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Abstract 

The present study investigated the plasticity of the synaptic connections to the motor nuclei that 

innervate the first dorsal interosseus (FDI) and abductor digiti minimi (ADM) muscles of the 

human hand. The basis of plasticity is strengthening of synaptic inputs among neurons that are 

habitually activated together.  Such strengthening of synaptic connections can be characterized 

experimentally by increases in measures of common synaptic strength (CIS). This case study 

involved one volunteer male participant, age 52, from the University of Arizona. Two high-

impedance tungsten microelectrodes were inserted percutaneously into the FDI and ADM 

muscles of the dominant hand to record simultaneously the activity of pairs of motor units from 

each muscle during isometric contractions prior to and following a period of training. Over a 

three-week period, the subject performed daily synchronous contraction of both muscles using a 

force-matching computer game.  Performance on the force-matching task improved significantly 

(p<0.01) over the training period.  The CIS index tended to increase following training (p=0.08).  

These results imply that improved motor performance may be partially the result of changes in 

synaptic strength in the spinal cord. Future studies with more subjects, and an extended period of 

training, will be needed to establish the significance of these findings. 

 

 

 

 

 

 

 



 

Introduction 

A typical human muscle is controlled by few hundred motor neurons (a motor nucleus) 

located in the spinal cord. The main source of input to a motor nucleus is from the descending 

pathways originating in the motor cortex.  The motor cortex is thought to be organized according 

to the concept of the motor homunculus. The essence of this idea is that movements of each body 

part are controlled by a particular region in the primary motor cortex. In other words, there is a 

discrete region of the primary motor cortex for each corresponding muscle. These concepts have 

led to the idea that the descending pathways originating from these distinct regions of the motor 

cortex synapse primarily on single motor nuclei in the spinal cord 

Interestingly, research performed initially by Penfield and Boldrey (1937) and more 

recently by Rathelot and Strick (2006) demonstrated extensive overlap of activation sites within 

the motor cortex regarding individual finger movements, as well as other parts of the body. 

Furthermore, individual neurons in the motor cortex were seen to be active during movements of 

many fingers or body parts. This, in turn, challenged the notion that discrete, clear-cut 

boundaries exist between different cortical representations of body parts or muscles. It may be 

that descending pathways from the motor cortex connect to multiple motor nuclei and thereby 

may control multiple muscles simultaneously. 

For example, Hockensmith et al. (2005) showed that there was a significant amount of 

divergent common synaptic input across the motor nuclei controlling the human thumb and 

index finger muscles that underlie the precision grip.  Surprisingly, however, such common 

synaptic input for these two muscles was seen only in the dominant hand but not the non-

dominant hand. These findings contribute to the notion that perhaps common synaptic input 



 

arises from prolonged and simultaneous usage, as indicated by the prevalence of the thumb-

forefinger precision grip in daily life. 

As originally proposed by Hebb (1949), learning and memory is likely mediated by 

increasing the strength of synaptic connections between neurons that are activated together.  A 

great deal of work has confirmed the idea that “neurons that fire together, wire together” in 

many brain regions.  Recent research has targeted one mechanism for this synaptic 

strengthening, known as long-term potentiation, as summarized by Malenka and Nicoll (1999). 

Continuous coactivity among neurons may lead to permanent alterations in the strength of the 

synapses connecting them. Furthermore, weak or latent connections may already exist across 

motor nuclei that innervate different muscles [See Figure 1]. These silent synapses may remain 

dormant from absent simultaneous muscle activity. 

 

 
Figure 1. (Fig. A).  There may exist some weak or ‘latent’ connections that are common 
across motor nuclei.  The purpose of this experiment was to determine whether such latent 
connections could be strengthened (Fig. B) by compelling two muscles to be activated 
together over a long time period. 
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Consequently, the purpose of this experiment was to determine whether the strength of 

synaptic connection across two motor nuclei can be increased by extensive training that compels 

two muscles to contract at the same time. This question was tested by means of a pre- and post-

training experimental structure. 

 

Methods 

Eight days of experimental recording sessions were performed on one (male) healthy 

volunteer subject. All procedures were approved by the Institutional Human Investigation 

Committee at the University of Arizona. Motor unit recordings were taken invasively from the 

first dorsal interosseous (FDI) and abductor digiti minimi (ADM) muscles in the dominant hand 

of the subject. The FDI muscle flexes the index finger and both muscles are responsible for 

abduction of the index finger and little finger, respectively. 

