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Objective—To determine the location, morphology,
and neurochemical code of spinal cord and dorsal root
ganglion neurons that innervate the gastrocnemius
muscle (GM) and superficial digital flexor muscle
(FDSM) in cattle.

Animals—5 healthy Friesian male calves.

Procedure—2 different types of neuronal retrograde
fluorescent tracers (fast blue and diamidino yellow)
were injected into the GM and FDSM, respectively.
The neurochemical code (substance P calcitonin
gene-related peptide, galanin, and neuronal nuclear
protein) of labeled neurons was investigated by
immunohistochemistry.

Results—Neurons innervating the GM and FDSM
were located along the L6-S2 spinal cord segments
and ganglionic levels. A cranial-to-caudal topographic
distribution for each muscle was found, indicating that
the motor nuclei of the 2 muscles are organized by a
somatotopic pattern. The GM and FDSM motoneu-
rons were immunoreactive only for calcitonin gene-
related peptide, whereas the afferent neurons were
immunoreactive for all of the neurochemical markers
considered.

Conclusion and Clinical Relevance—In our study,
location and the extent of neurons that supply the GM
and FDSM of cattle were characterized completely.
Because the GM and FDSM are involved in spastic
paresis of calves and it is thought that spastic paresis
results from an excessive activity of the neuromuscu-
lar spindle reflex arc, findings in our study may be
useful for further electrophysiologic and clinical stud-
ies. Knowledge of the neurochemical code of neurons
that supply the GM and FDSM in healthy calves could
be used to compare chemical alterations in the same
neuronal population of affected calves. (Am J Vet Res
2005;66:710-720)

Many morphologic and electrophysiologic stud-
ies""" have been performed on the cat and rat
spinal cord motor and sensory neurons that inner-
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vate the hind limb muscles, in particular the gastroc-
nemius muscle (GM). At present, data are not avail-
able concerning the position, morphology, and neu-
rochemistry of the bovine efferent and afferent neu-
rons that innervate the GM and the superficial digi-
tal flexor muscle (FDSM) of the hind limb. The loca-
tion of the neurons that innervate these muscles is of
particular interest, as the GM and FDSM are directly
involved in one of the most widespread diseases in
cattle, inherited spastic paresis (also known as Elso
Heel)."” Inherited spastic paresis was initially
described in 1922 in Europe® and is still a little
understood disease of calves, the cause of which
remains unknown. The pathogenesis of spastic pare-
sis of calves may be closely related to subacute trans-
missible spongiform encephalopathies.”'* Inherited
spastic paresis is a progressive condition of the GM
and FDSM of calves that is characterized by hyperex-
tension of the hock joint and accompanied by repeat-
ed spastic movements of the hind limb. Its patho-
genesis, which is probably influenced by genetic fac-
tors, is not completely understood, but an overactive
stretch reflex resulting from an upper motor neuron
lesion may be the basis of spastic paresis.” Clinical
signs of spastic paresis appear often in calves from 1
week to 12 months of age,' and both hind limbs can
be affected. Inherited spastic paresis of calves may
also involve other muscles of the hind limbs and
forelimbs. Many types of treatment have been sug-
gested, including tenectomgf,b partial tibial neurecto-
my,"” and triple tenectomy.” Some interesting results
were obtained after the selective suppression of
gamma efferent nerves by an epidural injection of a
dilute procaine solution.”” The selective resection
(deafferentation) of the afferent nerves of the GM at
the level of the dorsal spinal roots relieves or abol-
ishes the clinical signs.”

The purpose of the study reported here was to
determine the location, morphology, and neurochem-
ical code of spinal cord and dorsal root ganglion
(DRG) neurons that innervate the GM and FDSM in
cattle. We used 2 different retrograde fluorescent trac-
ers, fast blue (FB) and diamidino yellow dihy-
drochloride (DY). The FB dye, which stains only the
cytoplasm of neurons, was injected into the GM,
whereas DY, which stains only neuronal nuclei, was
infiltrated into the FDSM. To our knowledge, this is
the first investigation coupling the morphology and
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the function of Rexed’s lamina IX in the lumbosacral
region of the spinal cord of cattle. Results of this
research could be useful for studying other bovine
neuronal diseases involving the lumbosacral region of
the spinal cord and its afferent pathways, such as
spastic syndrome (standing disease) of adult cattle®
or bovine spinal muscular atrophy.”**

We also investigated, by use of immunohistochem-
ical procedures, substance P (SP), calcitonin gene-
related peptide (CGRP), galanin (GAL), and neuronal
nuclear protein (NeuN) immunoreactivity of neurons.
Because DRG neurons of horses and pigs have a pamal
cross-reactivity between SP and neurokinin A,” we
thought it convenient to refer to the material detected
with an antibody against SP as tachykinin (TK)
immunoreactive throughout the text. Because we can-
not rule out the possibility that the antibodies recognize
substances other than the neurochemicals considered,
the staining we observed should be considered SP-,
CGRP-, GAL-, and NeuN-like immunoreactivity. For
the sake of simplicity, however, we will use the terms
immunoreactivity and immunoreactive. Preliminary
results from part of this work have been reported.

