
Reflex – Spinal cord
LOOK AT ME PLEASE… I AM ALSO VERY IMPORTANT!

SIMPLE BUT NOT SO SIMPLE BEHAVIOR



Reflex!



An Introduction to the Spinal Cord, 
Spinal Nerves, and Spinal Reflexes

u Spinal Reflexes

u Rapid, automatic nerve responses triggered by specific stimuli 

u Controlled by spinal cord alone, not the brain

But, it’s not so simple like what you thought before…





Figure 13-1  An Overview of Chapters 13 and 14
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Figure 13-2  Gross Anatomy of the Adult Spinal Cord
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Figure 13-2  Gross Anatomy of the Adult Spinal Cord

Inferior views of cross
sections through
representative segments
of the spinal cord, showing
the arrangement of gray
matter and white matter.

The superficial anatomy and orientation of the adult spinal 
cord. The numbers to the left identify the spinal nerves and 
indicate where the nerve roots leave the vertebral canal. The 
spinal cord extends from the brain only to the level of 
vertebrae L1-L2; the spinal segments found at representative 
locations are indicated in the cross sections.
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Figure 13-2  Gross Anatomy of the Adult Spinal Cord
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Figure 13-2  Gross Anatomy of the Adult Spinal Cord
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Figure 13-2  Gross Anatomy of the Adult Spinal Cord
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13-2 Spinal Cord
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u Roots

u Two branches of spinal nerves

1. Ventral root

u Contains axons of motor neurons

2. Dorsal root

u Contains axons of sensory neurons

u Dorsal root ganglia

u Contain cell bodies of sensory neurons



13-2 Spinal Cord

u The Spinal Nerve

u Each side of spine

u Dorsal and ventral roots join 

u To form a spinal nerve 

u Mixed Nerves

u Carry both afferent (sensory) and efferent (motor) fibers



Figure 13-3a  The Spinal Cord and Spinal Meninges
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Figure 13-3b  The Spinal Cord and Spinal Meninges
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13-3 Gray Matter and White 
Matter

Where are the white & gray matter?

u Sectional Anatomy of the Spinal 
Cord

u White matter

u Is superficial

u Contains myelinated and 
unmyelinated axons

u Gray matter

u Surrounds central canal of spinal 
cord

u Contains neuron cell bodies, 
neuroglia, unmyelinated axons 

u Has projections (gray horns)



Figure 13-5a  The Sectional Organization of the Spinal Cord

The left half of this sectional view shows important 
anatomical landmarks, including the three columns 
of white matter. The right half indicates the 
functional organization of the nuclei in the anterior, 
lateral, and posterior gray horns.
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Figure 13-5a  The Sectional Organization of the Spinal Cord

The left half of this sectional view shows important anatomical 
landmarks, including the three columns of white matter. The right 
half indicates the functional organization of the nuclei in the 
anterior, lateral, and posterior gray horns.
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Figure 13-5b  The Sectional Organization of the Spinal Cord
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Figure 13-5b  The Sectional Organization of the Spinal Cord
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13-3 Gray Matter and White 
Matter

u Spinal Cord Summary

u Spinal cord has a narrow central canal

u Surrounded by gray matter

u White matter 

u Containing sensory and motor nuclei 

u Sensory nuclei are dorsal

u Motor nuclei are ventral

What’s the inside structure 
of spinal cord?



13-3 Gray Matter and White 
Matter

u Spinal Cord Summary

u Gray matter

u Is covered by a thick layer of white matter

u White matter

u Consists of ascending and descending axons 

u Organized in columns 

u Contains axon bundles with specific functions

u Spinal cord is so highly organized

u It is possible to predict results of injuries to specific areas



Figure 13-7  Peripheral Distribution of Spinal Nerves
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Figure 13-7  Peripheral Distribution of Spinal Nerves
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Reflex



13-6 Reflexes

u Reflexes

u Automatic responses coordinated within spinal cord 

u Through interconnected sensory neurons, motor neurons, and interneurons

u Produce simple and complex reflexes



13-5 Neuronal Pools

Five Patterns of Neural Circuits in Neuronal Pools

1. Divergence

u Spreads stimulation to many neurons or neuronal pools in CNS

2. Convergence

u Brings input from many sources to single neuron 

3. Serial processing

u Moves information in single line



13-5 Neuronal Pools

u Five Patterns of Neural Circuits in Neuronal Pools

4. Parallel processing

u Moves same information along several paths simultaneously

5. Reverberation

u Positive feedback mechanism

u Functions until inhibited What’s the basic five 
patterns of neural process 
and each advantage?



