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modulate their activity with slow finger movements
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Key points

• The reticulospinal tract is an important pathway communicating instructions for movement
from the brain to the spinal cord

• Although the reticulospinal tract is usually associated with gross movements such as postural
adjustments and walking, recent work has shown that it also connects to spinal centres involved
in hand function

• In awake monkeys, we recorded from the origin of the reticulospinal tract (the reticular
formation) during performance of a fine finger movement task. Cells modulated their firing
during finger movements

• Stimulation of sites within the reticular formation sometimes activated hand muscles, and
some cells within the reticular formation responded to the sensory input following externally
imposed movements of the digits

• This work supports a role of the reticulospinal tract in hand function in healthy individuals.
Additionally, this tract may be able to mediate some recovery of hand function when other
pathways are damaged, such as after stroke

Abstract Recent work has shown that the primate reticulospinal tract can influence spinal inter-
neurons and motoneurons involved in control of the hand. However, demonstrating connectivity
does not reveal whether reticular outputs are modulated during the control of different types of
hand movement. Here, we investigated how single unit discharge in the pontomedullary reticular
formation (PMRF) modulated during performance of a slow finger movement task in macaque
monkeys. Two animals performed an index finger flexion–extension task to track a target pre-
sented on a computer screen; single units were recorded both from ipsilateral PMRF (115 cells)
and contralateral primary motor cortex (M1, 210 cells). Cells in both areas modulated their
activity with the task (M1: 87%, PMRF: 86%). Some cells (18/115 in PMRF; 96/210 in M1)
received sensory input from the hand, showing a short-latency modulation in their discharge
following a rapid passive extension movement of the index finger. Effects in ipsilateral electro-
myogram to trains of stimuli were recorded at 45 sites in the PMRF. These responses involved
muscles controlling the digits in 13/45 sites (including intrinsic hand muscles, 5/45 sites). We
conclude that PMRF may contribute to the control of fine finger movements, in addition to its
established role in control of more proximal limb and trunk movements. This finding may be
especially important in understanding functional recovery after brain lesions such as stroke.
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Abbreviations 1DI, first dorsal interosseus; AbPL, abductor pollicis longus; AbPB, abductor pollicis brevis; CUSUM,
cumulative sum; ECR, extensor carpi radialis; ECU, extensor carpi ulnaris; EDC, extensor digitorum communis;
EMG, electromyogram; FCR, flexor carpi radialis; FCU, flexor carpi ulnaris; FDP, flexor digitorum profundus; FDS,
flexor digitorum superficialis; ICMS, intracortical microstimulation; M1, primary motor cortex; PETH, peri-event
time histogram; PMRF, pontomedullary reticular formation; PTN, pyramidal tract neuron; SBR, signal to baseline
ratio.

Introduction

The reticulospinal tract is a major descending pathway by
which the brain controls spinal motor output. Much pre-
vious work has focused on the reticulospinal contribution
to gross movements such as locomotion (Grillner, 1997;
Mori et al. 2001) or postural adjustments (Schepens
et al. 2008), and to the control of neck movements
in orienting (Grantyn, 1989; Isa & Sasaki, 2002). More
recently, we reported evidence suggesting a reticulospinal
contribution to control of the primate hand (Baker, 2011).
The reticulospinal tract makes mono- and di-synaptic
connections to motoneurons innervating forearm muscles
in monkey, including those projecting to intrinsic hand
muscles (Riddle et al. 2009). In addition, spinal cord
interneurons involved in the control of hand movements
frequently receive convergent input from reticulospinal
and corticospinal tracts (Riddle & Baker, 2010).

Most previous work on the neural control of the
hand has investigated corticospinal systems, which
appear critical for fine dexterous control of independent
finger movements – acting both via direct (cortico-
motoneuronal; Lemon, 2008) and indirect (propriospinal)
pathways (Sasaki et al. 2004). Our previous work on
the reticulospinal tract has shown only connectivity,
indicating a potential influence on hand muscles. It
remains unclear how these connections are actually used,
and what the role of the reticulospinal tract might be
during different classes of hand movements. For example,
one possibility would be that the reticular formation
plays no part in fine movements, but rather contributes
exclusively to less dexterous uses of the hand such as during
climbing or locomotion. An alternative would be that
reticular inputs to spinal circuits are also active during finer
finger movements, with the final movement produced
by a combined output from both brainstem and cortical
systems. Such dual control by reticulospinal and cortico-
spinal cells has previously been suggested for locomotion
in the cat (Drew et al. 2004; Edgley et al. 2004).

In this study, we addressed the issue of whether the
primate pontomedullary reticular formation (PMRF)
contributes to fine finger movements. We recorded from
neurons within this region in awake behaving monkeys
performing a precise index finger tracking task and related
their activity to the movement. Many PMRF cells strongly
modulated their discharge in a task-dependent manner;
in addition, some received peripheral input from the
hand and forearm, which could allow for a reticular

contribution to short latency corrections following a
perturbation. Our results indicate that fine independent
movements of the digits are likely to be under collaborative
control by both brainstem and cortical systems.

Methods

All animal procedures were carried out under appropriate
UK Home Office licenses in accordance with the Animals
(Scientific Procedures) Act 1986, and were approved by the
Local Research Ethics Committee of Newcastle University.
Data presented in this paper are from recordings made
from two adult rhesus macaque monkeys (M. mulatta, age
4–4.5 years, weight 4.4 to 8 kg) trained on a behavioural
task.