Materials and Methods

Animals—Five male Friesian calves that were 67 to
90 kg in weight and between 2 to 4 months old were includ-
ed in this study. Calves were maintained on a diet of hay and
water ad libitum for 1 week before the experiment. The day
before surgery, calves were kept without food. The University
of Bologna Animal Experimentation Ethics Committee
approved all procedures.

Surgical procedures—Calves were sedated with
xylazine hydrochloride (0.04 mg/kg, IM). After 30 minutes,
anesthesia was induced by IV administration of sodium
thiopental (3 mg/kg) and maintained with a 1.5% to 2%
(the dial setting on the vaporizer) isoflurane concentration
delivered in an open circuit in 100% oxygen via a cuffed
orotracheal tube. Subsequently, an orogastric tube was
introduced to allow the emission of the continuous gas
formed (to avoid ruminal meteorism). The surgical proce-
dure was performed on the left hind limb with the calf in
right lateral recumbency. The surgical field was prepared,
and a skin incision of 25 to 30 cm in length was created in
the visible groove between the biceps femoris and the semi-
tendinosus muscles. Smooth dissection was performed
between the 2 muscles (ie, through the caudal rim of the
biceps femoris and the cranial rim of the semitendinosus
muscle). Advancing in the cranial direction along the medi-
al surface of the gluteobiceps muscle, the popliteal cavum
was reached, in which the popliteal lymph node was detect-
ed as a landmark. The tibial nerve penetrates between the
origins of the medial and lateral heads of the GM. The dor-
sal surface of the lateral head of the GM was smoothly dis-
sected from the caudal surface of the belly of the FDSM.
After the exposure of these structures was completed, the
injection of fluorescent tracers was started. At the end of
surgery, sutures were placed in a continuous pattern with
2-0 polyglycolide acid monofilament between the 2 previ-
ously divided muscular bellies; skin closure was performed
with a simple interrupted suture with 2-0 nylon monofila-
ment. Calves recovered from surgery and began to walk
shortly after surgery and to eat hay on the first postopera-
tive day.

Injection of fluorescent tracers—The exposed left hind
limb muscles were slowly infiltrated with multiple-site injec-

tions of 2 fluorescent tracers, DY* (2% aqueous suspension)
and FB(2% aqueous solution),” by use of 10-uL Hamilton
microsyringes. The DY produces a yellow fluorescence of the
neuronal nucleus at an excitation wavelength of 360 nm, and
FB produces a blue fluorescent labeling of the cytoplasm at
the same excitation wavelength. Both the lateral and medial
components of the GM received FB injections, and the FDSM
was infiltrated with DY fluorescent tracer. Injections of FB
into the GM were made where the tibial nerve penetrates the
muscle and branches to supply the 2 parts of the muscle in
the popliteal region. Different conditions were used for the
infiltration of the FDSM. Because the lateral portion of the
GM mostly covers the proximal head of this muscle, the
FDSM was infiltrated along its length but it was not possible
to see the nerves where fibers were reached. Each muscle was
injected with a minimum of 400 UL of fluorescent tracer. At
least 40 injections of FB or DY were made in each muscle,
and the aim of this operation was to infiltrate the major
extension of the muscle surface. The syringe was gently with-
drawn, and any tracer leakage was removed from the surface
of the muscles.

Distances and survival time—The distances to be
traveled by the dyes (the distance from the GM and FDSM
to the DRG and spinal cord) were approximately 50 cm.
To establish the optimal survival time for calves, we have
considered the survival time used in a similar experiment
performed on the rat GM* and also our own experlence
with these dyes in the visceral neural pathways in sheep.”
For this study, a survival period of 5 weeks has been used.

Tissue preparation—At the end of the chosen sur-
vival time, calves were deeply anesthetized by use of sodi-
um thiopental (15 mg/kg, IV) and euthanatized by means
of embutramide, mebenzonium iodide, and tetracaine
hydrochloride administration. Following euthanasia, the
T13-S5 spinal cord surrounded by the dural sack was
immediately exposed in its full length through a dorsal
laminectomy. In doing so, we did not cut the spinal roots
to ensure the later exact identification of the different seg-
ments of the cord and the collection of the DRGs. After
freeing the cord of the spinal dura, the spinal cord was
divided in segments. Segmental boundaries were localized
by means of the dorsal spinal roots and by counting them
from the last thoracic spinal nerve, which is located just
caudal to the 13th rib. The L5-S3 spinal cord segments and
DRGs (ipsilateral and contralateral ganglia) were quickly
removed from the vertebral canal, fixed in a flat vessel for
48 hours in 4% paraformaldehyde in phosphate buffer
solution (0.1M; pH, 7.2) at 4°C, rinsed overnight in PBS
solution (0.15M NacCl in 0.01M sodium phosphate buffer;
pH, 7.2) and stored at 4°C in PBS solution that contained
30% sucrose and sodium azide (0.1%). Tissues were frozen
in isopentane cooled in liquid nitrogen. The spinal cord
and the dorsal ganglion specimens were mounted in medi-
um.' Serial transverse sections of the spinal cord and longi-
tudinal DRG sections (12-um thickness starting from the
dorsal surface of the ganglion) were cut on a cryostat and
mounted on gelatin-coated slides. A coverslip was not
placed on the sections, and they were examined within 2
hours after cutting. Slides selected for immunohistochem-
istry were processed for immunostaining or stored at
-20°C.

