their antipsychotic effects, may be con-
traindicated during recovery from brain
injury because they block catecholamine
receptors (16) and may slow the recov-
ery of function,
DENNIS M. FEENEY
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WENDY A. Law
Departments of Psychology and
Physiology, University of New Mexico,
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Velocity Signals Related to Hand Movements Recorded from

Red Nucleus Neurons in Monkeys

Abstract. Neural activity of the red nucleus was studied in monkeys trained to
operate devices requiring shoulder, elbow, wrist, hand, or finger movements. Single
cell activity was more closely related to movements of the hand and fingers than to
movements of the other joints. Discharge consistently preceded movements by a
constant time interval; duration of discharge was highly correlated with the duration
of movement; and discharge rate was highly correlated with movement velocity.
These data suggest a role for the rubrospinal pathway in the initiation and control of

hand movements.

The magnocellular division of the red
nucleus (designated RNm) is the origin
of one of several large-fiber tracts that
descend from the brainstem to the spinal
cord. Signals from the cerebellum and
motor cortex converge on RNm neurons
to produce motor commands. These
commands are then conducted in the
rubrospinal tract to propriospinal neu-
rons, segmental interneurons, and, in
primates, directly to motor neurons (/).
The specific nature of the motor com-
mands transmitted by the RNm is poorly
understood. We investigated the particu-
lar categories of movement controlled by
the RNm and also the temporal and
parametric features of these nerve sig-
nals.

Since lesions of the rubrospinal path-
way result in deficits in the control of
distal joints of the extremities in both
monkeys and cats (2), we were interest-
ed in knowing how the discharge of RNm
neurons varies as the animal performs
movements of the hand and fingers. Mi-
croelectrode recording has been used in
studies in which trained monkeys (3-5)
and cats (6) performed tasks that empha-
sized motion about more proximal joints,
from the wrist to the shoulder, and limit-
ed to a single category of movement. We
have now examined the relations of the
RNm neurons to hand and finger move-
ments using several manipulanda in or-
der to compare relations at different
joints (7).

A device, which we call the twister
(Fig. 1A), operates like a motorcycle
throttle. Twister rotation is sensed by a
potentiometer circuit that drives a posi-
tion trace on a visual tracking display. A
pair of horizontal traces on the tracking
display designate a target zone. A mon-
key is required to manipulate the posi-
tion trace between the horizontal traces
by rotating the twister, in order to obtain
a liquid reward. The monkey’s head and
body are restrained, and a tungsten mi-
croelectrode used for recording (0.2 to 1
megohm impedance) is positioned in the
animal’s brain with a standard chamber
and microdrive (8). Operation of the
twister requires a coordinated hand
movement, mainly involving the action
of finger and wrist muscles (confirmed
by intramuscular electromyographic re-
cording). Other movements were tested
with the same tracking display and dif-
ferent manipulanda. One device required
push-pull movements of the whole limb,
and other devices were designed to iso-
late movements of the fingers, thumb,
wrist, elbow, or shoulder. During the
study of each neuron, we supplemented
quantitative observations on one to four
devices with a qualitative examination of
the neural activity associated with reach-
ing for and manipulating food objects.

Our results are based on 327 single-
unit recordings from well-characterized
RNm neurons in two male rhesus and
one male cynomolgus monkey. During
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the daily recording sessions, which were
spaced over several months, we relied
on stereotaxic coordinates, the charac-
teristic eye movement-related discharge
of the oculomotor nucleus, and other
physiological landmarks to find RNm
neurons. Our recording sites were later
confirmed histologically by the location
of electrode tracks and small electrolytic

lesions made by passing current through

the recording electrode at selected sites
(Fig. 1B). The RNm units had large
action potentials (0.4 to 2 mV) and spon-
taneous rates in the range 0 to S0 pulses
per second; the neurons discharged vig-
orously at rates that often exceeded 100
pulses per second when the animal made
appropriate movements.

