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We have induced H-reflex responses in human tibialis anterior motor units and analysed
the results using the classical technique, peristimulus time histogram (PSTH), and a new
technique, peristimulus frequencygram (PSF). The PSF has recently been shown to be
more reliable than the PSTH for indicating the synaptic connections on motoneurons, and

therefore we wished to examine the differences between the two analysis methods.

Experiments were conducted on eleven healthy subjects (7 males and 4 females) that do
not have any known neurological disorder. The subjects sat comfortably on a dental chair
and the common peroneal nerve was stimulated. In each experiment, about 600 stimuli
were applied randomly every 1-2 s. The recordings were taken with both by surface

electromyogram (SEMG) and as single motor unit potentials.

Our findings suggest that PSF gives significantly different results compared with the
PSTH in determining the synaptic connection of the low threshold nerve fibres to the

motoneurons. While PSTH indicated that there was a silent period immediately after the


mailto:oprasa@chiangmai.ac.th

H-reflex, the PSF demonstrated that the silent period was actually a continuation of the net
excitatory effect and not a genuine inhibition since the small number of action potentials
occured during this period displayed higher discharge rates than the prestimulus level.
Furthermore, the late excitation, as it was noted in the PSTH; was actually a net inhibitory
effect since the large number of spikes that occured during that period had lower discharge

rates than the prestimulus average.

In the lights of the recent brain slice findings and completely different results obtained
using the two analysis techniques, we suggest that the PSF analysis should be used to
illustrate the net synaptic connection between peripheral receptors and motoneurons in the

human nervous system.

Keywords: peristimulus time histogram, peristimulus frequencygram, synaptic connection,

excitatory postsynaptic potentials, inhibitory postsynaptic potentials
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PROBLEM:

Via injecting current pulses into regularly discharging motoneurons in rat brain slice
preparations, we have recently illustrated that all currently used methods for estimating
pathways from peripheral receptors to the central nervous system contain errors (Tiirker
and Powers 1999, 2001, 2002, 2003; reviewed in Tiirker and Powers, 2005). Therefore,
in the human nervous system, the ‘established’ pathways are likely to be erroneous and
need to be corrected urgently since the properties of these pathways are commonly used
for diagnosis and determining the progress of treatment for many neurological disorders

including lesions in the supra-segmental areas of the brain (Nadler et al., 2002, 2004).

SIGNIFICANCE OF THE STUDY:

This study could correct apparent errors in the most commonly studied and firmly
‘established’ pathway in the central nervous system. This correction needs to be done
urgently since the existence, stability, strength and sign of pathways in the brain and
spinal cord are used for diagnosis, treatment and assessment of the success of treatment
of many neurological disorders (Cruccu, 1989; Chen et al, 1998; Nadler, 2004)
especially in the elderly (Nadler et al, 2002).

Errors in the currently used techniques arise from the fact that they are indirect and rely
upon the probability of spike occurrence in the surface or intramuscular EMG records
(Fig. 1) to estimate the sign of connections (excitation/inhibition) between receptors and
neurones in the central nervous system. In brain slice experiments, we have clearly
shown that instantaneous discharge rate analysis (PSF) corrects these errors that are
inherent in the probability-based methods and hence offers a new approach to
reinvestigate ‘previously-established’ neuronal connections (Tiirker and Powers 1999,

2001, 2002, 2003).

AIMS

In this study, we aimed to test three hypotheses; firstly that the low threshold muscle
afferents in the common peroneal nerve are connected to the homonymous motoneuones
by only one pathway that is excitatory. Secondly, that the silent period that has been

claimed to exist after the H-reflex response, is a net excitatory response. Thirdly, that



the long-latency excitatory reflex response is an artefact of the synchronous discharge of

the spikes that generated the H-reflex.

BACKGROUND

Estimating the strength of synaptic connections between receptors and neurons in the
human central nervous system has been a great challenge since direct recordings are
impossible. Consequently, the networks between neurons are often expressed as a ‘black
box’. Attempts to crack the black box utilize indirect methods in which a particular
receptor system is stimulated and the responses of neurons that are affected by the
stimulus are recorded to estimate the properties of the circuit. These experiments,
although indirect and open to various interpretations, have claimed to discover the
pathways that are activated when certain parts of the nervous system are stimulated.
Such claims have been subject to a close examination by many investigators using
similar stimulating and recording methods, and the connections of a number of receptors

to the central nervous system have been ‘established’.

The classical studies in which the connection between receptor systems and the central
nervous system are investigated involve electrical or mechanical stimulation of a selected
receptor system and recording of the resultant changes in the muscle electromyogram
(EMG) using surface and/or intramuscular electrodes. There are several techniques for
quantifying these responses. The two most common are full-wave rectification and
averaging of the EMG record around the time of stimulation (Jenner and Stephens 1982)
and compiling peristimulus time histograms (PSTHs) from single motor unit (SMU)
records (Stephens et al. 1976). These techniques are based on the principle that a
significant increase in the occurrence of discharge (spike) probability (hence the term:
probability-based analyses) at a time after the stimulus represents an excitatory
postsynaptic potential (EPSP) and a significant decrease indicates an inhibitory
postsynaptic potential (IPSP). This assumption has led to serious errors to the description
of the patterns of connections between various elements of the central nervous system.
These arise from the fact that the peaks and troughs in averaged EMGs and PSTHs
which represent increases and decreases in spike probability, can reflect not only direct
synaptic effects, but also secondary effects arising from the discharge statistics of the
pre- and postsynaptic cells (Moore et al. 1970). Despite this early warning about the

problems in the probabilistic analysis method, the peaks and troughs in an averaged



response to a stimulus are still defined as synaptic excitation and inhibition, respectively
(e.g., Brooke et al. 1999; Okdeh et al. 1999; Sonnenborg et al. 2000). This has lead to
major misunderstandings about the nature of circuits in the human nervous system,

which need to be corrected.

To show conclusively that the probability based analyses contain inherent errors and to
put forward an error free method for the estimation of synaptic potential, and hence the
wiring diagram, we have recently conducted a series of experiments on regularly

discharging motoneurons in rat brain slices.
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Figure 1: PSTH versus the new method (peristimulus frequencygram, PSF) in
response to a known synaptic potential: Top diagram is produced by an EPSP
(continuous line) with a rise time of Sms that is injected into a regularly discharging
motoneuron in a rat brain slice. The output of the cell is plotted using the classical method
that uses probabilistic analysis (PSTH) and the PSF. PSTH users would have claimed five
significant events due to peaks and troughs in the record. Hence five different neural
pathways would have been claimed even though the injected synaptic potential contained
only a simple EPSP (i.e., only an excitatory pathway between the stimulated nerve and the
motoneuron. However, the PSF record shows that the discharge rate of the cell closely
follows the time course of the injected EPSP.

Similarly an IPSP also induced several troughs and peaks in the record ‘indicating’ that
many pathways exist between the stimulated nerve and the motoneurone. Again, the PSF
record shows that the discharge rate of the cell closely follows the time course of the
injected IPSP other than the peak of the current where no discharge is possible (redrawn
from Tiirker and Powers, 2005).



In these experiments, we injected simple and complex current transients into regularly
discharging hypoglossal motoneurones in vitro (Tiirker and Powers 1999). We
examined the discharge output of these cells using both methods of analyses to identify
which of the two more closely represented the profile of the postsynaptic potential (Fig.
1). We found that in a regularly discharging motoneuron, the rising phase of an EPSP
moves the occurrence of spikes forward and hence induces a substantial peak in all
probability-based records. This peak is followed immediately by a period of reduced
activity (‘silent period’) during the falling phase of the EPSP due to the phase advance
of spikes that were to occur in this period (count-related errors). The usual probability-
based analyses would have led to the conclusion that the stimulus activated an
excitatory pathway that was then followed by activation in an inhibitory pathway, i.e.,
that the EPSP was followed by an IPSP. Furthermore, secondary peaks and troughs
would have led to the conclusion that the same stimulus also activated long latency
excitatory and inhibitory pathways that may have been transcortical (due to the long
time delay from the stimulus onset and the response). As this figure clearly illustrates,
other than the sign of the very first pathway (excitatory), our claim regarding all other
pathways would have been wrong since the changes in neural discharge are all the
result of the initial phase advance of the action potentials by the beginning of the EPSP

and their autocorrelation function: this was predicted by Moore et al as early as 1970.

Similarly, a stimulus that evoked a compound inhibitory post synaptic potential (IPSP)
would also have led to erroneous conclusions since the falling phase of the IPSP
delayed spikes which then occurred during the rising phase of the IPSP. During the
delay, the probability-based analysis displayed a gap that would have correctly been
interpreted as indicating an inhibitory pathway. However, since a substantial peak
occurred in the PSTH due to the occurrence of the delayed spikes, this peak would have
appeared to indicate an excitatory pathway. The PSTH records also induced secondary
and tertiary peaks and troughs due to synchronization of the spikes in relation to the
stimulus (synchronization-related errors). Again wrongly, these would have been
labelled as long latency inhibitory and excitatory pathways. The brain slice
experiments also clearly illustrated that the frequency-based analysis gave a better
indication of the underlying synaptic potentials than the probability-based analyses and

that it avoided the errors that are inherent in probability based analysis.



