP (Tsukahara et al., 1975b). Firstly,
a new group of unitary EPSPs with faster rising time
course and larger amplitude than in normal cats was
observed in RN cells of chronic cats. Secondly, this
new group of unitary EPSPs had a time course and an
amplitude quantitatively predictable by a theoretical
consideration that new cortico-rubral synapses were
formed at the proximal portion of the soma-dendritic
membrane of RN cells. Thirdly, when the membrane poten-
tial was hyperpolarized the amplitude of the fast
rising group increased whereas that of the slowly rising
unitary EPSP remained almost unchanged. Taken together
these results indicate that sprouting and formation
of new synapses of the cortico-rubral fibers occurred at
the proximal portion of the soma-dendritic membrane of
RN cell.

A theoretical prediction of Rall's model which can

be compared to the experimental neuronal membrane tran-
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sient was investigated previously (Sato and Tsukahara,
1976). The theoretical transient of somatic membrane
potential change induced by applying current step to
the soma is expressed as a sum of exponential functions,
The ratio of amplitudes of the fast and the second
largest exponéntial fuhctions of this theoretical memb-
rane transient was found to be proportiénal to that of
their respective time constants. This relation is
useful to evaluate the applicability of the Rall's model
to RN neurons. Experimental analysis of the mémbrane
transient responses produced by injecting current step
to RN cells showed that this theoretical relation holds
true for RN cells (Tsukahara et al., i975c).‘ Furthermore,
it was confirmed that there was not significant differe-
nce in membrane time constants and electrotonic length
of RN cells between normal and chronic cats (Tsukahara
et al., 1975b). Hence we accepted this model for calcu-
lating the theoreticalunitary EPSPs and used the same
parameters as.used préviously for normal cats. It
should be noted, howéver, that calculation of the
theoretical unitary EPSP is based on the assumptions
that duration and intensity of transmitter action are the
same for all synapses and the equilibrium potential of
the EPSPs is also the same.
The presence of unitary EPSP with double peak which
bahaves in all or none manner as shown in Figure 5 indi-

cates that there exist cortico-rubral fibers making new



synapses on the same RN cell as their original termination.
A frequent observation of cortico-rubral unitary EPSP
with fast time to peak and simple decay may indicate that
there exist newly formed cortico-rubral synapses produced
by cortico-rubral fibers running close to the RN cell
without original synapses on these RN cells. In the
previous report (Tsukahara et al., i975b) it wés found
that fast conducting pyramidal tract fibers which normally
form synaptic contact with inhibitory interneurons in RN
region make new synapses on rubro-spinal neurons. How-
ever, the potential produced by the fast conducting pyra-
midal fibers was usually very small. It must also be
considered that absence of the slow component superimposed
on the fast rising ones in cortico-rubral EPSPs should be
interpreted with caution, bacause a slight reduction of
the membrane resistance diminished the electrotonic
propagation of the remotely>located dendritic EPSPs to
the soma. Thus, the slow component of the cortico-rubral
unitary EPSP of small amplitude tends to be overlooked.

In summary, the appearence of the fast rising compo-
nent of cortico-rubral unitary /EPSP after chronic lesion
of IP is considered to be due to the formation of new
synapses on the dendritic trunk electrotonically close

to the soma of RN cell.
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SUMMARY

1. Unitary EPSPs were recorded intracellularly
from neurons of the red nucleus (RN) by~stimulating the
cortico-rubral fibers in normal cats as well as those with
chronic lesion of interpositus nucleué (IP) of the cerebellﬁm

2. Two groups of unitary EPSPs were recorded in éats
with IP lesion. One consisted of cortico-rubral unitary
EPSP with shorter time to peak and larger amplitude than
those in normal cats. The other consisted of unitary EPSPs
of the normal range.

3. The appearance the fast rising group of cortico-
rubral EPSP caused by IP lesion was theoretically predic-
table based on Rall's compartmental model by assuming that
new synapses were formed close to the soma of the RN cells.

4. The amplitude of the fast rising EPSPs increased
more prominently by hyperpolarising the membrane potential
than that of the slowly rising ones.