Within the RNm, there was a clear
separation between three somatotopic
zones. Most of our recordings (230 units)
were from a dorsomedial forelimb zone.
On some penetrations, we encountered
activity related to mouth and facial
movements just dorsal to the forelimb
zone (28 units). There is also a large
ventrolateral hind limb zone that we
sampled only partially (69 units), since
we often withdrew the electrode when it
entered the lower limb zone in order to
minimize tissue damage. This overall so-
matotopy agrees well with previous ana-
tomic, stimulation, and recording studies
).

Qualitative tests with free limb move-
ments suggested that RNm discharge is
more closely related to hand and finger
movements in the fore limb (77 percent
of 230 units) and to foot and toe move-
ments (/0) in the hind limb (83 percent of
69 units) than to movement about more
proximal joints. Frequently, high dis-
charge rates were associated with even
slight movements of the digits.

Using computer records obtained dur-
ing tracking movements, we analyzed
137 well-isolated single units located
within the dorsomedial upper limb zone.
We considered a unit to be well related
to a particular movement if its discharge
rate was modulated by 50 pulses per
second or more. With this criterion, only
5 of 22 tested units were well related to
push-pull movements of the whole arm;
for most of these 22 units, discharge was
correlated more closely with adjust-
ments of the monkey’s grip on the manip-
ulandum handle than with the move-
ment about proximal joints. In tests with
other manipulanda, 1 of 6 units was well
related to shoulder movement, 3 of 13
were well related to elbow movement,
and 47 of 117 were well related to per-
formance on the twister.

The most consistent discharge modu-
lations were seen during operation of the
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twister, which required a complex move-
ment that involved both wrist and meta-
carpophalangeal joints. A crank device
that required wrist movements without
finger involvement resulted in no back-
ground activity in RNm; of 16 cells iso-
lated and tested on the device, none
modulated above the criterion of 50
pulses per second. Of 17 cells that gave
more modulation than 50 pulses per sec-
ond on the twister, 9 also gave more
modulation than this criterion on tasks
that isolated finger movements. Thus,
finger movements are relevant for the
discharge, but coordinated action of the
wrist and fingers may also be important.

Fig. 1. (A) Monkeys were trained to track a
target on a visual display using one of several
manipulanda as a tracking device. The manip-
ulandum shown here, called the twister, was
our best device for provoking modulations in
discharge rate of red nucleus neurons. A
microdrive attached to a chamber that was
mounted to the skull was used to position a
tungsten microelectrode for single-unit re-
cording. (B) A cresyl-stained frontal section
taken through the midbrain at the level of the
magnocellular division of the red nucleus
(RNm). The oculomotor nucleus (OCN) is in
the center, and the large cells ventral and
lateral to the oculomotor nucleus are the left
and right RNm. The light circle surrounded by
a darker staining area is a lesion site where
recordings were made from a cell related to
foot movements. About 1 mm dorsal to this
area is a lesion (less obvious in this section)
placed in an area related to hand movements.
The histology from all subjects showed re-
cording sites to be in the RNm.

Unit activity displayed considerable
specificity for a given task when the
modulation criterion was applied. Of the
66 units tested on multiple manipulanda,
43 were tested on two devices, 20 on
three devices, and 3 on four devices.
Among these, 24 units were well related
to performance on a single device, 13
were well related to performance on two
devices, and one was well related to
performance on three devices. Of the 14
instances in which unit activity was well
related to performance on more than one
device, 11 occurred with alternative de-
vices for eliciting hand and finger move-
ments. Twenty-eight units were not well
related to performance on any of the
manipulanda tested, even though 20 of
these discharged vigorously when the
animal grasped raisins or used its hand in

-other ways; these units thus appeared to

be related to specific categories of hand
movement not tested by the available
manipulanda.