APPROACH:

We tested the most well known and claimed to be ‘established’ neural pathway using

both classical probability based and the frequency based analyses.
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Figure 2: PSTH and PSF for common peroneal nerve stimulation: PSTH and PSF
analysis of the same motor unit from the tibialis anterior during weak (left) and strong
(right) electrical stimulation of the common peroneal nerve. Dashed horizontal lines
show the mean firing frequency. Both trial durations were 30 minutes (approximately
880 stimuli). Frequency analysis shows that the reduction in unit firing probability after
the initial excitation is not associated with a reduced firing rate, hence is an artefact not
a true inhibition. A close-up view of the H-reflex (bottom section) shows a steady
increase in both the occurrence rate and instantaneous frequencies in response to the
weak stimulation. Strong stimulus, however, showed a dip approximately 1ms after the
commencement of the reflex in both the PSF and PSTH. It is possible that this trough
corresponds to activation of Ib fibres.



Wiring of the low threshold afferent fibres in the common peroneal nerve to the
motoneurones that innervate the tibialis anterior muscle: We examined this
circuitry that has been most intensely examined in human motoneurons. It is well
‘established’ that low intensity stimulation of the common peroneal nerve generates
large compound EPSPs in the human tibialis anterior motoneurons, which is the basis
for the H-reflex (the electrical equivalent of the stretch reflex; Téborikova and Sax
1968; Katz et al. 1988). However, it has been claimed that the same low-intensity
stimulus also activates the Ib (Golgi tendon organ) fibres that evoke strong IPSPs in
motoneurons and hence cut short the expression of the EPSP generated by the Ia
activation (Burke et al. 1983; Burke et al. 1984). From this concept, the gap in spike
probability immediately after the initial peak (silent period) has been claimed to
illustrate the existence of the Ib IPSP. Hence, it has been claimed and widely used that
the Ia activation alone can be studied only during the initial peak (Pierrot-Deseilligny
1996). However, our brain slice work (Fig.1) has already established that a single
compound EPSP will generate a reduced probability of spike occurrence during its
falling phase. Therefore, it is possible that the so-called Ib IPSP may actually be an
artefact of the probability-based analyses. On the other hand, it is also possible that the
gap may be generated by a genuine IPSP. Our slice studies have shown that a single
EPSP and an EPSP followed by an IPSP generates very similar probability-based
records (Tiirker and Powers 1999; Tiirker and Powers, 2003). However, when it is used
in combination with the PSF, we were able to distinguish between the excitatory and
inhibitory PSPs. Therefore we plan to test whether or not a genuine IPSP follows the Ia
EPSP by using the PSF along with the classical probability based methods. Preliminary
experiments at low stimulus intensities have shown that, while only a few spikes occur
during the silent period, their discharge rates are higher than the background rate,
indicating that there is no inhibition at low stimulus intensities. However, we have also
noticed that when the stimulus intensity is high, the number of occurrences at the H-
reflex latency becomes less than the spikes that could be counted as phase-advanced.
Close inspection of the PSTH and PSF around the H-reflex latency shows a ‘dip’ in the
increase of both occurrence and frequency about 1ms after the start of the reflex
response to a large stimulus, a phenomenon that is not present when a small stimulus is
used (expanded scale, bottom of Fig. 2). The reduction in the expected spike numbers
and frequency lms after the commencement of the H-reflex may be caused by the

activation of Ib axons injecting IPSPs into the same motoneuron. Therefore it is



necessary to study the response of the tibialis anterior motoneurons at various levels of
stimulus intensities to pinpoint whether, and at what stage, Ib axons are activated. There
is a limit to the increase in the stimulus intensity that can be used since very large
stimuli will recruit some previously silent units at the H-reflex latency and make the
recognition of spikes difficult. However, we will use selective recording methods so

that superimposition is limited (see Methodology below).

METHODOLOGY:

Subjects: For the study, eleven healthy subjects who provided written informed consent
were recruited. The protocol of these experiments was approved by the Human Ethics
Committee of the University of Adelaide, Chiangmai University and conformed to the
Declaration of Helsinki. The subject sat on the comfortable chair. A footrest was
designed to support the right foot, positioned at 0° plantar flexion, and provided the

resistance required to produce large levels of voluntary dorsiflexion.

Recording

General protocol:  All data were recorded on computer sampling at 15,000
samples/second using a CED system. Zero-phase band pass filtering was performed on the
recorded data as the first step during off-line analysis. The stimuli were delivered
randomly between 1 and 2 seconds in all studies. These triggers for the stimuli were seen

in Figure 3 at the top panel.

Surface EMG: Two SEMG recording electrodes were used. They were placed 2 cm apart
lengthwise on the belly of the muscles. The SEMG was recorded from the right tibialis
anterior muscle. The bipolar surface EMG outputs were amplified (1,000 to 10,000 times)
and high pass filtered (5Hz) to reduce movement artefacts. The impedance of the surface
electrodes was set below 10k€Q2; and subjects were grounded by lip clip electrodes (Tiirker
et al. 1988). An example of SEMG recordings was showed in Figure 3 at the bottom panel
(TA-sEMG)



Single unit EMG: Activity of single motor units was recorded from the tibialis anterior
muscle using bipolar wire electrodes. To achieve this, a pair of Teflon® insulated silver
wires (100pum diameter with insulation; 70pum core diameter) was inserted into the muscle
with a 25G needle. The needle was then withdrawn, leaving the wires in the belly of the
muscle. To insure that the wires did not move from the original recording site, the ends of
the wires were “fish hooked” and the subject was asked to contract the muscle a number of
times so that the electrodes are firmly embedded in it. However, to ensure that the activity
of only a few units was recorded from each electrode, the insulation was not removed
except at the cut end of the wire. The SMU recordings were amplified (1,000 to 10,000
times) and high pass filtered (SHz). An example of SMU recordings was seen in Figure 3
at the third panel (TA-SMU).
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Figure 3 illustrates a short section of a recording session. The top panel (triggers) shows
the timing of the electrical stimulation to common peroneal nerve. The second panel
shows the discharge rate of an identified single motor unit; the third panel shows the single
motor unit potentials recorded from right tibialis anterior. The bottom panel shows the

SEMG of the right tibialis anterior.



Feedback of voluntary contraction level: During experiments SMU frequency data
were used for feedback. Single motor unit potentials were discriminated on-line using
microprocessor-based waveform analyses method, which matched the shapes of the unit
potentials to pre-established templates (8701-Signal Processing Systems; Tiirker et al.
1989). Acceptance pulses from the discriminator were converted to discharge frequency
and were displayed in front of the subject. The subject was asked to keep the discharge

rate at around 10Hz. Most subjects can achieve this with little training.

Nerve stimulation: Up to six hundred stimuli were delivered. Two levels of intensities
were used for all experiments. Therefore the experiments were last on average for two
hours. The Ia (and possibly Ib) fibres were activated in each subject via electrical
stimulation of the common peroneal nerve of the ipsilateral leg (Taborikova and Sax
1968; Katz et al. 1988; Miles et al. 1989). The common peroneal nerve was stimulated
using a cathode that is positioned against the skin slightly below the head of the fibula
with an anode directly opposite. Square pulse stimuli of 0.5 ms duration were triggered
from a computer and delivered by a Grass S44 stimulator. The stimulus artefact was
removed using an artefact-suppressing amplifier. The stimulus intensity was increased
until it advances the occurrence of the SMU action potential to the H-reflex latency in
1-2 out of 10 trials (weak stimulus) and 3-4 out of 10 trials (strong stimulus). This
would indicate a compound EPSP size of 1-2mV for the weak stimulus and 3-4mV for
the strong stimulus (Miles et al, 1989). The stimuli need to be strong enough to study
the Ia input to motoneurons but weak enough not to recruit units that are otherwise
silent. If silent units are recruited at the H-reflex latency, this would obscure the unit of
interest and hence correct estimation of the H-reflex size would be impossible. This
adjustment of the stimulus level is essential otherwise the shape of the single unit action
potential will not be recognised by the template-matching program. Since the success of
the analysis programs depends upon the correct recognition of the single unit spikes,
especially at the reflex latency, it is essential to record from at most a few (preferably
one) units in each electrode so that superimposition of spikes from different units did
not occur during the entire period of the reflex activity. Low stimulus intensity also
preferred since the direct motor response (M response) did not generate and the circuit
was not further complicated by the involvement of the Renshaw cell pool that is

activated by the antidromic pulses in the thick motor axons.



Analyses

Surface EMG: After filtering, the SEMG record was full-wave rectified, extracted
around the time of the stimuli and averaged. The cumulative sum (CUSUM; Ellaway,
1978) of the averaged EMG record was then constructed. From the prestimulus period
of the CUSUM records, maximal positive and negative deflections obtained. The larger
of the two values was then used to make a symmetrical ‘error box’ (Tiirker et al, 1997;
Brinkworth and Tiirker, 2003). The existence of a reflex response was determined by
comparing the size of the error box with the deflections in the poststimulus CUSUM
before the earliest possible voluntary response (reaction time). CUSUM values that
were larger than the limits of the error box, and that occur before the reaction time,

indicate a significant reflex response.

Single motor unit: Single motor unit potentials from each of the electrodes were
discriminated off-line using a microprocessor-based waveform analysis method, which
matched the shapes of the unit potentials to pre-established templates (Spike 2, CED).
We were usually able to discriminate reliably the activity of 1-2 single motor units. We

use this data to build PSTHs, PSF and their CUSUMs.