Figure 13-14a  Neural Circuits: The Organization of Neuronal Pools
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Figure 13-14b  Neural Circuits: The Organization of Neuronal Pools
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Figure 13-14c  Neural Circuits: The Organization of Neuronal Pools
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Figure 13-14d  Neural Circuits: The Organization of Neuronal Pools
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Figure 13-14e  Neural Circuits: The Organization of Neuronal Pools
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13-6 Reflexes

u Neural Reflexes

u Rapid, automatic responses to specific stimuli

u Basic building blocks of neural function

u One neural reflex produces one motor response

u Reflex arc

u The wiring of a single reflex

u Beginning at receptor

u Ending at peripheral effector

u Generally opposes original stimulus (negative feedback)



13-6 Reflexes

u Five Steps in a Neural Reflex
u Step 1: Arrival of stimulus, activation of receptor

u Physical or chemical changes
u Step 2: Activation of sensory neuron

u Graded depolarization
u Step 3: Information processing by postsynaptic cell

u Triggered by neurotransmitters
u Step 4: Activation of motor neuron 

u Action potential
u Step 5: Response of peripheral effector

u Triggered by neurotransmitters



Figure 13-15  Events in a Neural Reflex

Arrival of stimulus and
activation of receptor

Activation of a
sensory neuron

Dorsal
root Sensation

relayed to the
brain by axon

collaterals

Ventral
root

Receptor

Effector

Stimulus

Response by effector

REFLEX
ARC

Activation of a 
motor neuron

Information processing
in the CNS

KEY
Sensory neuron
(stimulated)

Excitatory
interneuron
Motor neuron
(stimulated)





13-6 Reflexes

u Four Classifications of Reflexes

1. By early development

2. By type of motor response

3. By complexity of neural circuit

4. By site of information processing



13-6 Reflexes

u Development of Reflexes

u Innate reflexes

u Basic neural reflexes 

u Formed before birth

u Acquired reflexes

u Rapid, automatic

u Learned motor patterns



13-6 Reflexes

u Motor Response

u Nature of resulting motor response

u Somatic reflexes

u Involuntary control of nervous system

u Superficial reflexes of skin, mucous membranes

u Stretch or deep tendon reflexes (e.g., patellar, or “knee-jerk,” reflex)

u Visceral reflexes (autonomic reflexes)

u Control systems other than muscular system



13-6 Reflexes

u Complexity of Neural Circuit
u Monosynaptic reflex

u Sensory neuron synapses directly onto 
motor neuron

u Polysynaptic reflex

u At least one interneuron between sensory 
neuron and motor neuron 



13-6 Reflexes

u Site of Information Processing

u Spinal reflexes

uOccur in spinal cord
u Cranial reflexes

uOccur in brain



Figure 13-16  The Classification of Reflexes
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13-7 Spinal Reflexes

u Spinal Reflexes

u Range in increasing order of complexity

u Monosynaptic reflexes

u Polysynaptic reflexes 

u Intersegmental reflex arcs

u Many segments interact 

u Produce highly variable motor response



13-7 Spinal Reflexes

u Monosynaptic Reflexes

u A stretch reflex

u Have least delay between sensory input and motor output

u For example, stretch reflex (such as patellar reflex)

u Completed in 20–40 msec

u Receptor is muscle spindle



Figure 13-17  A Stretch Reflex
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Why is it called as a stretch reflex?



13-7 Spinal Reflexes

u Muscle Spindles

u The receptors in stretch reflexes

u Bundles of small, specialized intrafusal muscle fibers

u Innervated by sensory and motor neurons

u Surrounded by extrafusal muscle fibers

u Which maintain tone and contract muscle
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Figure 13-18  A Muscle Spindle











13-7 Spinal Reflexes

u Postural reflexes

u Stretch reflexes

u Maintain normal upright posture

u Stretched muscle responds by contracting

u Automatically maintain balance



Balance

https://www.youtube.com/watch?v=XSS0GibDyBk



Polysynaptic reflexes

u Polysynaptic Reflexes

u More complicated than monosynaptic reflexes

u Interneurons control more than one muscle group

u Produce either EPSPs or IPSPs 



Figure 13-19  A Flexor Reflex
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From muscle spindle

Role of renshaw cell?