Slow finger movement task

In order to examine PMRF contributions to fine hand
movements, Monkeys D and R were trained to track
a visually presented target by performing index finger
movements (Williams et al. 2009, 2010). The index finger
was splinted in a narrow plastic tube which constrained
flexion/extension movements to the metacarpophalangeal
joint. The hand, and digits 1 and 3–5, rested within
a padded pocket which constrained movements in all
directions. The tube was attached to the shaft of a torque
motor and optical encoder, mounted approximately
coaxially with the metacarpophalangeal joint. The target
appeared at a stationary position (HOLD 1, 1 s), moved
with a constant velocity of 12 deg s−1 (movement period,
MOVE) for 1 s, and then remained stationary for a
further 1 s (HOLD 2). Movements were either in the
extension or flexion direction, chosen randomly; the
HOLD 1 and HOLD 2 displacements required flexion by
12 or 24 deg from the neutral position. The lever was
attached to a motor which simulated a spring load (torque
for initial lever movement, 26.4 mN m; spring constant,
1.8 mN m deg−1). Force on the levers was always in a
direction to oppose flexion. Deviations from the target of
more than 1.4 deg resulted in an error signal and the trial
was terminated with no reward. At the end of a correct
trial, the lever was returned by the motor to the start
position and the monkey was given a food/liquid reward.
The arm was held gently supported in a sleeve to prevent
proximal movements, while the contralateral arm was not
restrained.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Surgical preparation

Following behavioural training, monkeys were implanted
with a stainless steel headpiece to allow atraumatic head
fixation (Lemon, 1984). Recording chambers were sited
with centres at stereotaxic coordinates P10 R4.5 (monkey
D) and P16.5 R6.4 (monkey R) to allow access to the PMRF.
Chambers were also placed over the primary motor cortex
(A12 L18) to allow single unit recordings from this area.

All procedures were performed using aseptic technique
under general anaesthesia comprising 3–5% inhaled
sevoflurane in 100% O2, supplemented with a continuous
intravenous infusion of alfentanil (25 μg kg−1 h−1).
Post-operative care included broad spectrum antibiotic
cover (coamoxyclav 140/35 (Synulox): clavulanic acid
1.75 mg kg−1, amoxycillin 7 mg kg−1, Pfizer; cefalexin
(Ceporex) 10 mg kg−1, Schering-Plough Animal Health;
amoxycillin (Clamoxyl LA) 15 mg kg−1, Pfizer) and
analgesics (buprenorphine (Vetergesic) 10 mg kg−1),
Reckitt and Colman Products; carprofen (Rimadyl)
5 mg kg−1, Pfizer).

Muscle recordings

Electromyographic (EMG) recordings were available
from subcutaneous patch electrodes implanted over the
following muscles: flexor digitorum superficialis (FDS),
flexor digitorum profundus (FDP), flexor carpi radialis
(FCR), flexor carpi ulnaris (FCU), extensor carpi ulnaris
(ECU), extensor digitorum communis (EDC), extensor
carpi radialis (ECR), abductor pollicis longus (AbPL), first
dorsal interosseus (1DI), abductor pollicis brevis (AbPB,
Monkey D only). EMG signals were sampled at 5 kHz
(gain 0.5–2 K, 30 Hz to 2 kHz bandpass). All of these
muscles showed a task-dependent modulation in their
activity during the slow finger movement task (see Fig. 1),
as expected given the highly complex biomechanical
arrangement of the forearm and hand (Schieber, 1995).

Neuronal recordings

In daily sessions, multiple single neuron extracellular
recordings were made from cells of the PMRF using an
Eckhorn microdrive loaded with glass insulated platinum
tetrodes (Thomas Recording, Giessen, Germany). To
minimize electrode deviation, sharpened guide tubes
(Soteropoulos & Baker, 2006) were driven through the
cortical dura up to the tentorium prior to searching for
cells. Recordings were made from up to five electrodes
simultaneously. Recordings in the PMRF targeted cells
with large and stable extracellular spikes; identification
as reticulospinal cells was not possible, although it is likely
that many of these large neurons did project axons to the
spinal cord.

During recordings, spike waveforms (gain 2–10 K;
300 Hz to 10 kHz bandpass) were sampled continuously at
25 kHz from all four contacts of each tetrode and stored to
hard disc together with behavioural task markers. Offline,
spike occurrence times were discriminated from the raw
waveforms using custom-written cluster cutting routines
(Getspike, S. N. Baker; SpikeLab, G. Bhumbra). Only
clean single units with stable waveforms and an absence
of inter-spike intervals less than 1 ms were used for sub-
sequent analysis.

For locating the PMRF the inferior colliculus and
the abducens nucleus were useful neurophysiological
landmarks as they are relatively easy to identify. Low
intensity (<30 μA) stimulation in the abducens nucleus
results in ipsilateral eye temporal deviation while cell
activity in the inferior colliculus is often responsive
to auditory stimuli. Following a small number of
initial mapping sessions to locate these areas, electrode
penetrations were subsequently angled through the
chamber to target a region around 1 mm lateral and 1 mm
deeper to the abducens nucleus, via the inferior colliculus
when possible. This is the caudal pontine reticular field,
which forms one of the predominant locations of primate
reticulospinal cells (Sakai et al. 2009).

Where possible, cells within PMRF were tested to
determine if they responded to peripheral inputs. With
the animal sitting quietly, the experimenter manually
stimulated the ipsilateral upper limb, while listening to
the cell’s discharge on a loudspeaker. By stimulating in a
successively more focal manner, the location and nature
of the receptive field (cutaneous vs. deep receptors) was
determined.

For comparison, recordings were also made in the hand
representation of the primary motor cortex (M1) prior to
PMRF recordings, while the monkeys performed the same
task. The hand representation was located by observing
the muscle responses to low current intracerebral micro-
stimulation (ICMS, <30 μA). Recordings in M1 were
made with up to 11 electrodes simultaneously (median
9, range 3 to 11). Corticospinal neurones (pyramidal
tract neurons, PTNs) were identified through anti-
dromic activation and a collision test through chronically
implanted electrodes in the ipsilateral pyramidal tract
(Baker et al. 1999).