Statistics: Approximately, eleven subjects were included in each experiment. This
number was based on our previous experience of similar experiments in which we
demonstrated the existence of new reflex pathways. It is often the case that the new
reflex/pathway does not exist in each subject or it can be demonstrated only under
certain combinations of background muscle activity, stimulus intensity, fatigue (both
central and peripheral) and stimulus rate, all of which can affect the outcome. The
variables that affect the success of the appearance of the neural pathway were
scrutinised using two intensities and several hundred stimuli to bring out the profile of
the response (Fig. 1). Repeated measures analysis was performed. The level for

significance was set to 0.05 and power to 80%.



RESULTS

In 11 subjects, 22 motor units were analysed. Out of these motor units, 9 were recorded
during experiments where the stimulus only generated an H-reflex response; remaining 13
units were recorded in experiments where the stimulus generated both the M response and

the H-reflex (see summaries in the Table 1 and 2).

H-reflex only responses

When the stimulation induced only an H-reflex in the SEMG, it generated three distinct
responses in the PSTH; the H-reflex, the silent period and the late excitation. When
number of counts in the silent period was compared with the number of counts in the
prestimulus period, it was found that all 9 units illustrated a significant decrease in the
number of counts during the silent period (see Fig 4, PSTH panel). In addition, during the
late excitation, 5 out of 8 units showed a significant increase in the number of counts and 3
units showed no change compared to the pre-stimuli. When the discharge rate of the
spikes that occurred during the silent period was examined however we found that 6 out of
9 units illustrated a significant increase in the discharge rate during the silent period (see
Fig 4, PSF-CUSUM and PSF). Furthermore, all 9 units displayed significant reduction in

the discharge rates during the ‘late excitation’ phase (details in Table 1).

Table 1 illustrates the differences between PSF and PSTH analysis during the silent period

and during the late excitation when stimulus intensity induced only the H-reflex response.

During the silent period During the late excitation
Number of units significantly changed Number of units significantly changed
Increased Decreased No Increased Decreased No
(units) (units) change (units) (units) change
(units) (units)
PSF 6/9%* 2/9%* 1/9 - 8/8%* -
(Hz)
PSTH 0 9/9* 0 5/8* - 3/8
(counts)

* significant difference p < 0.05
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Figure 4 illustrates an example of the H-reflex only response results as can be seen in the
last panel for surface electromyogram (SEMG). Top panel is the cumulative sum of
peristimulus frequencygram (PSF-CUSUM) which indicates a long-lasting excitatory
postsynaptic potential (EPSP) effect. The second panel shows the peristimulus
frequencygram (PSF) which clearly shows the existence of increased discharge rates after
H reflex response. In contrast, the third panel (CUSUM of peristimulus time histogram,
PSTH-CUSUM) and the fourth panel (PSTH) show a reduction in number of spikes
immediately after the H-reflex response and a large increase later which is termed the late

excitation.



Comparison between PSF and PSTH analysis for H-reflex responses

Using PSTH and PSF analysis, either during the silent period or during the late excitation,
the results illustrated the opposite findings. After the H-reflex response the PSTH
demonstrates statistically significant decreases in the number of counts represented as the
“silent period” whereas the majority of units which analyzed by PSF increased their
discharge rates during the same period. For the late excitation, PSTH analysis indicated
that most units increased the number of counts during that period whereas the discharge

rates of all units during the same period decreased significantly.

M + H-reflex responses

Thirteen units were studied in experiments where the stimulus generated both M and H
responses in the SEMG. All 13 units demonstrated significant decreases in the number of
counts during the ‘silent period’. During the late excitation, 10 out of 12 units showed
significant increases in the number of spike counts (see Fig 5, PSTH and PSTH-CUSUM).
In one unit, there was no noticeable increase in the CUSUM to be counted as the late
excitatory response. While PSF analysis showed three patterns of the discharge rates
during the silent period: no change, found in 6 out of 13 units, an increase in discharge rate
found in 5 out of 13 units and a decrease in 2 out of 13 units. In addition, three patterns of
the discharge rates response were also found during the late excitation: 9 out of 12 units
decreased their discharge rates (see Fig 5, PSF), 2 out of 12 showed the no change in

discharge rates and only 1 unit displayed an increase in the discharge rate (see Table 2).

Table 2 illustrates the differences between PSF and PSTH analysis during the silent period

and during the late excitation when stimulus intensity induced M + H responses

During the silent period During the late excitation
Number of units significantly changed Number of units significantly changed
Increased Decreased No Increased Decreased No
(units) (units) change (units) (units) change
(units) (units)
PSF 5/13%* 2/13* 6/13 1/12* 9/12%* 2/12
(Hz)
PSTH - 13/13* - 10/12%* - 2/12
(counts)

* significant difference p < 0.05



Comparison between PSF and PSTH analysis for M and H responses

Again for our M+H responses, the opposite results were found in both periods for both
analysis methods. While PSTH analysis found that all units decreased the number of
counts in responses during the silent period, the PSF analysis indicated that nearly half of
the units illustrated discharge rate increases and the other half no change in their discharge
rates. Similarly, during the late excitation, analysis using PSTH showed an increase in the

number of counts whereas PSF demonstrated a decrease in the discharge rate.
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Figure S illustrates an example of the M + H response results as can be seen in the last
panel for surface electromyogram (SEMG). Top panel is the PSF-CUSUM which indicates
a long-lasting excitatory effect. The second panel shows the PSF which clearly shows the
existence of discharge rates after the H-reflex response. In contrast, the third panel (PSTH-
CUSUM) and the fourth panel (PSTH) indicate a clear reduction in spike counts
immediately following the H-reflex (during the silent period) and a significant increase in
spike counts later which induces a peak in the PSTH and an upswing in the PSTH-
CUSUM (Fig 3).



DISCUSSION

Current results can be interpreted in two different ways depending on the analyses used.
With classical PSTH analysis, an increase followed by a decrease could imply that
following the stimulus there was an excitatory postsynaptic potential followed by
inhibitory postsynaptic potential (EPSP+IPSP) (Ashby and Zilm 1978; Miles et al. 1989).
On the other hand, with the PSF analysis, during the same period, there is only an increase

in the discharge rate, which should be interpreted as a single long EPSP.

However, we prefer that the PSF interpreted as illustrating the net effect of the stimulation
on the motoneurone pool rather than a single distinct pathway. This means that the pool
had received several post synaptic potentials but the end product (the net effect) was a
single long lasting excitation. If the EPSP and IPSP occur around the same time,
depending on the dominant PSP, one could have seen a net excitation, a net inhibition, or
no change at all as the end product. We therefore cannot rule out the occurrence of IPSP
as a result of the stimulation on the common peroneal nerve in this study especially when

the stimulus intensity induces both the M and H responses.

When the stimulus induced both the M and H responses, the PSF analyses were not as
clear cut as the ones obtained when the stimulus induced only the H-reflex response
(Tables 1 and 2). In deed, when a stimulus induces an M response, one would expect it to
generate recurrent inhibition on the motoneurone pool (Bussel and Pierrot-Deseilligny
1977) and hence the net effect may reflect the sum of the Ia EPSP and the Renshaw cell
IPSP. Hence, in 6 out of 13 units the discharge rate was not significantly different than the
prestimulus. Therefore, involvement of the IPSPs cannot be ruled out in the PSF work as

it represents the net effect.

Our conclusion as it stands today is that the activity in the low threshold fibres in the
common peroneal nerve generates a single long lasting excitation in the motor pool of the
tibialis anterior muscle if the stimulus intensity only generates the H-reflex response on the
sEMG. However, even this single long excitation may be due to simultaneous stimulation
of Ia and Ib fibres in the nerve. However, until we can distinctly suppress one of these
pathways and determine the synaptic potential, we cannot conclude that a single long

lasting excitation that we have observed means a single distinct excitatory pathway.



Therefore, we cannot confirm or reject our first hypothesis as we are observing the net

effect of the stimulus but not a pure PSP from one source.

We can however confirm our second hypothesis, since, during silent period, discharge rate
of most motor units were significantly higher than the prestimulus average indicating that
during this ‘silent’ period, the net excitation on the motoneurone pool continued.
However, this conclusion may only apply to the units obtained when the stimulus only
induced the H-reflex response. With the other 13 units that are studied with the stimulus
that induced both M and H responses, we may have a combination of excitation and
inhibition occurring around the same time. We can also confirm our third hypothesis since
we found that the discharge rate of motor units actually significantly declined during the
“long-latency excitatory reflex response” illustrating that this period is an artefact of the

synchronous discharge of the spikes that generated the H-reflex.

Why do the classical methods contain errors: The classical techniques are based on the
principle that a significant increase in the occurrence of discharge (spike) probability at a
time after the stimulus represents an excitatory postsynaptic potential (EPSP) and a
significant decrease indicates an inhibitory postsynaptic potential (IPSP). This assumption
has led to serious errors in descriptions of connections between various elements of the
central nervous system. These arise from the fact that the peaks and troughs in averaged
surface EMG or PSTH can reflect not only direct synaptic effects, but also secondary
effects arising from the discharge statistics of the pre- and postsynaptic cells (Moore et al.
1970). Despite this early warning about the problems in the probabilistic analysis method,
the peaks and troughs in an averaged response to a stimulus are still defined as synaptic
excitation and inhibition, respectively (e.g. Brooke et al. 1999; Okdeh et al. 1999;
Sonnenborg et al. 2000).