Immunohistochemistry—Immunohistochemical stud-
ies were performed only on frozen sections in which FB- or
DY-stained neurons were previously observed. Preparations
were preincubated in 10% normal goat serum in PBS solution
that contained 1% Triton X-100 for 30 minutes at room tem-
perature (approx 20°C) to decrease nonspecific binding and
to make the tissue permeable. Primary antibodies against tis-
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sue antigens were used (specifically, primary antibodies [rab-
bit, rabbit, mouse, and rabbit, respectively] against CGRP?
GAL," NeuN," and SP)), each at a dilution of 1:200. All pri-
mary antibodies were diluted in antibody diluent (1.8% NaCl
in 0.01M sodium phosphate buffer that contained 0.1% sodi-
um azide). Following incubation in single or combined pri-
mary antibodies for 1 night at 4°C in a humid chamber,
preparations were given three 10-minute washes in PBS solu-
tion and then incubated for 1 hour at room temperature with
appropriate secondary antibodies (specifically, goat anti-
mouse* and goat anti-rabbit antibodies)) at a dilution of 1:200
and 1:40, respectively. Tissues were then washed further in
PBS solution for three 10-minute periods and mounted in
glycerol buffered with 0.5M sodium carbonate (pH, 8.6). The
coverslips were sealed with clear nail varnish. To prove speci-
ficity of secondary antisera, they were applied without use of
primary antibodies on bovine control spinal cord and gan-
glionic specimens. No staining was seen after omitting the
primary antibodies.

Fluorescence microscopy—Sections were observed
with a microscope™ equipped with a filter system" that pro-
vides excitation light at a wavelength of 360 nm, which
elicits the FB fluorescent labeling of the neuronal cytoplasm
and DY labeling of the neuronal nucleus. The microscope
was also equipped with the appropriate filter cubes for dis-
criminating between the fluorescence of fluorescein isoth-
iocyanate (FITC) and Alexa 594. For FITC, we used a 450-
to 490-nm excitation filter and 515- to 565-nm emission fil-
ter’; for Alexa 594, we used a 530- to 585-nm excitation fil-
ter and 615-nm emission filter.” Images were recorded by
use of a photo digital camera® and software program.’
Contrast and sensitivity adjustment were performed by use
of software programs.** Another software program" was used
for the morphometric analysis of FB- or DY-labeled nerve
cells sectioned through the nucleus. The somatic cross-sec-
tional area of FB- and DY-labeled neurons was measured
after manual tracing of the cell outline. Two hundred spinal
cord and sensory FB- and DY-filled neurons (from 3 calves)
were measured.

Quantitative analysis—The proportion of neurons that
were positive for 1 of 2 retrograde tracers (FB and DY) and
that were also immunoreactive for a particular neurochemi-
cal was determined by examining fluorescently labeled sin-
gle-immunostained preparations. Neurons were first located
by the presence of FB or DY staining, and then the filter was
switched to determine whether the neuron was labeled for a
particular antigen located with a fluorophore of a different
color. Neurons with FB or DY labeling were counted, and
their positivity or negativity for a particular marker was
determined. One hundred efferent and afferent FB- and DY-
positive neurons (from 3 calves) were counted for each neu-
rochemical marker considered. The Student ¢ test was used to
evaluate differences between sizes of motoneurons that
innervate the GM and FDSM and between sizes of DRG neu-
rons that supply the same muscles. Values of P < 0.05 were
considered as significant.

Results

Staining—All FB- and DY-stained neurons were
observed in the left ventral horns of the spinal cord and
in the left DRG. The DY staining was observed also in
the cytoplasm of some neurons; DY staining was often
not only confined to the nucleus of the neurons but
was also detectable in the small nuclei of the glial
perineuronal cells. However, small nuclei of the glial
perineuronal cells were distinguished from the nuclei
of DY-stained neurons based on the fact that they were

oval in shape and were not surrounded by a fluores-
cently labeled cytoplasm. Furthermore, in spinal cord
tissue, the DY-labeled motoneuron nuclei were far larg-
er than labeled glial cells.

Localization of FB-stained neurons—Spinal
cord FB-stained neurons were observed in Rexed’s
lamina IX of the L6, S1, and S2 segments. In particu-
lar, in 2 calves, FB-labeled neurons were present
starting from the caudal half (lower part) of L6 up to
the middle third of S2. Nevertheless, the main con-
centration of motoneurons that innervate the GM
was always observed at the caudal half of the S1 seg-
ment and in the cranial third of the S2 segment. In 2
calves, the FB-stained neurons were observed only at
the level of the S1 and S2 spinal cord segments. In 1
calf, the FB-stained neurons were observed also in
the cranial part of the L6 segment but not in the S2
segment. The FB-stained cells were located dorsolat-
erally in the gray matter of the ventral horn in the L6
and S1 segments. In the middle third of the S2 spinal
cord segment, the FB-stained cells were observed in
the ventral horn. They were observed either in iso-
lated positions or clustered in groups of 3 to 5 neu-
rons. Their well-developed dendritic arborization
remained inside the border of the motoneuronal col-
umn, and its main processes were oriented dorso-
medially. In some sections, broad or narrow overlap-
ping processes were visible but it was impossible to
see any perikarya. The largest irregular or star-
shaped somata had up to 5 broad processes emanat-
ing from them. The main processes were often divid-
ed into 2 or more narrower elongated daughter
branches. The longest FB-stained processes could be
followed for 200 to 300 um. The nuclei were gener-
ally located in the middle of the perikarya (Figure 1).