5. It was concluded that the fast rising group of the
unitary EPSPs which appeared following IP lesion was due
to the formation of new synapses on the proximal portion of

thw soma-derndritic membrane of RN cell.
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Chapter VI



PROPERTIES OF THE SYNAPTIC TRANSMISSION OF THE NEWLY FORMED
CORTICO-RUBRAL SYNAPSES AFTER LESION OF THE NUCLEUS INTER-

POSITUS OF THE CEREBELLUM

INTRODUCTION

Modification of synaptic transmission caused by preceding
stimuli haé been found in neuromuscular junctions and central
synapses (Eccles, 1964) as an increase of amplitude of EPSPs
for a short period after a preceding’stimulus( ‘facilitation'
or as a prolonged enhancement of the EPSPs, 'posttetanic
potentiation' (PTP), after repetitive synaptic activation.
The mechanisms of facilitation and PTP have been shown to be
due to an increase in the probability of transmitter release
from presynaptic terminals (Kuno, 1971). Extensive studies
on the frog neuromuscular junctions have further shown that
this is caused by influx of Ca ion into the presynaptic termi-
nals (Katz and.Miledi, 1968; for review see Kuno, 1971).

There are considerable variations in the degreee of
facilitation or potentiation in synapses of different pre-
synaptic origin even in the same central neurons (Eccles,
1964; Kuno and Weakly, 1972; Phillips and Porter, 1964;
Tsukahara and Kosaka, 1968; Toyama-et al., 1970) in contrast
with the matching of facilitation among the nerve fibers
converging onto a single'muscle fiber in crustacean neuro-
muscular junctions (Atwood and Bittner, 1971; Frank, 1968),

In the red nucleus (RN) neurons, it has been reported

that cortico-rubral EPSPs show a marked facilitation
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(Tsukahara and Kosaka, 1968), while interposito-rubral EPSPs
exhibit neither facilitation nor depression on repetitive
stimulation of the presynaptic fibers (Toyama et al., 1970).
The cortico-rubral synapses normally make synapses on the
distal dendrites of RN cells (Tsukahara and Kosaka, 1968;
Tsukahara et al., 1975b). Following the lesions of the
nucleus interpositus (IP), whose termination in RN is somatic
(Toyama et al., 1970), occurrence of sprouting and formation
of new cortico-rubral synapses on the proximal dendrites of
RN cells have been reported previously (Tsukahara et al.,
1975a).

Then a question arises whether the newly appeared cortico-
rubral synapses have the same characteristiCs of syﬁaptic
transmission as the original cortico-rubral ones or not.

The present study attempted to obtain an answexr to the
above question. Synaptié transmission of the newly formed
cortico-rubral synapses after IP lesion was analysed by
examining facilitation ‘of cortico-rubral unitary EPSPs in
comparison with those of normal cats. Some properties of PTP
were aiso examined both in chronic and normél cats.

A preliminary report on some part of the present investi-

gation has been published (Murakami et al., 1976).

METHODS

The experimental porcedures were essentially the same as
those described previously (Murakami et al., 1977). In order

to avoid complications which might be introduced by stimulating
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transsynaptically the cortico-rubral neurons in the cerebral
cortex, coritco-rubral fibers were stimulated at the cerebral
peduncle (CP) in the present sutdy. In the 'facilitation'
experiment the stimulus intensity of CP was adjusted as small
as possible so that the amplitudes of cortico-rubral EPSPs

are in the range of unitary EPSPs in order to avoid contami-
nation by polysynaptic IPSPs (Tsukahara et al., 1968) and

to make the summation of EPSPs in the linear range {cf. Martin,

1955).

RESULTS

The data presented here were sampled from RN cells in
cats where the interpositus nucleus was destroyed from
fifteen to one hundred and sixty-one days prior to the acute
experiment (referred to as chronic cats below) and those in
normal cats. Data were collected from RN cells having spike
amplitudes of more than 50 mV and showing stable resting

potentials.