Responses to microstimulation at recording sites

Output effects from recording sites in both PMRF and M1
were determined by observing the movements evoked by
trains of ICMS (train of 13–18 stimuli at 300 Hz, 5–60 μA).
Such weak currents are likely to activate neural elements
directly only in the immediate vicinity of the electrode
tip (Stoney et al. 1968), although in the cortex activity
may spread further via transsynaptic activation of neurons
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following direct stimulation of axons (Baker et al. 1998). It
is not known how reticular outputs are activated by such
stimulation, although responses appear broadly consistent
whether assessed using stimulus trains (as here) or single
shocks, where transsynaptic spread is likely to be reduced
(Herbert et al. 2010). In the PMRF, although output is
most likely to be mediated via the reticulospinal tract,
it is possible that there could also be activation of some
corticospinal axons, some of which send corticoreticular
collateral branches to the PMRF (Keizer & Kuypers, 1989).
We therefore tentatively treat responses to ICMS in PMRF
as the output of local circuits, of which the recorded
neurons at the stimulation site are likely to form a part,
while acknowledging that in some cases other factors may
also play a role.

In some sessions EMG responses to ICMS were
recorded. To detect the presence of a significant effect
following the stimulation, the average response of the
rectified EMG was computed. The baseline, and the
standard deviation (SD) of this baseline, were estimated
during the 20 ms-long period before the stimulus
train. In some muscles the EMG recording showed
appreciable stimulus artefact, making quantification
during the stimulus train difficult. Accordingly, we used
a standardized response region of duration 20 ms (100
sample points) starting just after the stimulus train. The
number of points that exceeded the baseline plus two SD
was then counted. Based on a binomial distribution, if
10/100 points crossed this level, this would correspond to
an overall significance value of P = 0.03; this was therefore
accepted as a significant effect.

Data analysis

A peri-event time histogram (PETH) was compiled (10 ms
bin width), averaging neuronal activity relative to the end
of the second hold period. As in this task the monkey
had to track the visual target, once a trial was initiated,
the relative times of the different hold and movement
epochs from trial to trial were fixed relative to the chosen
alignment event. Only cells that had at least five trials per
PETH were used in this paper. The baseline activity was
measured as the mean rate during a 500 ms epoch starting
500 ms after the end of the second hold period. The peak
modulation was measured from the PETH as the difference
between the maximal and minimal rate, over the period
from 4 s before to 2 s after the end of the second hold phase.
A shuffling method determined whether the modulation
was significantly different from zero. Interspike inter-
vals for each trial were shuffled randomly 100 times; for
each shuffle, the PETH was recalculated, and the peak
modulation measured. If the modulation of the unshuffled
PETH was >95% of the modulations after shuffling, the
cell was assumed to be significantly modulated by that
event (P < 0.05).

Population averages are given in the text as
means ± SEM, and error bars on plots show SEM, unless
otherwise stated.

Histology

At the end of experiments, monkeys were deeply
anaesthetised (60 mg kg−1 pentobarbitone intra-
peritoneal, or anaesthetic regime described above) and
perfused through the heart with phosphate-buffered
saline followed by 4% paraformaldehyde. Brains were
removed and, after immersion in graded sucrose solutions
(final strength 30%) for cryoprotection, sliced at 50 μm on
a freezing microtome. Sections were mounted and stained
with cresyl violet prior to microscopic examination. Due
to the fine nature of the electrodes used, and the large
number of total penetrations made, it was not possible to
reconstruct the location of individual tracks.

Results

Task related cell firing

Figure 1 shows the lever position and task related
modulation of EMGs recorded during the slow finger
movement task. Figure 1A shows overlain single trial
(grey) and averaged (black) lever position traces for
extension (left) and flexion (right) trials. The monkeys
tracked the target within low error bounds, as indicated
by the similarity of the overlain lever position signals
during the hold and movement epochs of the trials. Below
the lever position signals are the averaged EMG signals
(Fig. 1B). For the extension trials, the greatest muscle
activity was at the start of the first hold. This is because
the force exerted by the manipulandum motor on the
lever was always directed upwards to oppose flexion. In
extension trials, the monkey exerted its greatest force at
the start of the trial to move the lever to the maximally
flexed position, there then followed a controlled reduction
of muscle activity to allow the lever to move upwards
(extension) towards the starting position. In the case of
flexion trials where the monkey had to exert a controlled
force increase to move the lever downwards, a peak in
EMG activity occurred around the movement phase of the
trial. The grey shading on the figure marks a short latency
response in the EMG following the fast return of the lever
to the neutral position by the torque motor (analysed
in more detail later). For the duration of the trial the
contralateral arm was usually held still, as this demanding
tracking task required all of the monkey’s attention to
perform correctly.

We recorded a total of 210 cells from M1 (including
70 PTNs) contralateral to the working hand (during 67
recording sessions, 31 in monkey D and 36 in monkey
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R), and 115 cells from PMRF ipsilateral to the working
hand (42 recording sessions, 17 in monkey D, 25 in
monkey R). Figure 2 illustrates activity from six example
cells (PMRF, Fig. 2A–C M1, Fig. 2D–F). For reference,
Fig. 2G shows the average lever displacement traces from
a single session in the same time frame as the PETHs.
Individual cells showed very different responses in both
motor structures, with some units showing rate increases
during the movement epochs and others firing maximally
during the hold periods. The diagrams next to each
PETH indicate the location of the cells’ receptive fields
(if any, grey arrows), and the responses to stimulation

through the recording electrode at each site (black
arrows).