The FB-positive DRG cells were observed scattered
within the DRG of L6-S2 segments. Calves that only
had FB-positive GM motoneurons at the S1-S2 spinal
cord levels had FB-stained sensory neurons at the same
segments. It was possible to see no more than 8 to 12
FB-positive cells for each slice, and these were ran-
domly distributed. The outline of these cells was some-
times irregular.

Localization of DY-stained neurons—Spinal cord
DY-stained cells were observed at the L6-S2 levels. The
DY-labeled neurons were present starting from the cau-
dal third of L6 up to the cranial third of S2. The distri-
bution pattern of the spinal cord DY-positive somata
widely overlapped that of the FB-positive cells. At the
L6 level, the DY-stained cells appeared a few microme-
ters cranially to the FB-stained neurons, and at the S2
level, they disappeared a few micrometers cranially to
the lowest FB staining. It is worth noting that the num-
ber of DY-stained neurons detected was smaller than
the number of FB-stained cells and that the DY-stained
neurons generally occupied a lateral or dorsolateral
position in respect to FB-stained perikarya (Figures 1
and 2). Morphometric evaluation was also possible in
the DY-positive cells because of the frequent cytoplas-
mic DY staining and the DY staining of pericellular
glial cell nuclei, which permitted the exact definition
of pericellular neuronal borders. Perineuronal glial
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labeling was probably the result of postmortem
translocation of dye during aqueous procedures of the
immunohistochemical processing,” although an in
vivo migration of the dye cannot be excluded.

The DY-positive cells were present along the DRGs
of L6-S2. In each ganglion section, it was possible to
detect only a few scattered DY-stained neurons.

Soma size of retrogradely labeled neurons—
Motoneurons stained with the 2 fluorescent tracers had a
wide range of dimensions. The FB-positive neurons were
between 759 and 4,642 um’ in cross-sectional area, and
the largest FB-positive neurons were generally more
numerous than the largest DY-labeled neurons (range,
cross-sectional area of 735 to 4,193 um?*). Mean (+ SD)
value of the cross-sectional area of the spinal cord FB-
and DY-stained somata was 2,838 + 777 um’ and 2,460
+ 705 um’, respectively (Figure 3). Mean soma size of
motoneurons that innervate the GM significantly
(P < 0.001) differed from those that supply the FDSM
(Figure 4). The FB-filled neurons with a major axis
> 100 um in length were 10% of the total neuronal pop-
ulation considered (compared with only 1.5% of DY-
labeled cells). Furthermore, we observed a few gamma-
putative motoneurons that supply GM and FDSM
(1.5% and 3.5%, respectively); we considered these
cells as gamma motoneurons because of their small
dimension.

The muscle afferent population of sensory neurons
had obvious small (cross-sectional area of 791 and 797
um’ for FB- and DY-positive neurons, respectively),
medium, and large (cross-sectional area of 5,876 and
6,653 pwm’ for FB- and DY-positive neurons, respective-
ly) peaks in the distribution of the cell sizes, with the
medium and small cell peaks being more dramatic.
Mean value of the cross-sectional area of FB- and DY-
stained DRG somata was 2,367 + 1,012 um” and 2,328
+ 1,123 um’, respectively (Figure 3). The difference
between the mean soma size of DRG neurons that sup-
ply the GM and FDSM was not significant (P = 0.71;
Figure 4). The FB- and DY-stained neurons had a major
axis in the range of 38 to 109 um and 37 to 118 pm in
length, respectively.

Accessory ganglion—In 1 calf, the presence of a
small sympathetic ganglion associated with the DRG at
the S1 level was observed. The numerous FB- (28 to 34
cells/section) and less numerous DY-stained neurons
were smaller in size in comparison to the DRG neurons.
These neurons, which were closely located to the DRG
neurons (but not intermingled), were not immunoreac-
tive for the neurochemical markers used in this investi-
gation. The FB staining indicated that these neurons
were not pseudounipolar in shape; they were similar in
appearance to multipolar neurons (Figure 5). Their
cross-sectional area (approx 700 wm?) corresponded, in
fact, to that of neurons observed typically in the sym-
pathetic paravertebral ganglia in cats.”” We also per-
formed a collateral immunostaining investigation by
use of a rabbit antiserum’ (dilution of 1:40) raised
against dopamine-B-hydroxylase and observed a high
degree of dopamine-f-hydroxylase immunoreactivity
in the neuronal population of that ganglion but not
that of the DRG neurons. A similar accessory ganglion

Figure 1—Schematic diagram of cross sections at represen-
tative levels throughout the craniocaudal extent of the L6-S2
spinal cord segment that illustrate the distribution in the ven-
tral horn of labeled neurons following injections of fluores-
cent tracers (fast blue [FB] and diamidino yellow dihydrochlo-
ride [DY]) in the gastrocnemius muscle (GM) and superficial
digital flexor muscle (FDSM). The FB- (closed circles) labeled
motoneurons innervate the GM; the DY- (open squares)
labeled motoneurons innervate the FDSM. Number of circles
and squares does not reflect the exact number of the labeled
cells but indicates the relative densities at different levels of
the spinal cord. Notice that the FDSM motoneurons occupy
a lateral or dorsolateral position in respect to GM
motoneurons.