To show directly that the probability based analyses contain inherent errors and to put
forward an error free method for the estimation of synaptic potential, and hence the wiring
diagram, Tiirker and Powers have conducted a series of experiments on regularly
discharging motoneurons in rat brain slices. The brain slice experiments clearly illustrated

that the frequency-based analysis gave a better indication of the underlying synaptic



potentials than the probability-based analyses (Tiirker and Powers 1999; 2001; 2002;
2003;2005).

Significance: This study will correct apparent errors in the most commonly studied and
firmly ‘established’ pathway in the central nervous system. This correction needs to be
done urgently since the existence, stability, strength and sign of pathways in the brain and
spinal cord are used for diagnosis, treatment and assessment of the success of treatment of

many neurological disorders (Cruccu et al. 1989; Chen et al. 1998; Nadler et al. 2004).
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ABSTRACT

We have induced H-reflex responses in human tibialis anterior motor units and analysed
the results using the classical technique, peristimulus time histogram (PSTH), and a new
technique, peristimulus frequencygram (PSF). The PSF has recently been shown to be
more reliable than the PSTH for indicating the synaptic connections on motoneurons, and

therefore we wished to examine the differences between the two analysis methods.

Experiments were conducted on eleven healthy subjects (7 males and 4 females) that do
not have any known neurological disorder. The subjects sat comfortably on a dental chair
and the common peroneal nerve was stimulated. In each experiment, about 600 stimuli
were applied randomly every 1-2 s. The recordings were taken with both by surface

electromyogram (SEMG) and as single motor unit potentials.

Our findings suggest that PSF gives significantly different results compared with the
PSTH in determining the synaptic connection of the low threshold nerve fibres to the
motoneurons. While PSTH indicated that there was a silent period immediately after the
H-reflex, the PSF demonstrated that the silent period was actually a continuation of the net
excitatory effect and not a genuine inhibition since the small number of action potentials
occured during this period displayed higher discharge rates than the prestimulus level.
Furthermore, the late excitation, as it was noted in the PSTH; was actually a net inhibitory
effect since the large number of spikes that occured during that period had lower discharge

rates than the prestimulus average.

In the lights of the recent brain slice findings and completely different results obtained
using the two analysis techniques, we suggest that the PSF analysis should be used to
illustrate the net synaptic connection between peripheral receptors and motoneurons in the

human nervous system.



INTRODUCTION

Hoffmann (H) reflex is commonly used for investigation of synaptic connections between
the low threshold muscle afferents and motoneurons (Knikou 2008). By using
intramuscular electrodes, the discharge behaviour of single motor units in response to
nerve stimulation can be recorded in human subjects and the recordings can be used to
estimate the synaptic connections between the stimulated afferents and the motoneurones.
Peristimulus time histogram (PSTH) is the classical method for illustrating such
connections (Garnett and Stephens 1980). PSTH is constructed by counting the number of
motor unit action potentials around periodic stimulation of afferents (Ashby and Zilm

1978).

In PSTH, an increase in the numbers of spikes following activation of an afferent system
has been claimed to indicate an excitatory connection between the stimulated afferent
system and the motoneuron. This increase in the spike probability following the stimulus
appears as a peak in PSTHs (Garnett and Stephens 1980). If however the stimulated
afferent system has an inhibitory connection to the motoneurone, the number of spikes
following the activation of the afferent system would decrease which would appear as a

trough in the PSTH (Garnett and Stephens 1981).

When a mixed nerve to a muscle is stimulated using low intensity electrical pulses, the
resultant PSTH illustrates three significant peaks (Awiszus et al. 1991). A short latency
large increase (the H-reflex response) followed by a decrease (also referred to as the silent
period) and a long latency increase (long latency excitation) in the probability of
motoneurone discharge. This finding has been interpreted to indicate a short latency
possibly monosynaptic Ia excitatory postsynaptic potential (EPSP), an inhibitory
postsynaptic potential (IPSP) or refractory period, and a long latency and possibly
transcortical EPSP (Ashby and Zilm 1978; Lourenco et al. 2006). However, this
conclusion can be criticized as these periods may have been due to count and/or
synchronization related errors, as a novel analysis technique (PSF; Tiirker and Cheng

1994) did not indicate the existence of these periods.



In order to resolve this controversy and determine which of the two methods indicate the
underlying postsynaptic potential (PSP) more reliably, we have used regularly discharging
motoneurones in brain slices. In these experiments, we have inserted known PSPs into a
regularly discharging motoneurones in brain slices and recorded the resultant action
potentials to build PSTH and PSF (Tiirker and Powers 1999; 2003; 2005). These studies
have indicated that the probability based classical methods, the PSTH and the averaged
SEMG, had count and synchronization related errors and hence the synaptic potentials put
forward using these techniques may not exist. On the other hand, the PSF techniques
indicated the underlying PSP much more reliably. We therefore thought that the pathways
that are activated as a result of low intensity electrical stimulation of a mixed muscle nerve

should be re-investigated.

Other than our methodology paper where we have introduced the PSF technique for
estimating PSPs in human motoneurones (Tiirker and Cheng 1994), only a few other
papers exists where PSTH and PSF analyses are used simultaneously and compared (Deriu

et al. 2005; Norton et al. 2008).

In this study, we aimed to test three hypotheses; firstly that the low threshold muscle
afferents in the common peroneal nerve are connected to the homonymous motoneuones
by only one pathway that is excitatory. Secondly, that the silent period that has been
claimed to exist after the H-reflex response, is a net excitatory response. Thirdly, that the
long-latency excitatory reflex response is an artefact of the synchronous discharge of the

spikes that generated the H-reflex.



MATERIALS AND METHODS

Eleven healthy volunteer subjects (7 men and 4 women) aged between 21-55 years old
(mean = SD =33.4 + 11.4, 27.8 &+ 8.0 respectively) were recruited from students and staffs
at University of Adelaide, Chiangmai University and Ege University. The protocol of the
experiments was approved by the Human Ethics Committee of the University of Adelaide,
Chiangmai University and Ege University and conforms to the Declaration of Helsinki.
The subjects were informed about the study in a standardized way and signed an informed
consent form. The subject sat comfortably on a dental chair with right foot positioned at 0°
plantar flexion and the forefoot placed underneath a wood bar. This bar was set to provide

the resistance during voluntary dorsiflexion and also measured the applied isometric force.

General protocol

All data were recorded on computer sampling at 15,000 samples/second using a CED®™
system. Subjects were instructed to activate selected single motor units at a predetermined
rate using audio and visual feedback. While the subject fired the motor unit at a required
level, stimuli were delivered randomly between 1 and 2 seconds in all studies. These

triggers for the stimuli were seen in Figure 1 at the top panel.

Surface electromyography (SEMG)

Two sEMG recording electrodes were placed 2 cm apart lengthwise on the belly of the
right tibialis anterior muscle. The outputs from the bipolar surface electrodes were
amplified (1,000 to 10,000 times) and high pass filtered (SHz). The skin resistance
underlying the surface electrodes was reduced so that it was always below 10 kQ; and
subjects were grounded by lip clip ground electrodes (Tiirker et al. 1988). An example of
SEMG recordings was showed in Figure 1 at the bottom panel (TA-sEMG)

Single motor unit (SMU) potentials

Teflon® insulated (except for their tips) silver bipolar wire electrodes (100um diameter
with insulation; 70um core diameter) were inserted into the right tibialis anterior muscles
using a 25G surgical needle. The needle was then withdrawn, leaving the fish hooked

wires in the belly of the muscle. The subject was asked to fire a selected single motor unit



tonically at a predetermined level using auditory and visual feedback of the unit’s firing
frequency. The SMU recordings were amplified (1,000 to 10,000 times) and high pass
filtered (SHz). An example of SMU recordings was seen in Figure 1 at the third panel
(TA-SMU).
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Figure 1 illustrates a short section of a recording session. The top panel (triggers) shows
the timing of the electrical stimulation to common peroneal nerve. The second panel
shows the discharge rate of an identified single motor unit; the third panel shows the single
motor unit potentials recorded from right tibialis anterior. The bottom panel shows the

SEMG of the right tibialis anterior.

Single motor unit potentials were discriminated on-line using microprocessor based
waveform analyses method, which match the shapes of the units’ potentials to pre-
established templates (CED®; Spike2 systems). Acceptance pulses from the discriminator
were used to deliver auditory feedback and the discharge frequency of the unit was used as

also used as visual feedback.



Nerve stimulation

The common peroneal nerve was stimulated using a cathode that was positioned against
the skin slightly below the head of the fibula with an anode directly opposite. Square pulse
stimuli of 0.5 ms duration was triggered from a computer and delivered by Digitimer
constant current stimulator. The stimulus artefact was removed using an artefact-
suppressing amplifier. The stimulus intensity was increased until it advanced the
occurrence of the single motor unit action potential to the H-reflex latency in 2-3 out of 10
trials (Miles et al. 1989). This low intensity stimulus was also preferred as it did not
generate synchronous activity of many motor units at the H-reflex latency which makes the

recognition of the selected unit impossible.