13-7 Spinal Reflexes

u Withdrawal Reflexes

u Move body part away from stimulus (pain or pressure)

u For example, flexor reflex

u Pulls hand away from hot stove 

u Strength and extent of response

u Depend on intensity and location of stimulus



13-7 Spinal Reflexes

u The Tendon Reflex

u Prevents skeletal muscles from:

u Developing too much tension

u Tearing or breaking tendons

u Sensory receptors unlike muscle spindles or proprioceptors







13-7 Spinal Reflexes

u Reciprocal Inhibition

u For flexor reflex to work

u The stretch reflex of antagonistic (extensor) muscle must 

be inhibited (reciprocal inhibition) by interneurons in 

spinal cord



13-7 Spinal Reflexes

u Reflex Arcs

u Ipsilateral reflex arcs

u Occur on same side of body as stimulus

u Stretch, tendon, and withdrawal reflexes

u Crossed extensor reflexes

u Involve a contralateral reflex arc

u Occur on side opposite stimulus



13-7 Spinal Reflexes

u Crossed Extensor Reflexes

u Occur simultaneously, coordinated with flexor reflex

u For example, flexor reflex causes leg to pull up

u Crossed extensor reflex straightens other leg

u To receive body weight

u Maintained by reverberating circuits



Figure 13-20  The Crossed Extensor Reflex
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13-7 Spinal Reflexes

u Five General Characteristics of Polysynaptic Reflexes

1. Involve pools of interneurons

2. Are intersegmental in distribution

3. Involve reciprocal inhibition

4. Have reverberating circuits

u Which prolong reflexive motor response

5. Several reflexes cooperate

u To produce coordinated, controlled response



Can be modulated!
Summation occurs!



13-8 The Brain Can Alter Spinal 
Reflexes

u Integration and Control of Spinal 

Reflexes

u Reflex behaviors are automatic

u But processing centers in brain can facilitate 

or inhibit reflex motor patterns based in spinal 

cord







13-8 The Brain Can Alter Spinal 
Reflexes

u Voluntary Movements and Reflex Motor Patterns

u Higher centers of brain incorporate lower, reflexive motor patterns 

u Automatic reflexes

u Can be activated by brain as needed 

u Use few nerve impulses to control complex motor functions

u Walking, running, jumping 



13-8 The Brain Can Alter Spinal 
Reflexes

u Reinforcement of Spinal Reflexes

u Higher centers reinforce spinal reflexes

u By stimulating excitatory neurons in brain stem or spinal cord

u Creating EPSPs at reflex motor neurons 

u Facilitating postsynaptic neurons 





13-8 The Brain Can Alter Spinal 
Reflexes

u Inhibition of Spinal Reflexes

u Higher centers inhibit spinal reflexes by:

u Stimulating inhibitory neurons 

u Creating IPSPs at reflex motor neurons

u Suppressing postsynaptic neurons 



13-8 The Brain Can Alter Spinal 
Reflexes

u The Babinski Reflexes

u Normal in infants

u May indicate CNS damage in adults



Figure 13-21a  The Babinski Reflexes
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https://www.youtube.com/watch?v=3GNSHu1fpxI



Figure 13-21b  The Babinski Reflexes

The Babinski sign (positive
Babinski reflex) occurs in
the absence of descending
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infants, but pathological in
adults.

How is the mechanism?





When the Babinski reflex is present in a child older 
than 2 years or in an adult, it is often a sign of a 
brain or nervous system disorder. Disorders may 

include:

Amyotrophic lateral sclerosis (Lou Gehrig 
disease)

Brain tumor or injury 
Meningitis

Multiple sclerosis 
Spinal cord injury, defect, or tumor

Stroke



Klippel-Feil syndrome
What happens to the patient in case of B?



https://www.youtube.com/watch?v=wPiLLplofYw

Cerebellum & spinal cord can 
make walking patterns





Concept of central pattern generator (CPG)

http://www.jove.com/video/4320/an-vitro-
preparation-for-eliciting-recording-feeding-motor-
programs

https://www.youtube.com/watch?v=Tskd6mv
zomc

What’s the CPG?





Intraspinal
microstimulation

https://www.youtube.com/watch?v=UBk9wslGBhQ

Spine (Phila Pa 1976). 2015 Dec 14. [Epub ahead of print]
MRI-Guided Stereotactic System for Delivery of 
Intraspinal Microstimulation.
Grahn PJ1, Goerss SJ, Lujan JL, Mallory GW, Kall BA, Mendez AA, 
Trevathan JK, Felmlee JP, Bennet KE, Lee KH.
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Intraspinal Microstimulation Generates Functional
Movements After Spinal-Cord Injury