Figure 2—Photomicrograph of a section of neurons retrograde-
ly labeled with FB (arrowheads) and DY (arrows) in Rexed's lam-
ina IX in the left ventral horn of the S1 segment of the spinal
cord following injections of FB (2%) and DY (2%) into the GM
and FDSM, respectively. The DY-labeled neurons occupy a dor-

solateral position in
Bar = 200 um.

respect to FB-stained perikarya.
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has already been observed at the lumbar level associat-
ed with ventral roots” but never at the sacral level and
not in cattle. It is interesting to note that Ramer and
Bisby,” studying neuropathic pain derived by sympa-
thetic-sensory interaction, found pericellular baskets
composed of tyrosine hydroxylase immunoreactive
fibers all around a subpopulation of DRG neurons. The
presence of this closely located sympathetic ganglia
leads us to suggest that a putative source of this inner-
vation could be the neurons of sympathetic trunk gan-

immunoreactivity was found mainly for a few small
neurons scattered throughout the ganglia. Typical
GAL-positive pericellular basket-like structures
around GAL-positive and GAL-negative perikarya were
observed. Immunoreactivity to NeuN was present in
the cytoplasm and nucleus of many DRG neurons, but
it was not observed in FB- and DY-stained somata. In
fact, 61% of the FB-stained neurons also had NeuN
immunoreactivity, whereas only 31% of DY-stained
cells were NeuN immunoreactive.

glia or DRG-associated accessory ganglia.
The presence of sympathetic ganglion
cells in close proximity to DRG cells
could be the result of a lack of differential
migration of the neural crest cells which
ultimately give origin to both the sympa-
thetic postganglionic neurons and the
primary afferent neurons. The accessory
ganglia could also be small sympathetic
trunk ganglia that, because of the ascent
of the cord during the development, have
followed the lumbosacral DRG into the
vertebral canal.

Neurochemical code of spinal motor
neurons—No FB- or DY-stained neurons
were immunoreactive for TK. Along the
borders of many somata and main
processes of FB- and DY-labeled neurons,
some small TK immunoreactive varicosi-
ties were visible, and these probably
belonged to TK immunoreactive affer-
ents. A substantial percentage of FB-
(79%) and DY- (73%) positive motoneu-
rons detected in the lamina IX of spinal
segments 1L6-S2 was CGRP positive. The
CGRP cytoplasmic staining was homoge-
neously distributed in a granular pattern
within the cell bodies and sometimes
extended out into broad proximal den-
drites (Figure 5). No FB- or DY-stained
neurons had GAL immunoreactivity.

Neurochemical code of sensory neu-
rons—Ganglionic FB- and DY-positive
neurons with TK immunoreactivity were
numerous (35% and 29%, respectively).
The TK staining was almost always
strongly expressed in small cells (Figure
5). The FB- and DY-positive cells
expressed the same degree (ie, 60%) of
CGRP immunoreactivity. The CGRP
immunoreactivity was present in cells as a
diffuse labeling throughout the cyto-
plasm. It was observed in cells of all sizes
but was more strongly detected in small
neurons. It was also possible to see some
CGRP immunoreactivity fibers that ran
between positive or negative somata.
About 50% of the FB- and DY-stained
somata had faint GAL immunoreactivity
(51% and 48%, respectively). Only a few
small DY cells had strong GAL
immunoreactivity. The strongest GAL

Area (um?)

Area (pmz}

Figure 3—Frequency distributions of cross-sectional soma areas of 200 motoneu-
rons (panels A and C) and 200 ganglion cells (panels B and D) that supply the GM
and FDSM in cattle. Mean (+ SD) cross-sectional area of GM and FDSM motoneu-
rons was 2,838 + 777 um? and 2,460 + 705 um?, respectively, whereas the mean
value of the cross-sectional area of dorsal root ganglion (DRG) neurons of the GM
and FDSM was 2,367 + 1,012 um? and 2,328 + 1,123 um’ respectively.
Motoneurons that supply the GM and FDSM with soma areas of < 900 um?
(arrows) were 1.5% and 3.5%, respectively; these populations of cells are pre-
sumed to represent the gamma-motoneuron population.

4,000 3,800
3,600f ——— 3,400f —— —T
&E‘ 3,200 - gg 3,000
%- 2,800} C—o—— %’L 2288 L
o —— | & 7
g 2400 < 1,800
1 +SD
2,000 1400 —— | ot SE
- 1,000 o Mean
1,600 GM FDSM GM FDSM