1. Facilitation of Cortico-Rubral Synaptic Transmission

When double stimuli with the same stimulus intensity
were applied to cerebral peduncle (CP), the amplitude of the
second EPSP was larger than that of the preceding one as
shown in Figure 1A-D. This facilitation of the synaptic
transmission produced by the preceding stimulus was seen for
CP-EPSPs in both the chronic (Fig. 1A and B) and the normal

cat (Fig. 1C and D). In all the expefiments described here,
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Fig. 1 Facilitation of cortico-rubral EPSPs. A, C:
examples of EPSPs evoked in RN cells by stimulation of CP.
B, -D: samé as A and C but the EPSPs in response to two
succesive stimuli to CP. A, B: in a chronic cat. C, D:
in a normal cat. E: an'averaged record of the EPSPs partly

.

shown in D. Upward arrows in E indicate the onset of

stimuli. Voltage calibration in D applies to A-C also.

D.C. recording.
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the interval between the paired double stimuli was fixed as
large as 1 sec so that there would be no residual facilitatory
effect due to the preceding double Stimuli. As has been
described in the previous paper (Murakami et al., 19877),

there were considerable fluctuations in the amplitude of
cortico-rubral EPSPs. Therefore, fhe responses were averaged
by an averaging computer and the averaged records as exempli-
fied in Figure 1lE were used for the subsequent.énalysis.

The degree of facilitation was defined as the ratio of
the difference between the amplitudes of the first (V,) and
the second (V,) EPSP against the first résponse,

fi120 = (Vo = V) /Vy,
as illustrated in the‘inset diagram of Figure 2A. This is
plotted in Figure 2A for an example of a normal cat against
stimulus interval. As Shown in the example shown in Figure
2A the facilitation‘attains its peak at the interval of
about 3 msec and thereafter declines in two phases; it
initially decreases rapidly and then slowly.

The time course of the facilitation thus obtained was
measured in 14 RN cells of chronic cats and 12 RN cells of
normal ones. The mean and standard deviation were then
calculated and plotted in Figure 2B and C against stimulus
interval for the chronic (Fig. 2B) and the normal cats (Fig.
2C), respectively.

Aithough the degree of facilitation for the EPSPs in
- chronic cats (Fig. 2B) is slightly smaller than those in

normal ones (Fig; 2C), the difference is not statistically
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Fig. 2 Time course of facilitation of cortico-rubral EPSPs.

A: degree of facilitation of an EPSP in a normal cat
measured in the manner as illustréted in the inset is
plotted on a logarithmic ordinate against the interval
between.two stimulus pﬁlses of CP. B: the mean time course
of facilitation of 14 EPSPs in chronic cats was plbtted on
logarithmic ordinate against stimulus interval (open

circles). The plotted points could be fitted by a straight
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line except for the initial 10 msec. The slope of the
straight line gives a time conséant of 44 méec. The
differences between the experimentally obtained values
(open circles) and the extrapolated straight line (ddtted
. line) were fepiotted in the same graph’(filied cirlces).
"These values could be fitted by another,straight line |
which gives the second time constant of 6 msec.  C: séme
as B, but the mean time course of faéilitaéion of 12
EPSPs recorded in normal cats. The time constants are
54 msec and 3 msec for the normal cats. Straight\lines
giving the large time constants were drawn by aéplying
the least-ééuare method for points between lO»mséc énd 50
" mseCc and those giving the small time constants were drawn
5y épplying the same method for points between 3 msec:and

- 10 msec.v
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significant (p > 0.05, t-test, compared at each interval).

By comparing the mean time course of facilitation in chronic
and normal cats shown in Figure 2B and C, it is noticed that
time course of facilitation decays approximately exponentially
on the average with a comparable time course bothvin chronic
and normal cats except for the initial 10 msec.

The amplitude of the third EPSP was still larger than
the second as shown in a specimen record in Figure 3A, where
three successive stimuli of the identical interval and
intensity were applied to CP in a chronic cat. The degree
of facilitation caused by the preceding stimuli was defined
by the ratio of the difference between the EPSPs produced by
the third stimulus and that by the first stimulus to CP
divided by the amplitude of the first EPSP as illustrated in
Figure 3B. The degree of facilitation for the third EPSP as
defined above was measured in the same RN cells of chronic
cats as used in Figure 2B at various intervals and the mean
facilitation was plotted in Figure 3C against stimulus
intervals. The larger degree of facilitation for the third
EPSP than for the second may be consequence of addition of
facilitation such as linear summation of facilitation
(Mallart and Martin, 1967; Muir and Porter, 1973).