After a device was determined to be
effective in eliciting unit activity, the
temporal and parametric characteristics
of the unit activity were studied. Figure 2
shows the discharge patterns of a neuron
during twister movement. The move-
ments were provoked by changes in tar-
get position that began at time zero. The
target was changed stepwise in Fig. 2A,
whereas it was moved at a slow constant
velocity (ramp) in Fig. 2, B and C. The
monkey was not particularly proficient
at ramp tracking, but even trials with
irregular performance (Fig. 2B) proved
valuable for subsequent analysis. The
traces labeled ‘“CUSUM"’ (/1) in Fig. 2
were constructed by summing the cumu-
lative number of spikes as a function of
time, minus a constant rate chosen to
counterbalance the spontaneous dis-
charge of the cell in the prestimulus
interval, thereby enhancing the display
of changes in spike activity. CUSUM’s
transform bursts of irregular activity into
smooth steplike transitions and irregular-
ly maintained tonic responses into ramp-
like transitions (Fig. 2A).

The onsets of bursts in discharge were
readily determined from inflections in
the CUSUM’s (solid vertical markers in
Fig. 2). These events could then be com-
pared with the onset times of the rele-
vant movements (dotted vertical mark-
ers). The onset of a burst preceded the
onset of movement, and the lead times of
120 to 140 msec shown in Fig. 2 are
typical. For a population of 32 units, the
mean lead time was 124.2 = 27.2 (stan-
dard deviation) msec. Electromyograph-
ic recordings showed that prime movers
were activated approximately 55 msec
before our estimate of movement onset.
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Thus, the average RNm unit fired 70
msec before muscle activation, a time
interval that is consistent with a role for
RNm in movement initiation.

The durations of the bursts of neuronal
discharge corresponded closely with
movement durations. Figure 2A shows
this in simplest form and Fig. 2B illus-
trates that the rule may apply only to the
“‘on”’ direction of movement, since most
well-related units displayed unidirection-
al firing patterns. The correspondence
between burst and movement duration is
illustrated by the long periods of dis-
charge corresponding to the long periods
of movement in Fig. 2C. The fact that the
burst began before the onset of move-
ment and terminated before the comple-
tion of the movement suggests that sen-
sory feedback may not be a major caus-
ative factor in controlling RNm activity.

Discharge rate was highly correlated
with the velocity of movement for many
neurons [also compare (4, 6)]. For exam-
ple, a rate of 180 pulses per second
precedes the rapid movement in Fig. 2A
in comparison with the 60 pulses per
second prevalent throughout the slow
movement extending from 0.9 to 1.7 sec-
onds in Fig. 2C. The intermediate veloci-
ty movements at the beginning and end
of this time period were preceded by
bursts of 110 and 120 pulses per second.
Similar correlations between discharge
rate and velocity were found for units
related to finger movements and also for
the few units related to elbow and shoul-
der movement. Of 27 well-related units
that were studied over a range of veloci-
ties, the trial-by-trial correlation be-
tween discharge rate and velocity
reached statistical significance (P < .05)
for 25; the correlation coefficients for 13
of these exceeded 0.8 and the highest
was 0.97. These correlations appear to
be as high as those reported for premotor
“‘burster’’ neurons in the oculomotor
system (12). Analogous trial-by-trial cor-
relations have rarely been described for
the skeletomotor system, and for the
cases reported (13), the correlation coef-
ficients have been lower.

Comparison of CUSUM’s with posi-
tion traces generally demonstrated a re-
markable similarity (Fig. 2, A and C),
except that the CUSUM failed to reflect
movements in the “‘off”’ direction (as in
Fig. 2B) because of the predominant
unidirectional nature of RNm burst be-
havior. The correlation in the ‘“‘on” di-
rection provides an additional demon-
stration of the close correspondence (af-
ter correction for the lead time) between
RNm discharge rate and movement ve-
locity. Since the computation of CU-
SUM’s requires mathematical integra-
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Fig. 2. Well-related single units such as this one showed burst changes in discharge rate,
measured in pulses per second (upper traces), with onsets (solid vertical markers) that preceded
movement onsets (dotted vertical markers) and rates that correlated with movement velocities.
The middle traces in the three trials are integrated spike records, called CUSUM’s; except for a
directional asymmetry, these spike records closely resemble the records in the lower traces,
which show the angular position of the twister. The three individual trials are in response to (A)
a step target and (B) and (C) ramp targets, all starting at time zero.

tion of the spike train, the processed
signals should resemble position traces
—as in fact they do.