L6-S2 motoneurons L6-S2 DRG neurons

Figure 4—Box-and-whisker plots of soma areas of motoneurons (left) that supply
the GM and FDSM and of sensory neurons (right) of the DRG that supply the GM
and FDSM. Mean cross-sectional area of motoneurons that innervate the GM
(2,837.62 um?) is significantly (P < 0.001) greater than the mean soma size of those
that supply the FDSM (2,459.86 um?). Mean soma size of DRG neurons that inner-
vate the GM (2,366.82 um?) did not differ from the mean soma area of those that
supply the FDSM (2,328.38 um?).
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Figure 5—Photomicrographs of
calcitonin gene-related peptide
(CGRP)-, substance P (SP)-,
galanin (GAL)-, neuronal nuclear
protein (NeuN)-, and dopamine-
B-hydroxylase (DBH)-immunore-
activity in neurons labeled after
injection of FB (2%) and DY
(2%) into the GM and FDSM,
respectively. A-A'—An  FB-
labeled motoneuron (A) from
the left S2 segment of the
spinal cord with strong cytoplas-
mic CGRP staining (A') distrib-
uted in a granular pattern within
the cell bodies that also extend-
ed into the broad proximal den-
drites. B-B'—A small FB-labeled
DRG neuron (B; arrows) of the
S1 segment that was strongly
SP immunoreactive (B).
C-C'—Nuclei that are DY-labeled
and belong to the glial cells that
encircle (arrowheads) a DY-
labeled DRG neuron (C) of the
S1 segment that was
immunoreactive for CGRP (C').
D-D'—A DY-labeled DRG neuron
(D; arrows) of the S1 segment
that was immunoreactive for
GAL (D'). Notice that the DY
staining could also be observed
in the cytoplasm of some neu-
rons and that only the small
cells had strong GAL immunore-
activity. E-E'—An FB-labeled
DRG neuron (E; arrows) that
was also NeuN immunoreactive
(E'). F-F'—An FB-labeled multi-
polar DRG neuron (F; large
arrows) observed at the level of
the S1 segment but belonging
to an accessory sympathetic
ganglion associated with the
DRG; notice the presence of 2
neuronal processes (small
arrows). The DRG-associated
accessory ganglion was com-
posed of neurons that were

immunoreactive for DBH(F').
NeUN Bars = 50 um.

CGRP

Discussion

The 2 fluorescent tracers used in our study have
already been used (crystals applied to sciatic nerve) to
study the peripheral nervous system, and it has been
shown that there are no quantitative differences
between the number of motor and sensory neurons
that are stained by use of application of the 2 dyes in

the same neuronal pathway." The methods used in our
study do not allow an unbiased estimate of the true
number of neurons of each muscle, but despite the
large dimension of muscles and the relative small
amount of tracers used, we believe that the exact dis-
tribution of the neurons has been observed.

It is worth noting that our investigation on the
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localization of afferent and efferent neurons that sup-
ply the GM and FDSM was not performed by applica-
tion of dye after axotomy of the nerves reaching these
muscles. We believe that the procedure that we have
used did not alter either the cellular sizes or their
immunoreactivity. Also, if the dye was in the cells for
longer before fixation, it did not noticeably affect these
parameters.

The results obtained from our study regarding the
position of the GM efferent neurons are partially in
agreement with an earlier description of neurons in the
lumbosacral region of the spinal cord.” Goller” con-
cluded that the L6-S2 segments were the origin of the
sciatic nerve fibers in cattle, but no data were available
about the origin of the tibial nerve, which is one of its
branches. Results of a recent study" performed in rats
by use of the fluorescent tracers FB and DY revealed
that the spinal cord and DRG neurons that project their
fibers to the sciatic nerve are located at the L4-L6 lev-
els. It has been proposed that in spastic paresis, an
excessive activity of the muscle spindle reflex arc
mechanism is involved. The selective resection of the
GM afferent nerves, which contain the Ia afferents from
muscle spindles, relieved the clinical signs in 3 calves.”
Involvement of other muscular groups in spastic pare-
sis needs to be considered. In our study, we also stud-
ied another hind limb muscle, the FDSM, but we can
assume on the basis of the clinical signs that many
other muscles are involved in the spastic paresis of
calves, especially in chronic situations. The involve-
ment of the GM and FDSM clearly appears at the
beginning of the disease. In more progressive phases of
the disorder, 1 or both of the hind limbs appear to be
fully extended and many other muscular groups must
be involved to achieve this. In addition to these signs,
the forelimb and neck muscles may be contracted in
the advanced stages of the disease. The FB- and DY-
stained neurons were present at the L6 (in 3 calves),
S1, and S2 spinal cord levels. Our results indicate that
extensive overlap exists in the spatial distribution of
motoneurons that innervate the 2 muscles considered.
When both FB- and DY-stained neurons are observed
at the L6 level, DY-positive neurons appeared cranially
to FB fluorescent cells and disappeared cranially to the
FB-positive neurons at the S2 level. A cranial-to-caudal
topographic distribution for each muscle existed, indi-
cating that the motor nuclei of the 2 muscles are orga-
nized by a somatotopic pattern. To our knowledge, our
study is the first in cattle to determine the location and
extent of the neurons that supply the GM and FDSM.
In the past, Wells et al* showed that the cattle tibial
nerve had the source of its fibers only in the L6 spinal
cord segment. Vanderhorst and Holstege" localized
motoneurons that innervate the GM and the flexor dig-
itorum longus muscle at the L7-S1 spinal cord level in
cats. Thomas et al” investigated the spinal cord local-
ization of neurons that innervate a small muscle of the
rat hind limb, the flexor digitorum superficialis brevis
digiti quinti, with an FB fluorescent tracer and
observed that the FB-stained neurons were located lat-
erally in the ventral horn of the L4-L6 levels. Byers et
al" recognized the source of fibers that reach the GM at
the L4-L6 spinal cord levels in rats. In our study;, cattle

GM motoneurons were located in a rather compact cell
group in the dorsolateral part of the ventral horn.
Motoneurons that innervate the FDSM were located
dorsolaterally to the GM motoneurons.