Analysis

For sSEMG, after filtering, the record was full-wave rectified, extracted around the time of
the stimuli and averaged. The cumulative sum (CUSUM; Ellaway 1978) of the averaged
EMG record was then constructed. From the prestimulus period of the CUSUM records,
maximal positive and negative deflections were obtained. The larger of the two values was
then used to make a symmetrical ‘error box’ (Tiirker et al. 1997; Brinkworth and Tiirker
2003). The existence of a reflex response was determined by comparing the size of the

error box with the deflections in the poststimulus CUSUM.

For SMU, the recordings were discriminated off-line using a microprocessor-based
waveform analysis method, which matched the shapes of the unit potentials to pre-
established templates (CED®™ Spike2 program). These discriminated data were then used
to build PSTHs, PSFs and their CUSUMs. For CUSUMs, similar analyses to the one
described for the sSEMG was used as well as a statistical comparison of the number of
action potentials in selected areas (for PSTH) and discharge rates for selected areas (for

PSF).

The silent period was determined as follows: two cursors were lined up at the onset and the
end of the negative slope on the PSTH-CUSUM immediately after the positive slope

representing the H-reflex response. During this period, the number of occurrences in the



PSTH and the discharge rates in the PSF were compared with the values in the prestimulus
period using Student’s t-test for comparing independent samples (see also Garnett and

Stephens 1980).

Similarly, two cursors were placed at the onset and the end of the long latency positive
slope on PSTH-CUSUM (see PSTH-CUSUMs in Figs 2 and 3). Again, the number of
occurrences in the PSTH and the discharge rates in the PSF during this selected period
were compared with the values in the prestimulus period using the same test; Student’s t-
test for comparing independent samples (the level for significance was set to 0.05 for all

tests).



RESULTS

In 11 subjects, 22 motor units were analysed. Out of these motor units, 9 were
recorded during experiments where the stimulus only generated an H-reflex response;
remaining 13 units were recorded in experiments where the stimulus generated both

the M response and the H-reflex (see summaries in the Table 1 and 2).

H-reflex only responses

When the stimulation induced only an H-reflex in the SEMG, it generated three distinct
responses in the PSTH; the H-reflex, the silent period and the late excitation. When
number of counts in the silent period was compared with the number of counts in the
prestimulus period, it was found that all 9 units illustrated a significant decrease in the
number of counts during the silent period (see Fig 2, PSTH panel). In addition, during
the late excitation, 5 out of 8 units showed a significant increase in the number of
counts and 3 units showed no change compared to the pre-stimuli. When the discharge
rate of the spikes that occurred during the silent period was examined however we
found that 6 out of 9 units illustrated a significant increase in the discharge rate during
the silent period (see Fig 2, PSF-CUSUM and PSF). Furthermore, all 9 units displayed
significant reduction in the discharge rates during the ‘late excitation’ phase (details in

Table 1).



Table 1 illustrates the differences between PSF and PSTH analysis during the silent

period and during the late excitation when stimulus intensity induced only the H-reflex

response.
During the silent period During the late excitation
Number of units significantly Number of units significantly
changed changed
Increase Decreas No Increa Decrease No
d (units) ed chan sed d (units) (Char_l{g‘;
. ge . units
(units) (uni (units)
ts)
PSF 6/9%* 2/9%* 1/9 - 8/8%* -
(Hz)
PSTH 0 9/9* 0 5/8* - 3/8
(coun
ts)

* significant difference p < 0.05

Comparison between PSF and PSTH analysis for H-reflex responses

Using PSTH and PSF analysis, either during the silent period or during the late
excitation, the results illustrated the opposite findings. After the H-reflex response the
PSTH demonstrates statistically significant decreases in the number of counts
represented as the “silent period” whereas the majority of units which analyzed by PSF
increased their discharge rates during the same period. For the late excitation, PSTH
analysis indicated that most units increased the number of counts during that period

whereas the discharge rates of all units during the same period decreased significantly.



M + H-reflex responses

Thirteen units were studied in experiments where the stimulus generated both M and H
responses in the SEMG. All 13 units demonstrated significant decreases in the number
of counts during the ‘silent period’. During the late excitation, 10 out of 12 units
showed significant increases in the number of spike counts (see Fig 3, PSTH and
PSTH-CUSUM). In one unit, there was no noticeable increase in the CUSUM to be
counted as the late excitatory response. While PSF analysis showed three patterns of
the discharge rates during the silent period: no change, found in 6 out of 13 units, an
increase in discharge rate found in 5 out of 13 units and a decrease in 2 out of 13 units.
In addition, three patterns of the discharge rates response were also found during the
late excitation: 9 out of 12 units decreased their discharge rates (see Fig 3, PSF), 2 out
of 12 showed the no change in discharge rates and only 1 unit displayed an increase in

the discharge rate (see Table 2).

Table 2 illustrates the differences between PSF and PSTH analysis during the silent

period and during the late excitation when stimulus intensity induced M + H responses

During the silent period During the late excitation

Number of units significantly changed Number of units significantly changed

Increased Decreased No Increased Decreased No
(units) (units) dglzn (units) (units) dglzn
(uni (uni

ts) ts)
PSF 5/13%* 2/13* 6/13 1/12* 9/12%* 2/12
(Hz)
PSTH - 13/13%* - 10/12%* - 2/12
(counts)

* significant difference p < 0.05

Comparison between PSF and PSTH analysis for M and H responses

Again for our M+H responses, the opposite results were found in both periods for both

analysis methods. While PSTH analysis found that all units decreased the number of




counts in responses during the silent period, the PSF analysis indicated that nearly half
of the units illustrated discharge rate increases and the other half no change in their
discharge rates. Similarly, during the late excitation, analysis using PSTH showed an
increase in the number of counts whereas PSF demonstrated a decrease in the

discharge rate.
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Figure 2 illustrates an example of the H-reflex only response results as can be seen in the
last panel for surface electromyogram (SEMG). Top panel is the cumulative sum of
peristimulus frequencygram (PSF-CUSUM) which indicates a long-lasting excitatory
postsynaptic potential (EPSP) effect. The second panel shows the peristimulus
frequencygram (PSF) which clearly shows the existence of increased discharge rates after
H reflex response. In contrast, the third panel (CUSUM of peristimulus time histogram,
PSTH-CUSUM) and the fourth panel (PSTH) show a reduction in number of spikes

immediately after the H-reflex response and a large increase later which is termed the late

excitation.
400 PSF-CUSUM
2! ]
2 -400
-800
E
&
5
g
?
&
E
=
300
10, 1
z PSTH
z
=
0
=200 -150 -100 -50 0 S0 100 150 200 250
6- -
SEMG
::_':
= 0
_6_




Figure 3 illustrates an example of the M + H response results as can be seen in the last
panel for surface electromyogram (SEMG). Top panel is the PSF-CUSUM which indicates
a long-lasting excitatory effect. The second panel shows the PSF which clearly shows the
existence of discharge rates after the H-reflex response. In contrast, the third panel (PSTH-
CUSUM) and the fourth panel (PSTH) indicate a clear reduction in spike counts
immediately following the H-reflex (during the silent period) and a significant increase in
spike counts later which induces a peak in the PSTH and an upswing in the PSTH-
CUSUM (Fig 3).



DISCUSSION

Current results can be interpreted in two different ways depending on the analyses used.
With classical PSTH analysis, an increase followed by a decrease could imply that
following the stimulus there was an excitatory postsynaptic potential followed by
inhibitory postsynaptic potential (EPSP+IPSP) (Ashby and Zilm 1978; Miles et al. 1989).
On the other hand, with the PSF analysis, during the same period, there is only an increase

in the discharge rate, which should be interpreted as a single long EPSP.

However, we prefer that the PSF interpreted as illustrating the net effect of the stimulation
on the motoneurone pool rather than a single distinct pathway. This means that the pool
had received several post synaptic potentials but the end product (the net effect) was a
single long lasting excitation. If the EPSP and IPSP occur around the same time,
depending on the dominant PSP, one could have seen a net excitation, a net inhibition, or
no change at all as the end product. We therefore cannot rule out the occurrence of IPSP
as a result of the stimulation on the common peroneal nerve in this study especially when

the stimulus intensity induces both the M and H responses.

When the stimulus induced both the M and H responses, the PSF analyses were not as
clear cut as the ones obtained when the stimulus induced only the H-reflex response
(Tables 1 and 2). In deed, when a stimulus induces an M response, one would expect it to
generate recurrent inhibition on the motoneurone pool (Bussel and Pierrot-Deseilligny
1977) and hence the net effect may reflect the sum of the Ia EPSP and the Renshaw cell
IPSP. Hence, in 6 out of 13 units the discharge rate was not significantly different than the
prestimulus. Therefore, involvement of the IPSPs cannot be ruled out in the PSF work as

it represents the net effect.

Our conclusion as it stands today is that the activity in the low threshold fibres in the
common peroneal nerve generates a single long lasting excitation in the motor pool of the
tibialis anterior muscle if the stimulus intensity only generates the H-reflex response on the
sEMG. However, even this single long excitation may be due to simultaneous stimulation
of Ia and Ib fibres in the nerve. However, until we can distinctly suppress one of these
pathways and determine the synaptic potential, we cannot conclude that a single long

lasting excitation that we have observed means a single distinct excitatory pathway.



Therefore, we cannot confirm or reject our first hypothesis as we are observing the net

effect of the stimulus but not a pure PSP from one source.