The preferential relation between
RNm activity and hand movements may
help to explain differences between our
results and the temporal correlations re-
ported by other investigators of the pri-
mate red nucleus. The task used by
Otero (5) required that the arm be lifted
to position the hand before a button
could be pushed to deliver the reward.
Electromyographic recordings indicated
that proximal muscles were active before
distal ones; motor cortical unit activity
preceded proximal muscle activity,
which was then followed by red nucleus
activity. Otero concluded that move-
ments are initiated by motor cortex, but
not by the red nucleus. However, the
difference in timing may be the result of
cortex-related proximal muscle activity
preceding the red nucleus-related distal
muscle activity in the task. More recent
reports (4) indicated that RNm activity
typically starts after the onset of a prona-
tion-supination movement and tends to
peak near movement termination, sug-
gesting a role for RNm in the braking
phase of movement, but not in move-
ment initiation. One possible alternative
interpretation is that this delayed timing
may correlate with some associated
movement, such as an adjustment of the
grip of the fingers on the manipulandum
handle. Cheney (3) reported that half of a
small sample of modulated RNm units
discharged before wrist movement,
whereas the other half followed the onset
of movement. Our conclusion that dis-
charge consistently precedes movement
agrees with some, although not all,
of the findings reported for the awake
cat (6).

In summary, our results provide three
lines of support for the hypothesis that

the RNm participates (presumably along
with the motor cortex) in the initiation
and control of hand and foot movements:
(i) many units show large modulations in
discharge in association with hand and
foot movements and not with move-
ments about more proximal joints; (ii)
the activity of well-related units consist-
ently precedes movement onset; and (iii)
discharge rate correlates well with move-
ment parameters, namely, the duration
and velocity of movement. Since the
RNm contains relatively few cells and
appears to participate in a small number
of specific movements, the rubrospinal
pathway may be useful as a simplified
model for studying the genesis and prop-
erties of descending motor commands.
N. J. KOHLERMAN
A. R. GiBsoN
J. C. Houk
Department of Physiology,
Northwestern University Medical
Center, Chicago, Illinois 60611
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Brain Injury Causes a Time-Dependent Increase in

Neuronotrophic Activity at the Lesion Site

Abstract. A cavity was made in the brain (entorhinal cortex) of developing or adult
rats, and a small piece of Gelfoam was emplaced to collect fluid secreted into the
wound. The neuronotrophic activity of the fluid was assayed with sympathetic and
parasympathetic neurons in. culture. The results show that wounds in the brain of
developing or adult rats stimulate the accumulation of neuronotrophic factors and
that the activity of these factors increases over the first few days after infliction of the

damage.

The potential of central nervous sys-
tem (CNS) tissue to recover from injury
depends on the substances and process-
es that support neuron survival (neu-
ronotrophic  factors), promote the
sprouting of neurites, and guide the neur-
ites to their targets. The existence of
substances with neuronotrophic, neur-
ite-promoting, and guiding activities has
been known for about 30 years. The best
characterized of these molecules is nerve
growth factor, which exhibits all three
types of activity (/). The search for fac-
tors with trophic effects on central as
well as peripheral cholinergic neurons
has led to the description of a variety of

such factors present in tissue extracts or
secreted by cells in culture (2).

It has been suggested that, following
injury to the nervous system, neurite-
promoting and neuronotrophic factors
are made available to facilitate repair (3).
Evidence supporting the existence of
such factors has been either rare, as in
the case of the peripheral nervous sys-
tem (4), or indirect, as in the case of the
CNS (5).