Despite what has been reported on the DRG of
rats,”” we did not observe any somatotopic organiza-
tion of primary afferent neurons. However, there are
several indications that there may be a DRG somato-
topic organization.”” Peyronnard et al’**’ reported that
afferent neurons from different rat hind limb muscles
tend to form a separate cluster in lumbar DRG.

We observed that the neurons stained with the 2
fluorescent tracers had a similar range of dimensions
but that the largest FB-positive neurons were generally
more numerous than the largest DY-positive neurons.
To understand these differences between motoneuron
sizes, we need to consider the function of the 2 mus-
cles investigated: the GM is less involved than FDSM in
antigravity function. In consideration of the motoneu-
ron size principle, Henneman et al® suggested that the
size of a cell determines its threshold and that the
largest cells of a motoneuronal pool are seldom fired in
the course of postural activities.

Because no data are available on the dimension of
cattle gamma neurons, we must compare our data with
that obtained in other species. Mean diameter of
gamma cell bodies in the lumbosacral region of the
spinal cord that send their fibers into the sciatic nerve
was calculated to be between 25.5 and 37.5 pum in
cats.” Rat ventral horn neurons of the L5 segment with
a cell body size smaller than 491 um’ (ie, 25 wm in
diameter) were presumed to be gamma motoneurons
that innervate intrafusal muscle fibers within the mus-
cle spindle.” On the basis of these observations and on
analysis of the somatic cross-sectional area of the neu-
rons retrogradely labeled from the GM and FDSM in
our study, we can state that we recognized perikarya,
which could be considered to belong to the gamma
neuron subclass on the basis of their dimension.
Nevertheless, we observed more putative DY gamma-
positive neurons; these data can be justified by the fact
that FDSM is more involved in postural function than
GM.

A number of morphologic studies have been
devoted to the postnatal development of mammalian
alpha motoneurons. The results from studies on the
postnatal growth of the cell body seem to indicate that
the cell body volume of the triceps surae alpha
motoneurons of newborn kitten should be approxi-
mately a third’ or a fourth' of the volume in adult cats.
In the Cullheim and Ulfhake’ investigation, kitten
motoneurons reached the adult value at 44 to 46 days
of postnatal age. There are no similar studies on cattle
spinal cord motoneurons, but comparatively, we can
suppose that at the age in which calves of our investi-
gation have been euthanatized (3 to 6 months of age),
neurons were fully developed. Also, the mean volume
of the DRG nerve cell bodies is greater in older mam-
mals than in young adults, and this is probably related
to the larger body size of the old animals.”

Tachykinin has been found in somatic (nocicep-
tive) afferent neurons” and in visceral neuronal path-
ways.? About 50% of DRG neurons labeled with FB
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and DY had TK immunoreactivity; our results are in
agreement with those obtained in rats by Perry and
Lawson,” who observed that 51% of the FB-positive
DRG neurons were SP immunoreactive after FB appli-
cation on the cut GM nerve. In skeletal muscle, both
SP and CGRP have effects of vasodilation on arterioles.
The sustained proportions of muscle afferent TK
immunoreactive neurons suggest a role for TK peptide
in the regulation of microcirculation in muscle also in
cattle. It is possible that TK could be limited to the
nociceptive group III and group IV muscle afferent
neurons because TK was absent in muscle spindle
afferent neurons in guinea pig.”

As a 37-amino acid peptide that results from the
alternative splicing of mRNA transcribed from the cal-
citonin gene, CGRP has a wide distribution in the CNS
that includes the sensory and motor system of the
spinal cord. Motoneuron somata in cranial as well as
spinal motor pools are CGRP positive in a variety of
species, including frogs, chicks, rats, guinea pigs, mon-
keys, and humans.** The supposed physiologic func-
tions of CGRP in the regulation of motor function is at
the developing or regenerating neuromuscular junc-
tion. During development, CGRP promotes myotube
differentiation and the upregulation of nicotinic acetyl-
choline receptors. In the normal adult skeletal muscle,
CGRP also enhances the force of twitch muscle con-
traction by approximately 30% to 50%." The distribu-
tion of CGRP in the motoneurons that innervate the
hind limb muscles has been analyzed in rats”* and in
cats.” Findings in the study of Piehl et al™ revealed that
not all of the motoneuron pools inside the spinal cord
have the same CGRP immunoreactivity, or rather there
are also some CGRP-negative neurons, which belonged
to the slow motor units. Results of a recent investiga-
tion' on myofibrillar adenosine triphosphatase and
nicotinamide adenine dinucleotide tetrazolium reduc-
tase histochemistry revealed that 86% of the fibers of
GM from healthy cattle were fast twitch fibers (ie,
highly fatigable fibers [type II fibers]). This could
explain the mean values of 80% (FB) and 73% (DY) of
stained neurons with CGRP immunoreactivity follow-
ing GM injection. Future investigation of CGRP
immunoreactivity in spinal cord motoneurons of calves
affected with spastic paresis will be of interest, as we
already know that in affected cows, there is a dramatic
reduction in the type II muscle fiber composition in
the GM. In affected calves, type II muscle fibers make
up only 26% of the total muscle fiber number, com-
pared with 86% in control calves.” At the same time,
there is a significant increase in the percentage of type
I fibers, increasing from 13% to 25% in control calves
to 51% to 57% in affected calves. These results are sim-
ilar to that already observed in the GM of humans with
spastic paresis,”* where the authors detected histo-
chemical changes in fiber type, with atrophy of type II
fibers and hypertrophy of type I fibers. In summary,
during spastic paresis, there is a clear transformation of
the highly fatigable fibers (type II) into slow twitch,
fatigue-resistant fibers. The reduction of CGRP
immunoreactivity in motoneurons has been shown
after removing the supraspinal descending projections
to motoneurons.” We agree with Sheean,” who main-