Measures from the population of all recorded M1 and
PMRF cells are illustrated in Fig. 3. The left column
(Fig. 3A–D) shows PMRF units while the right column
(Fig. 3E–H) is for M1 units. The majority of neurons in
both areas showed a significant modulation in rate with
the task in either flexion or extension (M1: 87%, RF: 86%,
shuffle test, P < 0.05). Timing of peak and trough rate
responses are shown in Fig. 3A and E for extension trials
and Fig. 3B and F for flexion trials. For both M1 and PMRF
cells the time of peak rate modulations tended to cluster

Figure 1. Slow finger movement task
A, lever position signals (grey) during extension (left)
and flexion (right) trials. B, mean EMG activity of 10
muscles during the task. Note the muscle stretch
responses to the rapid return of the finger back to the
neutral position (vertical grey bars). C, sketch of animal’s
posture during the experiments. The head was rigidly
fixed, the arm held in a sleeve, and the hand inserted
into a padded well which constrained movement of all
digits except the index finger.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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around the time of transition between the different task
phases, i.e. HOLD 1 to MOVE, MOVE to HOLD 2 and
HOLD 2 to end of trial; this effect was especially clear
for the maximal rates in M1 extension trials, and PMRF
flexion trials.

The mean baseline rates were significantly different
between M1 and PMRF cells (Fig. 3C and G; PMRF:
28.9 ± 1.8 Hz, all M1: 17.1 ± 1.1 Hz; M1 PTNs: 16.6 ± 1.1
P < 0.01, unpaired t test). The peak modulations in rate
are shown in Fig. 3D and H . For neither structure did

Figure 2. Example PETHs and raster plots during flexion and extension trials from M1 and PMRF
Left column is for extension trials, and right for flexion trials. A, B and C, three example cells from PMRF during
the task. D, E and F, same but for M1 cells – cells D and E were identified PTNs. G, average lever trace during
extension and flexion trials. The arm schematic diagram to the right indicates the location of receptive fields (grey
triangle) and stimulation effects (black triangles). The threshold for the most distal effect for the stimulation is
indicated. The grey vertical dotted line indicates the time of the end of the second hold period. The arrows on
PETH plots mark cell responses to the rapid return of the lever to the neutral position.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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the peak modulation of the population differ significantly
between extension and flexion trials (P > 0.1, paired t
test). However, this should not be taken as evidence that
cells coded flexion and extension trials with similar rate
profiles. We measured the firing rate over the 1 s-long
MOVE phase for each cell during single trials; these rates
were compared between flexion and extension trials using
a paired t test. For all M1 cells, rate was significantly
greater during extension in 105/210 cells, and during
flexion in 78/210 cells. For M1 PTNs, the rate was greater

in extension trials for 32/70 cells and for flexion in 29/70
cells. In PMRF, 55/115 cells fired significantly more during
extension, compared to 42/115 cells during flexion.

PMRF cells showed a significantly greater rate
modulation than M1 (PMRF: 35.2 ± 1.9 Hz; all M1 cells:
29.2 ± 1.3 Hz; M1 PTNs:28.4 ± 1.6; comparison of PMRF
vs. all M1 P < 0.01, unpaired t test, peak modulation
taken as largest of that found for flexion/extension trials).
However, when this peak modulation was expressed as a
fraction of the baseline rate (signal to baseline ratio, SBR,

Figure 3. Population activity during slow finger
movements
Left column is for PMRF cells and right column is for M1
cells. A, temporal distribution of maximal (filled circles)
and minimal (open circles) firing rates during extension
trials for PMRF cells. Overlain is the mean lever position
trace for reference, and arrows at right hand side of plot
show the direction of movement. B, same as A but for
flexion trials. C, distribution of baseline activity during
non-movement epoch. D, distribution of peak rate
modulation during 3 s HOLD–MOVE–HOLD epoch for
flexion (top) and extension (bottom) trials. E, F, G and H
same as A, B, C and D but for M1 cells. The grey bars in
G and H show the data for antidromically identified PTN
cells. I, cumulative plot for the signal to baseline ratio
(SBR) of M1 (grey) vs. PMRF (black) responses. For M1,
the thick grey line corresponds to all M1 cells recorded,
the thinner line to unidentified cells, while the thinner
hatched line to PTNs.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Fig. 3I), M1 cells had significantly greater values compared
to PMRF cells (mean of 4.8, 2.6 and 2.0 respectively for
M1 all cells, M1 PTNs and PMRF cells, P < 0.01, unpaired
t test). The median SBR values were 1.6 vs. 1.2 for all M1
and PMRF respectively. When comparing cell responses
(baseline rate and peak modulation) between the two
monkeys there was no difference for cell responses from
M1 (unpaired t test P > 0.1). For the PMRF data there
was no difference in peak modulation rates (unpaired t
test, P > 0.2), but the baseline rate did differ significantly
between the two monkeys (32.2 vs. 24.0 Hz, monkey D
and R, respectively, unpaired t test, P < 0.03).

Cell responses to rapid lever return

Upon completion of a correct trial (flexion or extension)
the lever was rapidly (velocity >200 deg s−1) returned to
its starting position by a sudden increase in the force
exerted by the motor. This is illustrated in the mean lever
trace of Fig. 4A. In Fig. 4B the time around this rapid
passive movement is expanded, and the velocity profile
of the lever position is also illustrated (Fig. 4C). This will
have stretched digit flexor muscles, as well as providing
a powerful stimulus to cutaneous and joint receptors. A
short latency response increased the active force exerted
by the index finger against the lever before it reached the
starting position, and produced the transient flexion of the
finger and positive lever velocity. The response was highly
reproducible across trials, as shown by the overlain traces.
In most muscles recorded, a clear response was visible in
averages of rectified EMG (Fig. 4D), superimposed on the
pre-perturbation baseline activity.

To aid interpretation of the responses seen in Fig. 4D,
we estimated the minimal latency expected for a mono-
synaptic stretch reflex in each muscle as follows. The
peripheral motor conduction time was determined from
the EMG response latency in active muscles following
stimulation through the PT electrode in the medulla,
subtracting 0.7 ms for corticospinal conduction from
the medulla to the cervical enlargement, and 1 ms for
the corticomotoneuronal synapse (Riddle et al. 2009).
Although Group Ia afferents conduct faster than motor
efferent fibres, this difference in primates is small (Eccles
et al. 1968). Accordingly, we estimated the monosynaptic
stretch reflex loop time as twice the peripheral motor
conduction time, plus 1 ms to account for the mono-
synaptic delay. These minimal delay estimates have been
indicated for each muscle on Fig. 4D by arrowheads.