In the experiment shown in Figuré 4, the amplitude of
the first and the second cortico-rubral unitary EPSPs res-—
ponding to two successive stimuli to CP were measured directly
from photographic records without averaging.

A facilitation of the second fast rising cortico-rubral
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Fig. 3 Facilitation of cortico-rubral EPSPs to three

successive stimuli. A: a specimen record of cortico-

rubral EPSP in response to three successive CP stimuli

in a chronic cat. D.C. recording. B: the method for

measuring the facilitation for the third EPSP (f13)'

f13 is defined as a difference between the peak amplitude

of the third and the first corticorubral EPSP (V3—Vl),
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divided by the first EPSP (Vl). C: facilitation for

the third EPSP. Ordinate; mean facilitation for the

third response of 12 EPSPs when triple stimuli of identical
interval and strength were applied to CP of chronic cats.
Abscissa; interval between stimulus pulses. Vertical

bars represent standard deviation.
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EPSPs was observed even when no fast rising EPSP was evoked
by the first stimulus to CP (Fig. 4B, control in Fig. 4A).
Further, as would be expected the amplitudes of the second
EPSPs were mostly larger than the first ones (Fig. 4A and C).
Figure 4D shows the relation between the amplitudes of the
first cortico-rubral EPSPs (V;) and those of the second (V:).
It is clear that V, is larger than Vi (p < 0.01), and the
amplitudes of the second EPSPs are significantly largef than
Vi (p <0.02, t—-test) even when V; = 0 (points oﬁ the ordi-
nate). Figure 4D further indicates that frequency of
occurrence of failures is markedly reduced for the second CP
stimulus and that there was no co:relation between the ampli-
tudes of the second EPSPs and those of the first (p > 0.1,
t—-test, not including failures). Measurements of V, and V,
from photographic records were performed with appreciable
~accuracy in 4 RN cells of chronic cats and 2 RN cells of
normal ones. In all of them similar relations between V; and

V, as descirbed here were obtained.

2. Relation Between the Time Course of EPSP and the Degree
of Facilitation

The peak value of the facilitation (maximum facilitation)
differed from cell to cell as is noticed from large standard
deviation of the data shown in Figure 2B and C. It also
ivaries depending on the time course of the EPSP as shown in
Figure 5. It was found that there is a tendency that the
more rapidly rising EPSPs (Fig. 5A) have the smaller facili-

tation (Fig. 5B) and vice versa (Fig. 5C and D). Figure 5E
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Fig. 4 A relat_ ion between the amplitude of first and

the second cortico-rubral EPSPs. A: a photographic

record qf a cortico-rubral EPSP in response to a sihgle

CP stimulus. B: the same cortico-rubral EPS# as A in.
response to.double CP’stimuli with failure of response

‘for thé fi&st CP stimulus. C: same as B but with?ut‘
failure. Upward arrows indicate the moment of CP stimuli.
D: a relation between the ampli?ude of the first (abcissa)
-and the secohd (ordinate) cortico-rubral EPSPé. Amplitudes
of the second EPSP (Vz) were measured as in the inset
figure. The straight line represents- the relation

-satlsfylng Vl = V2.

-114-



B I /\ e normal
i o chronic
7 15 "
c W 2f
H”*x% =
;o R NP 0 o ® °
N ,_: f'U ° ‘O
R - °
\: . ad * O/./
D 7 o o
j, \_‘;‘\ E 1 o ./O
-.-’ \.\ o] Ooo
: E 00 ® °
i
]r ]Q5NN N . .
L — 0 2 4L 6
! 2msec time to peak(msec)

Fié. 5 A relation between the degree of facilitation and

-

the time to peak of the EPSPs. A: a fast rising cortico
~rubral EPSP. B: same as A but.in response to two
succesive stimuli to CP. C: a sldwly rising cortico-rubral
EPSP. D: same as C but the EPSP in response to two
succesive stimuli to CP. Upward arrows indicate the
moment of CP stimuli. E: the relation between the maximal
degreé of facilitation ({(ordinate) and time to peak of |
the EPSP (abscissa) . The maximal degree of facilita-

tion was defined by the summit value of facilitation curve
as shd%nin'Fig. 2A. PFilled circles for normal cats and
open <c¢ircles for chronic cats;'.A straight line was

drawn by the least-square method from the data points.
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shows the relation between the maximum facilitation and the
time to peak of the EPSP. The maximum facilitation was
measured at the summit of the facilitation curve as shown in
Figure 2A (downward arrow). The correlation between the
maximum facilitation and the time to peak of the EPSPs is
statistically significant (r = 0.63; p < 0.001, t-test)

(cf. Porter, 1970).