We can however confirm our second hypothesis, since, during silent period, discharge rate
of most motor units were significantly higher than the prestimulus average indicating that
during this ‘silent’ period, the net excitation on the motoneurone pool continued.
However, this conclusion may only apply to the units obtained when the stimulus only
induced the H-reflex response. With the other 13 units that are studied with the stimulus
that induced both M and H responses, we may have a combination of excitation and
inhibition occurring around the same time. We can also confirm our third hypothesis since
we found that the discharge rate of motor units actually significantly declined during the
“long-latency excitatory reflex response” illustrating that this period is an artefact of the

synchronous discharge of the spikes that generated the H-reflex.

Why do the classical methods contain errors: The classical techniques are based on the
principle that a significant increase in the occurrence of discharge (spike) probability at a
time after the stimulus represents an excitatory postsynaptic potential (EPSP) and a
significant decrease indicates an inhibitory postsynaptic potential (IPSP). This assumption
has led to serious errors in descriptions of connections between various elements of the
central nervous system. These arise from the fact that the peaks and troughs in averaged
surface EMG or PSTH can reflect not only direct synaptic effects, but also secondary
effects arising from the discharge statistics of the pre- and postsynaptic cells (Moore et al.
1970). Despite this early warning about the problems in the probabilistic analysis method,
the peaks and troughs in an averaged response to a stimulus are still defined as synaptic
excitation and inhibition, respectively (e.g. Brooke et al. 1999; Okdeh et al. 1999;
Sonnenborg et al. 2000).

To show directly that the probability based analyses contain inherent errors and to put
forward an error free method for the estimation of synaptic potential, and hence the wiring
diagram, Tiirker and Powers have conducted a series of experiments on regularly
discharging motoneurons in rat brain slices. The brain slice experiments clearly illustrated

that the frequency-based analysis gave a better indication of the underlying synaptic



potentials than the probability-based analyses (Tiirker and Powers 1999; 2001; 2002;
2003;2005).

Significance: This study will correct apparent errors in the most commonly studied and
firmly ‘established’ pathway in the central nervous system. This correction needs to be
done urgently since the existence, stability, strength and sign of pathways in the brain and
spinal cord are used for diagnosis, treatment and assessment of the success of treatment of

many neurological disorders (Cruccu et al. 1989; Chen et al. 1998; Nadler et al. 2004).
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ABSTRACT

We have induced H-reflex responses in human tibialis anterior motor units and
analysed the results using the classical technique, peristimulus time histogram
(PSTH), and a new technique, peristimulus frequencygram (PSF). The PSF has
recently been shown to be more reliable than the PSTH for indicating the synaptic
connections on motoneurons, and therefore we wished to examine the differences

between the two analysis methods.

Experiments were conducted on eleven healthy subjects (7 males and 4 females) that
do not have any known neurological disorder. The subjects sat comfortably on a
dental chair and the common peroneal nerve was stimulated. In each experiment,
about 600 stimuli were applied randomly every 1-2 s. The recordings were taken with

both by surface electromyogram (sEMG) and as single motor unit potentials.

Our findings suggest that PSF gives significantly different results compared with the
PSTH in determining the synaptic connection of the low threshold nerve fibres to the
motoneurons. While PSTH indicated that there was a silent period immediately after
the H-reflex, the PSF demonstrated that the silent period was actually a continuation
of the net excitatory effect and not a genuine inhibition since the small number of
action potentials occured during this period displayed higher discharge rates than the
prestimulus level. Furthermore, the late excitation, as it was noted in the PSTH; was
actually a net inhibitory effect since the large number of spikes that occured during

that period had lower discharge rates than the prestimulus average.

In the lights of the recent brain slice findings and completely different results obtained
using the two analysis techniques, we suggest that the PSF analysis should be used to
illustrate the net synaptic connection between peripheral receptors and motoneurons

in the human nervous system.
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INTRODUCTION

Hoffmann (H) reflex is commonly used for investigation of synaptic connections
between the low threshold muscle afferents and motoneurons (Knikou 2008). By
using intramuscular electrodes, the discharge behaviour of single motor units in
response to nerve stimulation can be recorded in human subjects and the recordings
can be used to estimate the synaptic connections between the stimulated afferents and
the motoneurones. Peristimulus time histogram (PSTH) is the classical method for
illustrating such connections (Garnett and Stephens 1980). PSTH is constructed by
counting the number of motor unit action potentials around periodic stimulation of

afferents (Ashby and Zilm 1978).

In PSTH, an increase in the numbers of spikes following activation of an afferent
system has been claimed to indicate an excitatory connection between the stimulated
afferent system and the motoneuron. This increase in the spike probability following
the stimulus appears as a peak in PSTHs (Garnett and Stephens 1980). If however the
stimulated afferent system has an inhibitory connection to the motoneurone, the
number of spikes following the activation of the afferent system would decrease

which would appear as a trough in the PSTH (Garnett and Stephens 1981).

When a mixed nerve to a muscle is stimulated using low intensity electrical pulses,
the resultant PSTH illustrates three significant peaks (Awiszus et al. 1991). A short
latency large increase (the H-reflex response) followed by a decrease (also referred to
as the silent period) and a long latency increase (long latency excitation) in the
probability of motoneurone discharge. This finding has been interpreted to indicate, a
short latency possibly monosynaptic Ia excitatory postsynaptic potential (EPSP), an
inhibitory postsynaptic potential (IPSP) or refractory period, and a long latency and
possibly transcortical EPSP (Ashby and Zilm 1978; Lourenco et al. 2006). However,
this conclusion can be criticized as these periods may have been due to count and/or
synchronization related errors, as a novel analysis technique (PSF; Tiirker and Cheng

1994) did not indicate the existence of these periods.

In order to resolve this controversy and determine which of the two methods indicate
the underlying postsynaptic potential (PSP) more reliably, we have used regularly
discharging motoneurones in brain slices. In these experiments, we have inserted

known PSPs into a regularly discharging motoneurones in brain slices and recorded
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the resultant action potentials to build PSTH and PSF (Tiirker and Powers 1999;
2003; 2005). These studies have indicated that the probability based classical
methods, the PSTH and the averaged sEMG, had count and synchronization related
errors and hence the synaptic potentials put forward using these techniques may not
exist. On the other hand, the PSF techniques indicated the underlying PSP much
more reliably. We therefore thought that the pathways that are activated as a result of

low intensity electrical stimulation of a mixed muscle nerve should be re-investigated.

Other than our methodology paper where we have introduced the PSF technique for
estimating PSPs in human motoneurones (Tiirker and Cheng 1994), only a few other
papers exists where PSTH and PSF analyses are used simultaneously and compared

(Deriu et al. 2005; Norton et al. 2008).

In this study, we aimed to test three hypotheses; firstly that the low threshold muscle
afferents in the common peroneal nerve are connected to the homonymous
motoneuones by only one pathway that is excitatory. Secondly, that the silent period
that has been claimed to exist after the H-reflex response, is a net excitatory response.
Thirdly, that the long-latency excitatory reflex response is an artefact of the

synchronous discharge of the spikes that generated the H-reflex.
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MATERIALS AND METHODS

Eleven healthy volunteer subjects (7 men and 4 women) aged between 21-55 years
old (mean + SD = 33.4 + 11.4, 27.8 + 8.0 respectively) were recruited from students
and staffs at University of Adelaide, Chiangmai University and Ege University. The
protocol of the experiments was approved by the Human Ethics Committee of the
University of Adelaide, Chiangmai University and Ege University and conforms to
the Declaration of Helsinki. The subjects were informed about the study in a
standardized way and signed an informed consent form. The subject sat comfortably
on a dental chair with right foot positioned at 0° plantar flexion and the forefoot
placed underneath a wood bar. This bar was set to provide the resistance during

voluntary dorsiflexion and also measured the applied isometric force.

General protocol

All data were recorded on computer sampling at 15,000 samples/second using a
CED® system. Subjects were instructed to activate selected single motor units at a
predetermined rate using audio and visual feedback. While the subject fired the motor
unit at a required level, stimuli were delivered randomly between 1 and 2 seconds in

all studies. These triggers for the stimuli were seen in Figure 1 at the top panel.

Surface electromyography (SEMG)

Two sSEMG recording electrodes were placed 2 cm apart lengthwise on the belly of
the right tibialis anterior muscle. The outputs from the bipolar surface electrodes
were amplified (1,000 to 10,000 times) and high pass filtered (5Hz). The skin
resistance underlying the surface electrodes was reduced so that it was always below
10 kQ; and subjects were grounded by lip clip ground electrodes (Tiirker et al. 1988).
An example of SEMG recordings was showed in Figure 1 at the bottom panel (TA-
sEMG)

Single motor unit (SMU) potentials

Teflon® insulated (except for their tips) silver bipolar wire electrodes (100um

diameter with insulation; 70um core diameter) were inserted into the right tibialis
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anterior muscles using a 25G surgical needle. The needle was then withdrawn,
leaving the fish hooked wires in the belly of the muscle. The subject was asked to fire
a selected single motor unit tonically at a predetermined level using auditory and
visual feedback of the unit’s firing frequency. The SMU recordings were amplified
(1,000 to 10,000 times) and high pass filtered (SHz). An example of SMU recordings

was seen in Figure 1 at the third panel (TA-SMU).