Rajiv Saigal, Costantino Renzi, and Vivian K. Mushahwar, Member, IEEE

Abstract—Restoring locomotion after spinal-cord injury has
been a difficult problem to solve with traditional functional
electrical stimulation (FES) systems. Intraspinal microstimula-
tion (ISMS) is a novel approach to FES that takes advantage
of spinal-cord locomotor circuits by stimulating in the spinal
cord directly. Previous studies in spinal-cord intact cats showed
near normal recruitment order, reduced fatigue, and functional,
synergistic movements induced by stimulation through a few
microwires implanted over a 3-cm region in the lumbosacral cord
[1], [2]. The present study sought to test the feasibility of ISMS
for restoring locomotion after complete spinal-cord transection.
In four adult male cats, the spinal cord was severed at T10,
T11, or T12. Two to four weeks later, 30 wires (30 m, stainless
steel) were implanted, under anesthesia, in both sides of the
lumbosacral cord. The cats were then decerebrated. Stimulus
pulses (40–50 Hz, 200 s, biphasic) with amplitudes ranging
from 1–4x threshold threshold A were delivered
through each unipolar electrode. Kinetics, kinematics, and elec-
tromyographic (EMG) measurements were obtained with the cats
suspended over a stationary treadmill with embedded force plat-
forms for the hindlimbs. Phasic, interleaved stimulation through
electrodes generating flexor or extensor movements produced
bilateral weight-bearing stepping of the hindlimbs with ample foot
clearance during swing. Minimal changes in kinematics and little
fatigue were seen during episodes of 40 consecutive steps. The
results indicate that ISMS is a promising technique for restoring
locomotion after injury.

Index Terms—Functional electrical stimulation (FES), in-
traspinal microstimulation (ISMS), neuroprosthesis, spinal-cord
injury (SCI).

I. INTRODUCTION

SPINAL-CORD injury (SCI) is one of the most devastating
forms of neurotrauma and its treatment has been the focus

of much research activity from a variety of fields [3]–[8]. Func-
tional electrical stimulation (FES) is an attempt to replace lost
descending motor commands with artificial stimuli. Previous
approaches to FES have focused on activating peripheral motor
axons directly to evoke muscle contractions. These approaches
have been successful in some areas such as restoration of mic-
turition and respiration. However, attempts at restoring lower
extremity function so far have led to nominal gains in what is
achieved for the patient. Systems end up being too complex,

Manuscript received June 25, 2003; revised May 3, 2004. This work was sup-
ported in part by the Danish National Research Council, by the Alberta Heritage
Foundation for Medical Research, by the Canadian Institutes for Health Re-
search, and by the National Institutes of Health.
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2S2, Canada (e-mail: vivian.mushahwar@ualberta.ca).
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bulky, and risk premature lead breakage [4]. New intramuscular
systems for restoring standing and stepping are currently under
investigation and may provide better outcomes [9], [10].

Most peripheral stimulation systems in use today are plagued
by the problem of reverse recruitment order of motor units,
which results in muscle fatigue. Moreover, the steep recruitment
of muscle force leads to discrete, robotic-like movements [11].
Therefore, recreating biological control through artificial algo-
rithms remains a complex problem. Furthermore, the number of
implanted devices necessary for selectively activating sufficient
fibers to create fine-graded motion will always be difficult to
justify [12].

A new approach to FES emerged in the form of intraspinal
microstimulation (ISMS) to tap into spinal networks involved
in the generation of micturition [13]–[15], or patterned move-
ments of the legs [1], [4], [16]–[21]. The lumbosacral region of
the spinal cord contains the cell bodies of motoneurons inner-
vating the muscles of the lower extremities. It also contains a
large proportion of the networks involved in locomotion. Since
these desired lumbosacral segments span only a 5-cm length
in humans, distributed control of the muscles of legs can be
achieved with implantation in one small region [20]. Previous
work found that selective activation of functional muscle groups
with near-normal recruitment order could be obtained with mi-
crostimulation in lamina IX (motoneuronal lamina) of the lum-
bosacral spinal cord [2], [18], [19], [22].

While the original studies were based on isometric con-
tractions in anesthetized, spinal-cord-intact cats, later work
in chronically implanted, nonanesthetized, freely moving cats
showed similar, encouraging results [1]. Here, responses were
found to be stable over time, indicating that electrodes could
be secured in place. No apparent discomfort was visible in
the animal during ISMS, implying that nociceptive circuits
were not activated simultaneously with motor circuits when
stimulating in the ventral horn [1]. Equally important, chronic
implantation did not introduce any noticeable neural damage
other than mild gliosis [20].

These previous studies showed that microstimulation is a
promising approach to SCI neural prostheses. However, results
were based on experiments in animals with intact spinal cords.
Because neuronal reorganization and reflex hyperexcitability
occur after SCI, the technique required testing after spinal-cord
lesion. The present work was designed as a pilot study to test
whether ISMS can generate weight-bearing stepping after SCI.