3. Posttetanic Potentiation

A posttetanic potentiation of the cortico-rubral EPSPs
was also found both in chronic cats and in normal ones after
repetitive CP stimulation. The upper traces of Figure 6A
and B show examples of cortico-rubral EPSPs in a chronic cat
before tetanic stimulation of CP. Following tetanic stimu-
lation at 200 Hz for 10 sec (represented by stippled area)
the amplitudes of the EPSPs increased as shown in Figure 6C
and D. Similar increase of amplitudes of the EPSPs was also
seen in normal cats (control in Fig. 6E and F upper traces)
after tetanic stimulation of CP as shown in Figure 6G and H
(upper traces). Judging from the simultaneously recorded
membrane potential change produced by the injection of a
square—-wave current (lower traces in Fig. 6A—H) there was no
appreciable change of membrane resistance of the RN cell
after tetanic stimulation.

Typical examples of the time course of the potentiation
are shown in Figure 7A and B for the EPSPs in a chronic and
a normal cat, respectively. Amplitddes of the EPSPs are

represented by large filled circles. The maximal potentiation
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Fig. 6 Posttetanic potentiation of cortico-rubral

EPSPs. A fast riéing cortico-rubral EPSPs befére

(A, B, upper traces)‘and'after (C, D, lower traces)
tetanic stimulation of CP at 200 Hz for 10 sec in a 
cﬂronic cat. E, F: same as A and B but the EPS? in

a normal caﬁ_(upper traces). G, H: same as -C and D

but in a normal cat after tetanic stimulation of CP at
200 Hz for .20 sec (upper traces). Times after tetanic
stimulation are labelled in each trace of C, D and

G, H. Lower traces in A - H are the membrane potential
changes produced by the passage of current pulses through

microelectrode immediately after recording the EPSPs.
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Stigpled areas represent the period of tetanic stimula-
tion. The voltage calibration 'in D applies to the lower
traces from A to D and that in the lower trace of H
applies £o the lower traces frbm E to H. The voltage
calibration in the upper trace of H applies to the

upper traces from A to H. Time calibration of 2 msec

in the upper trace of'H applies to all the upper traces
and that in the lower trace of 10 msec of H applies to
all the iower traces. Lower traces.are'all D.C.

recordings.
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of the amplitudes of EPSPs was attained immediately after

the tetanic stimulation. The potentiation declined slowly
lasting for several minutes. Similar potentiation of the
amplitudes of EPSPs was seen in 4 RN cells in chronic cats
and 5RN cells in normal ones. Open and filled circles in

the lower part of Figure 7A and B represent membrane resistance
and change in resting membrane potential, respectively. It
can be seen that there is no appreciable change in the
membrane resistance or in the resting membrane potential
associated with the increase of the amplitudes of EPSPs.

Thus the increase of the amplitudes of the EPSPs is a genuine
PTP and not due to a change in the membrane potenital or in
the conductance of RN cells. A more prominent potentiation
was observed as the frequency and/or duration of tetanic
stimulation was increased. However, the degree of potenti-
ation of fast rising cortico-rubral EPSPs in chronic cats
was not appreciably different from that of the slowly rising

EPSPs of normal cats.

DISCUSSION

The results in the present investigation have shown that
cortico-rubral EPSPs mediated by the newly formed synapses
exhibited facilitation and posttétanic potentiation as ob-
served in the cortico-rubral EPSPs of normal cats. Further-
more, the degree of facilitation was larger for the slowly
rising EPSPs than for the fast rising EPSPs; there was a

correlation between the time to peak of the EPSPs and their
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Fig. 7 Time course of posttetanic potentiation. = A: the

amplitude of cortico-rubral EPSPs (ordinate), membrane
re‘asistance_; and resting membrane potential in a chrohic
cat -are plotted against time before and after tetanic
_stimula_tién to CP. Tetanic stimﬁlatioh to CP at 200
Hz for 30 sec is expreséed as stippled column.,” Time 0

indicates the moment -of cessation of tetanic stimulation.
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Large circles; amplitudes of cortico-rubral EPSPs.