Triggers T Y S N R
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Figure 1 illustrates a short section of a recording session. The top panel (triggers)
shows the timing of the electrical stimulation to common peroneal nerve. The second
panel shows the discharge rate of an identified single motor unit; the third panel
shows the single motor unit potentials recorded from right tibialis anterior. The

bottom panel shows the SEMG of the right tibialis anterior.

Single motor unit potentials were discriminated on-line using microprocessor based
waveform analyses method, which match the shapes of the units’ potentials to pre-

established templates (CED®; Spike2 systems). Acceptance pulses from the

Page 6 of 18
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discriminator were used to deliver auditory feedback and the discharge frequency of

the unit was used as also used as visual feedback.

Nerve stimulation

The common peroneal nerve was stimulated using a cathode that was positioned
against the skin slightly below the head of the fibula with an anode directly opposite.
Square pulse stimuli of 0.5 ms duration was triggered from a computer and delivered
by Digitimer constant current stimulator. The stimulus artefact was removed using an
artefact-suppressing amplifier. The stimulus intensity was increased until it advanced
the occurrence of the single motor unit action potential to the H-reflex latency in 2-3
out of 10 trials (Miles et al. 1989). This low intensity stimulus was also preferred as it
did not generate synchronous activity of many motor units at the H-reflex latency

which makes the recognition of the selected unit impossible.

Analysis

For sEMG, after filtering, the record was full-wave rectified, extracted around the
time of the stimuli and averaged. The cumulative sum (CUSUM; Ellaway 1978) of
the averaged EMG record was then constructed. From the prestimulus period of the
CUSUM records, maximal positive and negative deflections were obtained. The
larger of the two values was then used to make a symmetrical ‘error box’ (Tiirker et
al. 1997; Brinkworth and Tiirker 2003). The existence of a reflex response was
determined by comparing the size of the error box with the deflections in the

poststimulus CUSUM.

For SMU, the recordings were discriminated off-line using a microprocessor-based
waveform analysis method, which matched the shapes of the unit potentials to pre-
established templates (CED® Spike2 program). These discriminated data were then
used to build PSTHs, PSFs and their CUSUMs. For CUSUMSs, similar analyses to the
one described for the SEMG was used as well as a statistical comparison of the
number of action potentials in selected areas (for PSTH) and discharge rates for

selected areas (for PSF).
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The silent period was determined as follows: two cursors were lined up at the onset
and the end of the negative slope on the PSTH-CUSUM immediately after the
positive slope representing the H-reflex response. During this period, the number of
occurrences in the PSTH and the discharge rates in the PSF were compared with the
values in the prestimulus period using Student’s t-test for comparing independent

samples (see also Garnett and Stephens 1980).

Similarly, two cursors were placed at the onset and the end of the long latency
positive slope on PSTH-CUSUM (see PSTH-CUSUMs in Figs 2 and 3). Again, the
number of occurrences in the PSTH and the discharge rates in the PSF during this
selected period were compared with the values in the prestimulus period using the
same test; Student’s t-test for comparing independent samples (the level for

significance was set to 0.05 for all tests).

Physiologisches Institut, Universiti¢ Y%t Wuerzburg, Roentgenring 9, 97970 Wuerzburg, Germany. Phone: +49 931 312639



Page 9 of 18 Experimental Brain Research

RESULTS

In 11 subjects, 22 motor units were analysed. Out of these motor units, 9 were
recorded during experiments where the stimulus only generated an H-reflex response;
remaining 13 units were recorded in experiments where the stimulus generated both

the M response and the H-reflex (see summaries in the Table 1 and 2).

H-reflex only responses

When the stimulation induced only an H-reflex in the SEMG, it generated three
distinct responses in the PSTH; the H-reflex, the silent period and the late excitation.
When number of counts in the silent period was compared with the number of counts
in the prestimulus period, it was found that all 9 units illustrated a significant decrease
in the number of counts during the silent period (see Fig 2, PSTH panel). In addition,
during the late excitation, 5 out of 8 units showed a significant increase in the number
of counts and 3 units showed no change compared to the pre-stimuli. When the
discharge rate of the spikes that occurred during the silent period was examined
however we found that 6 out of 9 units illustrated a significant increase in the
discharge rate during the silent period (see Fig 2, PSF-CUSUM and PSF).

Furthermore, all 9 units displayed significant reduction in the discharge rates during

the ‘late excitation’ phase (details in Table 1).

Table 1 illustrates the differences between PSF and PSTH analysis during the silent
period and during the late excitation when stimulus intensity induced only the H-

reflex response.
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During the silent period During the late excitation
Number of units significantly changed | Number of units significantly changed
Increased | Decrease | Nochange | Increased Decrease | No change
(units) (units) (units) (units) (units) (units)
PSF 6/9%* 2/9% 1/9 - 8/8* -
(Hz)
PSTH 0 9/9%* 0 5/8%* - 3/8
(counts)

* significant difference p < 0.05
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Comparison between PSF and PSTH analysis for H-reflex responses

Using PSTH and PSF analysis, either during the silent period or during the late
excitation, the results illustrated the opposite findings. After the H-reflex response the
PSTH demonstrates statistically significant decreases in the number of counts
represented as the “silent period” whereas the majority of units which analyzed by
PSF increased their discharge rates during the same period. For the late excitation,
PSTH analysis indicated that most units increased the number of counts during that
period whereas the discharge rates of all units during the same period decreased

significantly.

M + H-reflex responses

Thirteen units were studied in experiments where the stimulus generated both M and
H responses in the SEMG. All 13 units demonstrated significant decreases in the
number of counts during the ‘silent period’. During the late excitation, 10 out of 12
units showed significant increases in the number of spike counts (see Fig 3, PSTH and
PSTH-CUSUM). In one unit, there was no noticeable increase in the CUSUM to be
counted as the late excitatory response. While PSF analysis showed three patterns of
the discharge rates during the silent period: no change, found in 6 out of 13 units, an
increase in discharge rate found in 5 out of 13 units and a decrease in 2 out of 13
units. In addition, three patterns of the discharge rates response were also found
during the late excitation: 9 out of 12 units decreased their discharge rates (see Fig 3,

PSF), 2 out of 12 showed the no change in discharge rates and only 1 unit displayed

an increase in the discharge rate (see Table 2).

Table 2 illustrates the differences between PSF and PSTH analysis during the silent

period and during the late excitation when stimulus intensity induced M + H

responses
During the silent period During the late excitation
Number of units significantly changed | Number of units significantly changed
Increased | Decreased | Nochange | Increased | Decreased | No change
(units) (units) (units) (units) (units) (units)
PSF 5/13% 2/13% 6/13 1/12* 9/12* 2/12
(Hz)
PSTH - 13/13%* - 10/12%* - 2/12
(counts)
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* significant difference p < 0.05
Comparison between PSF and PSTH analysis for M and H responses

Again for our M+H responses, the opposite results were found in both periods for
both analysis methods. While PSTH analysis found that all units decreased the
number of counts in responses during the silent period, the PSF analysis indicated that
nearly half of the units illustrated discharge rate increases and the other half no
change in their discharge rates. Similarly, during the late excitation, analysis using
PSTH showed an increase in the number of counts whereas PSF demonstrated a

decrease in the discharge rate.
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Figure 2 illustrates an example of the H-reflex only response results as can be seen in
the last panel for surface electromyogram (SEMG). Top panel is the cumulative sum
of peristimulus frequencygram (PSF-CUSUM) which indicates a long-lasting
excitatory postsynaptic potential (EPSP) effect. The second panel shows the
peristimulus frequencygram (PSF) which clearly shows the existence of increased
discharge rates after H reflex response. In contrast, the third panel (CUSUM of
peristimulus time histogram, PSTH-CUSUM) and the fourth panel (PSTH) show a
reduction in number of spikes immediately after the H-reflex response and a large

increase later which is termed the late excitation.
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Figure 3 illustrates an example of the M + H response results as can be seen in the last
panel for surface electromyogram (sEMG). Top panel is the PSF-CUSUM which
indicates a long-lasting excitatory effect. The second panel shows the PSF which
clearly shows the existence of discharge rates after the H-reflex response. In contrast,
the third panel (PSTH-CUSUM) and the fourth panel (PSTH) indicate a clear
reduction in spike counts immediately following the H-reflex (during the silent
period) and a significant increase in spike counts later which induces a peak in the

PSTH and an upswing in the PSTH-CUSUM (Fig 3).
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DISCUSSION

Current results can be interpreted in two different ways depending on the analyses
used. With classical PSTH analysis, an increase followed by a decrease could imply
that following the stimulus there was an excitatory postsynaptic potential followed by
inhibitory postsynaptic potential (EPSP+IPSP) (Ashby and Zilm 1978; Miles et al.
1989). On the other hand, with the PSF analysis, during the same period, there is only

an increase in the discharge rate, which should be interpreted as a single long EPSP.

However, we prefer that the PSF interpreted as illustrating the net effect of the
stimulation on the motoneurone pool rather than a single distinct pathway. This
means that the pool had received several post synaptic potentials but the end product
(the net effect) was a single long lasting excitation. If the EPSP and IPSP occur
around the same time, depending on the dominant PSP, one could have seen a net
excitation, a net inhibition, or no change at all as the end product. We therefore
cannot rule out the occurrence of IPSP as a result of the stimulation on the common
peroneal nerve in this study especially when the stimulus intensity induces both the M
and H responses.