In all muscles illustrated there was a short latency
response, with an onset between 14.9 and 22.6 ms (marked
by grey bars). As this was a rapid finger extension stimulus,
we would expect monosynaptic stretch reflexes in the
flexor muscles, and indeed the early responses in all flexors
except FCR did appear shortly after the estimated minimal

monosynaptic latencies. By contrast, the short latency
responses in extensor muscles were slightly delayed,
suggesting a more complex central pathway, possibly
involving cutaneous reflexes. In addition, several muscles
showed a longer latency response, with onset latency
53–76 ms (white bars).

One possible concern is that the short latency responses
shown in Fig. 4D reflected movement artefacts in the
recorded EMG. We checked for this by compiling averages
of unrectified EMG. Only the 1DI and AbPB recordings
showed small slow deflections consistent with movement
artefact, presumably reflecting the close proximity of these
intrinsic hand muscles to the moving digit. These were
the two muscles with the smallest short latency response,
providing confidence that movement artefact is unlikely
to underlie these effects.

It has been previously reported that M1 cells respond
to such perturbations (Lucier et al. 1975; Cheney & Fetz,
1984). In the present dataset, both M1 and PMRF cells
often showed clear perturbation-evoked activity, as shown
by the raster and peri-stimulus time histogram (PSTH) for
a single PMRF cell in Fig. 4E. To quantify the features of
this response, a PSTH was first generated aligned to the
onset of the lever return phase (dotted line in Fig. 4B-E).
The experimenter determined the onset latency of any
response, guided by a display of the mean baseline rate and
its SD. The rate during a 20 ms-long window following this
onset latency was measured for all available single trials,
and compared with a 20 ms-long baseline period prior to
perturbation onset. Significance was assessed by a paired
t test (P < 0.01).

Example cell responses are shown in Fig. 5, from
both PMRF (Fig. 5A) and M1 (Fig. 5B). Although most
responses were facilitations, suppressions were also seen
(Fig. 5B3). In total 18/115 PMRF cells (16%) and 96/210
M1 cells (46%) showed a response to the lever return
stimulus. Thirty-two of the 96 stretch responsive cells
in M1 were PTNs (10/32 cells showing a facilitatory
response). The distribution of the response latencies is
shown in Fig. 5C. There was no significant difference
between the mean response latency in M1 (22.2 ms)
and PMRF (19.7 ms) (P > 0.1, unpaired t test). The
response latencies of PTNs were similar to the latencies
of other M1 cells (21.8 ms vs. 22.4 ms, unpaired t
test, P > 0.7) Comparison of the latency between M1
and PMRF facilitatory responses revealed no significant
difference (23 vs. 22.1 ms respectively, unpaired t test,
P > 0.1), while there was a significant difference in
latency for the inhibitory responses (21.9 vs. 15 ms,
P < 0.01)

As is the case with all natural stimuli of this type, it is
impossible to be certain which class of peripheral receptors
(e.g. muscle spindle vs. cutaneous) contributed to these
responses. The monkey’s arm was held in a sleeve and
resting on an arm rest, and the hand was cushioned in

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Figure 4. Muscle responses to index finger
stretch
A, averaged lever displacement for flexion trials,
plotted relative to end time of second hold. Circle
indicates a sharp temporary reversal in the lever’s
return path to neutral position. B, overlain traces of
lever displacement of single trials, showing the robust
reversal of the direction of movement of the lever. C,
velocity computed from the lever displacement traces
shown in B. D, mean rectified EMG responses from
several muscles with activity aligned to stretch onset
(shown by vertical dotted line). There is a response in
all muscles, in some cases polyphasic (e.g. EDC, FDS,
FDP) corresponding to classical short and long latency
stretch reflex responses. Grey triangles indicate
estimated minimal onset latency for a monosynaptic
stretch reflex, while grey and white bars indicate early
and late responses respectively. The numbers above
the triangles and under the grey bars indicate these
onset latencies in milliseconds. E, PSTH (1 ms bin
width) and raster of PMRF cell recorded during the
same session, showing a clear response to the stretch.
Plots B–E are on the same time scale.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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a pocket on the manipulandum. It is thus very unlikely
that the passive return of the index finger to its neutral
position caused any movements proximal to the elbow,
and these responses are most likely to result from inputs
associated with the passive finger movement. We were
also able manually to test the receptive field of some of the
PMRF cells at the end of the recording session (this was
not carried out for M1 cells). Of 40 cells with a forelimb
receptive field, 27 had a receptive field proximal to and
including the elbow; the remaining 13 cells responded to
manipulation of the hand or wrist. Manual receptive field
testing is likely to underestimate the extent of inputs –
this is especially the case here as much of the forearm was

covered by the sleeve, requiring exploratory testing to be
carried out through the fabric.

Figure 5D shows the cumulative distributions of the
SBR of the task responses of M1 and PMRF cells (similar
to Fig. 3I), but using only cells with significant responses
to the lever return stimulus. The mean SBR was 3.1
and 3.2 for PMRF and M1 respectively; these were
not significantly different (Kolmogorov–Smirnoff test,
P > 0.4). An alternative approach classified PMRF cells as
‘proximal’ if they had receptive fields proximal to the elbow
(as assessed by palpation by the experimenter, n = 25),
or ‘distal’ if they had receptive fields distal to the elbow
assessed by palpation, or significant responses to the lever

Figure 5. PMRF and M1 cells responses to lever return
A, three example PMRF cells showing a response to the stretch. The PSTH and raster are plotted, with the CUSUM
(cumulative sum) overlain in grey. Underneath the raster plot is the mean lever velocity for the particular session
where the cell was recorded from. All traces are aligned to the stretch onset (vertical dashed line). B, same as A but
for M1 cells. C, distribution of onset latency of responses, white bars show suppressions and black facilitations.
D, cumulative plot of SBR of task responses for M1 (black) and PMRF cells (grey) showing a response to the index
finger stretch (compare with Fig. 3I).
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return (n = 30). Using this classification, the SBR of the
task responses was significantly smaller for proximal than
for distal cells (1.8 vs. 3.1; Kolmogorov–Smirnoff test,
P < 0.03).