Open circies represent the membrane resistance aé the
ratio~ of the mean value before tetanic stimulation.
Small filled circles represent the deviation of fhe
membrane pbtential from the mean»value béfore tetanic

stimuli. B: same as A but in a normal ¢at.
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degree of facilitation.

In agreement with the‘prévious reports in neuromuscular
junctions or peripheral and central synapses (Eccles, 1964;
Kuno, 1571), the mechanism of facilitation in cortico—iubral
synapses is assumed to be presynaptic in nature for the
following reasons. In the first place, there was an enhance-
ment of the second cortico-rubral EPSP even when the first
stimulus to CP failed to evoke any EPSP. Seéondly, the
frequency of failufes was much less for the second response
than for the first. Thirdly, the amplitudes of the second
EPSPs were not correlated with those of the first. These
observations cannot be explained by any posysynaptic mechani-
sms as a change in sensitivity of postsynaptic membrane to
the chemical transmitter (Watchel and Kandel, 1971; Bennett,
1971).

The presence of a correlation between the degree of
facilitation and the time to peak of the EPSPs does not come
about secondarily to IP lesion, because there is still a
significant correlation (p < 0.05, t—test) between the degree
of facilitation and the time to peak of the EPSPs in normal
cats (filled circles in Fig. 5E). The correlation rather
indicates that there is a positive correlation between the
degree of facilitation and the location of the synapses
producing the EPSPs, since the difference in the time course
of the EPSPs has been fully explained by the different loca-
tion of the synapses on the soma-dendritic membrane of RN

neurons (Tsukahara and Kosaka, 1968; Tsukahara et al., 1975a;
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Murakami et al., 1977; Rall, 1964).

Although the mechanism of faéilitation for cortico-rubral
EPSPs is considered to be presynaptic as discussed above,
there is a possibility that the difference in the degree of
facilitation in individual EPSPs might be due to some post-
synaptic mechanisms which modify the amplitudes of cortico-
rubral EPSPs recorded by the intrasomatic microelectrodes.

1. A non-linear property of the membrane such as the anomalous
rectification of thé membrane (Nelson and Frank, 1967), which
produces an increase of membrane resistance for a depolariza-
tion, would modify the amplitudes of the EPSPs. It is expect-—
ed that EPSPs produced at the distal dendrites are susceptible
to this modification more prominently, because larger depolar-—
ization might be produced by the same synaptic current due to
larger input resistance of distal dendritic branches (Rall

and Rinzel, 1973). 2. A participation of some active process
such as a dendritic‘spike (Spencer and Kandel, 1961).
Dendritic spikes may be generated by the second stimulus with
a higher porbability then for the first, because the second
EPSP is superimposed upon the’depolarizatioh caused by the
first EPSP. 3. A shortening of the dendritic electronic
distance caused by the preceding depolarization; in this
situation the second cortico-rubral EPSP is propagated from
distal dendrites to the soma with less attenuation than for
the first EPSP. This would result in an apparent increase

of the EPSPs génerated by the second stimulus.

With the above mentioned mechanisms which presuppose
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dendritic depolarization by the preceding EPSP it could not
be possible to account for the long~lasting time course of
the facilitation. However, as for the facilitation at short
stimulus intervals it is possible that the above mechanisms
play an important role. Nevertheless, these possibilities
are contradicted by the following reasons. ' a) The non-linear
property of the membrane has not been observed in RN cells
when tested by injecting rectangular current through intra-
somatically penetrated microelectrode (Tsukahara et al.,
1975b). b) The amplitude of cortico—-rubral EPSPs was increas-—
ed linearly by the hyperpolarizing current and decreased by
depolarizing current either in chronic (Tsukahara et al.,
1975a) or in normal cats (Tsukahara et al., 1975b). Thé
linear change of the amplitudes of the.EPSPs to injected
current can hardly be expected if the current—voltage relation
of the membrane is not linear. The reason against the second
possibility is that there is no inflexion in the rising phase
of the second cortico-rubral EPSPs judging from the photo-
graphic recordings as shown in Figure 1 and 4, unlike
dendritic spikes observed in chromatolysed motoneurons
(Eccles, 1964) and hippocampal pyramidal neurons {Spencer and
Kandel, 1961).