 

Experimental Setup 

The subject sat in a dentist chair with the dominant arm supported on and strapped into a 

moveable platform. The subject’s hand rested in a prone position between two metal force 

transducers that touched both the index and little finger. The subject’s hand and arm were 

immobilized other than the index and little finger, providing for the abduction of both fingers 

onto the force transducers. To minimize fatigue from continuously extending each finger against 

gravity, the index and little finger were supported on a flat wooden paddle that was covered with 

oil to lessen friction [See Figure 2]. Two high-impedance tungsten microelectrodes were inserted 

percutaneously into the dominant hand to record motor unit activity in the FDI and ADM 

muscles. Surface electrodes were also placed on the skin and a moistened armband was attached 



 

around the subject’s forearm to serve as a ground. Motor unit action potentials were amplified 

and displayed on oscilloscopes and recorded by the Spike6 data-acquisition and data-analysis 

system. Pre- and post-training sessions were performed recording within (FDI-FDI or ADM-

ADM) muscle and across (FDI-ADM) muscles during simultaneous finger abduction. 

 

 

 
Figure 2. Experimental Setup for Motor Unit Recording. Experimental setup during motor 
unit recordings. The subject sat in a dental chair with the dominant hand in a neutral, 
anatomical position. The subject’s fingers rested on flat wooden boards, applied with oil to 
avoid fatigue. The subject abducted fingers outward, as indicated by the arrows in the figure. 
Microelectrodes were inserted either within, or across [as shown] the two muscles. 

 
 
Protocol 

The subject was instructed to abduct the FDI and ADM muscles simultaneously and with 

relatively equal force onto the two metal force transducers. The subject viewed and monitored 

the force (Newtons) and overall motor unit firing on a computer screen and received audio 
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feedback of firing discharge. [See Figure 3 for an example recording of motor unit activity]. If 

needed, the microelectrodes were adjusted in the subject’s hand to better isolate motor unit 

activity (see McIsaac and Fuglevand 2008 for criteria of discrimination). Recordings in which a 

firing motor neuron was “lost” were terminated. The matched muscle force was exerted for five 

minutes. After each trial, the subject would rest and the microelectrodes were relocated into a 

new site, either within or across the muscle. The process was repeated for 4-15 successive trials 

in one session, for a total of five sessions before training. This exact procedure was repeated for 

three sessions immediately following the three-week training period to collect post-training 

motor unit recordings. 

 
Figure 3. Example Recording of Motor Unit Activity. Motor neuron firing were recorded and 
discriminated using a Spike6 program. Action potentials were magnified on an oscilloscope and 
displayed on a computer screen for the subject to view. The subject also received auto feedback 
of firing. After each recording, the microelectrodes were moved or adjusted to find different 
motor units. A recording would be stopped if the motor unit was lost or became too difficult to 
discriminate. Spikes from the same unit were discriminated from the original IEMG and 
instantaneous firing rate was illustrated. 
 
Training 

Subject training and skill acquisition comprised of daily 30-minute activity for a period of three 

weeks. This allotted amount of time has been found to be sufficient for discrete changes in 



 

neuronal representation in the primary motor cortex following a specified motor skill training 

sequence (Karni 1998). These three weeks provide significant time for learning gains in both the 

“slow” and “fast” learning phases of motor skill acquisition. Training was undertaken using a 

simple computer game that involved a force-matching performance. The objective of the 

computer game was to attempt to produce equal forces with the FDI and ADM muscles in order  

to reach a target. Force (Newtons) was measured by two force transducers connected to and 

displayed on a computer screen. Force from FDI was displayed on the y-axis while ADM force 

was displayed on the x-axis. Equal, or “matched,” force from each finger should produce a slope 

of 1 unit, along which the randomized goal target was placed. The subject attempted to reach this 

target with as equal force as possible, thus with as straight a line as possible. Error was measured 

as the average of the overall distance from the ideal slope of all the trials. One day’s session of 

the game included 10 blocks of 30, 2-second trials [Figure 4]. At the end of each trial, the 

calculated error was displayed on the screen. Skill acquisition would manifest in a decrease in 

error and increase in overall accuracy of synchronous contraction of FDI and ADM. 

 

Figure 4. Example Blocks of Trials from Day 1 vs. Day 21. Composite graph of a single training 
block of 30 trials on day 1 versus day 21. Each line represents the simultaneous muscle 
contraction of FDI and ADM in order to hit the target. 



 

Data Analysis 

Motor Unit Recording 

Motor unit action potential recordings were measured and analyzed according to prior methods 

described in Keen and Fuglevand (2004). Each pair of motor unit recordings were processed 

with cross-correlation analysis which estimates common input strength (CIS). CIS values 

indicate the frequency of extra events (synchronized firing) above what would be expected by 

chance. A schematic representation of CIS description and calculation can be found in Figure 5. 

Variations in CIS values comparing within- versus across-muscle motor nuclei were analyzed for 

significance using a two-way ANOVA test and t-test. CIS values of the pre- and post-training 

recordings for each individual muscle combination were also tested for significance using a two-

way ANOVA. 

 

Figure 5. Method Used to Measure Common Synaptic Inputs. Individual motor neurons (MNA, 
MNB) are each acted upon by many synaptic inputs, some of which may branch to provide 

chance

peak
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common synaptic input to both (red). Intramuscular electrodes are used to record the firing times 
(vertical ticks) from two motor units. (Right) A cross-correlation histogram is constructed from 
the relative firing times of the two units. A peak in a cross-correlogram near time zero indicates 
the presence of such common inputs causing the two neurons to fire occasionally at the same 
time (I.e synchronously). The larger the peak, the greater proportion and strength of common 
(red) to non-common (blue) inputs. The total number of counts in the peak, above that expected 
due to chance, is used to calculate the Common Input Strength (CIS) index. 
 