II. METHODS

All procedures were approved by the University of Alberta
Animal Welfare Committee. In four male cats (2.5–4.0 kg,

1534-4320/04$20.00 © 2004 IEEE
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Fig. 2. Treadmill setup for measurement of kinetics, kinematics, and EMG
activity. The treadmill belts remained stationary throughout this study, but
force plates placed under each belt allowed separate measurement of ground
reaction force for right and left legs. An LED placed on the sling was lit during
stimulation and allowed synchronization of videorecorded kinematics with
EMG and kinetic activity.

two channels of ground reaction force were recorded, using
force plates in the split belt treadmill.

For each microelectrode in the array, stimulus threshold was
defined as the lowest stimulus which induced a visible muscle
contraction. After determining threshold, recordings were made
at 1.2x, 1.5x, 2.0x, 2.5x, 3.0x, and 4.0x threshold. Higher ampli-
tudes were additionally recorded when desired. The maximum
stimulation amplitude was limited to 300 A to remain within
recommended limits for safe charge injection in the central ner-
vous system [27]. Stimulus frequency was 40–50 Hz and pulse
width (asymmetric, biphasic, charge-balanced, cathodic first)
was 200 s (cathodic phase). Recordings at each level included
250 ms of pretrigger data, 1000 ms of stimulation and 750-ms
post-stimulation (250 ms for cat 1, example shown in Fig. 3).
At the end of the experiment, the cat was deeply anesthetized
and perfused through the heart with a 4% formaldehyde fixa-
tive. The spinal cord was removed with the microwires in place
and later dissected to determine microelectrode tip locations.

C. Open-Loop Control of Stepping—Weight Bearing Stepping

In order to test the feasibility of generating functional step-
ping movements after SCI, we combined movement synergies
evoked by ISMS through four individual electrodes per spinal-
cord side into a functional group (two electrodes for flexion and
two for extension) according to already published methods [28].
Open-loop controlled stepping was then produced with phasic
stimulation of these groups. Stimulation consisted of amplitude
modulated, interleaved pulses (20–25 Hz, flexor stimulation de-
livered 180 out of phase with extensor stimulation). EMG ac-
tivity, kinematics and ground reaction forces were measured.
Only four ISMS electrodes per leg were used due to the lim-
ited total number of stimulation channels in our custom-made
stimulator.

D. Closed-Loop Control of Stepping

To test the principle of feedback controlled stepping, a closed-
loop system based on discrete state control was implemented in

Fig. 3. Raw data for cat 1, recording 43 (left electrode 7). Onset of each
stimulation pulse (stimulation at 120 A; threshold was 20 A) is seen in the
trigger plot top. The following abbreviations are used: VL—vastus lateralis
EMG, BFp—biceps femoris posterior EMG, LG—lateral gastrocnemius EMG,
TA—tibialis anterior EMG, and GRF—ground reaction force. The vertical bars
show the 10-mV scale for all EMG plots and the 20-N scale for the force plot.
In this trial, direct activation of VL motoneurons was obtained with indirect
activation of BFp, LG, and TA.

one animal (cat 3). A custom Simulink (The Mathworks, Inc.,
Natick, MA) model was developed to implement rule-based
logic for onset of the flexor step cycle. The output was sent to
the stimulator via trigger inputs. The model was based on the
following simple IF-THEN rule:

IF hip is extended AND contralateral ground-reaction
force is high AND ipsilateral ground-reaction force is low,
THEN begin flexion cycle [29].
Rule-based control with incorporation of indefinite values

such as “low” and “high” is well provided by fuzzy inference
systems. Implementation of such control could arguably be
achieved much more easily with a traditional if statement
implemented in code. However, fuzzy logic was seen as a better
solution because it is easily adaptable and scalable for future
users using simple, straightforward language. Additionally,
changes can be made quickly to suit particular needs.

Two types of sensors were used: one to detect ground-re-
action force, and one to detect hip angle. Force sensors built
into the custom treadmill detected the former. In order to mea-
sure the latter, an electronic circuit was designed for use of the
ADXL202 (Analog Devices, Inc., Norwood, MA) dual-axis ac-
celerometer. Outputs were lowpass filtered at 17 Hz with hard-
ware and further lowpass filtering was incorporated in software.
The entire circuit was insulated with plastic thin film and the
total size was approximately cm.

The dSPACE input/output board (dSPACE, Paderborn, Ger-
many) was used as the stimulus controller interface. Four inputs
provided the Simulink model with bilateral force and angle in-
formation and two outputs delivered gating trigger signals to the
external stimulator.

For each leg, the stimulus controller took five inputs: ipsi-
lateral hip angle, ipsilateral ground-reaction force, contralateral