The third possibilify is readily excluded since a
shortening of the dendritic electrotonic distance should
result in a reduction of the time to peak of the second
cortico-rubral EPSPs but no appreciable change in the rise
time of these EPSPs was observed during the period of facili-

tation.
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It now seems unlikely that the difference of the degree
of facilitation is related to some postsynaptic mechanisms.
Therefore, the alternative possibility that it is related to
a property of presynaptic fibers is more likely,

There are several possible presynaptic mechanisms for
the above property of the facilitatioh. The most attractive
of these is that presynaptic terminais of RN cells receive
a kind of information about the location of thé postsynaptic
sites. This postulated information might be utilized to
control the degree of facilitation of that presynaptic terminal.
Indirect support of this iﬁterpretation ig the accumulative
evidence in neuromuscular junctions that there is a kind of
information flow from postsynaptic site to the presynaptic
terminals (Kuno et al., 1974; Yip and Dennis, 1976; Brown and
Ironton, 1977; Grinnell et al., 1977).

The alternative explanation for the observed relation
between the degree of facilitation and the synaptic location
of these synapses is to assume that synapses which are not
activated by a single impulse becéuse of the blockade of
impulse propagation at the branching of the presynaptic
terminals are activated by two or more successive stimuli,
and that the degree of this recruitment of the inactive
synapses 1s more prominent in the more distally located
cortico-rubral synépses. This would require that several
conditions be met. First, it would require that there are a
significant number of branches of the cortico-rubral fibers,

and second that they should be blocked for some reason,
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resulting in the presence of the inactive synapses. Third,

it necessitates that the degree ofvthe blockade of impulse
conduction is reduced by the second or third impulse than by
the first, thus producing the enhanced facilitation. However,
there is nothing to indicate that these three conditions are

fulfilled.

SUMMARY

1. Properties of synaptic transmission during and after
repetitive activation of the newly formed cortico-rubral
synapses were examined in the red nucleus neurons (RN) of
cats after lesions of the nucleus interpositus of the cere-
bellum (chronic cats) as well as in normal ones.

2. A prominent facilitation of the amplitude of cortico-
rubral unitary EPSPs was observed in both normal and chronic
cats when a stimulus to the cerebral peduncie (CP) was pre-
ceded by another stimulus by 2-50 msec.

3. Time course of the facilitation shows that it attains
maximum at the interval of about 3 msec and decays approxi-
mately exponentially lasting for 50 msec or more.

4. When three successive stimuli of identical intensity
were applied to CP, the degree of facilitation was more
prbminent htan that for double shock.

5. There was a positive correlation between the time to
peak of the cortico-rubral EPSPs and their maximum wvalue of
facilitation.

6. The posttetanic potentiation of the cortico-rubral
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EPSPs was observed after tetanic stimulation to CP in chronic

and normal cats. It lasts for a few minutes in both cases.
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General Discussion

The present study revealed that collateral sprouting
and formation of new synapses occurs in adult cats following
chronic lesion of IP.

The study of collateral sprouting started more than
twenty years age, when occurrence of axonal sprouting from
intact axons was found following partial‘denervation of the
motor nerve (Edds, 1953). The anatomical evidences for
collateral sprouting at the light microscopic level has
been subsequently accumulated in the spinal cord {Liu and
Chambers, 1958; McCouch et al., 1957) as well as in the
superior cervical ganglion (Murray and Thompson, 1956;