Recently, however, a new system for
nerve regeneration was used to demon-
strate that neuronotrophic factors appear
when the adult rat peripheral nervous
system is damaged. The fluid that accu-

Table 1. Effect of various treatments on the trophic activity of the Gelfoam extracts. Three to 6
days after infliction of the lesions, extracts of Gelfoam fragments from neonatal animals were
pooled and 10-ul portions were titrated on the various test neurons after being subjected to a
variety of treatments. Control samples were kept at 4°C for 60 minutes and then were diluted to
200 wl with modified Eagle’s medium (8) before serial dilution and assay in the microtiter plates.
For heat treatment, the portions were diluted to 200 pl, incubated for 10 minutes at 90°C, and
returned to 4°C until assay time. Other portions were mixed with 50 ul of modified Eagle’s
medium, dialyzed against the medium for 2 hours at 4°C, and brought to 200 wl for assay. For
trypsin treatment, samples were mixed with 10 pl of medium and 10 wl of trypsin stock (9700 U/

mg; 1 mg/ml in medium), incubated for 60
minutes at 37°C, and mixed with 10 nl of
Trasylol stock (100 U/ml) and 160 ul of medi-
um. The final 200-pl mixture was kept at 4°C
until being assayed. The same protocol was
used for sample portions receiving trypsin and
Trasylol at the same time. Antiserum to nerve
growth factor (NGF) (1 wl blocks the activity
of 5 trophic units of the factor) was added to
other portions (20 wl of antiserum to 10 ul of
CNS neural fluid), and the mixture was
brought to 200 wl and kept at 4°C until being
assayed. In this case, however, the subse-
quent serial dilution was carried out in the
constant presence of antiserum to NGF (100
wl/ml). Trasylol or serum from unimmunized
rabbits had no effect on trophic activity.

Trophic activity
(percentage of

control)
Treatment N%urons Neurons
rom
] from
superior o
. ciliary
cervical anclia
ganglia gang
None 100 100
Heat 0 3
Dialysis 100 100
Trypsin 0 15
Trypsin plus Trasylol 100 100
Antiserum to NGF 100 100
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mulated between the two stumps of a
resected sciatic nerve and bathed the
regenerating nerve structure contained
trophic factors for sensory, motor, and
sympathetic neurons, the contributors to
the sciatic nerve (6). Lewis and Cotman
(7) showed that the survival and growth
of embryonic striatal tissue implanted in
a cavity made in the entorhinal or occipi-
tal cortices of 3-day-old rats was much
increased if the implant was emplaced 3
to 6 days after infliction of the wound.
These observations suggest that factors
accumulate in brain wounds which aid
neuron survival and growth.

We tested this possibility by collecting
the fluid secreted into brain wound cavi-
ties and measuring its ability to support
neuron survival in culture. A cavity of 2
to 4 mm® was made in the entorhinal or
occipital cortex of Sprague-Dawley rat
pups (3 days old) or young adults (45 to
60 days old), and the cavity was filled
with Gelfoam (Upjohn) moistened in iso-
tonic saline solution. At various times
after the operation the Gelfoam was re-
moved and extracted with cell culture
medium. The extract was tested for its
ability to support the survival of dissoci-
ated neurons from ciliary (cholinergic)
ganglia or sympathetic (noradrenergic)
ganglia from chick embryos in the 8th or
12th day of development, respectively.
The extracts were serially diluted and
placed in the wells of microtiter plates.
Neurons were added and the cultures
were incubated for 24 hours, at which
time they were fixed in 2 percent glutar-
aldehyde. The neurons were then count-
ed under a phase microscope (8). The
assay is set up so that in the absence of
exogenous trophic factors, neuron sur-
vival is less than 15 percent of the maxi-
mum values obtained in the presence of
nerve growth factor (sympathetic gan-
glia) or eye-derived neuronotrophic fac-
tor (ciliary ganglia) (9).

All implant surgery was performed on
day 0. Extracts from the excised tissue
had little or no neuronotrophic activity
(Fig. 1). In the developing animals low
neuronotrophic activity appeared on day
1 and increased to very high levels by
days 3 and 6. In the young adults neuro-
notrophic activity was also present in the
fluid by day 6 (little or no activity was
evident earlier). The Gelfoam itself and
the rat serum had no trophic activity.
The extract was usually more active on
sympathetic than ciliary ganglia neurons.

Trophic activity of the brain fluid was
not lost by centrifugation at 250,000¢ or
by dialysis but was destroyed by heating
(90°C for 10 minutes) and by digestion
with trypsin (incubation with 100 U for
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