Stimulation effects

Trains of ICMS (13–18 shocks, 3.33 ms inter-stimulus
interval) were given regularly in each session to identify
the neural landmarks used to locate PMRF (see Methods),
but also to identify the output organization of the local
circuitry. ICMS at relatively low stimulation currents
(<60 μA) usually elicited purely ipsilateral movements,
but sometimes produced bilateral effects. As we only had
EMG recordings from one arm, we were only able to
analyse effects quantitatively from that side (ipsilateral to
PMRF sites, contralateral to M1 sites).

Figure 6A summarizes the visually observed responses
from stimulation carried out at the end of each recording
session in M1/PMRF. Responses were classified depending
on which body part showed movement; a movement
was classified as ‘finger’ if there was movement in any
of the digits, ‘wrist’ if there was any movement of the
wrist, similarly for ‘elbow’ and ‘shoulder’. Movements in
other body parts were occasionally seen, but the design
of our primate chair partially obscured the animal’s
body, and meant that weak movements of the shoulder,
back, trunk, chest and legs could easily be missed. The
most common movements elicited from hand area M1
stimulation involved fingers and wrist, while for PMRF the
most common responses were movements of the elbow,
shoulder and wrist. In some cases (16%), digit movements
were observed following PRMF stimulation.

Figure 6B shows the distribution of the threshold
intensity required to produce a visible movement. For
M1 71% of thresholds were lower than 20 μA, while
for PMRF only 7% were below this value. The median
threshold intensity for M1 was 12 μA, and for PMRF
30 μA. The mean threshold at distal/wrist PMRF sites was
30 μA compared to 40 μA for all other sites (P < 0.001,
unpaired t test). For M1 sites the mean threshold was
14 μA for distal/wrist effects, compared to 21 μA for all
others (P < 0.001, unpaired t test)

The rest of Fig. 6 summarizes data from 45 sites in the
PMRF where EMG responses to ICMS stimulation were
recorded. There was a response in at least one muscle for
19/45 (42%) sites. Only facilitations were observed; the
lack of suppressions probably reflects the lack of back-
ground EMG, as the animals had ceased working on the
behavioural task by this stage of the experiment. Figure 6C
plots the distribution of number of muscles activated
from a single stimulation site. Activation of more than
four muscles was rare (10% of sessions with any effect,
4% of overall ICMS sessions). Activation of more than

one muscle was more common than activation of single
muscles only (68 vs. 32% of sessions with at least one
response).

Figure 6D shows how common effects were in different
muscle groups. The extensor group was most frequently
activated (47%). However, we also encountered several
sites which elicited responses in a forearm muscle
controlling the thumb (AbPL n = 6) and in an intrinsic
hand muscle (1DI, n = 5). These effects were never iso-
lated, but were always seen in conjunction with the

Figure 6. Stimulation effects in PMRF
A, distribution of main joint movement in visually observed effects
from PMRF (grey) and M1 (black) stimulation. B, distribution of
threshold currents for stimulation in PMRF (grey) and M1 (black). C,
number of muscles activated during ICMS from a single site. D,
frequency of muscle activation from a single site. E, example mean
response to ICMS of an intrinsic hand muscle (1DI), with single
sweeps shown underneath. Vertical grey bars correspond to times of
stimuli.
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activation of a more proximal forearm muscle. Overall,
13/45 sites produced effects in forearm or hand muscles
controlling the digits. An example response from 1DI
is shown in Fig. 6E. The top trace is the average while
the single sweeps are shown below; the sweep-to-sweep
fluctuations give confidence that this is a genuine EMG
response, and not a result of a long-lasting stimulus
artefact. The current intensities used for the distal effects
were all <30 μA, making current spread beyond PMRF
unlikely. For all recorded stimulation effects the maximal
current used was 60 μA (n = 1) and the modal current
used was 30 μA (51/53 effects required currents ≤30 μA).

Histology

Figure 7 shows the histological reconstruction of visible
gliosis tracks as well as the estimated location of the
electrode tips used to record the data presented here.
The fine nature of our electrodes meant that almost
all penetrations left no visible scars; these illustrations
can therefore only indicate the general location of our
recording sites, rather than reconstruct individual tracks.
Nevertheless, most of the visible scars head towards the
area corresponding to the reticular formation, on the
side ipsilateral to the hand performing the slow finger
movement task.

For each penetration we were able to estimate the likely
stereotaxic target of each microelectrode tip – these are
also shown on the illustrations. The dorsoventral locations
were adjusted relative to the landmarks noted during
recordings (inferior colliculus, abducens nucleus and facial
nerve). The sections shown in Fig. 7 are at the approximate
mean AP location of the penetrations for the two monkeys

where the reference landmarks were clearly visible. Based
on the gliosis scars and estimated stereotaxic locations
of our penetrations, penetrations in monkey R (mean
estimated anterior-posterior location 0.06 mm posterior
to interaural line (IAL), SD 1.8 mm) were slightly more
anterior than monkey D (0.48 mm posterior, SD 1.8 mm);
both were mostly in the region of the pontine group of
reticular nuclei (pontine reticular nucleus, parvicellular
reticular nucleus, nucleus gigantocellularis).