Guth and Bernstein, 1960). Further»anatomical evidences

for lesion-induced collateral sprouting have been presented
in various parts of the CNS based on histochemical (Moore

et al;, 1971; Stenevi et -al., 1972; West et al., 1975;
Steward et al., 1974) as well as on electronmicroscopic
results (Raisman, 1969; Raisman and Field, 1973; Lund and
Lund, 1971; Mathews, 1976a; b). However, these histochemical
and morphological studies failed to demonsttate the functio-
nal effectiveness of the synapses formed by the new collate-
ral sprouts. There have also been some physiological works
in which collateral sprouting was suggested to occur in

the CNS by the analysis of the field potentials (Wall and

Eggar, 1971; Lynch et al., 1973; West et al., 1975; Steward
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et al., 1974). But such field potential analysis remained
indirect and could not decide whether the newly appeared
components are due to collateral sprouting or denervation
hypersensitivity (Axelson and Thesleff, 1959; Kuffler et
al., 1971) or dendritic spike (Spencer and Kandel, 1961).

The present study proved that the newly formed cortico-
rubral synapses following IP lesion are indeed functional.
It was found that they show properties of synaptic trans-
mission similar to those of normal corticorubral synapses,
when presynaptic fibers were activated repetitively.

Nadler (1973) reported ﬁhat lesion of the entorhinal
cortex of the rat eleven days after birth was followed by
formation'of anomalous septohippocampal projection, but
that the thereby observed increase in activity of acetyl-
cholinetransferase was transient. Further, Chow {(1975)
found formation of ipsilateral retinal projection to lateral
half of superior colliculus, which is normally innervated
contralaterally, 14 - 26 days after enucleation in the rat
just after birth. However, these new connections were
mostly not functional when the animals were fully grown up.
Also in the case of salamander functionallyvsuppressed
synapses by foreign nerve was finally eliminated morpho-

logically (Dennis and Yip, 1978).
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One may wonder whether the newly formed synapses
in the RN continue to function permanently or not. The
results of the present study indicate that the newly
formed CR éynapses are functionally effective at least for
six month (see Fig. 7 of chapter 1V) .after lesion of IP.
It should be noted that CR unitary EPSP with double

peak was observed in chronic cats and this was taken to

indicate that the collateral spruoting occurred from

CR fiber. This observation indicates that mother branch
keeps its synaptic contact with the distal dendrites and
also that these synapses maintain their fupctional
effectiveness even after formation of new daughter branch
at the proximal dendrite.

The CR unitary EPSP with double peak (Fig.5 of
chapterlV) may be the first direct evidence which showed
both collateral sprouting with axon elongétion and the
functional effectiveness of the newly formed synapses.

In the multiple synapse of the septum (Raisman, 1969)

the distance between two different synaptic site is of the
order of synaptic size ( ~ SPm) and this indicates that
there was no axonal growth nor terminal proliferation.

But in the case of RN neurons, the situation seems to be
different. Since the interval between the first time to

peak and the second one is about 2 msec, the electrotonic
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distance between two synaptic sites is estimated to be
about 4/5 of the eletrotonic length of the whole neuron,
which is much larger than the synaptic size. This
indicates that in the case of RN neurons axons have indeed
grown new collateral branches and formed synases.

Most of the works on collateral sprouting deal with
abnormal situation, i.e., the growth of intact axons
following lesion of their neighboring tissues. One may
ask if the collateral sprouting as describedvhere occur
in the animal of normal situation and if it is the
substrate for the plasticity of the behavior. The experi-
ment that gives insight into this question is the one done
by Tsukahara and Fujito (1976). They demonstrated that the
collateral sprouting of the corticorubral synapses occur
following cross—innervation of the forelimb nerves in the
adult cat. They also observed behavioral recovery of the
forelimb after the operation. Therefore, it is probable that
axonal sprouting is the substrate for behavioral plasticty
or adaptability, although other mechanisms such as postsynaptic
plasticity (e.g. cf. Rutledge, 1976) should also be consi-

dered.
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SUMMARY

1. The present study showed collateral sprouting
and formation of new synapes in the mammalian CNS as
well as their functional effectiveness which histochemical
and mophological'studies have failed to demonstrate.

2. The significanée of the present study was discussed
in view of the fate of the newly formed synapses and the
original ones after IP lesion.

3. The difference between the present evidence of
collaterél sprouting and formation of multiple synapses
was discussed.

4, The relation between axonal sprouting and the

behavioral plasticity was also discussed.
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