 
Training Error 

Error was measured in each target trial of the training sessions by the absolute value of the 

difference between x and y coordinates, divided by the number of data points (n) collected. Valid 

data points were taken between 0.5 and 5N to eliminate any accidental stalling around 0 in the 

beginning of the trial. The error from each individual trial was summed to produce an overall 

error for each block of 30 trials. (See Figure 6 for error calculation equation). Error from force-

matching performance was then averaged for each of the 21 training days and is displayed in 

Figure 5. 

 
 

Figure 6. Example Error Calculation for an Individual Force-Match Trial. Example of an 
individual, two-second training trial. Force from FDI abduction is displayed on the x-axis 
and force from ADM abduction is displayed on the y-axis. A target existed at a random pair 
of coordinates along a 1:1 slope line representing equal force from the two muscles. Error 
from one trial was measured as the sum of the absolute value of the difference between x and 



 

y forces, divided by the number of data points that were taken across the trial.  The error 
value was then expressed as a percentage of the maximum target force. 
 
 

Results 

Eighteen pre-training paired motor unit recordings were obtained. Only two of these trials 

lasted less than five minutes due to poor discrimination of individual motor units. Thirty-seven 

post-training paired motor unit recordings were obtained, seven of which were less than five 

minutes. The subject completed the training plan over three weeks. Mean daily error decreased 

over time from 13.5 to around 6 as a percentage of full scale [See Figure 7]. 

An example of before and after training cross-correlograms depiciting CIS values can be 

found in figure 8. Overall, the mean pre-training CIS index for ADM-ADM pairings was 0.608 

(sd = 0.463) and 0.655 (sd = 0.227) post-training (see Figure 9). The CIS mean value for FDI-

FDI pairings was 0.706 (sd = 0.398) pre-training and 0.739 post-training (sd = 0.262). There was 

no significant difference between pre- and post-training CIS values for these within-muscle 

pairings. Baseline CIS mean value for across the two muscles, FDI-ADM, was 0.006 (sd = 

0.032) and increased to 0.042 (sd = 0.0657) after training, but were not found to be significant (p 

= 0.08).  

 



 

 
Figure 7. Effect of Training on Error of Force Matching. Mean error values and standard 
deviation over 300 trials for each day of the training period as a percentage of full scale. 

 
Figure 8. Cross Correlograms Within and Across Muscles Before and After Training. (Top) 
Cross correlograms taken at baseline for two within-muscle pairs and one across muscle pair 
of motor units. (Bottom) Post-training cross correlograms from the same muscle 
combinations. 

 



 

 
 
Figure 9. Effect of Training on Common Synaptic Inputs. The effect of training on common 
synaptic input across motor nuclei. CIS values from before and after training within the same 
muscle were not found to be significant. Comparison of CIS values across the two muscles 
from before and after training were of borderline significance (p=0.08). 

 
 
Discussion 

Although results were not found to be significant at a p-value of 0.08, there is a 

noticeable trend of increased common synaptic input after a three-week training period of 

simultaneous muscle contractions. The subject showed improved motor performance, indicated 

by the decrease in error from the force-matching game, suggesting there may have been changes 

in synaptic strength in the spinal cord. Another possible explanation would be that the subject 

obtained simple muscle memory from the repetitious task, and concrete changes only manifested 

in the brain. 

A significant limitation of this experiment may be that there was only one subject from 

whom data were collected. The age of the subject may have hindered the acquisition of 

significant results. Younger individuals who are still developing may be more apt to demonstrate 

neuronal plasticity. Future studies will need to incorporate a larger sample size, as well as a 



 

control group. A hypothetical control subject would parallel the experiment in regards to the pre-

test, training, and post-test setup, but the motor sequence training period would involve 

asynchronous usage of FDI and ADM muscles to reach a given target, rather than simultaneous 

contraction. This training model still isolates and allows for a linked strengthening the motor 

neurons in FDI and ADM, but controls for independent contraction activity. Follow up research 

designs should incorporate the proposed control training sessions, as well as alternate pairs of 

muscles and the motor neurons by which they are innervated. 

Because findings were seen in the precision grip examinations and not in the present 

study, there may be a longer time basis to the adaptive nature of increased synaptic strength 

across motor nuclei. Perhaps several years are required to produce true gains in common 

synaptic input. Although time did not allow for the present experiment, post-training data 

acquisition should be repeated several weeks past the end of the experiment to note for any 

delayed or long-term changes. Particularly it would be interesting to note if the small trends 

toward an increase in common input strength still remained. All of these considerations would 

improve the interpretation of future studies involving the plasticity and potential of motor nuclei. 
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