Discussion

The reticular formation is traditionally associated with
locomotion and postural control (Mori et al. 2001;
Schepens et al. 2008), although some recent studies
(Davidson & Buford, 2006; Riddle et al. 2009; Riddle
& Baker, 2010) suggest involvement in controlling more
distal musculature in primates. Here, we show similar
modulation in PMRF and M1 cell activity during a task
where the goal is fine control of the index finger. Stimuli
within PMRF can activate muscles acting on the digits,
and PMRF cells can respond to peripheral input following
finger movement. Overall this supports a role for the
PMRF in the control of hand movements.

PMRF Role in voluntary finger movements

As with any independent finger movement, a complex
synergy of muscle activities was required to produce
the apparently simple motor goal of our task (Schieber,
1995). There may have been modulation of proximal
(e.g. shoulder) muscles, even though there was no overt
movement beyond the wrist: the whole arm usually acts

Figure 7. Histological reconstruction of
PMRF gliosis scars and estimated
stereotaxic location of recordings
Black marks correspond to visible gliosis scars in
different histological sections. Yellow areas
correspond to approximate location of reticular
formation. The number next to each section
corresponds to an approximate anterioposterior
location (relative to interaural line,
P = posterior). Symbols (see key) show different
stimulus responses, or cell activity, noted during
recordings. Abbreviations: 6n, abducens
nucleus; 7n, facial motor nucleus; g7, internal
genu of facial nerve; SCP, superior cerebellar
peduncle; MCP, medial cerebellar peduncle;
IC, inferior colliculus; IO, inferior olive;
MLF, medial longitudinal fasciculus; LL, lateral
lemniscus; PCRt, parvicellular reticular nucleus;
PNC, caudal pontine reticular nucleus; Gi,
gigantocellular nucleus.
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as a functionally interconnected unit (see e.g. Alexander
& Harrison, 2003). It is therefore possible that the
observed task modulation of PMRF cells occurred in
relation to proximal muscles which were co-activated
with the hand and forearm muscles responsible for the
index finger movements. We did not record EMG from
muscles acting around the shoulder and trunk, and
cannot therefore completely rule out this explanation.
However, the monkeys’ posture during the experiment
made this unlikely to be a major factor. Animals were
seated comfortably, with the head fixed. The arm was held
in a sleeve with a solid back rest, and the forearm rested
on a rigid support platform. The hand, and digits 1 and
3–5, rested within a padded pocket which constrained
movements in all directions. Only the index finger was
free to move, and these movements were limited to
the measured small flexion/extension excursions. Under
such circumstances, the task would not have affected the
animal’s centre of gravity, and it is unlikely that task
performance would have been associated with postural
adjustments.

The available anatomical evidence suggests that the
PMRF projects mainly to the medial portion of the inter-
mediate zone and ventral horn of the cervical spinal cord
(Kuypers et al. 1962; Matsuyama et al. 1997), pointing to
an involvement primarily with the control of proximal and
axial muscles (Kuypers et al. 1962). In the primate there
have been several studies showing that cells in the PMRF
can be recruited for discrete, voluntary arm movements
(Werner et al. 1997; Buford & Davidson, 2004, 2005). The
reticular formation’s involvement in forelimb reaching has
also been shown in the cat (Alstermark et al. 1987a; Gibson
et al. 1998; Schepens & Drew, 2004, 2006; Schepens et al.
2008). Against this background, the finding that PMRF
neurons modulate their activity during finger movements
is surprising. However, some previous work in cat also
suggests a role in digit movements. There are sparse
terminations of reticulospinal axons to the lateral portions
of the intermediate zone, which may be more related
to distal musculature (Sasaki, 1997). Following lesions
of both corticospinal and rubrospinal systems, grasp in
cat appears to recover partly via reticulospinal pathways
(Pettersson et al. 2007).

Control of fine distal movements has been considered
the domain of M1, and a large body of evidence highlights
the importance of M1 for fine movement control in higher
primates. The activity of M1 cells is strongly modulated
by manipulative tasks such as precision grip (Bennett
& Lemon, 1996; Morrow & Miller, 2003), while grosser
grasping movements such as power-grip do not engage
M1 cells to the same extent (Muir & Lemon, 1983). Both
permanent and transient lesions involving the cortico-
spinal tract or M1 have their most severe consequences
on distal finger movements (Lawrence & Kuypers, 1968a;
Hepp-Reymond & Wiesendanger, 1972; Nudo & Milli-

ken, 1996; Schieber & Poliakov, 1998; Lemon et al. 2012),
and these movements show worst recovery in the case
of permanent lesions. In this earlier work, lesions were
made at the brainstem or cortical level, and could not thus
differentiate the impact of direct corticomotoneuronal
connections versus indirect effects from the corticospinal
tract via spinal cord interneurons. Subsequent work has
demonstrated that indirect corticospinal connections to
motoneurons via C3/C4 propriospinal interneurons can
mediate fine grasp in monkey, as well as the direct cortico-
motoneuronal connections (Sasaki et al. 2004).

Both M1 and PMRF cells modulated their activity
during the slow finger movement task. The reticular
formation receives substantial information regarding
movements from M1 via corticospinal collaterals and
from a direct cortico-reticular pathway (Kuypers, 1958;
Keizer & Kuypers, 1989; Kably & Drew, 1998a,b), as well
as from the cerebellum (Bantli & Bloedel, 1975). These
inputs probably partly shape the activity of PMRF cells
and its relationship to distal movements. Although we
did not antidromically identify as reticulospinal cells the
neurons from which we recorded, the area targeted by our
penetrations is one of the main origins of the reticulospinal
tract (Sakai et al. 2009). The low stimulation currents
typically needed to elicit forearm movements also suggest
that our electrode tips were amongst reticulospinal cells,
and hence that the activity which we observed was likely to
be transmitted down the spinal cord. It is then important
to determine the specific contribution of the PMRF to the
control of fine finger movements.