When the stimulus induced both the M and H responses, the PSF analyses were not as
clear cut as the ones obtained when the stimulus induced only the H-reflex response
(Tables 1 and 2). In deed, when a stimulus induces an M response, one would expect
it to generate recurrent inhibition on the motoneurone pool (Bussel and Pierrot-
Deseilligny 1977) and hence the net effect may reflect the sum of the Ia EPSP and the
Renshaw cell IPSP. Hence, in 6 out of 13 units the discharge rate was not
significantly different than the prestimulus. Therefore, involvement of the IPSPs
cannot be ruled out in the PSF work as it represents the net effect.

Our conclusion as it stands today is that the activity in the low threshold fibres in the
common peroneal nerve generates a single long lasting excitation in the motor pool of
the tibialis anterior muscle if the stimulus intensity only generates the H-reflex
response on the SEMG. However, even this single long excitation may be due to
simultaneous stimulation of Ia and Ib fibres in the nerve. However, until we can
distinctly suppress one of these pathways and determine the synaptic potential, we
cannot conclude that a single long lasting excitation that we have observed means a

single distinct excitatory pathway. Therefore, we cannot confirm or reject our first
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hypothesis as we are observing the net effect of the stimulus but not a pure PSP from

one source.

We can however confirm our second hypothesis, since, during silent period, discharge
rate of most motor units were significantly higher than the prestimulus average
indicating that during this ‘silent’ period, the net excitation on the motoneurone pool
continued. However, this conclusion may only apply to the units obtained when the
stimulus only induced the H-reflex response. With the other 13 units that are studied
with the stimulus that induced both M and H responses, we may have a combination
of excitation and inhibition occurring around the same time. We can also confirm our
third hypothesis since we found that the discharge rate of motor units actually
significantly declined during the “long-latency excitatory reflex response” illustrating
that this period is an artefact of the synchronous discharge of the spikes that generated

the H-reflex.

Why do the classical methods contain errors: The classical techniques are based
on the principle that a significant increase in the occurrence of discharge (spike)
probability at a time after the stimulus represents an excitatory postsynaptic potential
(EPSP) and a significant decrease indicates an inhibitory postsynaptic potential
(IPSP). This assumption has led to serious errors in descriptions of connections
between various elements of the central nervous system. These arise from the fact that
the peaks and troughs in averaged surface EMG or PSTH can reflect not only direct
synaptic effects, but also secondary effects arising from the discharge statistics of the
pre- and postsynaptic cells (Moore et al. 1970). Despite this early warning about the
problems in the probabilistic analysis method, the peaks and troughs in an averaged
response to a stimulus are still defined as synaptic excitation and inhibition,

respectively (e.g. Brooke et al. 1999; Okdeh et al. 1999; Sonnenborg et al. 2000).

To show directly that the probability based analyses contain inherent errors and to put
forward an error free method for the estimation of synaptic potential, and hence the
wiring diagram, Tiirker and Powers have conducted a series of experiments on
regularly discharging motoneurons in rat brain slices. The brain slice experiments

clearly illustrated that the frequency-based analysis gave a better indication of the
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underlying synaptic potentials than the probability-based analyses (Tiirker and
Powers 1999; 2001; 2002; 2003;2005).

Significance: This study will correct apparent errors in the most commonly studied
and firmly ‘established’ pathway in the central nervous system. This correction needs
to be done urgently since the existence, stability, strength and sign of pathways in the
brain and spinal cord are used for diagnosis, treatment and assessment of the success
of treatment of many neurological disorders (Cruccu et al. 1989; Chen et al. 1998;

Nadler et al. 2004).

ACKNOWLEDGEMENTS

KST holds the Marie Curie Chair of the European Union. We wish to acknowledge
support from the Marie Curie Chair project (GenderReflex; MEX-CT-2006-040317)
and Turkish Scientific and Technological Research Organization (TUBITAK -
1075029 - SBAG-3556). Also this work was supported by Thailand Research Fund
and Commission on Higher Education (MRG4980181).

Physiologisches Institut, Universiti¢ Y%t Wuerzburg, Roentgenring 9, 97970 Wuerzburg, Germany. Phone: +49 931 312639



Page 17 of 18 Experimental Brain Research

REFERENCES

Ashby P, Zilm D (1978) Synaptic connections to individual tibialis anterior
motoneurones in man. J Neurol Neurosurg Psychiatry 41: 684-689

Awiszus F, Feistner H, Schafer SS (1991) On a method to detect long-latency
excitations and inhibitions of single hand muscle motoneurons in man. Exp
Brain Res 86: 440-446

Brinkworth RS, Tiirker KS (2003) A method for quantifying reflex responses from
intra-muscular and surface electromyogram. J Neurosci Methods 122: 179-193

Brooke JD, Mcllroy WE, Staines WR, Angerilli PA, Peritore GF (1999) Cutaneous
reflexes of the human leg during passive movement. J Physiol 518 ( Pt 2):
619-628

Bussel B, Pierrot-Deseilligny E (1977) Inhibition of human motoneurons, probably of
Renshaw origin, elicited by an orthodromic motor discharge. J Physiol 269:
319-339

Chen CC, Chen JT, Wu ZA, Kao KP, Liao KK (1998) Long latency responses in pure
sensory stroke due to thalamic infarction. Acta Neurol Scand 98: 41-48

Cruccu G, Agostino R, Inghilleri M, Manfredi M, Ongerboer de Visser BW (1989)
The masseter inhibitory reflex is evoked by innocuous stimuli and mediated
by A beta afferent fibres. Exp Brain Res 77: 447-450

Deriu F, Tolu E, Rothwell JC (2005) A sound-evoked vestibulomasseteric reflex in
healthy humans. J Neurophysiol 93: 2739-2751

Ellaway PH (1978) Cumulative sum technique and its application to the analysis of
peristimulus time histograms. Electroencephalogr Clin Neurophysiol 45: 302-
304

Garnett R, Stephens JA (1980) The reflex responses of single motor units in human
first dorsal interosseous muscle following cutaneous afferent stimulation. J
Physiol 303: 351-364

Garnett R, Stephens JA (1981) Changes in the recruitment threshold of motor units
produced by cutaneous stimulation in man. J Physiol 311: 463-473

Knikou M (2008) The H-reflex as a probe: pathways and pitfalls. J Neurosci Methods
171: 1-12

Lourenco G, Iglesias C, Cavallari P, Pierrot-Deseilligny E, Marchand-Pauvert V
(2006) Mediation of late excitation from human hand muscles via parallel
group II spinal and group I transcortical pathways. J Physiol 572: 585-603

Miles TS, Tiirker KS, Le TH (1989) Ia reflexes and EPSPs in human soleus motor
neurones. Exp Brain Res 77: 628-636

Moore GP, Segundo JP, Perkel DH, Levitan H (1970) Statistical signs of synaptic
interaction in neurons. Biophys J 10: 876-900

Nadler MA, Harrison LM, Stephens JA (2004) Cutaneomuscular reflexes following
stroke: a 2-year longitudinal study. J Neurol Sci 217: 195-203

Norton JA, Bennett DJ, Knash ME, Murray KC, Gorassini MA (2008) Changes in
sensory-evoked synaptic activation of motoneurons after spinal cord injury in
man. Brain 131: 1478-1491

Okdeh AM, Lyons MF, Cadden SW (1999) The study of jaw reflexes evoked by
electrical stimulation of the lip: the importance of stimulus intensity and
polarity. J Oral Rehabil 26: 479-487

Sonnenborg FA, Andersen OK, Arendt-Nielsen L (2000) Modular organization of
excitatory and inhibitory reflex receptive fields elicited by electrical
stimulation of the foot sole in man. Clin Neurophysiol 111: 2160-2169

Physiologisches Institut, Universiti¢ Y%t Wuerzburg, Roentgenring 9, 97970 Wuerzburg, Germany. Phone: +49 931 312639



Experimental Brain Research Page 18 of 18

Tiirker KS, Cheng HB (1994) Motor-unit firing frequency can be used for the
estimation of synaptic potentials in human motoneurones. J Neurosci Methods
53:225-234

Tiirker KS, Powers RK (1999) Effects of large excitatory and inhibitory inputs on
motoneuron discharge rate and probability. J Neurophysiol 82: 829-840

Tiirker KS, Powers RK (2001) Effects of common excitatory and inhibitory inputs on
motoneuron synchronization. J Neurophysiol 86: 2807-2822

Tiirker KS, Powers RK (2002) The effects of common input characteristics and
discharge rate on synchronization in rat hypoglossal motoneurones. J Physiol
541: 245-260

Tiirker KS, Powers RK (2003) Estimation of postsynaptic potentials in rat
hypoglossal motoneurones: insights for human work. J Physiol 551: 419-431

Tiirker KS, Powers RK (2005) Black box revisited: a technique for estimating
postsynaptic potentials in neurons. Trends Neurosci 28: 379-386

Tiirker KS, Yang J, Scutter SD (1997) Tendon tap induces a single long-lasting
excitatory reflex in the motoneurons of human soleus muscle. Exp Brain Res
115: 169-173

Physiologisches Institut, Universiti¢ Y%t Wuerzburg, Roentgenring 9, 97970 Wuerzburg, Germany. Phone: +49 931 312639