tains that one of the most important reasons for the
development of spastic paresis could be an altered
equilibrium between the descending extrapyramidal
(vestibulospinal, rubrospinal, and reticulospinal) path-
ways that regulate the extensor and flexor muscle
activity by acting on alpha and gamma motoneurons.
Sheean™ suggests that human spasticity is only one of
several components of the upper motor neurone syn-
drome; upper motor neurones include supraspinal
inhibitory and excitatory fibers, which descend to the
spinal cord, thereby exerting a balanced control on
spinal reflex activity. Despite the success of deaf-
ferentation,” some doubts remain as to whether a
descending pathway control could alter existing dis-
ease. This is suggested by the fact that all joints of the
affected limb could be manually flexed without caus-
ing pain, but they returned to full extension as soon as
the manipulation ceased.” This could indicate that the
extensor muscle motoneurons are normally activated
and that the flexor motoneuron pool is underactivated.

Release of CGRP from primary afferent neurons
may increase excitability in some neurons of the spinal
dorsal horn, perhaps by potentiating the release of SP
or the effects of released SP”® thereby contributing to
sensitization of the central nociceptive pathway.
Release of CGRP peptide from peripheral terminals of
primary afferent neurons contributes to local inflam-
matory responses that cause local vasodilatation and
an increase in plasma extravasation produced by SP™
%' In rats, CGRP immunoreactivity in the DRG is pre-
sent in all sizes of neuronal somata, including those
with C, Ad, and Ao/B fibers.” Results of a study by
Lawson et al” that coupled electrophysiology and
immunohistochemistry in the DRG of guinea pigs
revealed that no muscle spindle sensory neurons at the
L5-S1 ganglionic levels were CGRP immunoreactive,
whereas CGRP immunoreactivity was evident in gan-
glionic somata that supply skeletal muscle. The CGRP
expression was detected in less than half of nocicep-
tive neurons but was not limited to this neuron type.
A small number of high and low threshold
mechanoreceptive neurons with CGRP immunoreac-
tivity have been described in rat DRG neurons.”
Somata that are CGRP immunoreactive possessed
receptive endings in the skin and deep somatic tissues,
such as muscles, fasciae, tendons, and joints. In our
study, we observed that about 60% of retrogradely
traced neurons were CGRP immunoreactive and that
the small somata had the strongest CGRP immunore-
activity; nevertheless, we are not able to distinguish
between muscle spindle sensory and skeletal sensory
muscle neurons.

The 29-amino acid peptide GAL is widely distrib-
uted in the mammalian nervous system. Although the
function of GAL in motoneurons is currently
unknown, the presence of GAL immunoreactivity has
been observed in spinal cord motoneurons of rats.”®
In contrast to normal adult motoneurons, which
express little or no GAL mRNA,* high levels of peptide
immunoreactivity and messages are observed during
development and following motoneuron injury; this
may be because GAL plays a role in motoneuron regen-
eration. This probably reflects a peculiar role for this
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peptide. In our investigation, as with observations in
the horse and the pig,” no GAL immunoreactivity was
found in healthy L6-S2 spinal cord motoneurons.

The GAL-like immunoreactivity and GAL recep-
tors were found in DRG cells and in dorsal horn
interneurons, suggesting that this neuropeptide may
have a role in sensory transmission and modulation at
the spinal level. Under normal conditions, GAL
occurs in a small population of primary sensory neu-
rons as well as in spinal interneurons. However, fol-
lowing peripheral nerve injury or inflammation,
expression of GAL in primary afferents and spinal
cord is upregulated.” It has been observed that fol-
lowing partial sciatic nerve injury, there was an
upregulation in medium and large DRG cells.”® We
observed that about half of FB- or DY-stained cells
were GAL immunoreactive, and we also observed
immunoreactivity in pericellular baskets. We do not
know whether there were only perineuronal reactive
glial cells or also reactive fibers around these neurons.

Anti-NeuN serum has been reported to be a gener-
al neuronal nuclear marker, which stains almost all of
the vertebrate neuronal types.” It has been demonstrat-
ed that NeuN antiserum may also stain the cytoplasm of
intrinsic primary afferent neurons in the enteric ner-
vous system of the guinea pig intestine,”* and this anti-
body can therefore be used as a selective marker for
intrinsic primary afferent neurons. With this antibody,
we observed that in bovine DRG neurons, the NeuN
antibody labeled both the cytoplasm and nucleus of
many cells. We found that almost all NeuN immunore-
active neurons were also GAL immunoreactive.

In conclusion, the evaluation of the topography,
morphology, and neurochemical code of neurons that
innervate the GM and FDSM could be useful in a com-
parative analysis between healthy and diseased calves.
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