This role will be in part constrained by the anatomical
connectivity of the PMRF with spinal motor controllers.
In cats, reticulospinal axons can have broad terminations
across many spinal segments. The same neuron can project
to both cervical and lumbar enlargements bilaterally
(Peterson et al. 1975; Peterson, 1979; Matsuyama et al.
1997; Matsuyama et al. 1999), suggesting a highly divergent
control signal targeting a wide range of muscles, although
a population of reticulospinal axons which targets only the
cervical cord does exist (Sasaki, 1997). In marked contrast,
although corticospinal axons also project to multiple
motor nuclei, their termination patterns are much more
focal and lateralized (Shinoda et al. 1979, 1981; Buys et al.
1986; Lacroix et al. 2004).

The effects of stimulation in M1 and PMRF support
a qualitative difference in the extent of the divergence of
the two pathways. ICMS in M1 produces focal responses,
often confined to single joint movements (Kwan et al.
1978), whereas effects from PMRF are usually more
widespread (Davidson & Buford 2006). Although we
did not record from muscles proximal to the elbow,
during our penetrations we often found locations eliciting
visible movements simultaneously in the back, forelimb
and hindlimb. In addition, although we found effects
from PMRF stimulation in distal muscles, these were
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never in isolation from activation of more proximal
forelimb muscles. We used stimulus trains to identify
PMRF outputs, which may have produced less selective
effects than would have been seen using either single pulse
stimulation, or spike triggered averaging (Herbert et al.
2010). Nevertheless, it seems likely that the widespread
termination patterns seen in feline reticulospinal axons
are similar in primates. The PMRF is thus unlikely to
be capable of sending an isolated signal to target distal
motor networks alone. Rather, activity in the PMRF
related to distal movements will probably be sent to spinal
networks controlling a broad range of muscles – including
those in the limb contralateral to the prime mover. This
would in turn allow distal and proximal movements to
be coordinated, and for the movements of one limb to be
placed in a bilateral context. It should be remembered that
while isolated distal movements (such as the slow finger
movement task used here) are experimentally attractive,
almost all natural movements require proximo-distal
coordination (Jeannerod, 1988), and many require the
use of both hands. A basic template of whole arm – or
even whole body – coordinated action generated by the
reticulospinal tract may be further sculpted by cortico-
spinal activity to produce the detailed behavioural goal.

Role of the PMRF in long latency reflexes

Muscle stretch elicits reflex contraction, as demonstrated
in the familiar tendon tap reflex. The earliest components
of the stretch reflex result from monosynaptic feedback
from muscle spindle Group Ia afferents to motoneurons.
There has been considerable past controversy over the
pathway underlying longer latency components. For
hand muscles, several lines of evidence now support a
trans-cortical contribution via fast corticospinal pathways
(Cheney & Fetz, 1984; Matthews et al. 1990; Day et al.
1991), although these studies have not excluded a possible
role for other pathways. In the present work, we often
saw long latency responses to lever displacement in hand
and forearm muscles (see Fig. 4D). Reticular neurons
responded to this stimulus at latencies shorter than the
long-latency reflex onset in EMG (Fig. 4D and E, Fig. 5A
and C). Since some reticulospinal cells provide input to
motoneurons controlling the digits (Riddle et al. 2009, and
Fig. 6A), this represents evidence – for the first time in a
primate – that at least some of the long latency reflex in
hand and forearm muscles could be carried not just by a
trans-cortical, but also by a trans-reticular pathway.

Due to the nature of our stimulus, we cannot determine
which peripheral receptors were most important in
mediating reticular responses. Although Group Ia muscle
spindle afferents seem a likely possibility, there could
also be a contribution from cutaneous or joint receptors
(Corden et al. 2000). It is also not possible to be sure of the

central pathway mediating these responses in the PMRF.
It is possible that M1 activity (transmitted over cortico-
reticular connections) contributed to PMRF responses as
well as more direct pathways in the brainstem, such as
input from the cuneate nucleus (Leiras et al. 2010).

Implications for recovery from lesions

The role of the PMRF may become especially important
following lesions to other motor structures. Pure
corticospinal lesions in monkeys produce initial severe
impairment of hand function (Lawrence & Kuypers,
1968a; Lemon et al. 2012). Although fine independent
control of the fingers does not recover completely, there is
considerable restoration of hand function in the weeks
following the lesion, with animals able to grip their
cage bars sufficiently to support their entire body weight
(Lawrence & Kuypers, 1968a). The functional recovery
of fine hand control in monkeys is often ascribed to the
rubrospinal tract (Lawrence & Kuypers, 1968b; Belhaj-Saif
& Cheney, 2000), but when combined corticospinal and
rubrospinal lesions at the level of C2 are made in monkey,
power grip recovers within 2 weeks (Alstermark et al.
2011). The reticulospinal tract is the only major surviving
pathway in this case, suggesting that alone it is capable of
mediating grosser aspects of hand function. In humans
the rubrospinal tract may be either vestigial or absent
(Nathan & Smith, 1982; Onodera & Hicks, 2010). In
that case, patients recovering from brain lesions such as
stroke might rely especially on reticulospinal connections
(Dewald et al. 1995; Nathan et al. 1996), as has been pre-
viously suggested for cats and monkeys (Alstermark et al.
1981, 1987b; Jiang & Drew, 1996; Jankowska & Edgley,
2006; Zaaimi et al. 2012). The failure to achieve full
recovery of fractionated finger movement after cortico-
spinal lesions probably reflects a limitation in how well
brainstem pathways can achieve independent control of
small synergistic muscle groups. In addition, sub-cortical
strokes will interrupt not only corticospinal projections,
but also cortico-bulbar and cortico-pontine projections
to the PMRF, reducing the ability of the cortex to control
reticulospinal outputs. Further understanding of these
important pathways could allow interventions targeted to
induce plasticity in the brainstem and spinal connections,
ameliorating functional outcomes for patients recovering
from brain lesions.
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